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Abstract 

Novel Analytical Methods for Examining  

Biomolecular Complexes Using Electrospray Ionization Mass Spectrometry 

by 

Tawnya Grace Flick 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Prof. Evan R. Williams, Chair 

 Several analytical strategies and investigations are presented in this dissertation 

to improve the quantification, sensitivity, and structural information that can be obtained 

for gaseous biomolecular ions in electrospray ionization (ESI) mass spectrometry (MS) 

experiments.  Internal or external standards are commonly employed to quantify 

molecules in complex mixtures because molecular ion abundances cannot be directly 

related to the concentration of the molecules in solution.  A new standard-free 

quantitation method is used to obtain the relative concentrations of components in a 

mixture using the abundances of large, nonspecific clusters formed by ESI.  Large non-

covalent clusters overcome differences in ionization efficiencies between molecules, 

and are representative of the solution-phase mixture.  The sensitivity in MS experiments 

can be significantly lowered by the presence of high concentrations of salts in the ESI 

solution because nonspecific ion adduction to biomolecules distributes ion signal into 

different forms with various numbers of adducts.  Studies here demonstrate the extent 

of both sodium ion and acid molecule adduction to proteins are inversely related, and 

both depend significantly on the proton affinity of the anion in the ESI solution.  Several 

solution-phase additives that contain anions with low proton affinity values are shown to 

effectively desalt protein ions generated by ESI, which should result in improved 

detection limits, more accurate mass measurements, and improved tandem MS 

sensitivity.  Additionally, a solution-phase additive (HClO4) is discovered that can be 

used to count the number of basic sites accurately in peptides and proteins based on 

the number of HClO4 adducts to low charge states.  High charge states of peptides and 

proteins can be readily formed by ESI of aqueous solutions that contain trivalent metal 

ions, and fragmentation of these trivalent metal ion-peptide or protein complexes by 

electron capture dissociation can be used to increase the structural information obtained 

from these experiments.  Metal ion-biomolecule interactions are ubiquitous in nature 

where they play a role in many biological processes.  Here, nonspecific metal ion 
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adduction to protein cation and anions is shown to result in more compact 

conformations compared to the bare protein ion, likely a result of salt-bridge interactions 

between the metal ion and the biomolecule.   
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CHAPTER 1 

 
1.1  Biological Mass Spectrometry 
 

The structure and functions of biomolecules are largely dictated by their non-
covalent interactions with other molecules.  For instance, proteins can interact with 
other proteins, peptides, metal ions, small molecules, and nucleic acids.1  These 
interactions are responsible for much of the complex chemical processes in life, such as 
cell division, cell signaling, ion transport, and homeostasis.  A number of established 
solution-phase techniques are commonly employed to study non-covalent biomolecular 
interactions, including optical spectroscopy, nuclear magnetic resonance, light 
scattering, and differential scanning calorimetry.  The detailed study of these systems in 
the condensed phase can be challenging, due to the high concentrations required for 
many techniques and signal contributions from bulk solvent, counter-ions, and 
contaminants.  Non-covalent biomolecular complexes can also be generated in the gas-
phase, and information about these systems can be rapidly obtained using mass 
spectrometry with minimal sample requirements.2-4  Mass spectrometric techniques 
have been used to obtain information complementary to results from more common 
solution-phase techniques, including information about complex stoichiometry,5,6 
binding energies,7,8 and biomolecule conformation.9,10 

The advantages of mass spectrometry (MS) in biochemical analysis continue to 
make it an important tool, including high sensitivity, specificity, and speed.11,12  MS 
enables the gas-phase separation of molecules based on their mass-to-charge ratio, 
m/z, which allows for rapid analysis and compound identification of complex mixtures.  
For example, Marshall and coworkers could identify up to 20,000 compounds in 
petroleum samples with a mass measuring accuracy of ~400 ppb.13  Molecular weight 
measurements can be made using less than femtomoles of sample,2-4 making detection 
of minor components in a complex mixture possible.  MS has been used to identify and 
locate post-translational modifications,14,15 identify active sites,16,17 and identify drug 
candidates from screens of combinatorial libraries.18,19  MS has also enabled top down 
and bottom up proteomics for the analysis of the complete complement of proteins in a 
cell.20,21   

Methods developed over the last several years have greatly extended the utility 
of MS in analyzing large biomolecular complexes.  Two ionization methods, 
electrospray ionization (ESI) and matrix assisted laser desorption ionization (MALDI), 
have enabled the production of intact gas-phase ions and clusters of high molecular 
weight.  With ESI, gaseous multiply-charged molecules can be formed directly from 
solution, which is a significant advantage for the analysis of large molecules and 
noncovalent complexes with MS.  The multiple charging of analytes by ESI results in 
m/z values of large molecules that are within a range where all mass spectrometers 
operate at higher resolution.22,23  Gas-phase biomolecular ions as large as 110 MDa 
and intact nano-machineries as complex as the entire ribosome of E. coli24,25 or whole 
virus particles26,27 have been produced using ESI and analyzed with MS.   
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 Current techniques and combined methodologies have greatly increased the 
analytical capabilities of MS by characterizing additional molecular properties other than 
mass.  Since the number of possible elemental compositions at a given nominal mass 
increases with molecular size, obtaining the exact elemental composition of larger 
molecules directly from mass alone can be challenging.28,29  Without some 
compositional information known, the mass limit for unambiguously determining the 
amino acid composition is ~500-600 Da, which cannot be overcome by instrumental or 
methodological improvements.  Also, exact mass measurements do not provide any 
information about molecular conformation.  Elemental composition and molecular 
structure can be further elucidated using many different gas-phase techniques, 
including, but not limited to, tandem mass spectrometry,30-32 ion mobility spectrometry 
(IMS),33,34 and noncovalent modification of the analyte of interest.35-37  These 
techniques have greatly extended the utility of mass spectrometry in analyzing larger 
biomolecules with specific gas-phase conformations.  
 
1.2 Electrospray Ionization  
 

The ions investigated in all of the experiments conducted here were generated 
by ESI.  ESI is an ionization technique that can generate gas-phase ions from solution 
with very little fragmentation, and therefore has greatly extended the utility of mass 
spectrometry as a tool to study large biomolecular complexes.  In ESI, a solution 
containing the analyte of interest is passed, at atmospheric pressure, through a small 
diameter capillary.  An electric field is produced by applying a potential difference of 0.5-
3 kV between the solution and the entrance to the mass spectrometer.  The effect of the 
electric field as the solution emerges from the tip is to generate a spray of highly 
charged droplets in the form of a taylor cone.  These droplets are unstable at ambient 
pressure and evaporate solvent molecules until the surface tension of the droplet can 
no longer support the net charge at the droplet surface.  Lord Rayleigh predicted that 
the maximum number of charges, zre, that a droplet can sustain prior to fission 
occurring is given by eq. 1: 

 

       2/13)(8 Rez or                                                    (1) 

 
where zr is the unit charge limit, e is the elementary charge, εo is the permittivity of the 
surrounding media, γ is the surface tension and R is the radius of the droplet.  Once the 
Coulombic repulsion between the charges at the droplet surface exceeds the surface 
tension, the droplet undergoes Rayleigh fission.  Droplet fission typically occurs within 
~20% of the Rayleigh limit, and each discharge event results in the loss of 10 – 30% of 
the charge and 0.3 – 2% of the mass of the parent droplet.  In general, ions are likely 
formed by a combination of fission cycles forming smaller and smaller droplets, solvent 
evaporation, and possibly ion desorption out of highly charged droplets.  
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There is still no clear consensus on the mechanism by which solute ions are 
finally formed from the charged droplets generated by ESI.  There are two major 
theories that explain the final production of gas-phase ions: the charge residue model 
(CRM)38 and the ion evaporation model (IEM).39  The CRM suggests that electrospray 
droplets undergo several evaporation and fission cycles until progeny droplets are 
formed that contain on average one analyte of interest.38  The ion is finally formed when 
the remaining solvent molecules evaporate and the charge is transferred to the 
analyte.38  The IEM, based on the work by Iribarne and Thomson, assumes that when a 
droplet reaches a certain radius, the electric field becomes so great that ions desorb off 
the surface of the droplet.39  Several studies have reported that the number of charges 
observed on various large ions formed by ESI is approximately equal to the Rayleigh 
limiting charge of solvent droplets of the same size as the analyte.40,41  This result 
provides evidence that large ions are formed by the CRM and not the IEM, since these 
ions could not acquire this many charges if they were to desorb off the surface at this 
droplet size.40,41  Recently, Hogan and coworkers proposed that the number of charges 
on a macromolecule is determined by the emission of small charge carriers from 
macromolecule-containing nanodroplets, and that, after solvent evaporation, the 
remaining charge is transferred to the macromolecule.42,43  However, limited 
experimental data has been reported in support of this model.   

 
1.2.1  Factors that Affect Charging of Peptides and Proteins.  Multiple 

charging of intact biomolecular ions by ESI is analytically advantageous because of 
improved mass spectrometer performance at lower m/z values and the increase in 
tandem MS efficiency for higher ion charge states.22,44  Increasing analyte charge also 
increases the sensitivity of mass spectrometers where the signal is proportional to 
charge, such as orbitrap and Fourier-transform ion cyclotron resonance (FT-ICR) 
instruments.22,23  Due to these advantages, the factors that influence analyte charge in 
ESI have been extensively studied, as well as how they can be altered to increase 
analyte charge.41,45-52    

Several factors are known to influence the extent of analyte charging in ESI, 
including analyte conformation,46-48 solvent and analyte basicity,41,49,50 instrumental 
factors,45 and solvent surface tension,41,51 but the exact contribution of each of these 
factors is not well understood.  A narrow charge state distribution centered at high m/z 
is often formed from solutions where a protein has retained its native structure, whereas 
a broad charge state distribution and higher charge states are formed from solutions 
when the protein is denatured.46-48  This effect can be largely attributed to reduced 
coulombic repulsion and increased accessibility to basic sites on a protein with an 
elongated conformation compared to a more compact structure.  The solution-phase 
denaturation of proteins as a result of heating or acidifying the bulk ESI solution can be 
monitored by ESI-MS from shifts in the charge state distribution towards higher 
charge.47  Addition of compounds with high gas-phase basicities into the ESI solution 
shifts the charge state distribution of proteins and peptides towards lower charge due to 
proton transfer, with the degree of charge reduction correlating well with the gas-phase 
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basicity of the additive.49  Charge reduction of analytes can also be achieved by 
increasing the number of collisions in the electrospray interface.53  

An effective method to enhance the charging observed for many biomolecules is 
the use of supercharging reagents, such as m-nitrobenzyl alcohol (m-NBA).41,51,54-69  
Supercharging reagents have high boiling points and the concentrations of these 
reagents increases as ESI droplet evaporation occurs.  The enhanced charging was 
originally demonstrated in denaturing solutions where addition of these reagents into 
solutions results in a substantial increase in surface tension as organic solvents 
preferentially evaporate.  For instance, the surface tension of m-NBA (50 ± 5 mN/m) is 
higher than organic solvents like methanol (22.1 mN/m at 25˚C).  This increase in 
surface tension allows a droplet of a particular size to maintain a higher charge density 
before reaching the Rayleigh limit (eq. 1), resulting in the formation of enhanced analyte 
charging, whether ions are formed by the charge residue or ion evaporation model.  
More recently, this supercharging method has been shown to be effective at increasing 
the charge states of protein and protein complex ions formed from native solutions,51-65 
even though addition of these reagents into aqueous solutions should effectively lower 
the droplet surface tension as ESI droplet evaporation occurs.  Enrichment of the 
supercharging reagent affects many physical properties of the ESI droplet, including the 
temperature and propensities to proton transfer, etc.  Results from circular dichroism 
spectroscopy61,64 and hydrogen deuterium-exchange MS62,64 indicate the supercharging 
reagents do not affect protein conformation at the low concentrations typically used in 
the initial solutions, but can cause chemical and/or thermal denaturation of the protein in 
the ESI droplet as the concentration of these reagents is increased.58,60-64  Proteins that 
have lost some or all of their native structures can carry away more charge and the 
charge enhancement from the denaturing effect is greater than the effect of the lower 
surface tension.60   

The charge states of proteins can also be increased from unbuffered aqueous 
solutions by introducing acid vapor into the drying gas.70  The acid vapor lowers the pH 
of the ESI droplets, resulting in acid denaturation of the protein and higher ion charge 
states in the mass spectrum.70  For example, addition of HCl acid vapor into the drying 
gas resulted in an increase in the maximum charge state of cytochrome c formed from 
aqueous solutions by 10 and a 6.5 shift in the average charge state compared to when 
no acid vapor is added.70  An electrothermal supercharging method was recently 
introduced to generate high charge state protein ions from buffered ammonium 
bicarbonate solutions in which the protein has a native structure prior to ESI droplet 
formation.71  This method can be used to obtain mass spectra for proteins resembling 
those from denatured solutions, where the maximum extent of charging can exceed the 
number of basic sites, by simply increasing the electrospray voltage.71  In chapter 7 and 
8, addition of trivalent metal ions to aqueous solutions containing peptides and proteins 
results in an increase in the average and maximum ion charge states that can be 
formed by ESI as a result of trivalent metal ion adduction to the biomolecules during ion 
formation, and these ions are used to increase the structural information that can be 
obtained in electron capture dissociation experiments.   
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1.3 Quantitation with ESI-MS.   
 

The ability to accurately and rapidly measure concentrations of substances in 
complex mixtures is a key challenge in ESI-MS.  Manufactured solid dosage forms of 
small molecules can result in low levels of impurities that stem from unreacted starting 
materials, degradation products, or products from competing side reactions.72,73  Since 
these impurities may have unintended side effects, they must be quantified, structurally 
identified, and shown to be biologically inert.72,73  In proteomics, protein modifications 
and/or the upregulation of protein expression can be biomarkers for disease.15,21  Since 
mass spectrometry is commonly utilized to identify components in a mixture, it is 
advantageous to be able to quantify the concentration of these substances 
simultaneously.15,21      

A significant limitation when using ESI-MS for mixture analysis is that quantitative 
information about how much of each component is present in solution cannot be 
determined directly from ion abundances in the mass spectrum.  The ionization 
efficiency of a molecule depends on many factors, including their surface activity or 
hydrophobicities,45,74-76 concentration,76,77 gas-phase basicity,49,78 and the ionization 
efficiency of other components in the solution.50,78  For instance, the ESI intensity of 
tetraalkylammonium halides increases by over an order of magnitude when the 
hydrophobic chain length increases from methyl to butyl, a result attributed to the 
surface activities of these ions.45  Ion abundances depend significantly on the solution 
composition or pH.  For example, addition of basic solvents and additives to solutions 
containing proteins and peptides results in lower charge state ions centered at high m/z 
and reduced ion signal,49,78 whereas ESI of proteins from a denaturing solution results 
in a broad charge state distribution at lower m/z, which can result in ion abundances 
that depend on m/z-dependent detection biases.46,48   

Due to these factors, quantitation by ESI-MS is typically performed using an 
internal or external standard that closely mimics the physical properties of the analyte.  
The most robust quantitation is performed using an internal standard that is an 
isotopically labeled form of the analyte,21,79-83 and are commonly employed in the 
analysis of small molecules in the pharmaceutical industry.82,83  Internal standards, such 
as isotope-coded affinity tags80 and stable isotope labeling with amino acids in cell 
cultures,81 are commonly used in proteomics to obtain information about relative gene 
expression.  In chapters 2 and 3, a new standard-free quantitation method is used to 
obtain solution mole percentages of components in a mixture by the abundances of 
large, nonspecific clusters in the mass spectrum without using either an internal or 
external standard.76,84-86  This method is used to quantify amino acids and a dipeptide 
using serine as a clustering agent, which has a tendency to form homochiral clusters 
with specific conformations,87,88 and to determine the dosage of over-the-counter and 
prescription drugs, such as Tamiflu.76,84-86   

 
1.4 Nonspecific Ion-Biomolecule Interactions. 
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1.4.1 Hofmeister Series. Ions can affect the stability, solubility, and function of 
proteins through nonspecific interactions.  In 1888, Franz Hofmeister observed that 
various metal salts at molar concentrations had different propensities to precipitate hen-
egg albumin from aqueous solution,89,90 and the same ordering of ions based on this 
“salting-out” property was found to be reproducible for a variety of other biomolecules.  
The following general order was observed for cations and anions: 
                  

 
 

Scheme 1.1 Hofmeister Ion Series 
 
Ions to the left of the series, referred to as kosmotropes, decrease protein solubility by 
stabilizing the native protein conformations.  Ions at the right of the series are called 
chaotropes, and they increase protein solubility by destabilizing native conformations.  
Numerous studies over the last 122 year have observed this trend, and the Hofmeister 
series has been correlated well with many ionic properties, including ionic radii,91,92 
polarizabilities,92 solvation free energies,91-93 viscosity coefficients,93 surface tension of 
aqueous solutions,94,95 and elution times from Sephadex G10 columns.96,97  The precise 
ordering of the ions depends substantially on the type of experiment and salts and 
biomolecules used, and anions generally have a greater effect than cations.  It has also 
been observed that there is a reverse ordering of the ions when the isoelectric point (pI) 
of the protein is several units greater than the pH of the protein.92,98   
 Despite numerous studies using many different methods, the exact origin of the 
Hofmeister series is still widely debated.  It is thought that both ion-water and ion-
biomolecule interactions play significant roles in the source of the Hofmeister 
phenomena, but it is not well established the extent to which each of these factors 
contribute.  The extent to which ions can order water has been a subject of much 
debate.  Recently, both femtosecond pump-probe spectroscopy of aqueous salt 
solutions99 and sum-frequency generation spectroscopy of aqueous solutions containing 
both salts and polymers100 indicate that individual ions do not order water significantly 
beyond the first solvation shell.101  In striking contrast, infrared photodissociation 
experiments on ions in aqueous nanodrops have shown that the sulfate dianion order 
water molecules well past the first and second solvation shell, and that long-range 
patterning of water occurs for many different ions to various extents.102   
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Although nonspecific ion adduction to proteins is common with ESI and MALDI, 
there are no direct studies of the Hofmeister effect on ion-protein interactions in the gas-
phase using ESI-MS until this recent work.  Colussi and coworkers measured ESI mass 
spectra of solutions containing mixtures of equimolar amounts of sodium salts of 
monovalent anions and found that the relative abundances of the anions correlated well 
with both the ionic radii and solvation energies, two properties that have previously been 
related to the Hofmeister series.91  In chapter 4, we report that addition of eleven 
different sodium salts with various Hofmeister anions to aqueous solutions results in 
different extents of nonspecific sodium and acid molecule adduction to protein ions 
generated by ESI.103  The extent of sodium and acid molecule adduction to multiply 
charged protein ions is inversely related and depends strongly on the proton affinity 
(PA) of the anion, and does not directly follow the Hofmeister series, suggesting that 
direct protein-ion interactions may not play a significant role in the observed effect of 
anions on protein structure in solution.103   

 
1.4.2 Reducing Nonspecific Ion Adduction to Proteins.  Nonspecific ion 

adduction to proteins is often considered a nuisance in the analysis of biomolecules 
because it often results in severe ion suppression.77,78,104-108  The adverse effects of 
some salts can be especially challenging for some biological samples that require 
essential salts or high ionic strength to assemble and maintain their functional forms in 
solution.  Even millimolar concentrations of salts in the sample matrix can result in 
severe ion suppression in ESI.106  For instance, addition of 10 mM CsCl to aqueous 
solutions containing 1 μM lysozyme resulted in a 330-fold reduction in protein ion 
abundance.106   

Several approaches have been developed that make it possible to more readly 
analyze samples with high salt concentrations.  Salts, such as sodium chloride, are 
often removed prior to MS analysis using a variety of techniques, such as dialysis109 or 
liquid chromatography,110 to reduce adduction and improve ion formation by ESI.  
However, removal of salts prior to ESI-MS analysis can adversely effect the structure of 
many proteins and effect the specific binding of protein complexes.105,111  McLuckey and 
coworkers demonstrated that sodium adduction to gaseous proteins can be significantly 
reduced when the solution pH is ~3 units less than the pI of the protein in positive-mode 
ESI-MS.112  Addition of molar quantities of ammonium acetate to ESI protein-containing 
solutions with high salt concentrations can reduce sodium adduction to proteins and can 
be used to improve the mass measuring accuracy of large protein complexes where 
adducts to molecular ions are not resolved.104,105  For example, addition of 7 M 
ammonium acetate to aqueous solutions that contain 20 mM NaCl and 10 μM ubiquitin 
resulted in an ~11-fold increase in the signal-to-noise ratio for the protein ions.104  It was 
proposed that this effect is a result of the precipitation of Na+ and Cl− from solution 
within the evaporating electrospray droplets, due to the low solubility of sodium acetate 
and ammonium chloride compared to ammonium acetate, prior to the formation of gas-
phase protein ions.104  
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Recently, it has been shown that several anions, such as tartrate and citrate, can 
substantially reduce the extent of nonspecific metal ion adduction to protein ions formed 
by ESI.113  Konnermann and coworkers found that the extent of nonspecific calcium 
adduction to proteins was reduced when calcium tartrate was added to ESI solutions 
compared to calcium acetate and calcium chloride, and suggested that tartrate acts as a 
solution-phase chelator of calcium.113  Gas-phase ion/ion reactions between DNA 
anions and several chelating anions, such as citrate, in a dual nanospray source have 
also been shown to significantly decrease the extent of nonspecific metal ion adduction 
to anions.114  Interestingly, ammonium citrate or tartrate have also been shown to 
reduce nonspecific adduction to oligonucleotide and protein ions formed by MALDI 
when added directly to the sample matrix.115,116  In chapter 6, several solution-phase 
additives, including ammonium citrate and ammonium tartrate, that contain anions with 
low PA are shown to effectively desalt gaseous protein ions formed by ESI. 

 
1.5 Specific Ion-Biomolecule Interactions.   
 

Additional information about peptide or protein sequence or higher-order 
structure can be obtained by combining mass measurements with covalent or 
noncovalent modifications at specific residues in a protein or peptide.  Many amino 
acids can be chemically modified selectively, such as conversion of lysine to 
homoarginine117 and cysteine thiol to thialamine.118  Modifications of specific residues 
can provide constraints on possible amino acid compositions when accurate mass is 
insufficient to unambiguously identify the peptide.119  For example, a cysteine 
modification using an alkylating reagent that contains chlorine can be used to determine 
the number of cysteine residue in a peptide sequence based on the distinctive isotope 
distribution of chlorine.119  The number of cysteine residues in a peptide sequence 
constrains the possible amino acid composition, which increases the effectiveness of 
the accurate mass measurement approach.119   

These covalent labeling methods can also map protein structure and interactions 
by measuring the differential reactivity of different side chains.37  Much like H/D 
exchange, the reactivity of amino acids depends largely on the accessibility of the side 
chain to the reagent and the inherent reactivity of the chemical modifier and the side 
chain.37  In comparison to H/D exchange measurements, the possibility of back-
exchange and scrambling are virtually nonexistent with covalent labeling reagents.37  
Due to the size of covalent modifications, however, protein structure is more likely to be 
altered by the modification compared to when deuterium is used to probe structure.37  
Coupled with mass spectrometry, covalent labeling has been used to probe protein 
surface topology and determine protein interactions.37     

Specific noncovalent adduction has also been used to obtain information about 
the composition or surface accessibility of specific residues on proteins.120,121  In gas-
phase ion/molecule reactions, adduction of acidic molecules, such as HI, to various 
peptides and proteins occurs when the gas-phase acidity of the acid is less than or 

equal to ~330 kcal•mol-1.120,121  The number of basic sites (Arg, Lys, His, N-terminus) 



 

9 

 

on 20 of 21 oligopeptides was determined by the sum of the ion charge state and 
number of adducted HI molecules.120  18-crown-6 (18C6) was found to have a strong 
preference to bind to lysine residues in small peptides and proteins with minimal 
interaction to the protonated side chains of histidine, arginine, and the N-terminus.122,123  
The number of lysine residues can be unambiguously determined in small peptides, 
such as tetralysine, but cannot be determined in larger proteins, such as cytochrome 
c.122,123  This result was attributed to the lack of accessibility of 18C6 to lysine residues 
in the interior of the protein.122,123  Napthalene-disulfonic acid (NDS) and Cibacron Blue 
F3G-A (CCB) were either found to interact specifically with arginine and the N-terminus 
or all basic sites, respectively.124,125  The maximum number of complex adducts in these 
experiments was found to equal the number of arginine residues plus the N-terminus for 
NDS and equal to all basic sites for CCB for small peptides and ubiquitin.48,125  In 
chapter 6, it is demonstrated that the number of basic sites (Arg, His, Lys, and the N-
terminus) in peptides and proteins can be accurately determined from the number of 
HClO4 molecules adducted to lower charge state ions generated by ESI.126  For 18 
oligopeptides, the sum of the number of protons and the maximum number of HClO4 
acid molecules adducted to the lower charge state ions is equal to the number of basic 
sites on the proteins.126   

 
1.6 Structural Information:  Tandem Mass Spectrometry. 
 

1.6.1 Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry.  In a 
uniform magnetic field directed along the z-axis, ions with a velocity component along 
the x- or y-axis will be confined in an orbit about the z-axis due to the Lorentz force of 
the magnetic field.  The frequency of this orbit (ωc) is inversely proportional to the mass-
to-charge ratio (m/z) of the ion and directly proportional to the magnetic field strength 
(B), eq. 2.  
 

m

zeB
c                                                       (eq. 2) 

 
In FT-ICR, ions are trapped in ultrahigh vacuum (i.e., ~10-10 Torr) in an electrostatic 
potential well along the z-axis.  To measure the m/z and abundance of trapped ions, an 
electrostatic waveform is applied to a set of opposing plates parallel to the z-axis to 
coherently excite the cyclotron motion of the ions until an image current can be 
measured on another set of opposing plates parallel to the z-axis.  The transient signal 
of this image current is Fourier-transformed to yield the m/z and abundance of the 
trapped ions.  Ions of a given m/z can also be selectively ejected from the ion cell by 
exciting their cyclotron motion until their radius exceeds the dimensions of the ion cell.  
Using these techniques, ions can be m/z-selected and stored in an FT-ICR ion cell for 
long periods of time before detection or ejection from the ion cell. 
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 There are several advantages for using FT-ICR MS to study biomolecular ion 
structure.  The sensitivity and mass accuracy of FT-ICR MS both increase with 
increasing magnetic field strength, making it possible to perform exact mass 
measurements on less than femtomoles of sample with accuracies of less than ~400 
ppb.  If a broadband RF sweep is used for ion excitation, all ions with a given frequency 
(m/z) range can be excited and subsequently detected, thus making multichannel 
detection possible.  Since ions can be stored in an ion cell for long periods of time, 
tandem sequences of ion isolation, activation, excitation, and detection events can be 
performed relatively easily, making FT-ICR highly advantageous for gas-phase 
experiments with many steps.  FT-ICR MS is also often used for tandem MSn 
experiments because of its superior resolution and mass measuring accuracy, which 
greatly aids in the identification of resulting fragment ions.      
 
 1.6.2 Electron Capture Dissociation.  Peptide and protein sequencing by 
tandem mass spectrometry is widely used to identify the primary sequence of these 
molecules and identify sites of post-translational modifications.  Information about the 
conformation of an ion can be inferred from both the identity of the fragments, as well as 
kinetics and thermodynamics of the dissociation process.  Dissociation by ion-electron 
recombination methods, such as in electron capture dissociation (ECD) where a free 
electron is captured by an ion, are important tools for the analysis of peptide and protein 
structure, because these techniques often preserve labile covalent bonds and 
noncovalent interactions and provide extensive sequence coverage that is 
complementary to more traditional “slow-heating” activation techniques, such as 
collision induced dissociation (CID).14,30-32,127  In ECD, low-energy electrons are 
generated from a heated dispenser cathode within the ion cell and are allowed to react 
with the trapped precursor ion on the millisecond time scale.  The fragmentation of 
peptides upon electron capture typically occurs at N-Cα peptide bonds to form c and z• 
fragments.30,127  Some researchers have proposed that ECD is a “non-ergodic” process, 
such that statistical redistribution of the energy gained upon electron capture does not 
occur before the reduced peptide fragments.30-32  Others have proposed that electron 
capture occurs near the N-Cα peptide bond, which subsequently becomes very weak in 
the resulting radical species, and that ECD does involve statistical energy 
redistribution.127   
 For larger proteins, greater sequence coverage is often obtained from high 
charge state protein ions formed by ESI from denaturing solutions that have more 
elongated conformations compared to low charge states formed from native 
solutions.30,31,128-132  However, denaturation of the protein prior to MS analysis makes it 
impossible to investigate native protein structure and protein complex stoichiometry 
directly by MS.  Several approaches have been developed to enhance the sequence 
information obtained from ECD experiments of protein ions formed in native mass 
spectrometry.  Activation of the reduced precursor formed by ECD of low charge state 
ions with IR laser irradiation or off-resonance CID results in enhanced sequence 
coverage for the protein, a result attributed to breaking noncovalent interactions holding 
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fragment ion together in the native protein strucutre.133  ECD of high charge state 
protein ions generated by ESI from native solutions containing supercharging reagents 
results in enhanced sequence coverage compared to the highest charge state formed 
without these reagents.62,134  In chapter 7, high charge state protein ions can be readily 
formed by ESI from aqueous solutions that contain 1.0 mM LaCl3, where the protein has 
a native structure in solution.  ECD of these ions results in comparable sequence 
coverage to that obtained for high charge state ions formed from denaturing solutions, 
and should reduce the need to denature ions prior to tandem MS analysis.     

High charge state ions of small peptides also typically dissociate more readily in 
ion-electron recombination methods.30,31,128-132  For example, at least 36% more unique 
peptides could be identified with an ion-electron recombination method than collisional 
dissociation methods for both tryptic and Lys-C peptides with charge states greater than 
two.130  Several approaches have been developed to increase the structural information 
that can be obtained for small peptides or acidic molecules that would typically form 
singly charged ions by ESI.  Zubarev and coworkers developed a new technique to 
overcome this limitation called electron detachment dissociation (EDD), where 

electronically excited radical cations, (M+H)2+•, are formed by irradiating trapped 

cations, (M+H)+, with electrons that have  more than 10 eV kinetic energy.135  (M+H)2+• 

dissociates through sidechain losses and backbone fragmentation.135  EDD of small 
peptides and acidic molecules results in a substantial improvement in sequence 
coverage compared to that obtain from ECD results.  For example, EDD of positively-
charged dications of the Trp cage protein resulted in 100% sequence coverage, 
whereas only 26% sequence coverage is obtained from ECD.  Electron capture induced 
dissociation (ECID) can also be used to generated excited radical cations or anions by 
transferring electrons from neutral alkali metal atoms, such as sodium and cesium, to 
cations and anions through high-energy collisions (100 keV).  This technique can also 
be used to ionize neutral fragments that are formed by ECID through secondary 
collisions with the alkali metal atoms.     

Complexation of a divalent metal ion (MD) to a small peptide can result in divalent 
ions that can readily be dissociated by ion-electron recombination methods,136-139 and 
complementary sequence information can often be obtained compared to that from the 
fully protonated molecular ions.  Håkansson and coworkers found that ECD of 
(substance P + H + MD)3+, where MD = different alkaline earth metal ions, Mn, Fe, or Zn, 
results in similar sequence coverage as that obtained from ECD of (substance P + 
3H)3+, and protonated c ions and complementary metal containing z ions are formed, 
which has been attributed to the metal ion binding close to the C-terminus.137  In 
contrast, ECD of Co2+ and Ni2+-bound peptides predominately cleaves C-terminal to 
methionine, the likely metal binding site, and lower sequence coverage than that from 
ECD of (substance P + 3H)3+ is obtained.137  In chapter 8, ECD of trivalent metal ion-
peptide complexes results in enhanced sequence coverage and electron capture 
efficiency compared to ECD results for divalent metal ion-peptide complexes for small 
peptides.  ECD results for larger peptides (MW > 1,000 Da) complexed to trivalent metal 
ions indicate that the metal ion binds specifically to acidic sites in the peptide.    
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1.7 Structural Information: Ion Mobility of Biomolecular Complexes.  
 

In ion mobility spectrometry (IMS) experiments, gaseous ions are separated 
based on differences in the amount of time necessary for a static, weak electric field to 
pull them through a drift region containing an inert buffer gas, usually several Torr of 
helium or nitrogen.  The electric field accelerates the ions through the drift region, while 
collisions with inert, gas molecules slow the mobility of the ion.  In general, larger ions 
have more collisions, and therefore take longer to reach the end of the drift region.  The 
average collision cross section of an ion can be directly related to their mobility in these 
experiments.  If the cross sections are different enough and the resolution of the IMS 
instrument allows, distinct conformations of an ion can be detected.   

Applications of ion mobility have increased dramatically since the commercial 
availability of travelling wave ion mobility spectrometry (TWIMS) coupled to a time-of-
flight (TOF) mass spectrometer.  In TWIMS, a wave of amplitude V is applied to a set of 
adjacent lenses and moved along the axis of the drift region at a velocity (v).  Some ions 
are able to traverse the drift region at the velocity of the wave, whereas other fall 
behind, resulting in a drift separation.  Unlike static drift tube measurements, the 
collision cross section of an ion can only be determined by calibrating drift times for ions 
of interest against those measured for ions with known cross section values.  Recently, 
cross section measurements for a large set of biomolecular ions have been 
determined,140 making the cross section calibration over a wider range of cross sections 
possible.       

TWIMS or IMS is increasingly coupled with MS in order to reduce mass spectral 
complexity and interrogate ion structures.  With TWIMS or IMS as an orthogonal 
separation to MS, the species of interest can be separated from chemical noise, 
isobaric compounds, and different compound classes.  TWIMS has been used to 
evaluate the gas-phase conformations of peptides,141,142 proteins,141,143-145 multi-protein 
complexes,143-145 and even intact viruses,146,147 and these conformations are often 
related to their solution-phase structures. TWIMS MS was recently used to determine 
that the collision cross section (ccs)145 of a sickle hemoglobin tetramer is greater than 
that of normal hemoglobin, consistent with their X-ray crystal structures.145  IMS MS has 
also been extensively used to reveal the structures of early oligomeric intermediates of 
amyloid-β and other fibril forming peptides in amyloid fibril formation, which has been 
difficult to obtain with more traditional structural biology techniques.  In chapter 9, the 
gas-phase conformations of protein cation and anions adducted nonspecifically with 
various metal ions are shown to be more compact than the conformation of the non-
metallated protein ion with more compact conformations observed for metal ions with 
higher charge.  However, a specific ion-protein interaction that results in a more 
elongated conformation is shown, indication that specific solution-phase structures can 
be preserved in the gas-phase when formed by ESI. 
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CHAPTER 2 

 

Standard-Free Quantitation of Mixtures  
using Clusters Formed by Electrospray Mass Spectrometry  

 
(This chapter is reproduced with permission from Flick, T.G.; Leib, R.D.; Williams, E.R. 
Anal. Chem. 2011, 81, 2210-2214.  Copyright 2009, American Chemical Society.) 

 
2.1 Introduction 
 

Mass spectrometry (MS) has many advantages for analyzing complex mixtures, 
including high sensitivity, specificity and speed.1  In combination with electrospray 
ionization (ESI), non-volatile and thermally labile molecules can be readily ionized 
directly from solution and mass analyzed, making ESI-MS a powerful detection method 
when coupled with liquid chromatography or electrophoresis.1-3  Elemental composition 
can be obtained from exact mass measurements,4 and unknown molecular ions can be 
identified and structurally characterized using tandem mass spectrometry in which a 
precursor of interest is isolated, typically dissociated, and the resulting fragments mass 
analyzed.5,6   

A limitation of ESI-MS for mixture analysis is the difficulty of obtaining 
quantitative information about how much of each component is present in a solution 
mixture directly from ion abundances in the mass spectrum.  Ionization efficiencies of 
molecules in a mixture can differ significantly as a result of many factors, including their 
surface activities or hydrophobicities, molecular basicity and conformation.7-22  The 
matrix or other solutes present in solution can either enhance or reduce the ion 
abundance of some analytes.23-26  Instrumental parameters or mass-dependent ion 
transmission and detection can also affect relative ion abundances.27-29  Because of 
these and other factors, quantitation with ESI-MS is typically done with internal 
standards.  Molecules with similar physical properties to the analyte of interest as well 
as analyte molecules that have been isotopically labeled can be used as standards.30-34  
Quantitation using internal standards is common in small molecule analysis, such as in 
pharmaceutical chemistry, where characterization of therapeutics and related impurities 
from unreacted starting materials, synthetic intermediates, and degradation products is 
necessary to ensure the quality, efficacy and safety of drugs.35,36  Internal standards, 
such as isotope-coded affinity tags30,31 and stable isotope labeling with amino acids in 
cell cultures,32,33 are commonly used in proteomics to obtain information about relative 
gene expression.30-33 

A new standard-free quantitation method to obtain solution molar fractions using 
the abundances of cluster ions formed by ESI was recently introduced.37  The 
composition of clusters formed from peptide-containing solutions approached that in the 
bulk solution with increasing cluster sizes.  From the abundances of clusters containing 
~15 or more peptide molecules, the solution composition could be determined to within 
~20% or better even in cases where the ionization/detection efficiency of the individual 
molecules differed by over an order of magnitude.37  This method has the advantages 
that reasonably accurate quantitative information can be obtained directly from an ESI 
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mass spectrum without using either an internal or external standard, the components do 
not need to be identified, and effects of instrument or detector mass bias are 
significantly reduced.  This method can greatly reduce the time and effort necessary to 
obtain quantitative information from mixtures.   

A critical requirement to obtain quantitative information using this method is that 
clusters must form statistically, which appears to occur for large peptide clusters.37  
Clusters of small molecules often exhibit “magic” numbers, such as H(H2O)21

+,38 which 
can either be due to the special stability of the specific cluster or instability of adjacent 
clusters.  Protonated serine shows a strong propensity to form magic numbers and the 
protonated octamer is especially stable.12,39-59  Protonated serine octamer is often the 
most abundant ion observed in a mass spectrum of serine and is readily formed by 
ESI,12,39-47 sonic spray48-50 and even by thermal sublimation.51-53  The protonated 
octamer also has a strong homochiral preference, which has led some to suggest that 
serine may have played a role in the origin of homochirality in living systems.39-42,53  The 
structure of the protonated octamer has been investigated by H/D exchange,54-56 ion 
mobility,42,43,48 infrared photodissociation spectroscopy,57 and quantum chemical 
calculations,39,41,43 from which evidence for at least two different forms of the octamer 
have been deduced. 

Although protonated serine octamer is homochirally selective, doubly protonated 
octamer and clusters with 9 – 10 serine molecules show a heterochiral preference.44,58  
Higher-order octameric clusters, e.g., [16Ser + 2H]2+, [24Ser + 3H]3+, have also been 
reported to have slightly enhanced abundances and it has been suggested that the 
serine octamer is a building block in their assembly.39,42  Results from ion mobility 
experiments indicate that large clusters with as many as 500+ serine molecules form 
tightly packed spherical structures.48  

Because of the strong preference of serine to form “magic” numbers and clusters 
that show strong chiral preferences, serine-containing solutions provide an excellent 
test of whether our standard-free cluster quantitation method is generally applicable 
because our method requires that the cluster composition is statistical and therefore 
representative of the solution-phase analyte concentrations.  Here, we demonstrate that 
large serine clusters formed by ESI from solutions containing serine as a major 
component incorporate aliphatic, basic, and acidic amino acids statistically.  Although 
the protonated octamer effectively excludes a dipeptide and threonine of the opposite 
chirality, these molecules are incorporated into larger clusters statistically.  From the 
abundances of the larger clusters, the solution-phase percent molar fractions can be 
determined with better than 10% accuracy.  These results indicate that our method 
should be broadly applicable to a wide range of analytes.   

 
2.2 Experimental 
 

2.2.1 Sample Preparation.  L-serine, L-lysine, L-leucine, L-threonine, L-
glutamic acid, D-threonine, and diglycine were purchased from Sigma-Aldrich, Co. (St. 
Louis, MO).  Stock solutions for each analyte were prepared at 12 mM in water and all 
mixed analyte solutions were prepared to a final total concentration of 3 mM in water 
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using these stock solutions.  The minor component was incorporated into L-serine 
solutions at a % mole fraction ranging from 0.03% to 24%. 

2.2.2 Mass Spectrometry.  Experiments were performed on a 9.4 T Fourier-
transform ion cyclotron resonance mass spectrometer with an external ESI source that 
is described elsewhere.60  Ions are formed by ESI from borosilicate capillaries that are 
pulled so that the tips have a ~2 μm inner diameter (model P-87 capillary puller, Sutter 
Instruments, Novato, CA).  The capillary is loaded with a small volume (~2-10 μL) of 
analyte solution, and a platinum wire is inserted into the solution and grounded.  A new 
capillary was used for each solution to avoid sample contamination.  The borosilicate 
capillary is positioned ~2 mm away from the source inlet capillary and a potential of -800 
to -1200 V is applied to this inlet capillary.  Ions are accumulated in an external 
hexapole ion trap for 1.5 s and subsequently are injected into the cell.  Nitrogen gas 
introduced through a piezoelectric valve to a cell pressure of ~1 × 10-6 Torr is used to 
enhance ion trapping, and three hexapole injections are used prior to detection.  Three 
mass spectra of 50 coadded scans were acquired at three different DC offset values 
between 4.5-6.3 V for each analyte to take into account the affect of this parameter on 
relative ion abundances in the mass spectrum.  Error bars for data obtained from the 
protonated molecular ions, protonated octamer, and larger cluster abundances (n ≥ 32) 
correspond to the standard deviation from the average value obtained from the mass 
spectra at three DC offset voltages.  
 
2.3 Results and Discussion 
 

2.3.1 Solute Concentration from Cluster Ion Abundances.  For clusters that 
are formed statistically from the molecules in solution and for which the ionization 
efficiency is not influenced by their composition, the solution-phase concentration of 
various analytes that are incorporated into these clusters can be determined from the 
cluster abundances.  The percent molar fraction of a minor component, Fm%, can be 
obtained by using a weighted average (eq.1): 
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where I is the abundance of each observed cluster consisting of n total molecules with h 
molecules of the minor fraction component.  For example, if two clusters consisting of 
40 molecules are formed, one a homogenous cluster containing 40 molecules of 
component A and the other a heterogeneous cluster containing 39 molecules of A and 
one molecule of B, and the normalized abundances of these clusters are 100 and 15, 
respectively, then the percent molar fraction (Fm%) of B is ((15 × (1/40))/(15 + 100.0)) × 
100 = 0.33%.  Solute concentration can also be obtained from cluster abundances using 
a binomial expansion, but the weighted average method is more accurate for larger 
cluster sizes when the signal-to-noise ratio is low.37   

In these experiments, relative ion abundances depend on a number of 
instrumental parameters.  For example, the DC potential applied to the external 
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hexapole used to store ions prior to injecting them into the cell can be varied to 
preferentially introduce higher m/z ions.  To take this effect into account, mass spectra 
were acquired at three different DC offset voltages and the percent molar fractions 
determined from the ion abundances were averaged for these three spectra.  The 
significantly higher error bars in the protonated molecular ion data compared to those 
for the large cluster (n ≥ 32) data reflect the larger effect this parameter has at lower 
m/z.  
 2.3.2 L-Threonine in L-Serine.  The side chain of threonine has an additional 
methylene group compared to that of serine, but this minor structural difference results 
in dramatically different ionization efficiencies for these two amino acids with ESI.  A 
representative ESI mass spectrum of a solution containing 1% L-threonine with 99% L-
serine at a total amino acid concentration of 3 mM is shown in Figure 1.  The 
abundance of protonated L-threonine is 3.9% that of L-serine.  Thus, the relative 
abundance of protonated L-threonine is nearly 4 times greater than its corresponding 
solution concentration.  Preferential ionization of threonine over serine has been 
reported previously43 and could be due to increased surface activity or hydrophobicity 
owing to the extra methylene group or a slightly higher proton affinity.61  Other factors, 
including solution concentration, instrumental parameters, ion transmission and 
detection efficiency, can also play a significant role in the relative abundances of ions 
observed in ESI mass spectra.7-11,13-29  Differences in ionization efficiency and 
contributions from these other factors make it difficult to obtain solution concentrations 
directly from molecular ion abundances without using standards.  
 In addition to the protonated molecular ions, both homogenous clusters of L-
serine and heterogeneous clusters that have incorporated L-threonine are observed 
(Figure 1).  Large clusters are often formed from concentrated solutions40,43,62 and the 
abundances of these clusters can be increased by changing several instrumental 
parameters, including both the ion accumulation time and dc offset potential of the 
external hexapole that is used to accumulate ions prior to injection into the ion cell.37  In 
these experiments, clusters consisting of as many as 91 amino acids were observed. 
 Percent molar fractions are obtained from the cluster abundances as a function 
of cluster size assuming statistical incorporation of the amino acids.  Date from this 
mass spectrum (and mass spectra at two additional DC offset potentials) are shown in 
Figure 2a.  For clusters with n < 10, the molar fraction of L-threonine obtained from the 
gas-phase cluster data is higher than that in solution (dashed line in Figure 2a).  This 
could be due to the higher ionization efficiency of L-threonine, which has a larger effect 
on smaller clusters or it could be due to preferential incorporation of L-threonine at small 
cluster sizes.  The general trend with cluster size suggests that the higher ionization 
efficiency of L-threonine may be more important for these clusters.  For the larger 
clusters (n ≥ 32), the calculated molar fraction of L-threonine does not change 
significantly with cluster size.  An average molar fraction of L-threonine determined from 
the n = 32 – 89 cluster abundances is 0.88% ± 0.10%, which is close to the solution-
phase value of 1.0%.  This indicates that any differences in ionization/detection 
efficiency or effects of preferential incorporation of L-threonine into these larger clusters 
are minor.  The abundances of these larger clusters gradually decrease with increasing 
size and no “magic” numbers are observed, consistent with nonspecific aggregation.  
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The weighting of these data either by their respective abundances or cluster sizes 
results in a negligible change in the percent molar fraction determined.  The molar 
fraction of L-threonine determined just from octameric clusters is 1.6% ± 0.5%, 
indicating that the octamer can readily incorporate L-threonine as previously 
reported.43,45,53  
 These data were obtained as a function of the % molar fraction of L-threonine 
ranging from 0.05% to 20%.  The L-threonine molar fraction determined from the 
abundances of clusters with n ≥ 32 is shown in Figure 2b.  These data are linear over 
nearly three orders of magnitude change in solution molar fraction and have a slope of 
1.02 (r2 = 0.999).  This slope is close to the ideal slope of 1.00 indicating that the 
relative molar fractions can be determined from the cluster abundances with about 2% 
accuracy.  In contrast, the slope for the molar fraction calculated from the abundances 
of the protonated monomer is 3.75 (r2 = 0.993) indicating that preferential ionization of 
protonated L-threonine occurs consistently over this range of solution concentration.  
Data for the octamer has a slope of 1.41 (r2 = 0.994), consistent with either preferential 
ionization of the heterogeneous octamer or preferential incorporation of L-threonine into 
the L-serine octamer.  These data suggest that L-threonine does not significantly disrupt 
the structure of the octamer. 
 2.3.3 D-Threonine in L-Serine.  Because of the strong propensity of serine 
octamers to form homochiral clusters, the effects of the chirality of an impurity molecule 
on incorporation into serine clusters, including the octamer, were investigated.  Partial 
ESI mass spectra of 5.0% L-threonine and D-threonine in L-serine are shown in Figure 
3a and 3b, respectively.  Protonated homochiral serine octamer is most abundant, but 
protonated octamers that contain 1–3 L-threonine molecules but only 1–2 D-threonine 
octamers are also observed.  The abundances of the heterogeneous octamer clusters 
containing L-threonine are significantly higher than those containing D-threonine 
indicating that the L-serine octamer has a clear preference for incorporating threonine 
that has the same chirality. 
 The measured % molar fraction of D-threonine as a function of cluster size for 
the 5.0% solution is shown in Figure 4a.  As with L-threonine, the % molar fraction of D-
threonine calculated from the very smallest clusters is higher than the solution value.  In 
contrast, data for the octamer clearly show that D-threonine is excluded.  For the larger 
clusters (n ≥ 32), no chiral preference is apparent and the measured molar fraction 
calculated for these clusters is 5.5% ± 1.0%, consistent with the solution-phase molar 
fraction of 5.0%.  Previously, it has been suggested that the octamer may be the 
building blocks for [16Ser+2H]2+ and [24Ser+3H]3+ due to their enhanced abundance 
compared to neighboring clusters of the same charge state, but this effect is 
significantly lower than for the octamer.39,42  Interestingly, no significant chiral 
preference is observed for higher-order clusters with integer multiples of the octamer (n 
= 16, 24, 32, 40, etc.), indicating that octamers are not simply the building blocks for 
these higher-order clusters. 

The measured % mole fraction of D-threonine in L-serine obtained from the 
protonated molecular ions, the octamer cluster, and clusters with n ≥ 32 as a function of 
solution molar fraction from 0.05% to 20% are shown in Figure 4b.  These data are 
linear and have slopes of 3.01 (r2 = 0.957), 0.38 (r2 = 0.992), and 1.05 (r2 = 0.999), 



 

 24 

respectively.  Protonated D-threonine is preferentially ionized, but the low value for the 
octamer clearly indicates that it is significantly excluded.  However, D-threonine is 
incorporated statistically into the larger clusters. 

2.3.4 L-Leucine in L-Serine.  To determine the effect of incorporation of an 
amino acid with an aliphatic side chain, ESI mass spectra were obtained from solutions 
consisting of 0.03% to 18% L-leucine in L-serine and the measured % molar fraction 
obtained from these data are shown in Figure 5.  L-leucine is preferentially ionized at all 
concentrations, consistent with its higher surface activity or hydrophobicity, but this 
effect is greatest for a solution containing 0.17% L-leucine.  At this concentration, the 
abundance of protonated L-leucine is 10.8% that of protonated L-serine indicating that 
protonated L-leucine is preferentially ionized/detected by factor of 54.  The strong 
dependence of protonated L-leucine abundance on the solution composition illustrates 
the challenges of relating the abundance of protonated ions to their corresponding 
concentrations in solution. 
 In contrast, the measured % molar fraction for both the octamer and clusters with 
n ≥ 32 are linear over this range of concentration with slopes of 0.90 (r2 = 0.993) and 
1.03 (r2 = 0.997), respectively.  This indicates that there is a slight propensity for the 
octamer to exclude L-leucine, but incorporation of L-leucine into the larger clusters is 
statistical. 

2.3.5 L-Lysine in L-Serine. To determine the effect of incorporation of a basic 
amino acid, ESI mass spectra were obtained from solutions consisting of 0.04% to 18% 
L-lysine in L-serine and the measured % molar fraction obtained as a function of cluster 
size for the 4.3% solution molar fraction is shown in Figure 6a.  Protonated L-lysine is 
21-fold more abundant than protonated L-serine despite its much lower solution-phase 
concentration, likely owing to its significantly higher basicity.  The difference in ionization 
efficiency depends on the relative molar fraction (Figure 6b) but L-lysine is more readily 
ionized and detected by as much as a factor of 460 over L-serine.  However, 
incorporation of even a single L-lysine molecule into small serine clusters can greatly 
reduce this difference in ionization efficiency for the clusters (Figure 6a). 

Results for both the octamer and higher-order clusters (n ≥ 32) are shown in 
Figure 6b.  These data can be fit with lines with slopes of 0.11 (r2 = 0.997) and 0.93 (r2 = 
1.00), respectively.  Thus, the L-serine octamer efficiently excludes L-lysine from these 
clusters whereas L-lysine is incorporated statistically into the larger clusters (within 7%) 
and effects of this incorporation on the ionization/detection efficiency of these clusters 
are small. 

2.3.6 L-Glutamic Acid in L-Serine.  As is the case for L-leucine and L-lysine, 
protonated L-glutamic acid is preferentially ionized and detected in ESI mass spectra 
when the molar fraction of L-glutamic acid is between 0.05% and 24%, and the relative 
ionization efficiency depends strongly on concentration.  The proton affinity of L-
glutamic acid is higher than that of L-serine61 owing to the ability of the side-chain 
oxygen atoms to solvate the charge in glutamic acid,63 and the higher proton affinity of 
L-glutamic acid is the likely origin of the significantly higher ionization efficiency.  This 
effect, as well as any effects of specific clustering, becomes negligible at larger cluster 
size (Figure 7a). 
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 Data for the octamer and larger clusters (n ≥ 32) as a function of solution molar 
fraction can be fit to lines with slopes of 0.40 (r2 = 0.991) and 0.90 (r2 = 0.999) (Figure 
7b).  As was the case for L-lysine, the octamer preferentially excludes L-glutamic acid 
but incorporation of this amino acid into the larger clusters approaches the statistical 
value within 10%. 
 2.3.7 GlyGly in Serine.  To determine the effects of incorporation of a small 
peptide into serine clusters, ESI mass spectra of diglycine at % molar fractions between 
0.05% and 5.0% were obtained and these data are summarized in Figure 8.  Protonated 
diglycine is preferentially ionized over protonated L-serine at all concentrations, 
consistent with its higher surface activity or hydrophobicity, but the ionization efficiency 
depends on the % molar fraction.  At 0.05% molar fraction, diglycine is preferentially 
ionized/detected by a factor of 93 over L-serine.  In contrast, the protonated octamer 
and larger cluster (n ≥ 32) data can be fit to lines with slopes of 0.01 (r2 = 0.898), and 
1.01 (r2 = 0.999), respectively.  The much higher discrimination of the octamer for the 
dipeptide vs. the amino acids investigated indicates that this dipeptide causes a greater 
disruption of the very stable octamer structure.  In striking contrast, the larger serine 
clusters can incorporate this dipeptide readily and the % molar fraction determined from 
the larger cluster data is within 1% of the solution-phase % molar fraction. 
 
2.4 Conclusions 
 Quantifying the relative concentrations of components in solution using ESI mass 
spectrometry is challenging owing to many different factors that affect relative 
ionization/detection efficiencies, including molecular structure, matrix effects, 
instrumental parameters, etc.  A newly introduced standard-free quantitation method, 
which uses the abundances of larger molecular clusters formed by ESI to obtain relative 
solution-phase molar fractions,37 was investigated using L-serine as a major 
component.  Serine has a strong propensity to form “magic” number clusters that show 
either homo- or heterochiral preferences and is a rigorous test of this method, which 
requires that impurity molecules are incorporated statistically and do not influence the 
ionization/detection efficiency of larger clusters.  Incorporation of aliphatic, basic and 
acidic amino acids, and a dipeptide, into larger serine clusters is statistical and the 
abundances of these clusters reflect the solution-phase molar fractions with better than 
10% accuracy over nearly three orders of magnitude in concentration.  By comparison, 
some of the protonated molecular ions in these mixtures were ionized/detected up to a 
factor of 460 more efficiently than protonated serine under these experimental 
conditions.  The octamer effectively included some amino acids but excluded others.  
Although the octamer is chirally selective, higher-order serine clusters incorporated 
threonine molecules of the opposite chirality statistically.  The results obtained from 
amino acids that have significantly different physical properties using serine that has by 
far the highest propensity to form “magic” number clusters of any of the amino acids 
suggest that this standard-free quantitation method should be generally applicable to a 
broad range of analytes.   
 Although not as accurate or as generally applicable as methods that employ 
internal standards, this standard-free quantitation method has the advantages that 
reasonably accurate quantitative information can rapidly be obtained directly from an 
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ESI mass spectrum with no prior knowledge of the composition or the identity of the 
impurity molecules necessary, making it applicable to a wide range of analytical 
problems.  This method also significantly reduces effects of instrument or detector mass 
bias, but does require high resolution in order to identify the charge states and 
compositions of larger clusters.  This standard-free cluster quantitation method may be 
particularly useful in molecular synthesis because unreacted starting materials, 
intermediates, degraded or modified catalysts or unintended products of side reactions 
could be quantified directly from an ESI mass spectrum.  This method would be 
especially advantageous when some of the reaction products are unknown or when 
appropriate standards are not readily available.  Absolute concentrations of each 
individual component could be obtained by spiking the solutions with a known 
concentration of a clustering agent, such as serine, at relatively high concentrations like 
those used here.  From the relative molar fractions of each component determined from 
the abundances of larger clusters, the absolute concentration of each component could 
be obtained.  The sensitivity and accuracy of this method could be improved on trapping 
mass spectrometers by selectively introducing higher m/z ions into the ion cell.  The m/z 
of clusters generally increases with cluster size62 making it possible to selectively 
introduce larger clusters that should have compositions more representative of analyte 
concentrations in solution.  The abundances of larger clusters could also be increased 
by using other ionization methods, such as sonic spray.48  It is likely that other 
molecules that have an even greater propensity to form large clusters could be 
identified and different agents with physical properties matching those of molecules 
suspected to be present in mixtures of unknowns could be used. 

The statistical incorporation of analytes into the larger clusters suggests that 
these clusters are formed by solvent evaporation from larger droplets whose 
composition reflects that of the original bulk solution, i.e., a charge residue 
mechanism.7-12  Solvent evaporation from a droplet formed by ESI would increase the 
concentration of the analytes and ultimately, the resulting charged clusters formed from 
the nonvolatile analytes should reflect the original solution-phase composition. 
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2.6 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2.1. ESI mass spectrum of a solution containing 1.0% molar fraction of L-
threonine in L-serine (3.0 mM total peptide concentration) with some regions of the 
spectra with large molecular clusters inset. 
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Figure 2.2.  (a) Percent molar fractions calculated from the cluster ion abundances 
assuming statistical incorporation and identical ionization efficiencies obtained from ESI 
mass spectra of a 1.0% molar fraction of L-threonine in L-serine (3.0 mM total peptide) 
as a function of cluster size, n.  The dashed line corresponds to the solution % molar 
fraction. (b) Percent molar fractions of L-threonine in L-serine obtained from the 
protonated molecular ions (squares), from protonated octamer (triangles), and from 
cluster abundances for n ≥ 32 (circles) as a function of the solution % molar fraction.  
These data are linear with slopes of 3.75, 1.41, and 1.02 for the protonated molecular 
ions, protonated octamer, and clusters with n ≥ 32, respectively.  Error bars correspond 
to a standard deviation of three spectra acquired at dc offset voltages of 4.5, 4.8, and 
5.2 V. 
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Figure 2.3.  Partial ESI mass spectra of solutions containing 5.0% molar fraction of L-
threonine (top) and D-threonine (bottom) in L-serine (3.0 mM total peptide 
concentration) showing homogeneous and heterogenous clusters of protonated 
octamer.  
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Figure 2.4.  (a) Percent molar fractions calculated from cluster ion abundances 
obtained from ESI mass spectra of a 5.0% molar fraction of D-threonine with L-serine 
(3.0 mM total peptide concentration) as a function of cluster size, n.  The dashed line 
corresponds to the % molar fraction in solution.  (b) Percent molar fractions of D-
threonine in L-serine calculated from the protonated molecular ions (squares), from 
protonated octamers (triangles), and from cluster abundances for n ≥ 32 as a function of 
the solution % molar fraction.  These data are linear with slopes of 3.01, 0.38, and 1.05 
for the protonated molecular ions, protonated octamers, and cluster abundances for n ≥ 
32, respectively.  
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Figure 2.5.  Percent molar fractions of L-leucine in L-serine obtained from the 
protonated molecular ions (squares), from protonated octamers (triangles), and from 
cluster abundances for n ≥ 32 (circles) as a function of the solution % molar fraction.  
The data from protonated octamers and cluster abundances for n ≥ 32 are linear with 
slopes of 0.90 and 1.03, respectively. Data for the molecular ions are non-linear and at 
the 0.17% molar fraction, L-leucine is preferentially ionized/detected by a factor of 63 
over L-serine. 
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Figure 2.6. (a) Percent molar fractions calculated from cluster ion abundances obtained 
from ESI mass spectra of a 4.3% molar fraction of L-lysine with L-serine (3.0 mM total 
peptide concentration) as a function of cluster size, n.  The dashed line corresponds to 
the % molar fraction in solution.  (b) Percent molar fractions of L-lysine in L-serine 
calculated from the protonated molecular ions (squares), from protonated octamers 
(triangles), and from cluster ion abundances (circles) for n ≥ 32 as a function of the % 
molar fraction in solution.  Data for the protonated octamers and larger clusters (n ≥ 32) 
are linear with slopes of 0.11 and 0.93, respectively.  Data for the molecular ions are 
non-linear and at 0.04% molar fraction, L-lysine is preferentially ionized/detected by a 
factor of 460 over L-serine. 
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Figure 2.7.  (a) Percent molar fractions calculated from cluster ion abundances 
obtained from ESI mass spectra of a 2.5% molar fraction of L-glutamic acid with L-
serine (3.0 mM total peptide concentration) as a function of cluster size, n.  The dashed 
line corresponds to the % molar fraction in solution.  (b) Percent molar fractions of L-
glutamic acid in L-serine calculated from the protonated molecular ions (squares), from 
protonated octamers (triangles), and from cluster ion abundances (circles) for n ≥ 32 as 
a function of the % molar fraction in solution.  Data for the protonated octamers and 
larger clusters (n ≥ 32) are linear with slopes of 0.40 and 0.90, respectively.  Data for 
the molecular ions are non-linear and at 2.5% molar fraction, L-glutamic acid is 
preferentially ionized/detected by a factor of 29 over L-serine. 
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Figure 2.8.  Percent molar fractions of Gly-Gly in L-serine obtained from the protonated 
molecular ions (squares), from protonated octamers (triangles), and from cluster 
abundances for n ≥ 32 as a function of the solution % molar fraction.  The data from 
protonated octamers and cluster abundances n ≥ 32 are linear with slopes of 0.01 and 
1.01, respectively.  Data for the molecular ions are non-linear and at 0.05% molar 
fraction, diglycine is preferentially ionized/detected by a factor of 93 over L-serine. 
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CHAPTER 3 

 
Direct Standard-Free Quantitation of Tamiflu and Other Pharmaceutical Tablets 

Using Clustering Agents with Electrospray Ionization Mass Spectrometry 
 

(This chapter is reproduced with permission from Flick, T.G.; Leib, R.D.; Williams, E.R. 
Anal. Chem. 2009, 81, 8434-8440.  Copyright 2009, American Chemical Society.) 

3.1 Introduction 

Accurate and rapid quantitation of small molecules in pharmaceutical mixtures is 
critical to the entire drug development process1-2 and is important for identifying 
counterfeit or substandard pharmaceutical drugs.3-7  The high demand and cost and 
limited availability of many pharmaceutical drugs used to treat major diseases provide 
incentives to produce counterfeit drugs and motivate the low quality production of the 
active ingredient once a drug is no longer under patent protection.3-7  The individuals 
most at risk of exposure to counterfeit or substandard drugs are from impoverished 
countries.3-7  It is estimated that between 6% and 15% of all medicines are counterfeit,7-

8 and it is thought counterfeit medicines can exceed 50% in Asia and Africa.7  
Substances used to adulterate pharmaceutical drugs can include highly toxic 
substances, leading to unnecessary mortality, which lowers public confidence in 
legitimate medicines.3-7  Counterfeit drugs can also lead to drug resistance due to 
extended exposure to low dosages of active ingredients without physical improvement; 
this is particularly harmful for patients who require therapy programs for AIDS and 
malaria.3  Currently, Tamiflu is in short supply as countries gather stockpiles of the drug 
in fear of the H1N1 flu pandemic, which could lead to an increase in counterfeit tablets.9  
Counterfeit drugs can potentially be identified either by visual inspection or by the 
absence of an active ingredient.  However, counterfeit drugs that pass visual inspection 
but contain the active ingredient at substantially lower levels can be more challenging to 
identify if suitable standards are not available.  Therefore, new analytical methods that 
increase the speed and accessibility with which quantitative information can be obtained 
to meet increasing analytical demands are important.        

Mass spectrometry (MS) has several advantages for analyzing pharmaceutical 
components in complex mixtures, including high sensitivity, selectivity, and speed.2  
With electrospray ionization (ESI), a wide range of thermally labile molecules can be 
ionized and information about elemental composition and structure can be obtained 
from exact mass and tandem MS measurements.10-11  The abundances of ions in ESI 
mass spectra depend on many factors.  Molecules that are more basic, or that have 
high surface activities or hydrophobicities, are more readily ionized,12-16 and the 
ionization efficiency depends on the analyte conformation and concentration and the 
solution composition or matrix as well.17-20  Mass-dependent ion transmission and 
detection also affect the measured ion abundances.16  Because of these and other 
factors, obtaining quantitative information about the concentrations of analytes in 
solution directly from the corresponding ion abundances in the mass spectrum is 
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challenging without the use of standards, such as isotopically labeled molecules or 
molecules that have structures or properties similar to those of the analytes of interest.21   

A new standard-free quantitation method to obtain the relative solution-phase 
concentrations of components in a mixture using the abundances of clusters formed by 
ESI was recently introduced.22-23  The composition of large, nonspecific clusters can 
reflect the solution-phase composition, and differences in ionization/detection and 
transmission efficiencies are significantly reduced.  Using this method, solution-phase 
mole fractions can be obtained with better than 10-20% accuracy even in cases where 
the ionization/detection efficiency of the individual components differed by up to a factor 
of 460.23  This quantitation method has several important advantages, including that no 
conventional reference standard is required, the components in the mixtures do not 
need to be identified, and effects of instrument and detector mass bias are significantly 
reduced.  Although not as accurate as methods that use standards, this method 
provides reasonable quantitative information about mixtures with very little time and 
effort.  Here, we demonstrate this standard-free quantitation method for the analysis of 
the pharmaceutical over-the-counter and prescription drug formulations Tamiflu, 
Sudafed, and Dramamine directly without conventional standards or chromatographic 
separations.   
 
3.2  Experimental 
 

Experiments were performed on a 9.4 T Fourier-transform ion cyclotron 
resonance mass spectrometer described elsewhere.24  Tamiflu, Sudafed Sinus and 
Allergy, and Dramamine (generic) tablets were dissolved in water to a final 
concentration of 10 mM for at least one of their active ingredients, sonicated for 30-60 
min. and filtered (0.45 μm).  The filtrate was spiked into solutions containing 10 mM of 
L-phenylalanine, L-tryptophan, L-serine, or prednisone to a calculated % mole fraction 
for the active ingredient between 0.2% and 2.3%.  A low % mole fraction was used to 
reduce the effects of sodium from the tablets on cluster adduction, which unnecessarily 
congests the mass spectral data.  These clustering agents were chosen because they 
are inexpensive and readily available and the three amino acids are known to form 
clusters.25  Multiple ESI mass spectra of each of these solutions were obtained using 
conditions described previously (see also the Supporting Information).22-23  
 
3.3 Results and Discussion 
 

3.3.1 ESI Mass Spectra of Dissolved Tablets.  Active ingredients in 
pharmaceutical tablets are expected to be water-soluble, and ESI mass spectra of 
filtered aqueous solutions in which tablets of Tamiflu, Sudafed, and Dramamine were 
individually dissolved have ions corresponding to their active ingredients (Figure 3.1).  
Protonated oseltamivir, the only active ingredient in Tamiflu (30 mg), is the predominant 
ion in the mass spectrum.  Both protonated phenylephrine and chlorpheniramine, the 
two active ingredients in Sudafed at 10 and 4 mg, respectively, are formed, but the 
abundances of these ions do not reflect the relative dosages of these molecules in the 
tablet.  The mole ratio of these active ingredients is ~12:1 
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(phenylephrine:chlorpheniramine) in the tablet, but the relative ion abundance is ~1:4.  
For Dramamine, which contains 50 mg of dimenhydrinate, a salt of diphenhydramine 
and 8-chlorotheophylline, the mass spectrum contains sodiated diphenhydramine, but 
no 8-chlorotheophylline is observed.  Although the active ingredients in each of these 
tablets can be readily identified by ESI-MS, except in the case of Dramamine, for which 
only one salt component forms a positive ion, the concentration of these ingredients 
cannot be deduced from these mass spectral data alone. 

3.3.2 Tablet Dosage from Cluster Ion Abundances.  The concentration of the 
active ingredient in each of these tablets can be obtained by adding a known 
concentration of a clustering agent to these solutions.  If clusters formed with this added 
agent incorporate the drug molecules nonspecifically and ionization/detection 
efficiencies do not depend significantly on the cluster composition, then the % mole 
fraction, Fm (%), of the drug in the solution can be obtained from the abundances and 
composition of the clusters using a weighted average: 

 

Equation 1.    
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where A is the abundance of each observed cluster consisting of n total molecules with 
h molecules of the minor fraction component.22-23 

3.3.3 Tamiflu.  An ESI mass spectrum of a solution containing Tamiflu and L-
tryptophan in which the calculated % mole fraction of the active ingredient, oseltamivir, 
is 1.3% is shown in Figure 3.2a.  In this spectrum, the relative abundance of protonated 
oseltamivir is ~1.6× greater than that of protonated L-tryptophan, indicating that 
oseltamivir has a 160× greater ionization/detection efficiency under these conditions.  In 
addition to the protonated molecules, homogenous L-tryptophan clusters and 
heterogeneous clusters containing both L-tryptophan and oseltamivir are observed.  
From the abundances of these clusters, the % mole fraction of oseltamivir can be 
determined assuming that this molecule incorporates statistically into L-tryptophan 
clusters.  These data as a function of cluster size are shown in Figure 3.2b.  For clusters 
containing fewer than 10 molecules, the values are higher than the solution-phase 
value, which indicates that either the smaller clusters containing oseltamivir are more 
readily ionized or that oseltamivir is preferentially incorporated into these smaller 
clusters.  Both the significantly higher ionization efficiency of oseltamivir and the trend in 
these data with increasing cluster size suggest that this is an effect of ionization 

efficiency.  The average % mole fraction determined from the larger clusters (n  20) is 
1.4 ± 0.6%, from which a dosage in the original tablet of 32 ± 13 mg of oseltamivir is 
obtained.  This value is 7% higher than the actual value of 30 mg in the Tamiflu tablet. 
 Similar results were obtained using L-phenylalanine and prednisone as clustering 
agents.  Measured % mole fractions of 1.2 ± 0.4% and 1.3 ± 0.2% were obtained from 

clusters with n  20 and n  13 for L-phenylalanine and prednisone, respectively (Figure 
3.3), from which oseltamivir dosages in the Tamiflu tablet of 28 ± 9 and 35 ± 6 mg were 
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obtained.  L-serine was also evaluated as a clustering agent,23 but remarkably, no 
higher order clusters were observed.  This is likely the result of the much higher 
ionization efficiency of the minor constituent oseltamivir compared to L-serine.   

3.3.4 Sudafed.  An ESI mass spectrum of a solution containing Sudafed and L-
tryptophan is shown in Figure 3.4a.  The abundances of protonated molecules of the 
two active ingredients phenylephrine and chlorpheniramine are 52% and 44% of 
protonated L-tryptophan, despite the ~100× higher concentration of L-tryptophan, 
indicating that both active ingredients are preferentially ionized/detected.  Clusters 
consisting of up to 39 molecules are also observed.  Although protonated 
chlorpheniramine is formed by ESI, the intact salt chlorpheniramine maleate 
incorporates into the L-tryptophan clusters.  The % mole fraction determined from the 
cluster abundances as a function of the cluster size are shown in parts b and c of Figure 
3.4 for phenylephrine and chlorpheniramine maleate, respectively.  The values for the 
smallest clusters are too high, likely a result of preferential ionization of clusters that 
contain the more readily ionized molecules at small sizes.  However, these values 
approach the solution-phase values at larger clusters sizes, indicating that incorporation 
into these larger clusters is statistical and that differences in ionization efficiencies are 

greatly reduced.  A % mole fraction calculated from the higher order clusters (n  21) 
results in values of 1.1 ± 0.4% and 0.45 ± 0.15% for these respective active ingredients.  
From these values, the measured dosages obtained from the Sudafed tablet that 
contains 10 mg of phenylephrine hydrochloride and 4 mg of chlorpheniramine maleate 
are 8.7 ± 2.9 and 7.0 ± 2.3 mg, respectively. 
 Similar results were obtained using L-phenylalanine and prednisone as clustering 
agents.  For L-phenyalanine, dosages of 7.5 ± 1.9 and 6.3 ± 1.6 mg were obtained for 
phenylephrine hydrochloride and chlorpheniramine maleate, respectively, from clusters 

with n  11.  From prednisone clusters with 10 or more molecules, values of 12.4 ± 3.4 
and 7.2 ± 1.2 mg were obtained for these respective ingredients.  For all three clustering 
agents, the value obtained for chlorpheniramine maleate is slightly higher than the 
actual value and these data are remarkably self-consistent.  These results indicate that 
some preferential incorporation of this active ingredient into all of these clusters may 
occur, or the higher ionization efficiency of chlorpheniramine has a similar effect on 
these clusters irrespective of the clustering agent.  No higher order clusters were 
observed with L-serine as a clustering agent, likely due to the significantly lower 
ionization efficiency of L-serine compared to the two active ingredients. 
 3.3.5 Dramamine.  The % mole fraction obtained as a function of the cluster 
size for dimenhydrinate using L-tryptophan and L-phenylalanine as clustering agents 
are shown in parts a and b of Figure 3.5, respectively.  In these solutions, the % mole 
fraction of dimenhydrinate is 1.1% and 1.0%, respectively.  Dimenhydrinate is 
preferentially ionized over both of these clustering agents, and the smaller clusters 
appear to reflect this preferential ionization efficiency.  However, the % mole fractions 
obtained for clusters with 10 or more molecules are remarkably constant, indicating that 
this effect is negligible for these larger clusters.  Using data obtained from higher-order 

clusters (n  20), % mole fractions of 1.2 ± 0.3% and 1.2 ± 0.4% are obtained with L-
tryptophan and L-phenylalanine, respectively.  From these respective values, dosages 
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of 56 ± 14 and 59 ± 18 mg are obtained.  These values are slightly higher than the 
actual value of 50 mg of dimenhydrinate.  As was the case for the solutions containing 
the other drugs, no clusters were observed with L-serine. 
 
3.4  Conclusions 
 

The dosage of active ingredients in several pharmaceutical tablets can be 
obtained without conventional standards or separation of the active ingredients from 
salts and other inactive ingredients by adding a clustering agent to filtered solutions 
containing dissolved tablets and obtaining the % mole fraction from the abundance and 
composition of large clusters.  Internal calibrants are often considered to be the “gold 
standard” of quantitation, but analysis with external standards is routinely used even 
though in some cases they might not be as accurate.  There are trade-offs between 
ease-of-use and accuracy.  This method is not as accurate or precise as methods that 
use conventional standards.  This standard-free quantitation method has the 
advantages that it is fast, simple, and applicable to solutions containing unknown 
compounds or to solutions containing compounds where suitable standards may not be 
readily available, such as schedule I or II controlled substances or new designer drugs 
that have not been previously identified.  This method does require enough resolution to 
separate clusters with different chemical compositions, including salt adducts, and the 
resolution required will depend on the complexity of the sample.  Sufficient resolution for 
these analyses could also be obtained with orbitrap or high-resolution time-of-flight 
mass spectrometers.  The relatively poor precision in these initial studies can be 
attributed to the relatively low S/N ratio for the larger clusters owing to the low 
concentration of the active ingredient used.  Higher concentrations were not used 
because of potential mass interferences owing to salt adduction from the inactive 
ingredients, which complicate the mass spectra.  If these salts were removed prior to 
analysis, higher concentrations could be used, which should greatly improve the 
precision of these measurements.  A separation was not used here because oseltamivir 
phosphate, the active ingredient in Tamiflu, is a prescription drug and is not readily 
available in pure form, but the label claim is expected to be sufficiently accurate to 
demonstrate the potential of this standard-free quantitation method.  Tryptophan, 
phenylalanine, and prednisone were found to be suitable clustering agents, although 
serine and small peptides were ineffective, perhaps because of their significantly 
different physical properties, including lower ionization efficiency or larger differences in 
molecular weight compared to the drugs of interest.  Further investigations into 
molecular properties that enhance formation of large, nonspecific clusters could improve 
the accuracy and would be advantageous to making this standard-free quantitation 
method a rapid and reasonably accurate method to obtain quantitative information 
directly from a wide range of analytes. 
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3.6 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.  Electrospray mass spectra of aqueous solutions containing dissolved and 
filtered (a) Tamiflu® (30 mg oseltamivir) (b) Sudafed® (10 mg Phenylephrine HCL and 4 
mg chlorpheniramine maleate) and (c) Dramamine® (50 mg dimenhydrinate).  * 
indicates an unidentified ion at m/z 165.  PEG is polyethylene glycol.   
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Figure 3.2. (a) ESI mass spectrum of a solution containing 1.3% mole fraction of 
oseltamivir (Ose) from a Tamiflu tablet preparation in L-tryptophan (10 mM total 
concentration) with some regions of the spectra with large molecular clusters inset.  (b) 
Percent mole fractions calculated from protonated molecule and cluster ion abundances 
obtained from three ESI mass spectra of 1.3% mole fraction oseltamivir from a Tamiflu 
tablet preparation as a function of cluster size, n.  The dashed line corresponds to the % 
mole fraction in solution.   
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Figure 3.3.  Percent mole fractions calculated from protonated molecule and cluster ion 
abundances obtained from three ESI mass spectra of a 1.3% and 1.0 % mole fraction of 
oseltamivir from a Tamiflu® tablet preparation in (a) L-phenylalanine and (b) prednisone, 
respectively. 
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Figure 3.4.  (a) ESI mass spectrum of a solution containing 1.3% mole fraction 
phenylephrine hydrochloride (Phen) and 0.3% of chlorpheniramine maleate (CPhen) 
from a Sudafed tablet preparation in L-tryptophan (10 mM total concentration) with 
some regions of the spectra with large molecular clusters inset.  Percent mole fractions 
calculated from protonated molecule and cluster ion abundances obtained from three 
ESI mass spectra with L-tryptophan for (b) 1.3% mole fraction Phen and (c) 0.3% mole 
fraction CPhen as a function of cluster size, n.  The dashed line corresponds to the % 
mole fraction in solution.   
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Figure 3.5.  Percent mole fractions calculated from protonated molecule and cluster ion 
abundances obtained from three ESI mass spectra of 1.1% and 1.0% dimenhydrinate 
from a Dramamine tablet preparation in (a) L-tryptophan and (b) L-phenylalanine, 
respectively, as a function of cluster size, n.  The dashed line corresponds to the % 
mole fraction in solution.   
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CHAPTER 4 

 
Anion Effects on Sodium Ion and Acid Molecule Adduction to 

Protein Ions in Electrospray Ionization Mass Spectrometry 
 

(This chapter is reproduced with permission from Flick, T.G.; Merenbloom, S.I.; 
Williams, E.R. J. Am. Soc. Mass Spectrom. 2011, 22, 1968-77.  Copyright 2011, 
American Society for Mass Spectrometry.) 

 
4.1 Introduction 

Ion-protein interactions are ubiquitous in nature where they play a role in many 
biological functions.  Some membrane proteins form channels in cell walls to selectively 
transport certain ions into and out of the cytoplasm.1-3  Perhaps the best known 
examples are the sodium and potassium ion channels, which combine to create the 
action potentials necessary for the function of the nervous system.1,2  Other channels 
specific to the transport of calcium and chloride ions contribute to the cardiac action 
potentials.2,3  Proteins with EF-hand motifs, such as calmodulin and troponin-C, bind 
calcium ions in order to regulate functions such as inflammation, metabolism, skeletal- 
and smooth-muscle contraction, and memory.4,5  Protein-metal ion interactions have 
also been implicated in the misfolding and subsequent aggregation of proteins resulting 
in the formation of plaques and fibrils in both prion-based6-8 and Alzheimer’s 
diseases.9,10  Both metal chelators and redistribution of metals within the brain are 
actively pursued as potential treatments for Alzheimer’s disease.9,10   

In addition to specific ion-protein interactions, ions can also affect the stability, 
solubility, and function of proteins through nonspecific interactions.  Nearly 125 years 
ago, Franz Hofmeister first published his findings on how different ions affect protein 
solubility, resulting in an ordering of ions based on their propensity to stabilize or 
destabilize protein structure:11,12 

 
F-≈COOH-≈SO4

2->Cl->Br->NO2
->I->ClO4

->SCN- 

 
Ions towards the left of this series (kosmotropes) stabilize proteins and cause them to 
precipitate, whereas ions to the right of the series (chaotropes) destabilize proteins and 
make them more soluble in aqueous solutions.  Hofmeister effects correlate well with 
many ionic properties, including ionic radii,13,14 polarizabilities,14 solvation free 
energies,13-15 viscosity coefficients,15 surface tension of aqueous solutions,16,17 and 
elution times from Sephadex-G10 columns.18  The effect of ions on protein stability is 
known to vary both with isoelectric point (pI) of the protein and pH of solution,14,19,20 and 
anions generally have a larger effect than cations.  

Despite numerous studies using many different methods, the origins of these 
phenomena are still widely debated.  Evidence supporting both direct ion-protein 
interactions as well as ion-induced water ordering has been reported,13-27 but the 
relative importance of these effects is not well understood.  Results from time-resolved 
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spectroscopy experiments indicate that sulfate, a strong kosmotrope, does not affect the 
reorientation time of water molecules beyond the first solvation shell,26 which has been 
interpreted as evidence that ion-induced water ordering does not play a significant role 
in the Hofmeister effect.  However, recent infrared photodissociation studies of gaseous 
hydrated sulfate indicate that this anion can pattern the structure of water well past the 
second solvation shell.25  Additional recent evidence suggests that many different ions 
can affect the structure of water past the first and even second solvent shell to various 
extents.27  

Ion adduction to proteins often occurs with both electrospray ionization (ESI)28-37 
and matrix assisted laser desorption/ionization (MALDI).37-40  Signal suppression in ESI 
can occur even when low concentrations of many salts are present,33-37,41,42 and 
extensive sodium adduction to both proteins and DNA frequently occurs.31-35,42  Salts 
are often removed by dialysis or using liquid chromatography to reduce adduction and 
improve ion formation in ESI.32,36,37  Sodium adduction in ESI depends on the pI of the 
protein and the pH of the solution and more adduction typically occurs for low charge 
state ions.31,34  McLuckey and coworkers reported that sodium adduction to gaseous 
protein ions is the highest when the solution pH is several units or more greater than the 
pI of the protein, and can be significantly reduced when the solution pH is ~3 units lower 
than the pI in positive ion mode MS.31  High concentrations of some additives, such as 
ammonium acetate, can reduce sodium adduction to proteins34 and can be used to 
improve the mass measuring accuracy of large protein complexes where adducts to 
molecular ions are not resolved.35  Konermann and coworkers found the extent of 
nonspecific calcium adduction to proteins was reduced when calcium tartrate was 
added to ESI solutions compared to calcium acetate and calcium chloride, and 
suggested that tartrate acts as a solution-phase chelator of calcium.28  Gas-phase 
ion/ion reactions between DNA anions and several chelating ions, such as citrate, have 
also been shown to significantly reduce nonspecific metal ion adduction.42    

Anion and acid molecule adduction to biological molecules has also been 
observed in both ESI and in MALDI MS.29,30,38-40,43,44  Gas-phase reactions of protein 
cations with anions can result in acid molecule adduction for anions with proton affinities 
~330 kcal/mol or lower,45,46 and for reactions between protein ions and gaseous HI, the 
maximum number of HI adducts equals the number of basic sites less the number of 
protons.46  Addition of 10 mM perchloric acid to ESI solutions containing peptides or 
proteins leads to extensive adduction of acid molecules and can be used to accurately 
determine the number of basic sites in the molecule.29  A similar relationship between 
the number of basic sites and the maximum extent of adduction has been observed for 
some acids in MALDI.38-40  The presence of anions in ESI solutions containing neutral 
oligosaccharides, which do not have a highly acidic group, can increase the absolute 
intensity of the deprotonated molecular ions.  A significant increase in the abundance of 
(M – H)- was observed for anions that have a higher proton affinity than that of the 
sugar, which was attributed to proton transfer from the oligosaccharide to the anion 
being favored, whereas acid molecule adduction was observed when the proton affinity 
of the anion was less than that of the oligosaccharide.43    
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Despite the common occurrence of ion and molecule adduction in ESI and 
MALDI, there are no direct studies of the Hofmeister effect on anion-protein interactions 
using MS.  Colussi and co-workers measured ESI mass spectra of solutions containing 
mixtures of equimolar amounts of the sodium salts of monovalent anions and found that 
the relative intensities of the anions correlated well with both the ionic radii and the 
solvation free energies, two properties that have previously been related to the 
Hofmeister series.13  Here, the effects of anions on adduction of ions and molecules to 
proteins was investigated by adding millimolar concentrations of sodium salts of various 
anions to aqueous solutions from which protein ions are formed using ESI.  Significant 
differences in the extents of both sodium and acid molecule adduction to the protein 
ions are observed.  These differences do not correlate well with solution-phase 
properties but do correlate well with the proton affinity of the anion.  These results 
suggest that direct ion-protein interactions may not play a significant role in the origin of 
the Hofmeister series.   
 
4.2 Experimental 

ESI mass spectra were acquired using a LTQ-orbitrap hybrid mass spectrometer 
(Thermo Electron, Bremen, Germany).  Bovine ubiquitin, porcine insulin chain B, 
chicken egg white lysozyme, and equine cytochrome c were from Sigma Aldrich (St. 
Louis, MO) and dialyzed against 18.2 MΩ water (Milli-Q, Millipore, Billerica, MA) using 
Slide-A-Lyzer cartridges (Thermo Scientific) with a molecular weight cut-off of 3,500 Da 
(insulin chain B, ubiquitin) or 10,000 Da (lysozyme, cytochrome c).  The sodium salts of 
F- (≥ 99%), COOH- (≥ 99%), NO2

- (≥ 97%), Cl- (≥ 99.5%), SCN- (≥ 98%), Br- (≥ 99%), I- 
(≥ 99.5%), SO4

2- (≥ 99%), ClO4
- (≥ 98%), PF6

- (≥ 98%), and SbF6
- (technical grade) 

were from Sigma Aldrich and were used without further purification.  Solutions 
containing 10 μM protein and 1.0 mM of the salt were prepared by diluting aliquots of 
stock solutions in 18.2 MΩ water.  The source region was heated to ~210 °C in order to 
generate consistent signal, resulting in an electrospray emitter temperature of ~180 °C.  
An autosampler delivered 15.0 μL injections of sample into the mass spectrometer at a 

flow rate of 50 μL•min-1 for a total analysis time of 7 minutes, including a wash step 

after each sample.  The high flow rate was used to decrease the total sample analysis 
time.  

 
4.3 Results and Discussion 

4.3.1 Sodium and Acid Molecule Adduction.  ESI mass spectra of proteins 
acquired from aqueous solutions with millimolar concentrations of sodium salts of F-, 
COOH-, NO2

-, Cl-, SCN-, Br-, I-, SO4
2-, ClO4

-, PF6
- and SbF6

- show various extents of 
sodium and acid molecule adduction depending on the counterion of the sodium salt 
and to a lesser extent, the identity of the protein.  For example, ESI mass spectra of 
aqueous solutions containing 10 μM ubiquitin and either 1.0 mM NaF or NaSbF6 are 
shown in Figure 4.1a and 4.1b, respectively.  With NaF, adduction of multiple sodium 
ions to the protein occurs, with a significantly greater extent of adduction observed for 
lower charge state ions, as has been reported previously.31,34  For the 6+ charge state, 
the abundance of the single sodium adduct is ~70% that of the protonated molecular 
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ion, and adduction of up to 23 sodium ions, (M – 17H + 23Na)6+, is observed.  No HF 
adducts to any charge state are detected.  In striking contrast, no additional sodium 
adduction occurs with 1.0 mM NaSbF6 compared to that obtained when the protein is 
sprayed from an aqueous solution without salt added.  However, extensive adduction of 
HSbF6 occurs (Figure 4.1b).  Acid molecule adduction to the 6+ and 11+ charge states 
accounts for approximately 61% and 13%, respectively, of the total ion abundance of 
each charge state, consistent with the greater extent of acid molecule adduction for 
lower charge state ions observed previously.30,45  
 A wide range of charge states were produced from these aqueous solutions 
owing to the high source temperature used.  Proteins can denature at high 
temperatures, which results in a broader distribution of charge states centered at higher 
charge.47  Because sodium ion and acid molecule adduction were most prevalent for 
lower charge states, a low charge state ion that was common to each protein for all 
salts examined was chosen to compare the various extents of adduction.  For example, 
partial mass spectra showing the 6+ charge state of ubiquitin obtained from solutions 
containing (a) no added salt or 1.0 mM of (b) NaCl, (c) Na2SO4, (d) NaClO4, or (e) 
NaPF6 are shown in Figure 4.2.  The percent adduction of sodium to the protonated 
molecular ion relative to that from an aqueous solution without salt added is 77%, 60%, 
37%, and 0% for these respective salts.  There is no adduction of HCl, but H2SO4, 
HClO4, and HPF6 adducts at 21%, 40%, and 58% of the total ion intensity for the 6+ 
charge state, respectively, are formed.  Sodium adducts with one or more acid 
molecules attached are included in the total percent acid adduction reported.  Although 
equimolar concentrations of sodium are added to the ESI solutions in the form of 
various salts, except for Na2SO4, the extent of both sodium and acid molecule adduction 
to ubiquitin 6+ is significantly different.   

ESI mass spectra of aqueous solutions containing 10 μM lysozyme with 1.0 mM 
of the sodium salt of F-, COOH-, NO2

-, Cl-, SCN-, Br-, I-, SO4
2-, ClO4

-, PF6
-, or SbF6

- were 
obtained under identical conditions.  Lysozyme (pI = 11) has a significantly higher 
isoelectric point than ubiquitin (pI = 6.6).  Figure 4.3 shows the 9+ charge state of 
lysozyme formed by ESI from aqueous solutions containing 10 μM protein with (a) no 
added salt or 1.0 mM of (b) NaF, (c) NaCl, (d) Na2SO4, (e) NaClO4, or (f) NaPF6.  
Sodium adduction to the protonated molecular ion is the greatest with NaF and NaCl 
with 41% and 31% adduction to the protonated molecular ion, respectively, whereas 
there is no adduction of HF or HCl.  There is 24% less sodium adduction with Na2SO4 
compared to NaCl, similar to the results for ubiquitin 6+.  Minimal sodium adduction 
occurs with NaClO4 and NaPF6 (<2% and <1%, respectively).  Adducts of H2SO4, 
HClO4, and HPF6 are observed, and account for approximately 77%, 87%, and 81% of 
the total ion intensity for the 9+ charge state.  

Various extents of acid molecule and sodium adduction to either lysozyme 9+ or 
ubiquitin 6+ were observed from the addition of different sodium salts to ESI solutions 
containing either of these proteins.  The percent sodium and acid molecule adduction 
were determined for the eleven sodium salts for ubiquitin 6+ (pI = 6.6), lysozyme 9+ (pI 
= 11), insulin chain B 2+ (pI = 6.9) and cytochrome c 9+ (pI = 10).  Based on 
observations for all proteins, the general ordering of anions was: 
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       Increasing Acid Adduction  
 

             F-≈COOH-≈NO2
-≈Cl-<SCN-<Br-<I-<SO4

2-(HSO4
-)<ClO4

-≈PF6
-≈SbF6

- 

 
 No Acid Adduction                 High Acid Adduction 
 
Sodium ion adduction was observed to be inversely related to the extent of acid 
molecule attachment; however, greater variation was observed at high levels of sodium 
ion adduction.   

4.3.2 Adduction and Solution-phase Properties.  The various extents of 
sodium and acid molecule adduction obtained when different anions are in these 
solutions were compared to common solution-phase properties.  All the salts used here 
are soluble in water at 1.0 mM, but the salt concentration in the ESI droplet increases 
due to evaporation of water.  Late in the droplet lifetime, the salts may reach their 
solubility limit and precipitate in the droplet, reducing the maximum number of potential 
adducts to the protein.34  The percent sodium and acid molecule adduction to ubiquitin 
6+ as a function of the solubility product constant (Ksp) of the sodium salt is shown in 
Figure 4.4a.  NaI and NaNO2 have similar Ksp values, but addition of NaNO2 results in 
22% greater sodium adduction than NaI even though the concentration of Na+ in these 
solutions is the same.  In contrast, the percent sodium adduction with NaSCN and NaBr 
differs by < 4% although their Ksp values differ by nearly three orders of magnitude.  
Extensive acid molecule adduction occurs for both H2SO4 (21%) and HClO4 (40%), but 
the Ksp values of the sodium salts are two orders of magnitude different.   
 Addition of ammonium acetate at high levels can result in a significant decrease 
in the extent of sodium adduction to protein ions.34,35  Although acetate can complex 
with sodium and precipitate out of solution at high concentrations, the percent sodium or 
acid molecule adduction to the protonated molecular ion does not correlate directly to 
the solubility of the sodium salt at the concentrations used here.  Sodium adduction to 
ubiquitin 6+ is highest with NaF and NaCl, 84% and 77%, respectively, even though 

their solubilities differ by ×40.  These data indicate that the extent of sodium and acid 

molecule adduction does not correlate well with the solubility of these sodium salts.     
 The percent acid molecule and sodium adduction for ubiquitin 6+ as a function of 
the pKa of the acid of the corresponding anion is shown in Figure 4.4b.  A similar level of 
sodium adduction to ubiquitin 6+ is observed with NaF and NaCl, 84% and 77%, 
respectively, even though HF is a weak acid (pKa = 3.2) and HCl is a strong acid (pKa = 
-8.0).  HI and HClO4 are both strong acids, with pKa values of -11 and -10, respectively; 
however, the corresponding acid molecule adduction observed for these two anions are 
3% and 40%, respectively.  These data indicate the extent of acid molecule and sodium 
adduction does not correlate well with the pKa of the protonated anion.   

4.3.3 Adduction and Proton Affinity.  The extent of acid molecule and sodium 
adduction were compared to the proton affinity (PA) of the anion (A-).  PA of A- is the 
negative enthalpy change for the gas-phase reaction: 
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     A-      +      H+
 
                  AH               PA(A-) = -∆Hrxn 

 
Results for ubiquitin 6+ and insulin chain B 2+ are shown in Figure 4.5a and 4.5b, 
respectively.  SbF6

- and HPF6
- have the two lowest PA’s of the anions studied here, and 

the highest levels of acid molecule attachment and the lowest levels of sodium 
adduction to the protonated molecular ions (<2% additional sodium adduction compared 
to that observed without salt addition) occurs for both the sodium salts of SbF6

- and PF6
-

.  NaF, which has the highest PA of the anions investigated, results in extensive sodium 
adduction, accounting for 84% and 39% of the total ion intensity for the 6+ and 2+ 
charge states of ubiquitin and insulin chain B, respectively.  No HF adduction occurs 
with either protein.  The extent of sodium ion and acid molecule adduction are inversely 
related, and are a strong function of the PA of the anion.  The extent of sodium 
adduction increases and acid molecule adduction decreases as the PA of the anion 

increases across the range of ~280-360 kcal•mol-1.  No or minimal acid molecule 

adduction occurs for anions with a PA greater than that of NO2
- (330 kcal•mol-1).  The 

transition between greater acid molecule adduction compared to sodium adduction 

occurs between 290-300 kcal•mol-1 for both ubiquitin 6+ and insulin chain B 2+, 

corresponding to the sodium salts of I- and ClO4
-.  Acid molecule adduction increases 

from 3.2% to 40% and sodium adduction decreases from 44% to 37% with NaI and 
NaClO4, respectively, for ubiquitin 6+.  These data indicate that there is a significant 
change in the interaction between the anion and the protein that occurs for anions 
around the PA values where this transition between sodium ion and acid molecule 
adduction occurs. 

Although 1.0 mM solutions of Na2SO4 have twice the concentration of Na+ as 1.0 
mM solutions of NaF, sodium adduction to ubiquitin 6+ is less for Na2SO4 (60%) than for 
NaF (84%).  Adduction of H2SO4 to ubiquitin 6+ occurs, whereas no HF adduction is 

observed.  The PA values of SO4
2- and HSO4

- are 441 and 312 kcal•mol-1, respectively.  

The extents of sodium and acid molecule adduction observed for Na2SO4 indicates that 
HSO4

- is most likely interacting with the protein.  However, SO4
2- is most prevalent at pH 

~7.  A 103 to 104 fold increase in acidity from the neutral bulk solution can occur in the 
ESI droplets as evaporation occurs, resulting in a pH of approximately 2.6 to 3.3.48  The 
abundance of HSO4

- increases from <0.001% to ~17% of the total sulfate ions in 
solution as the pH decreases from 7 to 2.6, consistent with our conclusion that this is 
the form of the anion that interacts with the protein. 

The extent of protonation for each charge state changes significantly depending 
on how much sodium or acid molecule adduction occurs, because each sodium adduct 
typically replaces a proton and each acid molecule adduct adds a proton.  The extent of 
protonation for ubiquitin 6+ and insulin chain B 2+, calculated as the average number of 
protons attached to these respective ions, as a function of the PA of the anion of the 
sodium salt are shown in Figure 4.5c and 4.5d, respectively, and these data are 
compared to the extent of protonation from aqueous solutions with no salt added 
(dashed lines in Figure 4.5c and 4.5d).  Greater protonation occurs for anions with PA 

values < ~285 kcal•mol-1, whereas less protonation occurs for anions with PA values > 

287 kcal•mol-1.  One of the lowest extents of the protonation observed for ubiquitin 6+ 
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and insulin chain B 2+ is 1.9 and 1.2, respectively, with NaF, the anion with the highest 
PA.  These data indicate that the presence of the anion in the ESI solution directly 
affects the extent of protonation of the protein ions formed. 

Similar results were obtained for lysozyme 9+ and cytochrome c 9+ (Figure 4.6a 
and 4.6b, respectively), two proteins with significantly higher isoelectric points than 
those of ubiquitin and insulin chain B.  There is minimal sodium adduction and the 
greatest extent of acid molecule attachment to both proteins with NaPF6 and NaSbF6, 
the anions with the lowest PA values.  Acid molecule adduction occurs for anions with a 

PA < 323 kcal•mol-1.  The sodium salt of F-, which has the highest PA of the anions 

investigated, results in high levels of sodium adduction to the protonated molecular ion, 
41% and 5.5% adduction to lysozyme 9+ and cytochrome c 9+, respectively, and no HF 
adduction occurs.  Results from the eleven sodium salts for all four proteins evaluated 
indicate that the extent of sodium adduction increases and acid molecule attachment 
decreases with increasing PA of the anion. 

The extent of protonation for lysozyme 9+ and cytochrome c 9+ as a function of 
the PA of the anion of each sodium salt is shown in Figures 4.6c and 4.6d, respectively.  

For anions with PA values greater than 315 kcal•mol-1, the extent of protonation is 

slightly lower than that with no salt added (dashed line), but this value is significantly 

higher when the PA of the anion is less than ~315 kcal•mol-1.  The transition to higher 

extents of protonation occurs when acid molecule adduction on the protein is the most 
abundant and to lower extents of protonation when sodium adduction is most abundant 
and no acid molecule adduction occurs, indicating that these phenomena are related to 
the identity of the anion in the ESI solution.     

The transition between sodium and acid molecule adduction is different for 
proteins with different isoelectric points.  This transition occurs at PA values between 

290-300 kcal•mol-1 for both ubiquitin 6+ (pI = 6.6) and insulin chain B 2+ (pI = 6.9) and 

at ~315 kcal•mol-1 for lysozyme 9+ (pI = 11) and cytochrome c 9+ (pI = 10).  There is a 

sharper transition for lysozyme 9+ and cytochrome c 9+, but the transition is similar for 
proteins with similar isoelectric points, indicating that the number of acidic and basic 
sites in a protein is a factor in the extent of adduction.    

4.3.4 Adduction Mechanism.  There is an inverse correspondence between 
sodium and acid molecule adduction to these four proteins, which is a function of the PA 
of the anion.  An anion can favorably interact with either basic or acidic sites in the 

protein via ionic interactions.  For anions with a high PA (>~300 kcal•mol-1), 

deprotonation of the acidic sites in the protein (Glu, Asp, and the C-terminus) by the 

anion can be favorable (Scheme 1).  The PA of acetate is 348 kcal•mol-1, and this value 

provides a rough estimate of the intrinsic PA of a carboxylate group in a protein, 
although the values of the latter depend on many additional factors, including inter- and 
intramolecular solvation and proximity of other charged residues.  Deprotonation of 
acidic sites in the protein by the anion in the late stages of droplet evaporation makes 
possible strongly favorable interactions between the deprotonated site and sodium 
cations, consistent with the extensive sodium adduction to proteins observed for anions 
with high PA values.   
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Differences in the extent of calcium adduction to protein ions formed by ESI from 
solutions containing different calcium salts have been reported.28  The extent of 
nonspecific calcium adduction to α-lactalbumin, β-lactoglobulin, calmodulin, and 
myoglobin was the greatest for calcium chloride and calcium acetate, and smallest for 
calcium tartrate.28  These results were attributed to the ability of tartrate to sequester 
divalent metal cations during the final stages of the ESI droplet lifetime.28  The PA’s of 

chloride and acetate are 333 and 349 kcal•mol-1, respectively, and nonspecific cation 

adduction would be predicted to be extensive from salts of these anions based on the 
trends observed here.  The PA of the tartrate ion has not been reported, but adduction 
of tartrate to ubiquitin does occur (data not shown), indicating that the PA of this anion is 
lower than chloride and acetate.  These results are consistent with the extent of 
nonspecific calcium adduction being a result of the PA of the anion as opposed to more 
specific complexation with the metal ion.   
 Anions with lower PA values can form ionic interactions with basic sites (Scheme 
2) and adduction of anions to basic sites in peptides and proteins has been observed in 
both MALDI and ESI.29,38-40  Addition of small amounts of perchloric acid to ESI 
solutions containing peptides and proteins results in adduction of HClO4, and the 
maximum extent of adduction can be used to accurately determine the number of basic 
sites in these molecules.29  Gaseous adduction of HI and other acids with PA ≤ ~330 

kcal•mol-1 to proteins also occurs and can be related to the number of basic sites.45,46  

Dissociation of the adducted complex results in loss of the neutral acid, consistent with 
the much higher PA of the anion compared to the basic site.29,46  The stabilities of these 
adducts increases with decreasing charge state,29 so more adduction is typically 
observed for lower charge state ions.   
 
4.4 Conclusions 

Addition of anions at millimolar concentration as the sodium salt to ESI solutions 
containing proteins results in different extents of acid molecule and sodium ion 
adduction to the protein ions.  The extents of acid molecule and sodium ion adduction 
are inversely related, and depend primarily on the gas-phase PA of the anion and do 
not correlate well with solution-phase properties.  Although there is some similarity in 
anion ordering, the effect of the anion on acid molecule and sodium adduction to the 
protein is not directly correlated to the Hofmeister series, suggesting that ion-protein 
interactions may not contribute as much as ion-water interactions to the Hofmeister 
effect.  Although this study is limited to sodium salts, this work can be extended to salts 
for other cations.  Proteins with low affinity for metal ions often require millimolar metal 
concentrations to induce significant binding in solution.  For example, β-lactoglobulin 
has a low affinity calcium binding site with a dissociation constant around 3 mM.49  The 
use of salts with anions that have a relatively high PA, such as chloride and acetate 
salts, may result in substantial nonspecific adduction to these proteins in ESI 
experiments, making it difficult to detect a specific metal-protein interaction.  Salts with 
low PA anions should suppress nonspecific metal adduction to proteins and may be 
useful additives to ESI solutions in experiments aimed at measuring such low affinity 
specific metal ion binding sites. 
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4.6 Figures 
 

 
 
 
 
Figure 4.1.  ESI mass spectra of aqueous solutions containing 10 μM ubiquitin and 1.0 
mM (a) NaF or (b) NaSbF6.  Insets show various extents of sodium and acid molecule 
adduction to the 6+ charge state. 
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Figure 4.2.  Partial ESI mass spectra showing the 6+ charge state of ubiquitin obtained 
from aqueous solutions containing 10 μM ubiquitin and (a) no added salt and 1.0 mM of 
the following salts: (b) NaCl, (c) Na2SO4, (d) NaClO4, or (e) NaPF6 
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Figure 4.3.  Partial ESI mass spectra showing the 9+ charge state of lysozyme obtained 
from aqueous solutions containing 10 μM lysozyme and (a) no added salt and 1.0 mM 
of each of the following salts: (b) NaF, (c) NaCl, (d) Na2SO4, (e) NaClO4, or (f) NaPF6. 
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Figure 4.4.  Percent acid molecule (squares) and sodium adduction (triangles) to 
ubiquitin 6+ as a function of (a) Ksp of the respective sodium salts or (b) pKa of the acid 
of the corresponding anion obtained from 10 μM of ubquitin with 1.0 mM of NaF, NaCl, 
NaCOOH, NaNO2, NaBr, NaSCN, NaI, Na2SO4 or NaClO4.     
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Figure 4.5.  Percent acid molecule (squares) and sodium adduction (triangles) to (a) 

ubiquitin 6+ or (b) insulin chain B 2+ as a function of the proton affinity, PA (kcal•mol-1), 

of the respective anion calculated from ESI mass spectra obtained from solutions 
containing 10 μM protein with 1.0 mM of NaF, NaCl, NaCOOH, NaNO2, NaBr, NaSCN, 
NaI, Na2SO4, NaClO4, NaPF6, or NaSbF6.  The extent of protonation of (c) ubiquitin 6+ 
and (d) insulin chain B 2+ as a function of the PA of the anion from the sodium salts.  
The dashed line corresponds to the extent of protonation of the protein from ESI 
solutions with no salt added.      
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Figure 4.6.  Percent acid molecule (squares) and sodium adduction (triangles) to (a) 

lysozyme 9+ and (b) cytochrome c 9+ as a function of the proton affinity, PA (kcal• 
mol-1), of the anion calculated from ESI mass spectra of solutions containing 10 μM 
protein with 1.0 mM of NaF, NaCl, NaCOOH, NaNO2, NaBr, NaSCN, NaI, Na2SO4, 
NaClO4, NaPF6, or NaSbF6.  The extent of protonation of (c) lysozyme 9+ and (d) 
cytochrome c 9+ as a function of the PA of the anion from the sodium salts.  The 
dashed line corresponds to the extent of protonation of the protein from ESI solutions 
with no salt added.            
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CHAPTER 5 

 
A Simple and Robust Method for Determining the Number of Basic Sites in 

Peptides and Proteins using Electrospray Ionization Mass Spectrometry  
 
(This chapter is reproduced with permission from Flick, T.G.; Merenbloom, S.I.; 
Williams, E.R. Anal. Chem. 2011, 83, 8434-8440.  Copyright 2011, American Chemical 
Society.) 
 
5.1 Introduction 

Accurate molecular weights of a wide range of molecules, even those present in 
complex mixtures1-9 or at trace levels,3,4 can be obtained using mass spectrometry.  
Information about elemental composition can be determined from isotope ratios or from 
exact mass measurements.1-13  Marshall and coworkers were able to assign unique 
elemental compositions for up to 20,000 compounds in petroleum samples with a mass 
measuring accuracy of ~400 ppb.2  Because the possible elemental compositions at a 
given nominal mass increases rapidly with molecular size, obtaining the elemental 
composition of larger molecules with just accurate mass measurements alone becomes 
more challenging.   

Because biopolymers are comprised of a limited set of molecular sub-units, the 
number of possible elemental compositions in a given m/z range are constrained.  More 
than 99% of peptides with a nominal mass of 1,000 Da can be excluded with a mass 
measuring accuracy of ± 1 ppm.12  However, even with an unequivocal elemental 
composition of a peptide, an unambiguous amino acid composition cannot always be 
obtained because different combinations of amino acids can have the same elemental 
composition.  The mass limit for unambiguously determining the amino acid composition 
of a peptide by accurate mass measurements alone is ~500-600 Da.12  For larger 
peptides and proteins for which the amino acid composition cannot be determined 
directly from mass alone, additional information that further restricts the possible 
compositions is needed.7-9  The amino acid composition of peptides formed by 
proteolysis of intact proteins is limited both by the enzyme used and by the organism.  
The number of peptides formed by proteolysis that can be used to uniquely identify a 
protein increases with mass measuring accuracy and protein size assuming that the 
peptides are not post-translationally modified.9  The percentage of unique tryptic 
peptides at ~2,000 Da formed by proteolysis of C. elegans proteins that can be 
identified increases from 5% to 60% at mass measuring accuracies of 10 and 0.1 ppm, 
respectively.9 

Information about the amino acid composition of a peptide can also be obtained 
by modifying specific residues.4-6,14,15  Many amino acids can be chemically modified 
selectively, such as conversion of lysine to homo-arginine14 and cysteine thiol to 
thialamine.15  Residue specific chemical modifications can provide constraints on the 
possible amino acid composition.4-6  Cysteine modification using an alkylating reagent 
that contains chlorine has been used to determine the number of cysteine residues in a 
peptide based on the distinctive isotopic distributions of ions containing chlorine.4  
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Knowledge of the number of cysteine residues constrains the possible peptide 
composition, which increases the effectiveness of the accurate mass measurement 
approach.4  For C. elegans, this additional constraint increases the number of unique 
tryptic peptides at ~2,000 Da that can be identified from 60% to 80% at a 0.1 ppm mass 
measuring accuracy.9   

Noncovalent adduction has also been used to obtain information about the 
composition or surface accessibility of specific residues.16-26  McLuckey and coworkers 
found that adduction of acidic molecules, such as HI and HBr, to various peptides and 
proteins can occur via gas-phase ion/molecule reactions when the gas phase acidity    

(∆Hacid) of the acid is less than or equal to ~330 kcal•mol-1.16,17  Peptide and protein 

ions were reacted in an ion trap with HI until changes in the abundance of adducts were 
imperceptible, in some instances for up to 3 s,16,17  and the sum of the ion charge state 
and the maximum number of adducted HI molecules was found to equal the number of 
basic sites on 20 of the 21 oligopeptides.16  Adduction of acidic molecules to peptide 
and protein ions also occurs in matrix-assisted laser desorption ionization (MALDI)-
MS.23-26  For small peptides, the total number of protons and maximum number of 
adducted acid molecules of bis(trifluoromethylsulfonyl)imide was equal to the number of 
basic sites, but lower adduction was observed for proteins.26  Different sulfonic acid 
molecules, such as napthalene-disulfonic acid (NDS) and Cibacron Blue F3G-A (CCB), 
can bind specifically to either arginine and the N-terminus, exclusively, or all basic sites, 
respectively.23-25  The maximum number of adducts was equal to the number of arginine 
residues plus the N-terminus for NDS and all basic sites for CCB for small peptides and 
ubiquitin.23-25   

Solution additives in ESI have been used to reduce effects of salts,27,28 increase 
or decrease charge states,29-31 and to obtain information about protein composition and 
structure.18-22,32  Addition of 18-crown-6-ether to solutions containing peptides and 
proteins results in preferential adduction to lysine although some binding to histidine, 
arginine, and the N-terminus also occurs.20-22  Information about the number of lysine 
residues can be obtained for small peptides, but not all lysine residues are adducted 
with larger proteins, a result that has been attributed to solvent inaccessible residues.20-

22  Dibenzo-30-crown-10 ether (DB30C10) also forms complexes with peptides 
containing arginine, but adduction of two DB30C10 molecules was not observed for a 
peptide with two arginine residues.19   

Here, we demonstrate the number of basic sites on a peptide or protein can be 
accurately determined directly from an ESI mass spectrum by adding 10 mM of 
perchloric acid (HClO4) to a solution containing these molecules.  For the 18 peptides 
and proteins studied here with molecular weights between 0.5 and 18.3 kDa, the sum of 
the ion charge state and the number of HClO4 molecules attached to lower charge 
states is equal to the number of basic residues and the N-terminus when unmodified.   
 
5.2 Experimental 
 All peptides, proteins, and perchloric acid (70% v:v in water, 11.6 M) were 
obtained from Sigma Aldrich Chemical Co. (St. Louis, MO).  Proteins with a molecular 
weight (MW) greater than 10 kDa were dialyzed against 18.2 MΩ water using Slide-A-
Lyzer (Thermo Scientific) cartridges with a MW cutoff of 10 kDa.  Final solutions for 
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electrospray were prepared at a concentration of 10 μM peptide or protein and 10 mM 
HClO4 in water.  ESI mass spectra were acquired using a LTQ-orbitrap hybrid mass 
spectrometer (Thermo Electron, Bremen, Germany) equipped with a liquid 
chromatography autosampler.  15.0 μL of sample was injected for each analysis.  The 
sample plug was introduced into the mass spectrometer for ~30 s using 18.2 MΩ water 

at a flow rate of 50 μL•min-1.  Mass spectra were acquired continuously, and two 

minutes of data were averaged for each spectrum. 
Additional experiments, including collision activation, were performed using a 

Waters-Micromass Q-TOF Premier (Waters Corporation, Manchester, UK) equipped 
with a nanoESI source.  A solution containing 10 μM ubiquitin and 10 mM HClO4 in  
18.2 MΩ water was introduced to the mass spectrometer through a pulled borosilicate 
nanoESI emitter with 1.2 kV applied via a platinum wire.  The source was maintained at 

a temperature of 120 °C with a cone gas velocity of 170 L•hr-1.  The sample and 

extraction cones were operated at voltages of 40 and 0 V, respectively.  The collision 

cell gas velocity was 0.6 mL•min-1, and both the cell entrance and exit were operated at 

-5 V. 
 

5.3 Results and Discussion 
Addition of 10 mM HClO4 to aqueous solutions containing either a peptide or 

protein results in various extents of adduction of HClO4 to the protonated molecules.  
For example, an ESI mass spectrum of an aqueous solution containing 10 mM HClO4 
and 10 μM ubiquitin, which shows various extents of adduction of HClO4 molecules to 
the different charge states of the protonated protein, is shown in Figure 5.1a.  More 
HClO4 adduction occurs for lower charge state ions, as has been reported previously for 
adducts of other ions and molecules.27,33  The 4+ charge state is the lowest one 
observed for ubiqutin under these conditions, and up to nine HClO4 molecules are 
adducted, resulting in (ubiquitin + 4H + 9HClO4)

4+.  The number of protons (4) plus 
maximum number of HClO4 adducts (9) for the 4+ charge state is 13, which is equal to 
the number of basic sites on the protein (Arg, His, Lys, and the N-terminus).  Similarly, 
the number of protons (5) and maximum number of HClO4 adducts (8) observed for the 
5+ charge state is 13.  Interestingly, the abundances of (ubiquitin + 4H + 9HClO4)

4+ and 
(ubiquitin + 5H + 8HClO4)

5+ are significantly greater, by a factor of approximately 10 and 
2, respectively, than other ions in the same charge state with different numbers of 
attached HClO4 molecules.  No further adduction of HClO4 to (ubiquitin + 4H)4+ and 
(ubiquitin + 5H)5+ is observed beyond the ninth and eighth molecule, respectively, 
although additional adduction of NaClO4 does occur.  Non-specific adduction of salts 
and salt clusters to protein ions has been observed previously with ESI-MS.27,34 That no 
more adducts of HClO4 to the protein ion are observed suggests that there are no more 
favorable sites to which HClO4 can bind.  In contrast, the maximum number of protons 
and adducted HClO4 molecules for the 6+ to 12+ charge states of ubiquitin is lower than 
the total number of basic sites.  For these ions, the maximum number of protons plus 
HClO4 adducts is 12.  A 13+ charge state is formed in low abundance but no attachment 
of HClO4 is observed.   
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Similar results were obtained for bovine cytochrome c.  An ESI mass spectrum of 
an aqueous solution containing 10 μM bovine cytochrome c and 10 mM HClO4 is shown 
in Figure 5.1b.  The maximum number of HClO4 adducts observed for the 6+, 7+, and 
8+ charge states are 17, 16, and 15, respectively, corresponding to the number of 
protons plus maximum number of attached HClO4 molecules of 23 for each of these 
ions.  This value is equal to the combined total of 23 arginine, histidine, and lysine 

residues.  The abundance of (cytochrome c + 6H + 17HClO4)
6+ is ~5× greater than all 

the other adducts for this charge state, indicating that there are 17 favorable binding 
sites that are predominantly occupied.  Similar results were obtained for equine 
cytochrome c, which has one additional basic residue.  The maximum number of 
protons plus HClO4 adducts for the lowest charge states (6+ and 7+) is 24, which is 
equal to the number of basic residues in this protein.  Both bovine and equine 
cytochrome c are acetylated at the N-terminus, which apparently makes this site 
unfavorable for HClO4 adduction.  Acetylation of the N-terminus lowers the gas-phase 
basicity of this site which is the likely origin of the significantly lower affinity of this site 
for HClO4 attachment.  As was the case for ubiquitin, the number of protons plus the 
maximum number of HClO4 adducts is lower than the number of basic sites for the 
higher (10+ to 18+) charge states.   

For all the peptides and proteins investigated, the maximum number of observed 
HClO4 adducts to the higher charge state ions were between 1 to 3 molecules lower 
than the number of basic sites, but this depends on instrument conditions (vide infra).  
Even with the relatively “harsh” source conditions used here, the sum of the number of 
protons and maximum number of HClO4 adducts for the lowest charge states of the 18 
peptides and proteins investigated is equal to the number of basic sites (Figure 5.2; 
slope and correlation coefficient equals 1.00).   

For each peptide or protein except melittin, the abundance of the most 
extensively adducted ion was significantly greater, by at least a factor of 2, than other 
ions with the same charge state but with lower numbers of HClO4 molecules attached.  
The high abundance indicates that all the available binding sites in these molecules 
have high affinity for HClO4, and makes it possible to unambiguously identify the 
number of binding sites.  In contrast, the abundance of the most highly adducted ion in 
MALDI experiments with NDS23 and CCB25 was lower than other ions for the same 
charge state, suggesting a lower affinity for these molecules to basic sites.  For melittin, 
the lowest charge state is 2+, and a maximum of four HClO4 molecules are observed to 
adduct to form (melittin + 2H + 4HClO4)

2+ (Figure 5.3).  Melittin has six basic sites 
including an unmodified N-terminus.  Thus, the maximum number of protons plus 
adducts of HClO4 for this ion is equal to the number of basic sites.  But unlike the other 
peptides and proteins investigated, the relative intensity of (melittin + 2H + 4HClO4)

2+ is 

~3× less than that for (melittin + 2H + 3HClO4)
2+.  Four of the six basic residues in 

melittin are adjacent to one another, which may result in steric hindrance and a lowering 
of the binding affinity of the fourth HClO4 molecule at these four adjacent sites. 

The relative intensity of the most adducted ion decreases at lower HClO4 
concentrations indicating a significant excess of HClO4 is required to provide an 
unambiguous determination of the number of basic sites on a protein.   Under these 
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conditions, the optimum ratio of acid:protein was ~1000:1 to produce high intensities for 
the most adducted ions.  At lower concentrations of acid, adduction was either 
incomplete (100:1) or not observed (10:1 and lower), whereas cluster ions became the 
most intense features in the mass spectra at higher (10000:1 and greater) acid 
concentrations. 

To determine the extent to which the abundances of the adducts depend on 
instrumental conditions, a mass spectrum of an aqueous solution containing 10 µM 
ubiquitin and 10 mM HClO4 was obtained using a nanoESI emitter (~25 nL/min flow 
rate) and a Q-TOF mass spectrometer (Figure 5.4a).  A comparison of the mass spectra 
in Figure 5.1a and 5.4a, obtained from the same solution, but with two different 
instruments operated with significantly different source conditions, shows that although 
the charge state distributions can differ significantly, formation of the ion for which the 
maximum number of adducts plus the number of protons is equal to the number basic 
sites is remarkably robust for the low charge states.  The abundances of these 
maximally adducted ions are much greater in the nanoESI spectrum (Figure 5.4a) 
where they are observed for all the charge states produced (4+ to 12+).  The (ubiquitin 
+ 4H + 9HClO4)

4+ is the only 4+ ion observed in Figure 5.4a, and the (ubiquitin + 5H + 

8HClO4)
5+ is ~10× more intense than the (ubiquitin + 5H + 7HClO4)

5+ in Figure 5.4a, 

compared to 2× in Figure 5.1a. 

More highly charged ions are observed with the orbitrap for which high solution 
flow rates were used.  The presence of HClO4 at high concentration necessitated high 
source temperatures under these conditions to obtain consistent ion signal.  Thermal 
denaturation can occur at high source temperatures and could explain the more 
abundant high charge states.  In contrast, the flow rates with nanospray are many 
orders of magnitude lower, and more reproducible signals were obtained under “softer” 
source conditions.  The higher charge states in Figure 5.4a are likely the result of 
denaturation owing to the solution pH ~2. 

The significantly greater abundance of the maximally adducted ions with 
nanoESI and “soft” source conditions suggests that the absence of these ions for the 
higher charge states under “harsher” source conditions is the result of gas-phase 
dissociation of these adducts.  The stabilities of these maximally adducted ions were 
investigated by measuring collisional activation spectra of mass selected (ubiquitin + 4H 
+ 9HClO4)

4+, (ubiquitin + 7H + 6HClO4)
7+, and (ubiquitin + 11H + 2HClO4)

11+ ions as a 
function of collision voltage.  These ions dissociate by sequential loss of HClO4 
molecules, and the abundance of these precursor ions as a function of collision voltage 
is shown in Figure 5.4b.  These data show a clear trend in decreasing ion stability with 
increasing charge state.  The collision voltage necessary to dissociate half of the 
precursor occurs at ~8.0, 12, and 29 V for the (ubiquitin + 11H + 2HClO4)

11+, (ubiquitin + 
7H + 6HClO4)

7+, and (ubiquitin + 4H + 9HClO4)
4+ ions, respectively.  These results 

indicate that ion activation in any region of the mass spectrometer should be minimized 
in order to best preserve the adducts for all charge states.   

The inverse correspondence between HClO4 adduction and protonation extent 
indicates that HClO4 adduction occurs at basic sites by displacing a net proton and 
forming an ion pair.  Previous results from gas-phase ion/molecule reactions indicate 
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that acid adduction to proteins and peptides occurs for acids with a ∆Hacid of 330 kcal• 

mol-1 or less,17 consistent with our observation that adduction occurs for HClO4 which 

has a ∆Hacid of 287 kcal•mol-1.35  Based on McLuckey’s findings that HI adduction to 

peptide and protein ions can occur as a result of gas-phase ion/molecule reactions and 
the maximum number of these adducts plus the ion charge state is equal to the number 
of basic sites,16 HI was added to solutions at a concentration of 10 mM for 10 of the 18 
proteins to test whether HI was equally as effective as HClO4 as a solution-phase 
additive for this analysis.  The resulting ESI mass spectra show lower extents of 
adduction of HI compared to HClO4.  HI adducts may be more weakly bound to these 
ions than HClO4, and may be lost more readily by gas-phase dissociation. 

In separate experiments, the extents of sodium and acid molecule adduction to 
molecular ions formed by ESI from aqueous solutions individually containing 11 different 
sodium salts and four different proteins was investigated.  Adduction depends strongly 
on the gas-phase acidity of the counter ion of the salt, with acid adduction observed for 

acids with ∆Hacid ≤ 315 kcal•mol-1.  Based on these results, HSbF6 or HPF6 may also be 

effective for determining the number of basic sites in a peptide or protein. 
 

5.4 Conclusions 
These results demonstrate that the number of basic sites (Arg, Lys, His, and 

unmodified N-terminus) in peptides and proteins can be accurately determined from the 
number of HClO4 molecules adducted to lower charge state ions formed by ESI from 
solutions that contain millimolar concentrations of HClO4.  This method has the 
advantage that it is rapid, and no covalent modifications, proteolytic digestion, gas-
phase ion/molecule reactions, instrumental or other experimental modifications are 
required to obtain the number of basic sites in a peptide or protein.  Because adduction 
of HClO4 results in a 100 Da increase, this method does not require high resolution 
measurements and can be performed on any mass spectrometer with an ESI source.  
Addition of HClO4 does reduce the overall ion signal but by less than a factor of two in 
these experiments.  Any post-translational modification to a basic site that reduces 
basicity will also likely reduce binding affinity of HClO4 and these sites will not likely be 
detected by this method.  However, the simplicity and accuracy of this method could 
make it useful for determining peptide composition from accurate mass measurements 
by providing an additional constraint that would reduce the mass accuracy required to 
uniquely determine the peptide composition.  Conversely, this information could be used 
to extend the molecular weight range of this method to larger peptides.  Even if used for 
trypic peptide analysis for which cleavages occur at Lys and Arg, this method provides 
additional information about the number of His residues or missed cleavages due to 
incomplete digestion or when Pro is on the C-terminal end of Lys or Arg.  Because the 
elemental composition of the adducts are known, the m/z spacing between adducts 
could potentially be used as an internal mass calibrant to further increase the mass 
measuring accuracy in these experiments. 

Determining the number of basic sites from HClO4 adduction to low charge states 
is remarkably robust even when vastly different source conditions or instruments are 
used.  Collisional activation of these maximally adducted ions results in sequential loss 



72 

of HClO4 molecules and the stabilities of these adducts increase with decreasing charge 
state.  Thus, adducts will be best preserved using “soft” source conditions and 
nanospray.  To insure maximum reliability of this method, either instrumental conditions 
for which the sum of protons and maximum HClO4 adducts is the same for all charge 
states should be found, or proteins with a known number of basic residues could be 
used to determine the extent to which these adducts are preserved under a given set of 
experimental conditions.  Addition of HClO4 to solutions prior to ESI as done here does 
increase mass spectral complexity owing to the formation of a large number of adducts.  
For more complex samples, this reagent could be added in either a split flow36,37 or a 
dual spray38 in order to alternately acquire spectra with and without the reagent to aid 
spectral interpretation. 
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5.6 Figures 
 

 
 
Figure 5.1. ESI mass spectra of solutions containing 10 mM HClO4 and 10 μM (a) 
ubiquitin or (b) bovine cytochrome c.  Insets show various extents of adduction of HClO4 
molecules to lower charge state ions. 
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Figure 5.2. The sum of the number of protons and maximum number of HClO4 
molecules adducted to the lowest charge states formed by ESI from solutions 
containing 10 mM HClO4 as a function of the number of basic sites (Arg, Lys, His, and 
unmodified N-terminus) for 18 peptides and proteins.  These data are fit to a straight 
line (slope and correlation coefficient is equal to 1).   
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Figure 5.3. ESI mass spectrum of a solution containing 10 μM melittin and 10 mM 
HClO4.  Inset shows adduction of HClO4 observed for the 2+ charge state. 
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Figure 5.4. (a) A nanoESI mass spectrum of 10 μM ubiquitin and 10 mM HClO4 
acquired with a Q-TOF mass spectrometer, with inset showing adduction to the 11+ 
charge state, and (b) The normalized precursor abundance of mass-selected (ubiquitin 
+ 11H + 2HClO4)

11+ (squares), (ubiquitin + 7H + 6HClO4)
7+ (triangles), and (ubiquitin + 

4H + 9HClO4)
4+ (circles) ions as a function of collisional activation voltage. 
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CHAPTER 6 

 

Solution Additives that Desalt Protein Ions in Native Mass Spectrometry 

 
(This chapter is reproduced with permission from Flick, T.G.; Cassou, C.A.; Chang, T.M; 
Williams, E.R. This chapter was submitted to Analytical Chemistry.) 
 
6.1  Introduction 
 Electrospray ionization (ESI) mass spectrometry (MS) is widely used to gently 
ionize and measure the masses of intact large molecules and complexes with high 
sensitivity (less than a femtomole of sample is possible).1-13  However, the sensitivity of 
ESI-MS can be significantly lower when some salts, such as sodium chloride, are also 
present in the sample solution.13-21  Even low millimolar concentrations of some metal 
ion salts can cause severe ion suppression and peak broadening due to cluster and 
adduct formation.13-19  For example, addition of 10 mM CsCl to an aqueous solution 
containing 1 μM lysozyme resulted in a 330-fold reduction in protein ion abundance.18  
The adverse effects of some salts can be especially challenging for some biological 
samples that require essential salts or high ionic strength to assemble and maintain 
their functional forms in solution.11-13   

There are several strategies to overcome the adverse effects of metal ion salts.  
The most common approach is to remove the salt from solution prior to ESI-MS, and 
this can be done using a variety of techniques, such as dialysis,22,23 liquid 
chromatography,23,24 and ion exchange.25,26  However, removal of salts can also 
adversely affect the structures of some molecules and can affect binding of molecular 
complexes.11-13  Sodium ion adduction in ESI depends on both the pI of the protein and 
the pH of the solution, and more adduction typically occurs for low charge state ions.14-

16  McLuckey and coworkers found that sodium adduction to gaseous positively charged 
protein ions can be significantly reduced when the solution pH is ~3 units lower than the 
pI of the protein.15  High concentrations of ammonium acetate can reduce sodium 
adduction to protein ions and can be used to improve the mass measuring accuracy of 
large protein complexes where adducts to molecular ions are not resolved.12-14  Addition 
of 7 M ammonium acetate to aqueous solutions containing 20 mM sodium chloride, and 
either cytochrome c or ubiquitin, resulted in a ~7- and ~11-fold improvement in signal-
to-noise ratios (S/N) for the molecular ions of these respective proteins.14   

Some anions, such as L-tartrate and citrate, can also reduce the extent of 
nonspecific metal ion adduction to biomolecules.27-31  Konermann and coworkers found 
that nonspecific calcium adduction to proteins was significantly lower with calcium 
tartrate compared to calcium chloride or calcium acetate when these salts were added 
to the ESI solution, a result attributed to L-tartrate acting as a solution-phase chelator of 
calcium.27  Gas-phase ion/ion reactions between DNA anions and several chelating 
ions, such as citrate, in a dual nanospray setup have also been shown to significantly 
reduce nonspecific metal ion adduction to DNA anions.28  Metal ion adduction to 
oligonucleotides can also be reduced by adding acid vapors into the drying gas.32 
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Ions in solution can also affect the conformation and stability of protein and 
protein complex ions in the gas phase.33-36  Attachment of acid molecules of select 
Hofmeister anions, ClO4

-, I-, and SO4
2-, to ubiquitin, cytochrome c, and α-lactalbumin 

can induce compact conformations in the resulting gas-phase protein ions generated by 
ESI.33  Ruotolo and coworkers found that anions with high gas-phase acidities, such as 
nitrate and chloride, bind to protein complexes in solution or during ESI and resulted in 
significant gas-phase stabilization of the protein complex ions.34    

The extents of sodium ion and acid molecule adduction to positively charged 
protein ions formed by ESI from aqueous solutions that contain millimolar 
concentrations of sodium salts of various anions depend to a significant extent on the 
proton affinity (PA) of the anion.37  The PA of an anion (A-) is the negative enthalpy 
change for the gas-phase reaction: 

 
     A-      +      H+

 
                  AH               PA (A-) = -∆Hrxn 

 

For eleven sodium salts of anions that have PA values ranging from 260 to 371 

kcal•mol-1, the extent of sodium ion and acid molecule adduction to four proteins was 

inversely related.  For anions with a high PA, deprotonation of acidic sites (Asp, Glu, 
and the C-terminus) can be favorable depending on the pI of the protein.37  
Deprotonation of acidic sites in the protein by the anion in the late stages of droplet 
evaporation makes possible strongly favorable interactions between the deprotonated 
site and sodium cations.37  This results in little nonspecific sodium ion adduction to 

protein ions for anions with PA values below ~315 kcal•mol-1 and increasing adduction 

with increasing PA of the anion.37  For anions with low PA values (< ~315 kcal•mol-1), 

deprotonation of acidic sites is less favored, and acid molecule adduction to basic sites 
(Arg, Lys, His, N-terminus) occurs.37  The number of basic sites in peptides and proteins 
can be accurately determined from the number of adducts.37-39    
 Here, we report that solution additives with anions that have low PA values can 
significantly reduce the extent of nonspecific sodium ion adduction and improve the 
abundances of gaseous protein and protein complex ions generated by ESI.  
Ammonium bromide and iodide are particularly effective at reducing nonspecific sodium 
adduction to protein ions at a significantly lower concentration than ammonium acetate, 
and acid molecule adduction, which depends on ion source conditions, is minimized. 
 
6.2  Experimental 
 6.2.1 Mass Spectrometry.  Mass spectra were acquired using either a LTQ-
orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) or a 9.4 T 
Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer equipped with 
an external ESI source that is described elsewhere.40  Ions are generated by nanoESI 
from borosilicate capillaries that are pulled so that the tips have a ~2 μm inner diameter 
(model P-87 capillary puller, Sutter Instruments, Novato, CA).  The capillary is loaded 
with a small volume (~2-10 μL) of analyte solution, and a platinum wire is inserted into 
the solution.  The borosilicate capillary is positioned ~2 mm away from the source inlet 
capillary.  Ions are generated by applying a potential difference of 800 to 1200 V 
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between the platinum wire and the inlet capillary.  Total ion abundances can vary by a 
factor of up to five when different borosilicate capillaries are used.  Due to the significant 
variability in the S/N between ESI capillaries, the average and standard deviation of the 
abundance of the protonated molecular ion and most abundant ion relative to the total 
ion abundance for each charge state are reported.  To compare the effect of additives 
on absolute S/N, aqueous solutions containing 10 μM protein and 1.0 mM NaCl with or 
without an ammonium additive were analyzed using a single ESI capillary, which was 
washed between samples with water to reduce effects of cross contamination.  This 
procedure was repeated using five different capillaries.   

Bacillus amyloliquefaciens barstar and barnase were obtained by methods 
described previously.41  Bovine ubiquitin, bovine cytochrome c, sodium chloride, 
ammonium acetate, ammonium bromide, ammonium iodide, ammonium tartrate, 
ammonium citrate, and NaSbF6 were obtained from Sigma Aldrich (St. Louis, MO).  The 
ammonium salt of SbF6 is not commercially available, so NaSbF6 was used instead.   

6.2.2 Computational Chemistry.  Initial geometries for the neutral and singly 
deprotonated forms of citric and L-tartaric acid were generated by a Monte Carlo 
conformational search using Macromodel 9.3 (Schrödinger, Inc., Portland, OR, U.S.A.).  
A selection of the low-energy conformers was used to create isomer geometries that 
represent different hydrogen bonding patterns, and geometry optimization at the 
B3LYP/6-31+G** level of theory was done using Q-Chem 4.042 (Q-Chem, Inc., 
Pittsburgh, PA, U.S.A).  The geometries were further optimized with B3LYP/6-311++G** 
prior to vibrational frequency calculations at the same level of theory.  Zero-point 
energies, enthalpy, and entropy corrections at 298 K were calculated using unscaled 
harmonic oscillator vibrational frequencies.  Proton affinities and gas-phase basicities 
were calculated from –ΔHº and –ΔGº, respectively, for the protonation of singly 
deprotonated citric and L-tartaric acid.  These values were obtained from the lowest 
energy neutral and singly deprotonated structures (298 K). 
 
6.3  Results and Discussion 
 6.3.1 Effects of Anions on Sodium Ion Adduction to Ubiquitin.  The use of a 
new nanoESI capillary for each sample eliminates cross contamination of samples but 
makes it more challenging to accurately determine the extent to which various solution 
additives affect absolute signal owing primarily to the reproducibility of ion signal 
obtained from different capillaries.  To determine how various additives affect ion signal, 
mass spectra of ubiquitin from solutions with and without different additives were 
obtained with a single ESI capillary that was cleaned prior to loading the capillary with a 
new sample, and this procedure was repeated using five different capillaries.  The 
effects of the different additives on the relative abundances of both the fully protonated 
molecular ion and the most abundant ion relative to the total ion abundances of the 5+ 
and 6+ charge states of ubiquitin are given in Table 6.1, and representative ESI mass 
spectra obtained with a single ESI capillary that gave S/N values closest to the average 
of the five capillaries are shown in Figure 6.1.   

ESI of an aqueous solution containing 1.0 mM NaCl and 10 μM ubiquitin results 
in molecular ions with extensive sodium ion adduction (Figure 6.1a).  Both the 5+ and 
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6+ charge states have an average of six sodium ions adducted, and up to 17 sodium 
ions adduct to both charge states.  Less than 3% of the total molecular ion abundance 
is from exclusively protonated molecular ions.  The most abundant adducted form of the 
5+ and 6+ ions account for only 11% and 13% of the total ion abundance for these 
respective charge states.  Sodium ion adducts distribute the protein ion abundance into 
multiple cationized forms with various numbers of adducts, which lowers the S/N for 
each form of the protein ion in each charge state.  With 1.0 M ammonium acetate added 
to this solution, the charge state distribution shifts to slightly higher charge, and less 
sodium ion adduction occurs, particularly to the higher charge state ion (Figure 6.1b).  
The average number of sodium ions adducted to the 5+ and 6+ charge states of 
ubiquitin is 4.8 and 1.3, respectively, and the fully protonated molecular ions account for 
approximately 28% of the total ion abundance.   
 A more substantial reduction in the extent of sodium ion adduction to ubiquitin 
occurs when either 25 mM ammonium bromide or ammonium iodide is added to 
solutions containing 1.0 mM NaCl (Figures 6.1c and 6.1d, respectively).  With both 
ammonium additives, the charge state distribution is centered at the 6+, and the 
average number of sodium ions adducted to this charge state is 0.4.  A more significant 
reduction in the average number of sodium ion adducts occurs to the 5+ charge state 
with ammonium bromide (0.4) compared to ammonium iodide (1.5), but both additives 
are significantly more effective at reducing sodium ion adduction to ubiquitin than 
ammonium acetate even when ammonium acetate is at a much higher concentration.  
With either ammonium iodide or ammonium bromide, the exclusively protonated 
molecular ions are the most abundant form of ubiquitin and account for 56% and 72% of 
the total ion abundance, respectively.  With ammonium iodide, adduction of HI 
molecules occur, accounting for approximately 33% of the total ion abundance, whereas 
virtually no HBr adduction is observed under these conditions.   

It was previously postulated that ammonium acetate reduces nonspecific sodium 
adduction to protein ions as a result of precipitation of sodium acetate in the ESI droplet 
as solvent preferentially evaporates and the salt is enriched.14  However, the sodium 
salts of bromide and iodide are approximately a factor of 1.5 and 1.9 more soluble, 
respectively, than sodium acetate, indicating the effectiveness of bromide and iodide is 
not a result of the solubility of the sodium salts of these anions.  The more significant 
reduction in sodium ion adducts with bromide and iodide compared to acetate is likely 

due to the 25 and 34 kcal•mol-1 lower PA values of these respective anions (PA of 

acetate = 348 kcal•mol-1).37  The lower PA values for iodide and bromide makes 

deprotonation of acidic sites on ubiquitin less favorable compared to acetate, thus fewer 
locations are available on the protein where sodium ions can adduct.  HI adducts are 

observed, whereas no HBr adduction occurs, consistent with the 9 kcal•mol-1 lower PA 

of iodide compared to bromide.37,37   
To determine the extent to which anions with even lower PA values can reduce 

sodium ion adduction, an ESI mass spectrum of ubiquitin was obtained from an 
aqueous solution containing 1.0 mM NaCl and 1.0 mM of the sodium salt of SbF6

-, 

which has a PA value that is 88 kcal•mol-1 lower than that for acetate (Figure 6.1e).  

Only 1.0 mM NaSbF6 was used because higher concentrations result in poor ubiquitin 
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ion abundance due to substantial formation of Na+(NaSbF6)n clusters.  The charge state 
distribution is centered at 7+, and the average charge is ~2.8 charges higher than the 
solution without NaSbF6.  The average number of sodium ion adducts to the fully 
protonated 5+ to 8+ charge states is less than 0.3, and the exclusively protonated 
molecular ions account for 57% of the total ubiquitin ion abundance.  This is the lowest 
sodium ion adduction observed for any of the additives investigated despite the factor of 
two higher concentration of sodium in this solution.  As observed previously for salts 
with anions that have low PA values,37,39 substantial HSbF6 adduction occurs to 
ubiquitin ions, and accounts for approximately 33% of the total ubiquitin ion abundance.   

To determine if the acid molecule adducts that occur with anions that have low 
PA values (i.e. HSbF6 or HI) can be readily dissociated from ubiquitin using more 
energetic ion source conditions, ESI mass spectra of ubiquitin in aqueous solutions with 
1.0 mM NaCl and 25 mM ammonium iodide or 1.0 mM NaSbF6 were obtained on a 
LTQ-Orbitrap instrument using capillary temperatures of 100 οC or 300 οC (Figure 6.2).  
At 100 οC, minimal sodium ion adduction is observed to ubiquitin ions with either 
additive, but substantial HI or HSbF6 adduction occurs.  At 300 οC, HI adducts are 
eliminated without a significant increase (less than 1%) in the amount of sodium ion 
adduction to ubiquitin.  An insignificant increase in the amount of sodium ion adduction 
is also observed at 300 οC with NaSbF, but only a small decrease (~14%) in the amount 
of HSbF6 adduction to ubiquitin ions occurs compared to that at 100 οC, indicating that 
HSbF6 adducts are more tightly bound to the protein ions than HI.  However, HSbF6 
adducts can be readily removed by collisionally activating the ubiquitin ions after 
introduction into the mass spectrometer (Figure 6.3).  These results indicate that the 
extent of acid molecule adduction that occurs to protein ions depends significantly on 
the ion source conditions, and acid molecule adducts can readily be dissociated from 
protein ions by activating the ion either in the source or after introduction into the mass 
spectrometer.    
 6.3.2 Effects of Anions on Sodium Adduction to Other Proteins and 
Complexes.  Remarkably similar results on how anions affect the extent of sodium ion 
adduction to molecular ions of ubiquitin are obtained with cytochrome c.  ESI of an 
aqueous solution containing 10 μM cytochrome c and 1.0 mM NaCl results in a charge 
state distribution centered at 7+ with an average and maximum number of 6.5 and 18 
sodium ions adducted, respectively, to this ion.  The fully protonated molecular ion is 
only 3% of the total ion abundance of the 7+ charge state.  The most abundant form of 
the 7+ ions, (M + 5H + 2Na)7+, is only 10% of the total ion abundance for this charge 
state, as a result of cytochrome c ion signal being distributed into multiple forms with 
various numbers of sodium adducts.  Sodium adduction is lower for solutions with 1.0 
mM NaCl and 1.0 M ammonium acetate, with an average and maximum number of 
sodium ion adducts of 3.4 and 9, respectively, to the 7+ charge state (Figure 6.4b).  
(cytochrome c + 7H)7+ is significantly more abundant with ammonium acetate, 
accounting for 21% of the total ion abundance of this charge state.  A dramatic 
reduction in sodium ion attachment occurs for solutions with 1.0 mM NaCl and 25 mM of 
either ammonium bromide or ammonium iodide (Figure 6.4c and 6.4d, respectively).  
The most abundant charge state is the 7+, and the average and maximum number of 
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sodium ion adducts is 0.5 and 3, respectively, with ammonium bromide and 0.8 and 5, 
respectively, with ammonium iodide.  (cytochrome c + 7H)7+ is the most abundant ion in 
the 7+ charge state with ammonium iodide or ammonium bromide, and accounts for 
61% and 69% of the total ion abundance, respectively, for this charge state.  For 
solutions with 1.0 mM NaCl and 1.0 mM NaSbF6, the charge state distribution is shifted 
to higher charge, and the average number of sodium ion adducts to all charge states of 
cytochrome c is less than 0.3.  There is more extensive adduction of HSbF6 (78% of 
total ion abundance) to cytochrome c than ubiquitin, whereas less adduction of HI 
occurs (6% of total ion abundance).  This indicates that the extent of molecular 
adduction depends on both the ion source conditions as well as the physical properties 
of the protein. 
 With large protein complexes, unresolved sodium and other metal ion adduction 
can result in significant broadening of charge states and an increase in the measured 
mass.12  Adduction can be so extensive that charge states are unresolved, making 
mass measurements challenging.  Buffer loading with ammonium acetate can be used 
in some instances to reduce the effect of adduction but can also affect the protein 
binding at high concentrations.13,14  To determine whether the extent of sodium ion 
adduction to a protein complex can be reduced at a much lower additive concentration, 
ESI mass spectra of an aqueous solution of 5.0 μM barnase (bn) and 8.0 μM barstar 
(b*) containing 1.0 mM NaCl and either 1.0 M ammonium acetate (Figure 6.5) or 25 mM 
ammonium bromide (Figure 6.5b) were obtained.  The charge states of the bn/b* 
complex range from 8+ to 10+ and b*, the excess reagent, is also observed with 6+ and 
5+ charges.  More adduction to the lower charge states of the bn/b* complex occurs.  
The average number of sodium ion adducts to the 8+ and 9+ charge states are 3.6 and 
2.3, respectively, with 1.0 M ammonium acetate, whereas these respective values are 
0.3 and 0.2 with 25 mM ammonium bromide.  The abundance of the fully protonated 
bn/b* complex with 9+ charges is ~2-fold higher with ammonium bromide compared to 
ammonium acetate.  These results indicate that ammonium bromide may be a useful 
additive to reduce the extent of sodium ion or other nonspecific metal ion adduction to 
protein complexes, as well as individual protein ions, formed by ESI from aqueous 
solutions with high ionic strength. 
 6.3.3 Effects of Salts on Absolute Ion Signal.  To demonstrate the effect of 
different additives on absolute ion signal, the S/N for the protonated molecular ion and 
most abundant molecular ion of ubiquitin in the ESI mass spectra shown in Figure 6.1 is 
reported (Table 6.1, values in parentheses).  With 1.0 mM NaCl, the total ion 
abundance of ubiquitin is poor, and the S/N of both the fully protonated molecular ion 
and the most abundant ion for each charge state are low.  A low S/N of any single ion 
reduces the sensitivity with which tandem MS experiments can be made, and this is 
particularly a problem for the fully protonated molecular ion.  With 1.0 mM ammonium 
acetate added to this solution, the S/N of the most abundant ion, (ubiquitin + 6H)6+, 
increases by a factor of 4.4, but there is only a small increase (~6%) for the most 
abundant ion in the 5+ charge state.  Both 25 mM ammonium iodide and ammonium 
bromide are more effective than ammonium acetate at shifting both ubiquitin 5+ and 6+ 
to the fully protonated form.  The S/N of the most abundant ion, (ubiquitin + 6H)6+, 
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increases by a factor of 30 and 66 with ammonium iodide and ammonium bromide, 
respectively, compared to that obtained without an ammonium additive, and there is a 
substantial increase (>37%) for the most abundant ion in the 5+ charge state as well.  In 
addition, the absolute S/N for the most abundant ion of ubiquitin 5+ and 6+ is higher by 
more than a factor of 4.5 with either of these additives compared to that obtained with 
ammonium acetate.  These results show that ammonium iodide or ammonium bromide 
can improve sensitivity by shifting ion abundance for a given charge state from many 
adducted forms into predominantly the fully protonated form.   
 6.3.4 Sodium Ion Adduction with Ammonium Citrate or Tartrate.  Both citrate 
and L-tartrate were reported to reduce the extent of nonspecific Ca2+ binding to protein 
ions formed by ESI, an effect attributed to these anions chelating ability of Ca2+ in 
solution.27  Ammonium salts of both anions also reduce metal ion adduction to protein 
and oligonucleotide ions formed by matrix assisted laser desorption/ionization 
(MALDI).29-31  To determine if citrate or L-tartrate can be effective additives for reducing 
sodium adduction to protein ions as well, ESI mass spectra of ubiquitin from aqueous 
solutions containing 1.0 mM NaCl and 25 mM of either ammonium tartrate or citrate 
were obtained under identical conditions as those used for the other ammonium 
additives (Figures 6.1, 6.2, and 6.5), and these data are shown in Figure 6.6b and 6.6c, 
respectively.  The charge state distribution is shifted slightly to higher charge and the 
extent of sodium ion adduction is significantly reduced compared to the solution with 
just 1.0 mM NaCl (Figure 6.6a).  However, the fully protonated molecular ions of 
ubiquitin are 28% and 37% less abundant with ammonium tartrate and citrate compared 
to that observed with ammonium bromide.  Substantial adduction of L-tartaric and citric 
acid to ubiquitin ions occurs and accounts for ~12% and 43% of the total ubiquitin ion 
abundance, respectively, whereas no HBr adducts occur.  These results indicate that 
ammonium bromide is a better additive to reduce nonspecific adducts to protein ions 
compared to ammonium citrate or ammonium tartrate when relatively gentle ion source 
conditions are used. 
 In solution, neither citrate nor L-tartrate bind strongly to sodium ions (Kd ~ 1.6 
and 2.0 M, respectively, for fully sodiated forms).  This indicates that neither of these 
ions lowers the extent of sodium ion adduction to ubiquitin ions by sequestering Na+ in 
solution by chelation.  The pH of ESI droplets can increase as solvent evaporation 
occurs,43 and the stability of the different forms of these anions depends on solvation.  
Previous results indicate that the extent of sodium ion and acid molecule adduction best 
correlates to the PA of the singly deprotonated form of the anions.37  The PA and gas-
phase basicity of the singly deprotonated citric or L-tartaric acid have not been 
previously reported, so these values were determined using computational chemistry.   

The lowest energy structures of the neutral and singly deprotonated form of citric 
and L-tartaric acid are shown in Figure 6.7.  Although only the structure of lowest 
energy for neutral citric and L-tartaric acid are shown, several other structures were 
found to be energetically competitive, and are shown in Figures 6.8 and 6.9, 
respectively.  The most favorable deprotonation site on citric acid is at the central 
carboxylic acid (site 1), but deprotonation at the hydroxyl group (site 2) and terminal 

carboxylic acid (site 3) are only 2.2 and 3.2 kcal•mol-1 higher, respectively, in Gibbs 
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free energy.  Deprotonation of L-tartaric acid at the carboxylic acid (site 1) is 
energetically favored compared to deprotonation at the hydroxyl group (site 2), which is 

calculated to be 9.0 kcal•mol-1 higher in Gibbs free energy.  From the computed 298 K 

enthalpies of the lowest energy structures, the PA values for singly deprotonated citric 
and L-tartaric acid were computed at the B3LYP/6-311++G** level of theory to be 303 

and 312 kcal•mol-1, respectively, and the respective gas-phase basicity values were 

calculated to be 298 and 306 kcal•mol-1.  These results indicate that the effectiveness 

of ammonium tartrate and ammonium citrate in desalting gaseous protein ions is likely a 
result of the low PA of these anions, and not their ability to sequester sodium ions in 
solution prior to ion formation.      
 Extensive adduction of citric and L-tartaric acid occurs under the relatively gentle 
ion source conditions used in these experiments.  Results presented here and from 
earlier studies39 show that the extent of molecular adduction of acids to proteins can 
depend on ESI source conditions, and activation of these adducts through gas-phase 
collisions results in loss of the molecular acid.39  Repeating these experiments using a 
Thermo LTQ-orbitrap mass spectrometer with more energetic source conditions (300 οC 
capillary temperature) results in a spectrum with a similar number of sodium adducts, 
but no citric or L-tartaric acid molecules attached (Figure 6.10).  This indicates that the 
extent of molecular adduction, but not the amount of sodium ion adduction, observed in 
these experiments depends strongly on the extent to which the ions are activated in the 
ESI source or subsequently prior to mass analysis.  
 
6.4  Conclusions 
 Sodium ion adduction to protein ions formed by ESI can adversely affect mass 
spectrometry measurements by reducing the overall ionization efficiency and 
distributing the existing ion abundance into many different adducted forms.  Addition of 
some ammonium salts can reduce the amount of nonspecific sodium adduction to 
gaseous protein ions and significantly improve the ion abundance for proteins and 
protein complex ions formed by ESI.  The effectiveness of these additives depends 
predominantly on the acidity of the anion.  Ammonium bromide is particularly effective at 
lowering sodium adduction to gaseous protein ions without acid molecule adduction 
under relatively gentle source conditions.  Anions, such as I- and SbF6

-, that have lower 
PA values than Br- are also effective at reducing the extent of nonspecific sodium ion 
adduction, but attachment of the acid molecules can also occur.  However, these 
molecular adducts can be readily dissociated from the protein ions by using harsher 
source conditions or by collisionally activating the ions after introduction into the mass 
spectrometer. 
 This method of desalting protein ions in native ESI is simple, very effective, 
requires no instrumental or other modifications, and can significantly increase the 
absolute abundances of the fully protonated forms of the molecular ions, which should 
result in improved detection limits, more accurate mass measurements, and improved 
tandem MS sensitivity.  The method may be applicable to reducing interferences from 
nonspecific binding of many other metal ions as well.  It may also be useful for 
measuring binding constants of proteins with low metal ion affinities by reducing the 
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extent of nonspecific adduction that can occur in ESI-MS.  These additives may also be 
effective for desalting biomolecular ions formed by MALDI. 
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6.6  Tables 
 
Table 6.1.  Relative abundances of the fully protonated and most abundant 
molecular ion and average # of sodium adducts for ubiquitin 5+ and 6+.  

 

aValues in parentheses are the absolute S/N obtained from a single ESI capillary.   
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6.7  Figures 

 

Figure 6.1. ESI mass spectra obtained from aqueous solutions containing 10 μM 
ubiquitin with 1.0 mM NaCl and (a) no additional additive, (b) 1.0 M ammonium acetate, 
(c) 25 mM ammonium bromide, (d) 25 mM ammonium iodide, or (e) 1.0 mM NaSbF6.  
Insets show an expanded region of the 5+ charge state. 
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Figure 6.2.  ESI mass spectra obtained on a LTQ-orbitrap mass spectrometer from 
aqueous solutions of 10 μM ubiquitin and 1.0 mM NaCl with (a),(f) no additional 
additives, (b),(g) 1.0 M ammonium acetate, (c),(h) 25 mM ammonium bromide, (d),(i) 25 
mM ammonium iodide, and (e),(j) 1.0 mM NaSbF6 using a capillary temperature of 100 
οC or 300 οC, respectively. 
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Figure 6.3.  (a) ESI mass spectrum obtained on a LTQ-orbitrap mass spectrometer 
from an aqueous solution of 10 μM ubiquitin, 1.0 mM NaCl, and 1.0 mM NaSbF6.  
Collision induced dissociation mass spectra of (b) (ubiquitin +HSbF6 + 9H)9+, (c) 
(ubiquitin + HSbF6 + 8H)8+, and (d) (ubiquitin + 2HSbF6 + 8H)8+ using a normalized 
collision energy of 20%.     
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Figure 6.4.  ESI mass spectra obtained from aqueous solutions containing 10 μM 
cytochrome c with 1.0 mM NaCl and (a) no additional additive, (b) 1.0 M ammonium 
acetate, (c) 25 mM ammonium bromide, (d) 25 mM ammonium iodide, or (e) 1.0 mM 
NaSbF6.  Insets show an expanded region of the 7+ charge state. 
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Figure 6.5. ESI mass spectra obtained from an aqueous solution of 5 μM barnase (bn) 
and 8 μM barstar (b*) containing 1.0 mM NaCl and (a) 1.0 M ammonium acetate or (b) 
25 mM ammonium bromide. 
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Figure 6.6.  ESI mass spectra obtained from aqueous solutions containing 10 μM 
ubiquitin with 1.0 mM NaCl and (a) no additional additive, (b) 25 mM ammonium 
tartrate, or (c) 25 mM ammonium citrate.   
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Figure 6.7.  Calculated structures of lowest energy for citric acid and L-tartaric acid.  
Both the neutral and deprotonated forms are shown.  The deprotonation site is indicated 

with a circle and relative Gibbs free energies are reported in kcal•mol-1. 

 

 



98 
 

 

Figure 6.8.  Calculated structures and relative Gibbs free energies (kcal•mol-1) at 298 K 

for neutral (top) and singly deprotonated (bottom) citric acid.  Relative energies are 

calculated at the B3LYP/6-311++G** level of theory. 
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Figure 6.9.  Calculated structures and relative Gibbs free energies (kcal•mol-1) at 298 K 

for neutral (top) and singly deprotonated (bottom) L-tartaric acid.  Relative energies are 

calculated at the B3LYP/6-311++G** level of theory. 
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Figure 6.10.  ESI mass spectra obtained on a LTQ-orbitrap mass spectrometer from 

aqueous solutions containing 10 μM ubiquitin with 1.0 mM NaCl and (a) 25 mM 

ammonium tartrate or (b) 25 mM ammonium citrate using a capillary temperature of 300 
οC. 
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CHAPTER 7 

 

Supercharging with Trivalent Metal Ions in Native Mass Spectrometry 

(This chapter is reproduced with permission from Flick, T.G. and Williams, E.R. This 
chapter was submitted to the Journal of American Society for Mass Spectrometry.) 
 
7.1 Introduction 

Electrospray (ESI) ionization is widely used to generate intact multiply-charged 
ions of proteins and protein complexes from aqueous solutions, a technique often 
referred to as native mass spectrometry (MS).1-4  The multiple charging of large 
molecules that typically occurs with ESI is advantageous for lowering m/z values into a 
range where high performance mass measurements can be made.5,6  Increasing 
analyte charge also increases the sensitivity of mass spectrometers where the signal of 
an ion is proportional to it’s charge, such as orbitrap and Fourier-transform ion cyclotron 
resonance (FT-ICR) instruments.7,8   

Several factors affect the extent of analyte charging by ESI, including analyte 
conformation,9-11 solvent and analyte basicity,12-14 instrumental factors,15,16 and solvent 
surface tension.17-19  Broad charge state distributions of molecular ions centered about 
high charge are typically observed from solutions in which proteins are unfolded, 
whereas narrow distributions at low charge are obtained for proteins and protein 
complexes formed from solutions in which these molecules have native structures.9-11  
The solution-phase denaturation of proteins as a result of heating or acidifying the bulk 
ESI solution can be monitored by ESI-MS from shifts in the charge state distribution 
towards higher charge.10,11  Complexation of multivalent metal ions can also increase 
the charge states of molecular ions formed by ESI,20-23 and has been used effectively to 
obtain electron capture dissociation (ECD) spectra of small peptides for which multiply 
protonated ions are not typically formed.21-23  

An effective method to increase the charging observed for many biomolecules is 
the use of supercharging reagents, such as m-nitrobenzyl alcohol (m-NBA).17-19,24-37  
Originally demonstrated for protein ions formed from denaturing solutions,17-19 this 
supercharging method is also effective at increasing the charge states of protein and 
protein complex ions formed from native solutions.24-31  Supercharging reagents have 
high boiling points and the concentrations of these reagents increases as ESI droplet 
evaporation occurs.31,32  Enrichment of the supercharging reagent affects many physical 
properties of the ESI droplet, including the surface tension, temperature, propensities to 
proton transfer, etc.  Results from circular dichroism spectroscopy29-31 and hydrogen-
deuterium exchange MS30,31 indicate the supercharging reagents do not effect protein 
conformation at the low concentrations typically used in the initial solutions, but can 
cause chemical and/or thermal denaturation of the protein in the ESI droplet as the 
concentration of these reagents is increased.  Proteins that have lost some or all of their 
native structures can carry away more charge and the charge enhancement from the 
denaturing effect is greater than the effect of the lower surface tension.28   
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The charge states of proteins generated by ESI from unbuffered aqueous 
solutions can also be increased by introducing acid vapor into the drying gas of an ESI 
interface.38  Addition of HCl acid vapor into the drying gas resulted in an increase in the 
maximum charge state of cytochrome c by 10 and a shift in the average state from 8.9 
to 15.4 compared to when no acid vapor was introduced.38  The acid vapor lowers the 
pH of the ESI droplet and acid denaturation of the protein occurs, resulting in higher ion 
charge states in the mass spectrum.38  An electrothermal supercharging method to 
generate high charge state protein ions with ESI from buffered aqueous solutions in 
which the proteins have native structures was recently introduced.39  ESI mass spectra 
resembling those obtained from denaturing solutions, where the maximum extent of 
charging can exceed the number of basic sites in the molecule can be obtained with this 
method.39  The effectiveness depends on a number of different factors, but ESI mass 
spectra resembling those measured from standard native or denatured solutions can be 
reversibly obtained simply by toggling the electrospray voltage between low and high 
values.39  This method has the advantages over acidification of the ESI droplets in that it 
can be used with aqueous solutions with high buffer capacity.39  

Here, addition of millimolar concentrations of La3+ to aqueous protein-containing 
solutions is shown to increase the extent of protein charging by ESI as a result of La3+ 
adduction onto native protein conformers.  The enhanced protein charging via La3+ 
adduction is slightly lower than that obtained from aqueous ammonium acetate 
solutions that contain the supercharging reagent m-NBA, but both m-NBA and LaCl3 
can be used in combination to readily form charge states in excess of the number of 
basic sites in the protein.  ECD of high charge states generated by trivalent metal ion 
supercharging from aqueous solutions results in improved fragmentation efficiency and 
sequence coverage compared to that obtained from the highest charge state formed 
from aqueous solutions without La3+.   

 
7.2  Experimental 
 7.2.1 Mass Spectrometry.  Experiments were performed using a 9.4 T FT-ICR 
mass spectrometer equipped with an external ESI source.40  Bovine ubiquitin, bovine 
cytochrome c, chicken egg white lysozyme, LaCl3, m-nitrobenzyl alcohol (m-NBA), 
methanol, acetic acid, and ammonium acetate were all purchased from Sigma Aldrich 
(St. Louis, MO).  Stock solutions containing 10 μM protein were prepared in either water 
with 5 mM ammonium acetate or with 48.5/48.5/3.0 methanol/water/acetic acid (v/v/v).  
A small volume of sample solution (~2-10 μL) is loaded into a borosilicate capillary (1.0 
mm o.d./0.78 mm i.d.; Sutter Instruments, Novato, CA, USA) that is pulled to a tip with 
an inner diameter of ~2 μm (model P-87 capillary puller; Sutter Instruments, Novato, 
CA).  A grounded platinum wire is inserted into the solution and the capillary is 
positioned ~2 mm away from the source inlet capillary to which a potential of -800 to -
1200 V is applied, and the resulting ions that are formed by ESI are trapped in the ion 
cell.  For ECD experiments, the precursor ion of interest is isolated using stored 
waveform inverse Fourier transforms (SWIFTs) with a 2 kHz or wider window around 
the precursor.  Electrons from a heated dispenser cathode (Heatwave Labs, 
Watsonville, CA) that is mounted axially from the cell center are introduced into the ion 
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cell 100 ms after ion isolation by changing the cathode housing potential from +10 V to 
either -0.40 or -0.65 V for 100 ms.  Ions are detected 1.0 s after electron irradiation.    

EC efficiency (EffEC) is calculated using equation 1 

EffEC 
I fragment  Ireduced

I precursor  Ireduced  I fragment
100                            (eq. 1) 

where Iprecursor, Ifragment, and Ireduced are ion abundances of the precursor, the fragments, 
and the reduced precursors, respectively.  Fragmentation efficiency (Efffrag) is calculated 
using equation 2 

EffEC 
I fragment

I precursor  Ireduced  I fragment
100                            (eq. 2) 

and the measured ion abundances were normalized for charge.  Uncertainties for 
electron capture and fragmentation efficiencies are reported as ± one standard 
deviation of three replicate measurements.  Each measurement was repeated with a 
different SWIFT for isolation with a window between two to four kHz around the 
precursor.  Changing the SWIFT window between these values did not have a 
significant effect on electron capture and fragmentation efficiencies, indicating that the 
overlap of the precursor ions and electrons was not measurably perturbed by the 
isolation.   
 7.2.2 Circular Dichroism.  Circular dichroism (CD) spectra were acquired on a 
Jasco model 810 spectropolarimeter (JASCO, Inc., Easton, MD, USA) from solutions 
containing 20 μM ubiquitin in denaturing solution conditions (48.5/48.5/3 
methanol/water/acetic acid) or water with 5.0 mM ammonium acetate either with no 
additional additive or 1.0 mM to 5.0 M LaCl3.  Samples were transferred to a 1.0 cm 
quartz cuvette with constant mixing using a Teflon stir bar while performing a 
wavelength scan analysis from 210 to 250 nm. 
 7.2.3 Ion Mobility.  Ion mobility experiments were performed using a Synapt G2 
High Definition MS (Waters, Milford, MA, USA) equipped with a Z-spray ion source.  
Ions are formed by ESI as described above using a platinum wire potential of 1.0 to 1.5 
kV.  The sample and extraction cone potentials were 40 V and 3 V, respectively.  The 
travelling wave ion mobility spectrometer mobility cell was operated with a constant 
wave velocity of 700 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”).  Drift times were converted to a collision cross section (ccs) scale using the 
procedure outlined by Robinson and coworkers41,42 with ubiquitin (9+ through 13+), 
cytochrome c (13+ through 18+), and myoglobin (16+ through 22+) formed from 
denaturing solutions as calibrant ions.  An average ccs was obtained for a given charge 
state of ubiquitin by weighting the ccs for each conformation by peak area.     
 
7.3 Results and Discussion 
 7.3.1 Trivalent Metal Ion Supercharging in Aqueous Solutions.  The 5+ 
charge state of ubiquitin is the most abundant ion produced by ESI (aqueous 5.0 mM 
ammonium acetate), and the average and maximum charge states are 5.2 and 7, 
respectively (Figure 7.1a).  With 1.0 mM LaCl3 added to this solution, the average (7.6) 
and maximum (11) charge states are significantly higher (Figure 7.1b).  More La3+ ions 
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adduct to the higher charge state ions.  The average number of La3+ adducts increases 
from 1.7 to 3 for the 6+ and 11+ charge states, respectively.  About 12% of the 6+ 
molecular ions are fully protonated whereas all ions of the 11+ charge state have La3+ 
bound.  Similar results were also obtained from ESI of an aqueous solution containing 
1.0 mM EuCl3 (data not shown), suggesting that the binding of these metal ions is not 
specific.  In contrast, ESI of an aqueous solution of ubiquitin containing 1.0 mM NaCl 
results in no significant change to the average charge state (5.0), and Na+ adduction 
occurs more substantially to the lower charge state ions (data not shown), a result 
consistent with previous reports.43,44  The greater adduction of La3+ to higher charge 
states of ubiquitin suggests that the increased charging observed with LaCl3 is due to 
adduction of multiple La3+ ions to ubiquitin which is folded in solution. 
 To compare the extent of charge enhancement obtained from native solutions 
with LaCl3 to conventional supercharging reagents,24-31 an ESI mass spectrum of an 
aqueous solution of ubiquitin with 1.0% m-NBA was obtained under identical conditions 
(Figure 7.1c).  The charge state distribution is slightly broader than that obtained with 
LaCl3 and it is centered about 9+ with an average charge state of 8.5.  The maximum 
charge state (11) that is formed is the same for both m-NBA or LaCl3, but with m-NBA, 
the average charge state is one higher and the abundance of the maximum charge 
state is greater.     
 To determine whether the combination of trivalent metal ion adduction and m-NBA 
results in more charging than either reagent individually, an ESI mass spectrum of 
ubiquitin from an aqueous solution containing both 1.0% m-NBA and 1.0 mM LaCl3 was 
obtained (Figure 7.1d).  The average (9.8) and maximum (14) charge states are greater 
than those obtained with either LaCl3 or m-NBA alone.  Higher charge states have more 
La3+ adduction, as occurred without m-NBA.  The 12+ - 14+ charge states all have La3+ 
bound, whereas La3+ is adducted to only 9.5% of the 7+ charge state ions.  Ubiquitin 
has 13 basic sites consisting of 12 basic amino acids (H, R, and K) and the N-terminus.  
Thus, formation of the 14+ charge state corresponds to charging greater than the 
number of basic sites in the protein despite formation of these ions from an aqueous 
solution in which ubiquitin has a folded structure.   
 Similar results were obtained for bovine cytochrome c, a larger protein with a 
higher isoelectric point than ubiquitin.  The average and maximum charge states of 
cytochrome c in an ESI mass spectrum from an aqueous solution with 5.0 mM 
ammonium acetate are 6.9 and 8, respectively (Figure 7.1e).  With 1.0 mM LaCl3, the 
average and maximum charge states in the ESI mass spectrum increase to 8.9 and 13, 
respectively (Figure 7.1f).  The average (10.3) and maximum (14) charge states with 
1.0% m-NBA are slightly higher than those obtained with 1.0 mM LaCl3 (Figure 7.1g).  
With both m-NBA and LaCl3, the average (12.5) and maximum (17) charge states are 
5.6 and 9 more charges, respectively, than those formed from ammonium acetate alone 
(Figure 7.1h).   
 To determine the extent to which intramolecular disulfide bridges, which reduce 
the conformational flexibility of a protein, can affect the charge enhancement by LaCl3, 
an ESI mass spectrum of an aqueous solution (5.0 mM ammonium acetate) containing 
10 μM lysozyme and 1.0 mM LaCl3 was obtained (Figure 7.2).  With 1.0 mM LaCl3, the 
average and maximum charge states increase from 8.0 to 9.7 and 10 to 12, 
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respectively, compared with those obtained from the solution containing ammonium 
acetate alone.  An aqueous solution containing both 1.0 mM LaCl3 and 1.0% m-NBA 
results in average and maximum charge states of 11.8 and 20, respectively.  Lysozyme 
has 19 basic sites, and the formation of the 20+ charge state indicates that charge 
states greater than the number of basic sites can be generated from a native solution 
even for a protein that is conformationally constrained by disulfide bonds. 
 7.3.2 Effect of Supercharging Additives on S/N.  The effects of LaCl3 and m-
NBA, individually and combined, on the signal-to-noise ratios (S/N) of the most 
abundant ion and total ion abundance for ubiquitin, cytochrome c, and lysozyme are 
shown in Table 7.1.  There is little to no adverse affect on ESI signal for any of these 
proteins with 1.0% m-NBA, consistent with previous results.18  Similarly, 1.0 mM LaCl3 
has little effect on the total ion abundance, but does lower the S/N for the most 
abundant ion slightly.  The S/N of the most abundant ion is 39%, 13%, and 37% lower 
for ubiquitin, cytochrome c, and lysozyme, respectively, with 1.0 mM LaCl3 compared to 
ammonium acetate alone, as a result of ion abundance being distributed into multiple 
peaks with varying numbers of La3+ adducts.  With both m-NBA and LaCl3, the total ion 
abundance for all three proteins is reduced compared with ammonium acetate alone.  
Similar to results with just LaCl3, the S/N of the most abundant ion is significantly 
reduced (~2 - 9×) because ion abundance is distributed over varying numbers of La3+ 
adducts.   
 7.3.3 Effect of La3+ on Protein Conformation.  High charge state protein ions 
can be formed by ESI from solutions in which the protein is unfolded, or when protein 
unfolding occurs in the ESI droplet.26-31,38  The effect of LaCl3 on protein conformation in 
solution was investigated using circular dichroism (CD).  Far-UV CD spectra (210-250 
nm), which probes the α-helical and β-sheet content of a protein, were acquired for 
ubiquitin in a denaturing solution, 5.0 mM ammonium acetate solution, and 5.0 mM 
ammonium acetate solution containing between 1.0 mM to 5.0 M LaCl3 (Figure 7.3a).  
The CD signal in this spectral region is the same with and without LaCl3 for 
concentrations up to 1.0 M, indicating that there is no measurable change in the 
secondary structure of ubiquitin.  With 5.0 M LaCl3, the CD spectrum is distinctly 
different, indicating that the secondary structure changes at this high salt concentration.  
The CD spectrum of denatured ubiquitin has a notable decrease in ellipticity at 220 nm 
compared to that obtained for the folded form from native solutions, which is consistent 
with an increase in α-helical content characteristic of the denatured A-state form of 
ubiquitin.45   
 Ion mobility experiments were performed to investigate how La3+ adduction affects 
the conformations of the resulting gaseous ubiquitin ions.  There are multiple 
conformers for many charge states of ubiquitin (Figure 7.4), consistent with previous 
studies.46,47  To simplify comparisons, the average ccs for each charge state was 
determined by weighting each feature in the drift profile by peak area.  The average ccs 
as a function of the charge state of ubiquitin for fully protonated ions generated from 
native and denaturing solutions, and for ions with two or three La3+ adducts formed from 
aqueous solutions containing LaCl3 is shown in Figure 7.3b.  For the fully protonated 
ions generated from a denaturing solution, the average ccs increases with increasing 
charge, as previously reported.46,47  For aqueous solutions containing 1.0 mM LaCl3, the 
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average ccs of ubiquitin ions with two or three La3+ adducts also increases with 
increasing charge state, and the 8+ - 14+ La3+ adducted ubiquitin ions have more 
elongated conformations compared to the fully protonated 5+ and 6+ charge states 
formed from ammonium acetate alone.  However, the average ccs of the La3+ adducted 
ions is consistently smaller than the corresponding protonated form with the same 
charge state generated from either a native or denaturing solution.  The CD data 
indicate that the 1.0 mM LaCl3 does not denature ubiquitin in the initial solution, but the 
ion mobility experiments show that La3+-bound high charge state ions (8+ - 14+) formed 
from this solution have more elongated conformations than the 5+ and 6+ charge states 
formed without LaCl3.  This indicates that the presence of La3+ causes ubiquitin to 
unfold during the late stages of the electrospray process or in the gas phase. 
 7.3.4 Effects of Trivalent Metal Ion Supercharging on ECD.  High charge 
state ions typically dissociate more readily, which can increase the structural information 
obtained in tandem MS experiments.30,48-51  To determine how ECD sequence coverage 
is affected by supercharging with either La3+ adduction, m-NBA, or a combination of 
both, ECD spectra of the highest charge state of ubiquitin that could be isolated with 
sufficient S/N to observe most fragments were obtained from an ammonium acetate 
solution (6+) and ammonium acetate solutions containing LaCl3 (9+), m-NBA (10+), or 
both supercharging additives (12+).  ECD of (ubiquitin + 6H)6+ formed from a 5 mM 
ammonium acetate aqueous solution results primarily in the formation of the 5+ and 4+ 
reduced precursors.  Fragmentation occurs close to the N- and C-termini (Figure 7.5a) 
with no fragmentation between residues 23 and 59, suggesting that residues within this 
region are involved in extensive noncovalent interactions.48,49  ECD of (ubiquitin + 
3La)9+ results in additional fragmentation in the middle of the protein (Figure 7.5b).  The 
electron capture and fragmentation efficiencies for (ubiquitin + 3La)9+ are 9% and 21%, 
respectively, higher than the values obtained for the fully protonated 6+ ion (Table 2).  
The sequence coverage obtained from the ECD spectrum of (ubiquitin + 6H)6+ is 33%, 
whereas that for (ubiquitin + 3La)9+ is 63%.  These results indicate the significant 
advantage in using LaCl3 to increase the charge state of protein ions to obtain 
enhanced sequence coverage and electron capture efficiency for ECD of protein ions 
formed from native solutions.  
 Extensive fragmentation occurs throughout the protein from ECD of (ubiquitin + 
10H)10+ formed from an aqueous solution containing 1.0% m-NBA (Figure 7.5c), and 
55% sequence coverage is obtained.  (ubiquitin + 3La)9+ has both an ~11% smaller 
average ccs and lower charge state than (ubiquitin + 10H)10+, yet greater sequence 
coverage is obtained for the La3+ adducted ion.  ECD of (ubiquitin + 9H + La)12+ formed 
from a solution with both 1.0% m-NBA and 1.0 mM LaCl3 results in even more extensive 
fragmentation along the backbone of the protein (Figure 7.5d), from which 76% 
sequence coverage is obtained.  Thus, a 2.3 fold increase in sequence coverage is 
obtained from the high charge state ion that is formed with both supercharging reagents 
compared to the ion formed from native solutions that do not contain these reagents.  
ECD data of (ubiquitin + 6H)6+, (ubiquitin + 3La)9+, (ubiquitin + 10H)10+, and (ubiquitin + 
9H + La)12+ combined results in 89% sequence coverage for these ions that are formed 
from native solutions.   
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 Similar improvements in sequence coverage occurred from ECD of high charge 
state ions of cytochrome c formed from ammonium acetate solutions containing either 
m-NBA, LaCl3 or both compared to data obtained without supercharging additives.  The 
7+ and 6+ reduced precursors are predominantly produced by ECD of (cytochrome c + 
8H)8+ formed from an ammonium acetate solution, and 30% sequence coverage is 
obtained (Figure 7.6a).  ECD of (cytochrome c + 7H + La)10+ formed from an aqueous 
solution containing 1.0 mM LaCl3 results in more extensive fragmentation throughout 
the protein (Figure 7.6b).  53% sequence coverage is obtained, whereas only 43% 
sequence coverage is obtained from ECD of (cytochrome c + 12H)12+ generated from 
an aqueous solution containing 1.0% m-NBA (Figure 7.6c).  Using both m-NBA and 
LaCl3, ECD of (cytochrome c + 11H + La)14+ results in 56% sequence coverage (Figure 
7.6d).  The sequence coverage from the combined ECD data for all four of these protein 
ions formed from native solutions is 76%, more than double the sequence coverage 
obtained without these reagents.        

7.3.5 Effect of Cross Section and Trivalent Metal Ion on ECD.  Results 
presented here and from earlier studies30,48-51 show that greater sequence coverage is 
often obtained from dissociation of high charge state protein ions, which tend to have 
elongated conformations, than low charge state protein ions with compact structures.  
(ubiquitin + 2La)6+ has an ~14% smaller average ccs than that of (ubiquitin + 6H)6+, and 
the EC efficiency, fragmentation efficiency, and sequence coverage are 7%, 19%, and 
8% lower, respectively, for (ubiquitin + 2La)6+ compared to (ubiquitin + 6H)6+ (Table 7.2).  
However, greater sequence coverage was not always obtained from ECD of a protein 
ion with a higher charge state and larger ccs.  For example, ECD of (ubiquitin + 3La)9+ 
results in 8% higher sequence coverage than (ubiquitin + 10H)10+, even though the 9+ 
ion has one less charge and ~11% smaller average ccs.  Similarly, (cytochrome c + La 
+ 3H)10+ has a ~9% smaller average ccs than (cytochrome c + 12H)12+, yet ECD of the 
smaller, less highly charged La3+ bound ion results in 10% higher sequence coverage.  
These results indicate that the ccs and charge state of an ion are not the only factors in 
determining the extent of sequence coverage, and other characteristics52 must play a 
significant role.  

7.3.6 Trivalent Metal Ion Supercharging with Denaturing Solution.  To 
determine the extent to which La3+ adducts to denatured proteins in solution, an ESI 
mass spectrum of ubiquitin from a denaturing solution (48.5/48.5/3 
methanol/water/acetic acid) containing 1.0 mM LaCl3 was obtained (Figure 7.7b).  Both 
the average (10.3) and maximum (13) charge states are essentially the same for the 
solutions with and without LaCl3 (Figure 7.7a).  More La3+ adduction to lower charge 
state ions occurs, which is in striking contrast to results for aqueous solutions where 
La3+ adduction increases with increasing charge state.  The percentage of the 7+ and 
12+ charge states that have La3+ adducted are 79% and 32%, respectively.  With 1.0% 
m-NBA, the average charge state increases from 10.1 to 11.8 (Figure 7.7c) and the 
maximum charge state formed is 14+.  With both 1.0% m-NBA and 1.0 mM LaCl3, the 
16+ charge state is formed, which is three more charges than the total number of basic 
sites in this protein (Figure 7.7d).  The charge state distribution is centered about the 
13+ and the average charge state is 13.4.  These results demonstrate that trivalent 
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metal ion supercharging in denaturing solutions using ESI can be used to produce 
higher charge states of proteins than have previously been observed. 

An ECD mass spectrum of (ubiquitin + 11H +La)14+ formed from a denaturing 
solution containing 1.0% m-NBA and 1.0 mM LaCl3 was acquired and the resulting 
fragments are shown in Figure 7.8b.  The low S/N of (ubiquitin + 14H)14+ (~20) formed 
from the denaturing solution with 1.0% m-NBA precludes a direct comparison to ECD of 
the fully protonated 14+ charge state, but fragments formed by ECD of (ubiquitin + 
13H)13+ are shown in Figure 7.8a.  The electron capture and fragmentation efficiencies 
of (ubiquitin + 11H + La)14+ are only slightly greater, 5% and 4%, respectively, than for 
(ubiquitin + 13H)13+.  The sequence coverage obtained under these conditions for both 
ions was 68%.  However, many of the ECD fragments formed from both ions are 
unique, resulting in 85% sequence coverage when the data from both ions are 
combined.  These data indicate that ECD of high charge states formed from denaturing 
solutions containing both m-NBA and LaCl3 can significantly improve the sequence 
coverage. 

7.3.7 Mechanism of Charging via La3+ Adduction.  The CD results show that 
the secondary structure content of ubiquitin is not affected in solutions with up to 1.0 M 
LaCl3, but denaturation occurs with 5.0 M LaCl3.  For denaturation to occur in the ESI 
droplet, the LaCl3 concentration must increase by more than a 1,000-fold.  By 
comparison, a ~×5 enrichment of the supercharging reagent dimethyl sulfoxide occurs 
in the ESI droplet to produce supercharging.31  Minimal La3+ adduction occurs for 
protein ions formed from denaturing solutions, and more La3+ adducts to lower charge 
state ions.  In striking contrast, significant La3+ adduction to protein ions generated from 
native solutions occurs, and more La3+ adducts to higher charge state ions.  These 
results suggest that La3+ preferentially adducts to native or native-like protein 
conformers during ESI.  The higher charge state La3+ bound ubiquitin ions (8+ - 14+) 
have more elongated conformations than low charge state ions (5+ and 6+) formed from 
native solutions without LaCl3.  These results suggest that substantial adduction of La3+ 
onto compact conformers of ubiquitin during ESI results in protein ions with higher 
charge, which subsequently adopt more unfolded gas-phase conformations, 
presumably due to higher Coulombic repulsion.   

 
7.4 Conclusions 

LaCl3 can significantly increase the average and maximum charge states of 
protein ions formed by ESI from native solutions.  Charge states greater than the 
number of basic sites in the protein can be produced from either aqueous solutions in 
which the protein has a native folded structure, or denaturing solutions that contain both 
La3+ and m-NBA, even for a protein that is conformationally constrained due to native 
disulfide bonds.  Better ECD sequence coverage can be obtained from the high charge 
state protein ions formed as a result of La3+ adduction, making the information content 
of ECD of protein ions formed from native solutions comparable to that obtained from 
denaturing solutions.  Addition of 1.0 mM LaCl3 to aqueous solutions does not adversely 
affect the total protein ion abundance generated by ESI, but can lower the S/N of the 
most abundant ion owing to the distribution of signal into ions with various numbers of 
La3+ adducts.  However, the improved fragmentation efficiency and sequence coverage 
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obtained for the high charge state La3+ adducted ions more than compensates for the 
reduced precursor abundance.  These results indicate that trivalent metal ion 
supercharging can substantially increase the fragmentation of protein ions formed from 
native solutions, and should reduce the need to denature proteins prior to tandem MS 
analysis. 
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7.6 Tables 
 
Table 7.1.  The most abundant ion S/N, and total ion abundance S/N of ubiquitin, 
cytochrome c, or lysozyme from the ESI mass spectra of aqueous solutions (5 
mM ammonium acetate) with and without supercharging additives 
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Table 7.2.  Average collision cross section (Å2), % sequence coverage, electron 

capture efficiency and fragmentation efficiency for ions of ubiquitin, cytochrome 
c, and lysozyme   
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7.7 Figures 
 

 
 
Figure 7.1.  ESI mass spectra of aqueous solutions of 10 μM ubiquitin or cytochrome c 
in 5 mM ammonium acetate containing (a and e) no additives, (b and f) 1.0 mM LaCl3, 
(c and g) 1.0% m-NBA, or (d and h) 1.0 mM LaCl3 and 1.0% m-NBA, respectively.  
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Figure 7.2.  ESI mass spectra of aqueous solutions of 10 μM lysozyme (lys) with 1.0 

mM NaCl ammonium acetate containing (1) no additives, (b) 1.0 mM LaCl3, (c) 1.0% m-

NBA, or (d) 1.0 mM LaCl3 and 1.0% m-NBA.   
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Figure 7.3.  (a) Circular dichroism spectra between 210 to 250 nm for 20 μM ubiquitin in 
5 mM ammonium acetate, 1 M LaCl3 (5 mM ammonium acetate), 5 M LaCl3 (5 mM 
ammonium acetate), or 48.5/48.5/3.0 methanol/water/acetic acid (v/v/v) (denatured).  
(b) Average collision cross sections as a function of ion charge state for ubiquitin with 
no adducts from a denatured solution (ο) and from an aqueous ammonium acetate 

solution (◊) without LaCl3, and with two (□) or three () La3+ adducts from an aqueous 

ammonium acetate solution containing 1.0 mM LaCl3.  Filled symbols are ubiquitin ions 
formed from an aqueous ammonium acetate solution containing LaCl3 and m-NBA. 
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Figure 7.4. Drift profiles of 6+ ions of ubquitin formed from aqueous solutions containing 

no additional additive (squares) or 1 mM LaCl3 (solid line).  Distributions are shown for 

ions with no adducts (bottom) and up to three adducts (top), and were obtained by 

integrating the area across m/z values corresponding to each addition from the two-

dimensional dataset.     
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Figure 7.5.  Relative ECD fragment ion abundances at each cleavage site for (a) 
(ubiquitin + 6H)6+, (b) (ubiquitin + 3La)9+, (c) (ubiquitin + 10H)10+, and (d) (ubiquitin + 9H 
+ La)12+; N-terminal and C-terminal fragments are represented as positive (grey) and 
negative (black) values, respectively.   
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Figure 7.6.  Relative ECD fragment ion abundances at each cleavage site for (a) 
(cytochrome c + 8H)8+, (b) (cytochrome c + 7H + La)10+, (c) (cytochrome c + 12H)12+, 
and (d) (ubiquitin + 11H + La)14+; N-terminal and C-terminal fragments are represented 
as positive (grey) and negative (black) values, respectively.   
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Figure 7.7.  ESI mass spectra of 10 μM ubiquitin in 48.5/48.5/3.0 methanol/water/acetic 
acid (v/v/v) containing (a) no additives, (b) 1.0 mM LaCl3, (c) 1.0% m-NBA, or (d) 1.0 
mM LaCl3 and 1.0% m-NBA. 
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Figure 7.8.  Relative ECD fragment ion abundances at each cleavage site for (a) 
(ubiquitin + 13H)13+ and (b) (ubiquitin + 11H + La)14+; N-terminal and C-terminal 
fragments are represented as positive (grey) and negative (black) values, respectively.   
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CHAPTER 8 

 
Electron Capture Dissociation of Trivalent Metal Ion-Peptide Complexes 

 
(This chapter is reproduced with permission from Flick, T.G.; Donald, W.A.; Williams, 
E.R.  This chapter was submitted to the Journal of American Society for Mass 
Spectrometry) 
 

8.1 Introduction 
Peptide sequencing by tandem mass spectrometry is widely used to identify 

proteins and locate sites of post-translational modifications.1-15  Dissociation by electron-
ion recombination methods, whether by capture of a free electron (electron capture 
dissociation; ECD)4-7 or transfer of an electron from an anion (electron transfer 
dissociation; ETD)8-11 or from an atom (electron capture induced dissociation; ECID)16-18 
produces characteristic c and z ion fragments and can often result in minimal loss of 
labile posttranslational modifications, such as phosphorylation,4 making these attractive 
methods for determining the locations of such chemically modified sites.  The extent of 
fragmentation, electron capture efficiency, and recombination energy significantly 
increase with increasing ion charge state.19-25  For example, at least 36% more unique 
peptides could be identified with ETD than collisional dissociation methods for both 
tryptic and Lys-C peptides with charge states greater than two.21 

 One significant disadvantage of these ion-electron recombination methods for 
small peptides is that the charge state is reduced, making it challenging to apply these 
methods when only singly protonated ions are formed by electrospray ionization.  With 
ECID, the reduced precursor of a singly protonated peptide can be reionized in a 
second atomic collision and the fragmentation induced by the neutralization step can be 
readily analyzed.16  Electron detachment dissociation (EDD), where excited radical 
cations with one higher charge or anions with one lower charge are produced by 
irradiating trapped ions with electrons that have 10 eV or higher kinetic energy, results 
in similar fragmentation pathways as those obtained with ECD.26-29  Although 
fragmentation can be more extensive with EDD than with ETD, the efficiency of the 
EDD process is relatively low.26-29 

Complexation of a divalent metal ion, MD, to a small peptide can result in divalent 
ions that can readily dissociate upon ion-electron recombination.20,30-40  Håkansson and 
coworkers found that ECD of (substance P + H + MD)3+, where MD = different alkaline 
earth metal ions, Mn, Fe, or Zn, results in similar sequence coverage to that obtained 
from ECD of (substance P + 3H)3+.30  Protonated c ions and complementary metal 
containing z ions are formed, which was attributed to the metal ion binding close to the 
C-terminus.30  In contrast, ECD of Co2+ and Ni2+-bound peptides predominately cleaves 
C-terminal to methionine, the likely metal binding site, and lower sequence coverage 
than that from ECD of (substance P + 3H)3+ is obtained.30  Zubarev and coworkers 
found fewer fragment ions are produced by ECD of (angiotensin II + Zn)2+ compared to 
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ECD of the diprotonated ion, but the fragments provide complementary sequence 
information.20   

ECD of Cu2+-bound peptides results in mostly b/y fragments and few or no c/z 
ions are typically formed.30-34  However, c/z ions are formed by ECD of Cu2+-bound 
peptides when there are a sufficient number of coordinating residues,35,36 an effect 
attributed to a lowering of the electron-metal ion recombination energy making electron 
capture at a metal remote site more favorable.35  The electronic configuration of metal 
ions has also been reported to play a role in whether metal ion reduction occurs.34  
Chan and coworkers have investigated ECD of many different metal ion-peptide 
complexes.34,37,38  For alkali earth metals and some transition metals, ECD results in 
metallated and non-metallated c/z fragment ions, a result attributed to a zwitterionic 
peptide structure in which a carboxylate group is deprotonated and fragmentation is 
driven by a remote protonation site.34,37,38  For other transition metal ions, a/b/y ions 
were formed, which was attributed to reduction of the metal ion in a charge-solvated 
structure.34,37,38 

 Trivalent metal ion (MT)-peptide complexes can be readily formed by electrospray 
ionization (ESI), and complexation of metal ions to small peptides can increase the 
charge state of the molecular ions.41-47  Attachment of trivalent metal ions to small 
peptides for which singly protonated ions would typically be formed resulted in 
deprotonated, doubly charged ions, where the metal ion displaces a proton at an acidic 
site to form a salt-bridge structure.41-43  Results from infrared multiphoton dissociation 
spectroscopy of MT-polyalanine complexes, (Alan – H + MT)2+, n = 2 – 5, indicate that 
these ions exists in compact salt-bridge conformations in which all carbonyl oxygen 
atoms of the peptide backbone coordinate to MT, but coordination to other side chains, 
such as the Tyr or Phe aromatic rings, is favorable for other peptides.41  For larger 
peptides, (peptide + MT)3+ is primarily formed, even for peptides for which only doubly 
protonated ions are typically formed by ESI.43-45  ECD of lanthanide metal-heptadentate 
ligands complexed with phosphopeptides resulted in extensive fragmentation of the 
peptide backbone and the phosphorylation site could be readily identified.47  
 Here, results for ECD of peptides complexed with lanthanide ions are reported 
for peptides with molecular weights below ~2,000 Da and are compared to those for the 
multiply protonated ions formed directly by ESI.  These results indicate that cationization 
of peptides with trivalent metal ions can lead to significant increases in both the 
fragmentation and electron capture efficiency for small peptides, but is not so 
advantageous for larger peptides for which triply protonated ions can be formed.  These 
results also indicate that the metal ion solvation by the peptide is extensive in the larger 
peptides, resulting in similar electrochemical properties of these metal ions in both the 
peptide environment and in aqueous solution.   
 
8.2 Experimental 
 All experiments were performed using a 9.4 T Fourier-transform ion cyclotron 
resonance mass spectrometer that is described elsewhere.48  Ions are generated by 
nanoESI using borosilicate capillaries that are pulled so that the tips have a ~2 μm inner 
diameter (model P-87 capillary puller, Sutter Instruments, Novato, CA).  Approximately 
2 to 10 μL of sample is loaded into the capillary, and a platinum wire is inserted into the 
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solution.  The capillary is positioned ~2 mm from the source inlet, and a potential 
difference of 800 to 1200 V between the platinum wire and source inlet is applied.  Ions 
are accumulated in an external hexapole ion trap for 0.5 to 4.0 s, and are subsequently 
injected into the ion cell.  For tandem MS experiments, the precursor ion of interest is 
isolated using stored waveform inverse Fourier transforms (SWIFTs) followed by a 100 
ms delay.  For ECD, electrons from a heated dispenser cathode (Heatwave Labs, 
Watsonville, CA) that is mounted axially from the cell center are introduced into the ion 
cell by changing the cathode housing potential from +10 V to -1.4 V for 100 ms.  Ions 
are detected 1.0 s after electron irradiation.  For sustained off-resonance irradiation 
collisionally activated dissociation (SORI-CAD), the precursor is excited using a single 
frequency waveform (4.0 Vpeak-to-peak, 2500 Hz offset) for 0.5 s, resulting in a maximum 
lab-frame translational energy of 0.5 eV, and collided with N2 gas that is introduced to a 
pressure of ~10-6 Torr using a pulsed piezoelectric valve.  All peptides and salts were 
obtained from Sigma Aldrich (St. Louis, MO).  Solutions were prepared at a 
concentration of 10 to 100 μM peptide with 100 μM to 1 mM metal salt using 18 MΩ 
water (Milli-Q, Millipore, Billerica, MA) with a peptide to metal ratio of 1:10 for all 
solutions.  A pH of ~7 was measured for all sample solutions using pH indicator strips.     
 
8.3 Results and Discussion 
 8.3.1 Attachment of Trivalent Metal Ions.  ESI of an aqueous solution of 10 
μM leucine enkephalin (LeEnk) with 100 μM LaCl3 results in the formation of both 
(LeEnk + H)+ and (LeEnk – H + La)2+ (Figure 8.1a).  Only protonated amidated LeEnk, 
(LeEnk-NH2 + H)+, is formed with these same conditions; no (<0.004%) cationization by 
La3+ occurs (Figure 8.1a, inset).  This indicates that La3+ binds to the carboxylate group 
of LeEnk, consistent with a salt-bridge structure identified for this ion by IRPD 
spectroscopy.40  In contrast, cationization of substance P (SP), which has an amidated 
C-terminus and no acidic residues, with La3+ readily occurs, and the abundance of (SP 
+ La)3+ is a factor of 3× greater than that of (SP + 3H)3+.  These results indicate that a 
salt-bridge structure is not essential for La3+ adduction to all peptides.  Stabilization of 
La3+ can also occur through interactions with polarizable atoms, such as carbonyl 
oxygen atoms on the peptide backbone or side-chain hetero atoms or phenyl groups, 
resulting in a charge-solvated structure.    

The relative abundances of (peptide + MT – H)2+ and (peptide + MT)3+ depend 
predominantly on peptide size.  For example, in contrast to the results for leucine 
enkephalin, (peptide + La)3+ is the most abundant form of SFLLRNPNDKYEPF 
(SFLLR), and this ion is ~8× more abundant than (peptide + 3H)3+ (Figure 8.1b).  Both 
(SFLLR – H + La)2+ and (SFLLR – 3H + 2La)3+ are also formed, but are approximately a 
factor of 70 and 3 less abundant, respectively, than (SFLLR + La)3+.  The relative 
abundances of (peptide + MT – H)2+ and (peptide + MT)3+ as a function of molecular 
weight (MW) for various peptides complexed to La3+ are shown in Figure 8.1c.  For 
peptides with MW’s below ~1,000 Da, (peptide – H + La)2+ is preferentially formed, 
whereas (peptide + La)3+ is the most abundant ion for peptides with MW > 1,000 Da.  
There is no significant dependence of the abundance of (peptide + MT)3+ on the 3rd 
ionization energy of the trivalent metal for any of the peptides or metal ions investigated 
here.  The transition to (peptide + La)3+ becoming the most abundant form of the 
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molecular ion above ~1,000 Da (or more than approximately eight residues) indicates 
that there is a critical peptide size where charge-solvation structures, or salt-bridge 
structures in which a proton is displaced to another residue, become most stable.     
 8.3.2 ECD of (peptide – H + MT)2+.  ESI of an aqueous solution that contains a 
trivalent metal ion and small peptide (MW < 800 Da) for which multiply protonated ions 
are not typically formed results in the formation of (peptide – H + MT)2+ for peptides with 
an acidic site.  The same charge state can also be formed by attachment of divalent 
metal ions.  To compare dissociation of divalent peptide ions formed by attachment of 
trivalent metal ions and divalent metal ions, ECD spectra of the small peptides LeEnk, 
Ala6, and FLEEL were acquired for (peptide – H + MT)2+, where MT = La3+, Tm3+, Eu3+, 
or Yb3+, and compared to ECD results for divalent metal ion-peptide complexes, 
(peptide + MD)2+, where MD = Mg2+, Ca2+, Ba2+, or Sr2+.  In general, the electron capture 
(EC) efficiency and sequence coverage is greater (by more than 6% and 25%, 
respectively) for (peptide – H + MT)2+ compared to (peptide + MD)2+.  Representative 
ECD spectra for both (LeEnk + Ca)2+ and (LeEnk – H + La)2+ are shown in Figure 8.2 
with the relative fragment abundances as a function of cleavage site inset.  All 
fragments retain the metal ion for both precursors, but the sequence coverage and EC 
efficiency is 2× and ~6% greater, respectively, for (LeEnk – H + La)2+, for which 
complete sequence coverage is obtained.  Complete sequence coverage is also 
obtained for Yb3+ and Tm3+, whereas the maximum sequence coverage obtained with 
the divalent metal ions was only 75% for (LeEnk + Mg)2+ (Table 8.1).  Similarly, 
sequence coverage is 40 to 50% greater for ECD of (peptide – H + MT)2+ (peptide = 
FLEEL and Ala6) for all trivalent metal ions, except for Eu3+, compared to results for 
(peptide + MD)2+ (Figures 8.3 and 8.4).  ECD of (peptide – H + Eu)3+ also results in c/z 
fragment ions, but a minimum of 25% lower sequence coverage is obtained for all 
peptides than with the other trivalent metal ions.  The EC efficiency was 6 to 39% 
greater for (peptide – H + MT)2+ compared to (peptide + MD)2+ for all trivalent metal ions, 
even Eu3+, a result that may be attributed to higher localized charge on the peptide with 
the trivalent metal ion.  These results indicate that formation of (peptide – H + MT)2+ for 
small peptides substantially increase the EC efficiency and the structural information 
obtained with ECD.             

8.3.3 ECD of (peptide + M)3+.  ECD spectra were also acquired for (peptide + 
MT)3+, where MT = La3+, Eu3+, Yb3+, Pm3+, Tb3+, Sm3+, Tm3+, Ho3+, or Lu3+, for seven 
peptides with MW’s > 900 Da, and these results are compared to ECD data for the fully 
protonated ion with the highest charge state formed by ESI from a purely aqueous 
solution.  ECD of (peptide + MT)3+ typically results in similar or lower sequence coverage 
compared to ECD of (peptide + 3H)3+ or (peptide + 2H)2+.  For example, the ECD 
products for (ranakinin + 3H)3+ and (ranakinin + MT)3+ where MT = La3+, Eu3+, or Yb3+ 
are shown in Figure 8.5.  These trivalent metal ions span the lowest (La3+) and highest 
(Eu3+ and Yb3+) 3rd ionization energies of the lanthanides investigated.  The same 
sequence coverage (100%) and similar EC efficiency (~65%) was obtained from ECD of 
(ranakinin + MT)3+ with La3+ and Yb3+ compared to (ranakinin + 3H)3+, whereas 
(ranakinin + Eu)3+ resulted in only 50% sequence coverage.  Cleavage at the N-Cα 
peptide bond N-terminal to proline is not detected either because it does not occur or 
because the N and Cα atoms in the proline residue remain linked by the side chain 
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methylene units after cleavage of the N- Cα bond.  However, b/y ions are formed due to 
amide bond cleavage N-terminal to the proline residue, likely a result of vibrational 
excitation of the charge reduced precursor or ECD fragment ions.49,50  As was the case 
for smaller peptides, the results for Eu3+ are significantly different than those obtained 
for the other trivalent metal ions.   

ECD data for (peptide + La)3+ where the peptide is SFLLR, neurotensin, 
neurokinin, or histatin 8 resulted in 23 – 33% lower sequence coverage than (peptide + 
3H)3+.  (SP + La)3+ was the only ion where higher sequence coverage (by 10%) was 
obtained for (peptide + MT)3+ vs. (peptide + 3H)3+.  For both angiotensin II and 
bradykinin 2 - 9, (peptide + 3H)3+ could not be formed, so ECD data of (peptide + MT)3+ 
is compared to that for (peptide + 2H)2+.  The EC efficiency was 19 to 44% higher for 
the (peptide + MT)3+ for both angiotensin II and bradykinin 2-9 compared to (peptide + 
2H)2+, but the sequence coverage was the same for all trivalent metal ions, except for 
Eu3+, compared to the protonated ions.  These results indicate that ECD of (peptide + 
MT)3+ does not improve the sequence coverage compared to (peptide + 2H)2+ or 
(peptide + 3H)3+, but can result in a significant improvement in the EC efficiency if 
complexation of the trivalent metal ion to the peptide results in an increase in the charge 
state compared to the fully protonated form.   

8.3.4 Metal Binding to Acidic Sites.  ECD of (peptide + MT)3+ results in both 
metal-attached fragment ions as well as fragments that do not bind the metal ion.  Metal 
attached fragment ions formed by ECD of (ranakinin + MT)3+ all contain the glutamic 
acid residue, whereas no protonated fragments with this residue are formed (Figure 
8.5), indicating that the metal ion binds to glutamic acid in this peptide.  Similar results 
were obtained for other peptides with acidic sites.  ECD fragmentation of (neurokinin + 
La)3+, (SFLLR + La)3+, and (angiotensin II + La)3+ are shown in Figure 8.6.  Neurokinin 
is amidated on the C-terminus, and has one acidic residue, D4.  All metal containing 
fragments include D4, and those that do not contain this residue do not have the metal 
ion.  Similar results are also obtained when the trivalent metal ion is Eu3+ or Yb3+ (Figure 
8.7).  All ECD fragments of (SFLLR + La)3+ that retain La3+ contain both D9 and E12 
(Figure 8.6b).  No fragments between these residues are formed, suggesting that the 
metal ion may coordinate to both acidic residues.  Similar results are obtained when the 
trivalent metal ion is Yb3+, Lu3+, Ho3+, Sm3+, Tm3+, Tb3+, or Pm3+ (Figure 8.8).  For 
(angiotensin II + La)3+ (Figure 8.6c), there are two acidic sites, the C-terminus and D9.  
Both N- and C-terminal fragments retain La3+, indicating that either site likely 
coordinates to La3+ and both forms of these adducted ions are present. 

These data indicate that for peptides with acidic sites, the trivalent metals ions 
coordinate specifically to these sites, and that the salt-bridge form of the trivalent ion in 
which the metal ion is bound to a carboxylate group and a proton is bound elsewhere in 
the peptide is more stable than the entirely charge-solvated form.  In contrast, other 
studies indicate divalent metal ions bind to locations other than acidic sites in the 
peptide depending on metal ion identity.30  The propensity for trivalent metal binding at 
acidic sites should make it possible to more readily determine the position of acidic 
residues in small peptides even when fragmentation is incomplete.  Sequence 
information can also be obtained from the accurate mass, but there are instances where 
isobaric fragments cannot be determined from accurate mass alone at a given mass 



127 
 

measuring accuracy.51  The most common nominal isobar arises from the difference 
between CH4 and O (36 mDa). For example, the combined residue mass of Tyr and Leu 
is only 36 mDa higher than the combined residue mass of Phe and Glu.51  In these 
instances, this method could be used to provide additional sequence information to aid 
peptide identification.                
 8.3.5 Eu3+ as an Electron Trap.  ECD of (peptide + Eu)3+ generally resulted in 
less than half the sequence coverage compared to the other trivalent metal ions and the 
extent of fragmentation decreases with increasing peptide size.  For example, there are 
no c/z fragments in the ECD spectra of (angiotensin II + Eu)3+; b/y ions and ions 
corresponding to small neutral losses from the charge reduced precursor are formed 
instead (Figure 8.9).  The sequence coverage obtained from the ECD spectrum of 
(angiotensin II + Eu)3+ is only 29%, whereas that for (angiotensin II + 2H)2+ and 
(angiotensin II + MT)3+, where MT = La3+ or Yb3+, is 100%.   

For even larger peptides, i.e., > ~1560 Da (histatin 8, neurotensin, and SFLLR), 
the charge reduced precursor, (peptide + Eu)2+, accounts for >93% of the total product 
ions formed from ECD, and predominantly small neutral loss products or b/y ions are 
formed.  For example, the electron capture dissociation spectra for (SFLLR + La)3+ and 
(SFLLR + Eu)3+ are shown in Figure 8.10a-b.  Whereas, electron capture by (SFLLR + 
La)3+ results mostly in the formation c/z ions (69% sequence coverage) and the charged 
reduced precursor accounts for only 7% of the total product ions (Figure 8.10a), for 
(SFLLR + Eu)3+, the charge reduced precursor accounts for 96% of the total product 
ions (no sequence coverage), and only a small neutral loss and a b fragment is 
observed (Figure 8.10b).  Significantly more extensive fragmentation occurs for many 
lanthanides (e.g., La, Lu, Sm, Ho, Pm, and Tb) that have lower 3rd ionization energies 
than Eu, which has one of the highest.  Despite the significantly different fragmentation, 
there is essentially no difference (<2%) in the ECD efficiency for these two ions.  To 
determine if c/z ions are formed from ECD of (SFLLR + Eu)3+, but remain noncovalently 
bound in the reduced precursor, the charge reduced precursor, (SFLLR + Eu)2+, was 
activated by SORI-CAD (Figure 8.10c).  Only b/y fragments, and no c/z ions, are 
formed.   
 The absence of c/z fragments formed from ECD of (peptide + Eu)3+ or by SORI-
CAD of the reduced precursor for larger peptides indicates that a direct one-electron 
reduction of Eu3+ occurs to form an ion where there is no radical site, (peptide + Eu)2+ 
(Scheme 1; Site A).  In contrast, electron capture is directed by the protonation site for 
the other trivalent metal ion-peptide complexes to form a more conventional odd 

electron ECD product ion, (peptide + MT)2+•, that dissociates through typical ECD 

pathways (Scheme 1; Site B).  The recombination enthalpy of direct trivalent metal ion 
reduction, ΔHred, depends on the 3rd ionization energy of the metal ion, ΔH(III), and the 
difference in solvation energies of the trivalent, ΔHsolv(3+), and divalent metal ion, 
ΔHsolv(2+), that correspond to the enthalpy change upon solvation of the respective 
metal ions by the peptide, eq. 1.24 

)(2Δ)(3Δ(III)ΔΔ solvsolvred  HHHH                                     (1) 

The complete absence of c/z fragments from ECD of (peptide + Eu)3+ for large peptides 
indicates that the 3rd ionization energy of Eu3+ is sufficiently large to overcome both the 
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change in solvation energy that results when the metal ion is reduced and the reduction 
energy at a site remote from the metal ion, resulting in direct reduction of Eu3+. The b/y 
fragments and small neutral losses from the charge reduced precursor that are formed 
from ECD of (peptide + Eu)3+ are a result of the recombination energy associated with 
reduction of Eu3+ to Eu2+ being redistributed throughout the peptide, and subsequent 
fragmentation of the even electron peptide ion.  The decrease in these fragments with 
increasing peptide size is attributable to a degrees of freedom effect.  These results are 
consistent with results for electron capture by Eu(H2O)n

3+ that show direct reduction of 
Eu3+ occurs, whereas ion-electron pairs are formed for the other solvated trivalent metal 
ions (and some divalent metal ions) at large cluster size.24,52-55  One electron reduction 
of Eu3+ occurs in aqueous solution, but not for the other trivalent metal ions investigated 
here, with the exception of Yb3+ which has a significantly lower reduction potential.   

Similar results are obtained for most other triply charged ions where 3+ to 2+ 
reduction occurs in aqueous solution.  ECD spectra of (SFLLR + Co(NH3)6)

3+ and 
(SFLLR + Ru(NH3)6)

3+ were measured (Figure 8.11), and the primary product ion is the 
reduced precursor that has lost six NH3 molecules.  No c/z ions are formed.  These 
results indicate that electron capture reduces the metal complex to its 2+ form, as 
occurs upon electron capture by these same metal ion complexes in aqueous 
nanodrops.56  Part of the recombination energy goes into the expulsion of the six NH3 
molecules located at the site of electron capture.   

It is interested that for Yb, which has the highest third ionization energy of the 
lanthanides investigated here, ECD of peptides complexed to Yb3+ results in c/z ion 
formation.  These results indicate that Yb3+ is not directly reduced in these experiments.  
In aqueous solution, the one-electron reduction potential of Yb3+ is lower than that of 
Eu3+, Ru(NH3)6

3+, and Co(NH3)
3+ by at least 0.8 V (0.8 eV).57-61  Thus, Eu3+, Ru(NH3)6

3+, 
and Co(NH3)

3+ are significantly more readily reduced than Yb3+ in water, despite Yb 
having a higher third ionization energy than Eu in isolation. Thus, solvation can 
profoundly affect the relative reduction energies of metals.  For ECD of metalated 
peptides, the reduction enthalpy of Yb3+ is not sufficiently high to overcome the 
solvation enthalpy difference of the corresponding 3+ and 2+ ions to reduce the metal 
ion directly and suppress radical directed fragmentation of the peptide (eq. 1), which is 
consistent with the results for these ions when fully solvated in solution.  These results 
indicate that the electrochemical properties of the metal ions when solvated by larger 
peptides are more similar to those of the same ions in solution than those of the metal 
ions in isolation.   

Recent studies indicate that electron capture by Cd2+ and Hg2+ adducted 
peptides results in mostly a-type fragment ions and small neutral side chain losses from 
the reduced precursor, whereas typical c/z ions are formed for Zn2+ adducted 
peptides.38  These results were attributed to Cd2+ and Hg2+-peptide complexes adopting 
a charge-solvated structure, and Zn2+ adducted peptides forming salt-bridge 
structures.38  Our results indicate that the electrochemical properties of the metal ions in 
the peptide environment determine whether or not electron capture occurs at the metal 
ion or at a remote protonation site in the peptide.   
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8.4 Conclusions 
 Attachment of trivalent metal ions to small peptides for which only singly 
protonated ions are formed by ESI can result in higher charge state ions, making this 
method to increase charge effective for peptide sequencing with electron capture 
methods.  Divalent ions, (peptide – H + MT)2+, are formed for small peptides with acidic 
sites, whereas (peptide + MT)3+ are formed for larger peptides.  The trivalent metal ions 
preferentially bind to acidic sites resulting in salt-bridge structures, although entirely 
charge-solvated structures can be formed for large peptides without acidic sites.  For 
the larger peptides, electron capture does not result in the direct reduction of the 
trivalent metal ion for all the lanthanide metals investigated except Eu.  Reduction is 
driven by the protonation site located remotely from metal ion binding and results in c/z 
ions.  In contrast, Eu3+ is directly reduced and b/y ions are formed instead.  The 
electrochemical properties of these metal ions bound to the larger peptides is the same 
as that observed for these same ions in large aqueous nanodrops and in solution.  This 
indicates that the solvation environment provided by these gaseous peptides results in 
high solvation energies comparable to those in water, which produces similar 
electrochemical properties of these ions both in the gas phase and in solution. 
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 8.6  Tables 
 
Table 8.1. ECD efficiency and sequence coverage obtained from ECD of various 
peptides complexed with different charge carriers. 
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8.7 Figures 

 
Figure 8.1.  (a) ESI mass spectrum of an aqueous solution containing 10 μM leucine 
enkephalin (LeEnk) and 100 μM LaCl3.  Inset is an ESI mass spectrum of an aqueous 
solution containing 10 μM amidated leucine enkephalin (LeEnk-NH2) and 100 μM LaCl3 
with a ×50 expansion of the spectral region where (LeEnk-NH2 – H + La)2+ would be 
located.  (b) ESI mass spectrum of an aqueous solution containing 10 μM 
SFLLRNPNDKYEPF and 100 μM LaCl3.  (c) Relative ion abundances of (peptide – H + 
La)2+ and (peptide + La)3+ as a function of peptide molecular weight. 
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Figure 8.2. ECD spectra of (LeEnk + Ca)2+ and (b) (LeEnk – H + M)3+ with abundance 
of sequence-specific fragments inset. 
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Figure 8.3. Relative ECD fragment ion abundances at each cleavage site for (a) (LeEnk 

+ Ca)2+ (b) (LeEnk – H + La)2+, (c) (LeEnk – H + Eu)2+, (d) (LeEnk – H + Yb)2+, (e) (Ala6 

+ Ca)2+, (f) (Ala6 – H + La)2+, (g) (Ala6 – H + Eu)2+, and (h) (Ala6 – H + Yb)2+. 
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Figure 8.4. Relative ECD fragment ion abundances at each cleavage site for (a) 

(FLEEL + Ca)2+ (b) (FLEEL – H + La)2+, (c) (FLEEL – H + Eu)2+, and (d) (FLEEL – H + 

Yb)2+. 
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Figure 8.5. Relative ECD fragment ion abundances at each cleavage site for (a) 

(ranakinin + 3H)3+, (b) (ranakinin + La)3+, (c) (ranakinin + Eu)3+, and (ranakinin + Yb)3+.  

Grey bars correspond to fragments that retain MT, whereas black bars correspond to 

non-metallated fragments. 
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Figure 8.6. Relative ECD fragment ion abundances at each cleavage site for (a) 
(neurokinin + La)3+, (b) (SFLLR + La)3+, and (c) (angiotensin II + La)3+.  Grey bars 
correspond to fragments that retain MT, whereas black bars correspond to non-
metallated fragments 
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Figure 8.7. Relative ECD fragment ion abundances at each cleavage site for (a) 

(neurokinin + 2H)2+ and (neurokinin + MT)3+, where MT = (b) Eu3+ or (c) Yb3+. 

 



141 
 

 

Figure 8.8. Relative ECD fragment ion abundances at each cleavage site for (a) 

(SFLLRNPNDKYEPF + 3H)3+ and (SFLLRNPNDKYEPF + MT)3+, where MT = (b) Yb3+, 

(c) Lu3+, (d) Ho3+, (e) Sm3+, (f) Tm3+, (g) Tb3+, or (h) Pm3+. 
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Figure 8.9. ECD spectrum of (angiotensin II + Eu)3+. 
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Figure 8.10. (a) ECD spectrum of (SFLLRNPNDKYEPF + La)3+ with relative ECD 

fragment ion abundances at each cleavage site inset.  (b)  ECD spectrum of 

(SFLLRNPNDKYEPF + Eu)3+.  (c) SORI-CAD spectrum of the charge reduced 

precursor, (SFLLRNPNDKYEPF + Eu)2+, generated from ECD of (SFLLRNPNDKYEPF 

+ Eu)3+. 



144 
 

 

Figure 8.11.  ECD mass spectra for (a) (SFLLRNPNDKYEPF + Co(NH3)6)
3+ and (b) 

(SFLLRNPNDKYEPF + Ru(NH3)6)
3+ 
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CHAPTER 9 

 
Effects of Metal Ion Adduction on the Gas-Phase Conformations  

of Protein Ions 
 

(This chapter is reproduced with permission from Flick, T.G.; Merenbloom, S.I.; 
Williams, E.R.  This chapter was submitted to the Journal of American Society for Mass 
Spectrometry) 
 
9.1 Introduction 
 Metal ion-biomolecule interactions are important in many different biological 
processes, including stabilizing macromolecular structure, storage and transfer of 
electrons, and catalytic activity.1-3  It is estimated that one quarter to one third of all 
proteins require metals to function properly.4,5  One of the most well known examples is 
hemoglobin, which has a central iron atom in the heme group, which is necessary for 
transportation of oxygen from the lungs to all other cells in the body.6  EF-hand proteins, 
such as calmodulin, bind calcium ions in order to regulate a variety of functions, 
including inflammation, metabolism, skeletal- and smooth-muscle contraction, memory, 
and immune response.7,8  Conformational changes in biomolecules that occur upon 
metal ion binding are typically investigated using  X-ray crystallography9-11 or nuclear 
magnetic resonance (NMR).11,12  However, mass spectrometry (MS) has emerged as a 
rapid and sensitive analytical tool to investigate protein conformation and 
conformational changes from shifts in the charge-state distribution,13,14 or in 
combination with hydrogen/deuterium (H/D) exchange,15,16 chemical labeling and 
crosslinking,17,18 or ion mobility spectrometry (IMS).19-24   

Using H/D exchange, calmodulin was shown to adopt a structure with less 
solvent accessible surface area when the protein binds up to four Ca2+ adducts.13  IMS 
measurements indicate two gas phase ion populations of calmodulin with the 
abundance of the compact conformer increasing relative to the elongated conformer 
with increasing numbers of Ca2+ adducts.20  Metal cation adduction to heparin, a 
pharmaceutical drug that is an anticoagulant, also resulted in a smaller collisional cross 
section (ccs) of the octasaccharide anions compared to the ion with no metals bound, 
similar to conformational changes that occur in solution.23   

The structures of small peptides bound to metal ions have been extensively 
studied.19,21,22,25-34  Coordination of a metal ion often results in peptide ions adopting 
more compact structures compared to the fully protonated form.  Infrared multiphoton 
dissociation spectra of polyalanine complexed to a trivalent metal ion, ((Ala)n – H + M)2+, 
indicate that these ions have a compact conformation or conformations in which all 
carbonyl oxygen atoms coordinate to the metal ion, and interaction of the N-terminus 
with the metal ion is also favored.32  Divalent metal ion adduction to insulin chain A 
anions stabilizes more compact conformations compared to the non-metalated or 
sodiated form that has the same net charge.19  However, polyalanine peptide-divalent 
metal ion complexes can have more elongated conformations compared to the fully 
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protonated form, which has been attributed to the peptide adopting a helical 
conformation that is stabilized by coordination of the metal ion to the C-terminus.21,22   
  Although the presence of salts in solution can be essential to observe some 
macromolecular complexes in the gas phase,35-37 there are relatively few studies about 
the effects of nonspecific ion-protein interactions on the structures of larger gaseous 
protein ions.38,39  Nonspecific anion adduction to macromolecular complexes has 
recently been shown to preserve compact conformations of macromolecular complexes, 
and many of these anions can be readily removed by activating the ions without altering 
the conformation of these ions.38  Recent experiments showed that acid adduction to 
cytochrome c, ubiquitin, and α-lactalbumin with partially-folded conformers results in 
these molecules adopting more compact conformations.39    
 Here, the effects of nonspecific metal ion adduction on the gas-phase 
conformations of various protein cations and anions are investigated using traveling 
wave ion mobility spectrometry (TWIMS) coupled to MS.  These results show that 
nonspecific metal ion adduction to proteins typically result in ions that have more 
compact conformations than the non-metallated forms with the same charge state, and 
that this effect is the greatest for intermediate protein charge states and for increasing 
metal ion charge.  These results suggest that a compaction of the gas-phase ion 
structure with metal ions attached may not be a reliable indicator of any conformational 
changes that occur in solution as a result of specific metal ion binding, whereas an 
increase in collisional cross section upon metal ion binding may be a more significant 
indicator of specific conformational changes that occur in solution. 
 
9.2 Experimental 

All experiments were performed using a Synapt G2 High Definition mass 
spectrometer (Waters, Milford, MA, USA).  Ions are formed by nanoelectrospray 
(nanoESI) from borosilicate capillaries that are pulled to a tip i.d. of ~2 μm with a 
Flaming/Brown micropipette puller (Sutter Instruments, Novato, CA, USA).  The 
capillary is loaded with ~2-10 μL of analyte solution, and a platinum wire is inserted into 
the solution.  Electrospray is initiated by positioning the borosilicate capillary ~2 mm 
from the source inlet and applying a potential of 1.0-1.5 kV to the wire.  The sampling 
and extraction cone potentials were 40 V and 3 V, respectively. 

The TWIMS mobility cell was operated with a constant wave velocity of 700 m/s, 
wave height of 40 V, helium flow rate of 180 mL/min, IMS (N2) flow rate of 90 mL/min. 
and measurements were made with the TOF analyzer in “V” (single reflectron) mode.  
Drift time distributions were smoothed twice using a Savitzky Golay algorithm with a one 
unit window.  Drift times were converted to a ccs scale using the procedure outlined by 
Robinson and coworkers38,39 with ions formed from denaturing solutions of ubiquitin (9+ 
through 13+), cytochrome c (13+ through 18+), and myoglobin (16+ through 22+) and 
the ccs values obtained for these ions from static-field drift tube experiments using N2 
as the drift gas carrier.39  There is a 6.2% and 7.5% difference between the ccs 
calculated using this calibration procedure and values obtained using a static drift tube 
for cytochrome c 6+ and β-lactoglobulin 7+,39 respectively, indicating the extent of the 
uncertainty associated with this calibration method.  The calculated ccs using the exact 
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hard sphere (EHSS) and projection (Proj) method for the native conformation of 
ubiquitin and cytochrome c was obtained by converting the calculated ccs determined 
by Clemmer and coworkers40-42 using He as the drift gas carrier to that expected if N2 
was used instead.  This conversion factor was obtained by plotting the ccs values of 
ubiquitin 9+ to 11+, cytochrome c 14+ to 18+, and apo-myoglobin 19+ to 22+ obtained 
in static field IMS experiments using N2 as the drift gas carrier against those when He is 
the drift gas.39  The data was fit to a linear equation with an R2 value of 0.998.  For 
ubiquitin, the linear regression converted the Proj and EHSS values with He as the drift 
gas of 930 and 1162 Å2 to values for N2 of 1192 and 1492, respectively.  Converting ccs 
values from He to N2 has reported to introduce an error of at least 1.4%.43 

All chemicals were purchased from Sigma Aldrich (St. Louis, MO) and used 

without further purification except for -lactalbumin, which was desalted using a Bio-
Rad Micro Bio Spin 6 column (Bio Rad Labs, Hercules, CA, USA).  Solutions for 
analysis were prepared at a final concentration of 10 μM protein in denaturing solutions 
(48.5/48.5/3.0 methanol/water/acetic acid) and aqueous solutions with and without 1 
mM of a chloride salt.   

 
9.3 Results and Discussion 

9.3.1 Metal Ion Adduction to Protein Cations.  Under the conditions of these 
experiments, the 6+ charge state of ubiquitin is the most abundant ion produced by ESI 
from a 10 µM aqueous solution, and the average and maximum charge states are 5.6 
and 7, respectively (Figure 9.1a).  With 1.0 mM NaCl, the average (5.0) and maximum 
(6) charge states are slightly lower, and adduction of multiple sodium ions occurs, with 
more Na+ adducting to lower charge state ions (Figure 9.1b), as has been previously 
reported.44,45  Similar results were obtained from an aqueous solution containing KCl.  In 
contrast, ESI of an aqueous solution of ubiquitin containing 1.0 mM CaCl2 results in 
average (7.0) and maximum (8) charge states that are higher than that obtained from 
just water, and more extensive Ca2+ adduction occurs to higher charge state ions 
(Figure 9.1c).  For example, up to 20 Ca2+ ions attach to the 8+ charge state, whereas a 
maximum of seven Ca2+ ions adduct to the 4+ charge state.  Similar results were 
obtained from an aqueous solution containing MgCl2.  ESI of an aqueous solution of 
ubiquitin containing 1.0 mM LaCl3 also produces significantly higher average (7.5) and 
maximum (10) charge states than those obtained from pure water (Figure 9.1d), and the 
charge enhancement is greater than that from the CaCl2 solution.  More La3+ ions 
adduct to higher charge state ions, with up to seven La3+ ions attached to the 9+ charge 
state.  Similar results were obtained with an aqueous solution containing EuCl3.  The 
greater adduction of Ca2+ and La3+ to higher charge states of ubiquitin suggests that the 
higher charge state ions are a result of multiple Ca2+ or La3+ ions adducting to folded 
ubiquitin during electrospray.46  

9.3.2 Effect of Cation Adduction on Protein Ion Conformation.  Ion mobility 
experiments were performed to investigate the effects of nonspecific cation adduction 
on the resulting gaseous protein ion conformation.  The drift profiles for ubiquitin 6+, a 
charge state common to the ESI mass spectra generated from aqueous solutions with 
and without 1.0 mM of the chloride salts of Na+, K+, Ca2+, Mg2+, La3+, or Eu3+ are shown 
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in Figure 9.2.  Features in the drift profiles are labeled with Roman numerals, with 
higher numbers corresponding to longer drift times and hence larger ccs values.  The 
drift profiles show four main features at ~1424 Å2 (I), ~1560 Å2 (II), ~1725 Å2 (III), and 
~1800 Å2 (IV).  The drift distribution for (ubiquitin + 6H)6+ has three features (II, III, and 
IV).  The distributions for this ion formed from solutions containing each salt are similar, 
indicating that the presence of these salts at millimolar concentrations does not affect 
the conformation of this ion to an extent that can be measured using TWIMS-MS.  The 
drift profile for (ubiquitin + 6H)6+ is similar to that reported previously with TWIMS-
MS,37,47 but differs from results for this ion from static-field IMS experiments.40,41  More 
elongated conformations are observed with TWIMS-MS, consistent with these ions 
being heated prior to or during the TWIMS separation.47 

In contrast, the drift profiles of ubiquitin 6+ adducted with cations are significantly 
different than those obtained for (ubiquitin + 6H)6+.  Attachment of a single monovalent 
cation (M+) to ubiquitin 6+ results in an increase in the abundance of conformer III and a 
decrease in the abundance of feature IV compared to the fully protonated ion.  With 
three M+ adducts, a new, more compact feature (I) appears.  Features I and II are more 
abundant with five M+ adducts, and the abundance of III and IV decrease with 
increasing numbers of M+ adducts.  With 13 Na+ adducts, only feature I is observed. 

A more significant change in the ccs of ubiquitin 6+ occurs with attachment of just 
one divalent (M2+) or trivalent (M3+) metal ion compared to adduction of three M+.  With 
one M2+ adduct, II is the most abundant feature (Figure 9.2, middle).  Feature I 
increases and II decreases in abundance with increasing numbers of M2+ adducts.  With 
one M3+ adduct, II is the most abundant feature, and I is the dominant feature with three 
M3+ adducts (Figure 9.2, right).  There are only minor differences in the drift profile for 
cation adducts with the same charge state, i.e., Na+ vs. K+; Ca2+ vs. Mg2+; or La3+ vs. 
Eu3+, indicating that the metal ion charge state, and not the identity, is the most 
important factor which affects the conformation of the adducted protein ion.   

To simplify comparisons between ions with different number of adducts and 
different charge states, an average ccs of ubiquitin 6+ was determined by weighting 
each feature in the drift profile by peak area to evaluate the overall effect of metal cation 
adduction on the gas-phase conformation of this charge state, and these values are 
shown as a function of the number of metal ion adducts in Figure 9.3a.  Adduction of 
three M3+ to ubiquitin 6+ results in an average ccs that is ~19% lower than that of the 
fully protonated molecular ion.  A similar reduction in the average ccs occurs with seven 
M2+ and 14 M+ adducts.  For a given numbers of adducts, the average ccs consistently 
follows the trend: M3+ < M2+ < M+.  The smaller average ccs with increasing charge of 
the metal ion is consistent with salt-bridge interactions between the metal ion and acidic 
sites in the protein as well as charge-solvation interactions between the metal ion and 
heteroatoms in the protein inducing the more compact conformers observed here.  
Attachment of HClO4, HI, or H2SO4 to multiply protonated protein ions can also induce 
compact conformations as a result of ionic interactions between the acid molecule and 
basic sites in the protein.37   

The 4+ is the lowest charge state generated by ESI from these aqueous 
solutions, and (ubiquitin + 4H)4+ exists in a single, compact conformer with a ccs of 
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1262 Å2 (Figure 9.3a), which is approximately 6% higher than the ccs of the single 
conformer of this ion that was reported previously,40,41 and converted to nitrogen as the 
drift gas.  This value is also ~6% greater than the calculated ccs of the crystal structure 
of native ubiquitin obtained using the Proj method calibrated for nitrogen as the drift gas 
(~1192 Å2), which can be considered a lower limit to the actual ccs of native 
ubiquitin.40,41  With increasing metal ion adduction, more elongated features of ubiquitin 
6+ become more compact, and the maximally adducted ion for M+, M2+, and M3+ adopt 
primarily a single, compact conformation or family of conformers, with ccs values 
between 1398 to 1425 Å2.  These ccs values are at least 11% greater than that 
measured for (ubiquitin + 4H)4+ and are bracketed between the calculated ccs of the 
native crystal structure obtained using the Proj and EHSS method.  These results 
indicate that ionic interactions between the cations and the protein results in more 
compact conformations of ubiquitin 6+, but these conformations have larger ccs values 
than (ubiquitin + 4H)4+ at these levels of adduction. 

The 6+ ion is the lowest charge state generated by ESI from an aqueous solution 
containing cytochrome c, and the calculated average ccs for this ion lies between the 
calculated ccs obtained for the native crystal structure of cytochrome c calculated using 
the EHSS and Proj methods43 (Figure 9.3b).  The average ccs decreases from 2159 Å2 
for (cytochrome c + 7H)7+ to 1805 Å2 with three M3+ adducts, whereas 7 M2+ adducts are 
necessary to reach a similar ccs (1810 Å2) (drift profiles shown in Figure 9.4).  A 
similarly compact structure is not formed with up to 13 M+ adducts.  The average ccs of 
maximally adducted cytochrome c 7+ approaches that of (cytochrome c + 6H)6+ and the 
calculated ccs(N2) for the native protein structure, but does not reach this compact 
state, presumably owing to the higher charge, which results in greater Coloumbic 
repulsion in the ion, and can contribute to greater ion heating in TWIMS.47  Similar to 
that observed for ubiquitin, the average ccs of the metallated protein ions with a given 
number of adducts is consistently smaller for metal ions with higher charge.  Similar 
results were obtained for lysozyme 8+, α-lactalbumin 7+, and holo-myoglobin 9+ (drift 
profiles of these protein ion charge states with various extents of metal ion adduction 
and the fully protonated form are shown in Figure 9.5).  These results indicate that 
nonspecific electrostatic interactions between the metal ion and protein result in more 
compact conformations of the metallated protein cations, that approach the most 
compact form of the protein in both the gas phase and solution.         

9.3.3 Effect of Metal Ion Adducts and Protein Charge State on 
Conformation.  The average ccs for fully protonated ions and ions with two Na+, Ca2+, 
or La3+ adducts for all charge states of ubiquitin and cytochrome c that are formed from 
aqueous solutions with and without each respective chloride salt are shown in Figure 
9.6.  The average ccs values for fully protonated ions formed from a denaturing solution 
for these charge states are within 8% of previously reported values39 and are also 
shown for comparison.  For all charge states, the metallated protein ions have smaller 
average ccs values than the fully protonated form with the same charge generated from 
either a purely aqueous or denaturing solution.  Ubiquitin 6+ and cytochrome c 9+ ions 
with two metal ions attached have the greatest difference in ccs compared to the 
corresponding fully protonated form with the same charge state, with an approximately 
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14% and 16% smaller average ccs value with 2 La3+ ions adducted to these respective 
ions.  The average ccs values of the protein ions with multivalent ions adducted are also 
a minimum of ~5% smaller than the fully protonated ion for other charge states of 
ubiquitin (5+, 7+ - 9+) and cytochrome c (7+, 8+, 10+, and 11+).  In contrast, there is 
little difference (< 2%) between the average ccs of the fully protonated and metallated 
ions for the lowest charge states for both ubiquitin (4+) and cytochrome c (5+ and 6+). 

High charge states of ubiquitin (8+ - 10+) and cytochrome c  (9+ - 11+) are 
formed by ESI from aqueous solutions that contain 1.0 mM CaCl2 or LaCl3, and these 
charge states are not formed from the aqueous solutions without these salts.  The 9+ 
and 10+ ubiquitin ions formed from the LaCl3 solution have average ccs values that are 
at least 6% higher than the highest charge state (7+) formed from the purely aqueous 
solution, whereas ubiquitin 8+ with 2 La3+ or Ca2+ adducts have smaller average ccs 
values than (ubiquitin + 7H)7+.  The high charge state ions formed for cytochrome c, 
except for (cytochrome c + 3H + 2Ca)9+, also have more than a 5% larger ccs than the 
highest charge state, (cytochrome c + 8H)8+, formed from the water only solution.  
These results indicate that metal ion adduction to proteins during ESI can result in high 
charge state protein ions that can have more open conformations than the highest 
charge state formed from a purely aqueous solution, but all metallated ions are more 
compact than the fully protonated forms with the same charge generated from either 
aqueous or denaturing solutions.  These high charge state metallated ions are 
advantageous because they dissociate more efficiently upon electron capture to provide 
significant sequence coverage even when these ions are formed from solutions in which 
the protein has a native structure.46 

9.3.4 Cation Adduction to Protein Anions.  Unlike results for protein cations, 
the presence of multivalent cations in an aqueous solution does not alter the anion 
charge states generated by ESI for α-lactalbumin, cytochrome c, and ubiquitin (data not 
shown), even though substantial metal ion adduction occurs.  To determine how cation 
adduction affects protein anion conformation, drift time distributions were measured for 
these anions with various numbers of metal ions adducted.  For both α-lactalbumin and 
cytochrome c, the metallated protein ions are more compact compared to the 
conformation of the non-metallated deprotonated ion for a given charge state with even 
more compact conformations observed for higher charge metal ions.  For example, the 
drift profile of (α-lactalbumin + Ca – 9H)7- and profiles for this ion with various extents of 
nonspecific Na+, Ca2+, and La3+ adducts are shown in Figure 9.7a.  Drift times are not 
converted to collision cross sections because no calibrant ccs values for protein anions 
are available.  There are two features for (α-lactalbumin + Ca – 9H)7- with drift times of 
~7.7 ms (I) and ~9.8 ms (II), and these profiles are identical for this ion formed from 
aqueous solutions with and without NaCl, CaCl2 or LaCl3.  Feature I increases and II 
decreases in abundance with increasing numbers of metal ion adducts.  For a given 

number of adducts, the relative abundance of feature I follows the trend La3+  Ca2+  
Na+.  Similar results were also obtained for cation adduction to cytochrome c 6- (Figure 
9.8).  These results indicate that electrostatic interactions between metal ions and the 
protein can also stabilize compact conformers of gaseous protein anions.  However, a 
more elongated conformation was observed for metallated ubiquitin 5- compared to the 
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non-metallated form (Figure 9.7b).  There are two features in the drift profiles of 
ubiquitin 5- with drift times of ~7.5 ms (I) and ~9.2 ms (II).  Adduction of just one La3+ 
ion results in feature II becoming the most abundant, and this feature also is the most 
abundant when the protein has adducted three Ca2+ or seven Na+ ions.  These results 
indicate that nonspecific electrostatic interactions between the metal ion and the protein 
can stabilize more open conformations of the protein anion as well. 

9.3.5 Specific Cation-Protein Interactions.  For each protein and metal ion 
investigated here, nonspecific attachment of one or more metal ion results in more 
abundant compact forms of the protein cation.  This indicates that a decrease in the ccs 
value upon specific metal ion binding may not necessarily indicate specific 
conformational changes have occurred in solution.  However, an increase in the ccs 
value may be a more reliable indicator that such a change has occurred.  This is 
illustrated with α-lactalbumin, which binds one Ca2+ specifically.  An ESI mass spectrum 
of this protein from an aqueous solution containing 100 μM CaCl2 results in an abundant 
ion corresponding to (α-lactalbumin + 5H + Ca)7+; only 2.4% of the total ion abundance 
of the 7+ charge state is the Ca2+-free form (Figure 9.9a).  The drift profile of (α-
lactalbumin + 7H)7+ has an abundant feature with a ccs of ~1698 Å2, and a low intensity 
feature at ~1990 Å2.  In striking contrast, the more elongated conformation at ~1990 Å2 
is the dominant feature for (α-lactalbumin + 5H + Ca)7+, and the more compact 
conformation at ~1698 Å2  is significantly less abundant.  Apo-α-lactalbumin exists in a 
molten globule state with a high degree of alpha-helical secondary content, and Ca2+ 
adduction to the molten globule form results in the folding and stabilization of the native 
structure of the protein.48,49  The crystal structures of holo- and apo-α-lactalbumin forms 
indicate that the molten globule form has a ~5% smaller accessible surface area than 
the Ca2-bound native form.49  These results indicate that specific metal ion-protein 
interactions that result in an increase in the protein surface area in solution can result in 
a larger ccs in the gas phase.  Because nonspecific metal ion adduction typically results 
in more compact gaseous cations, an increase in ccs values for protein ions that 
specifically bind a metal ion in solution may be a more reliable indicator of a specific 
conformational change that occurs in solution.   

 
9.4 Conclusions 
 A reduction in the collisional cross section of a metal-bound gaseous protein ion 
upon specific binding of the metal to the protein has been used to infer a specific 
structural change to the protein has occurred in solution and that elements of this 
structure remain intact in the gas phase.18,21  However, nonspecific metal ion binding to 
the proteins investigated here consistently results in a decrease in the collisional cross 
sections of the protein cations.  Similar results are observed for metal adducted protein 
anions, but attachment of metal ions to some anions can result in more unfolded forms 
being preferentially stabilized.  These results suggest that a decrease in the gas-phase 
collisional cross section of protein cations upon specific metal ion binding in solution 
may not be a reliable indicator of a specific conformational change that has occurred in 
solution and that is preserved in the gas phase.  In contrast, nonspecific binding of 
metal ions rarely leads to more open forms of gaseous ions, and therefore, an increase 
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in collision cross section upon metal adduction may be a more reliable indicator of 
solution-phase conformational changes that occur upon specific metal ion binding in 
solution. 
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9.6 Figures 
 

 
 
Figure 9.1. ESI mass spectra of aqueous solutions containing 10 μM ubiquitin in (a) 
pure water or aqueous solutions containing 1.0 mM (b) NaCl, (c) CaCl2, or (d) LaCl3. 
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Figure 9.2.  Drift profiles calibrated for collision cross sections in N2 for fully protonated 
molecular ions and ions with various extents of metal ion adduction for ubiquitin 6+ 
formed from a purely aqueous solution (open squares) and aqueous solutions 
containing (a) 1.0 mM NaCl (solid line) or KCl (dashed line), (b) CaCl2 (solid line) or 
MgCl2 (dashed line), or (c) LaCl3 (solid line) or EuCl3 (dashed line).   
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Figure 9.3.  Average collision cross sections in N2 (Å

2) for (a) ubiquitin 6+ and (b) 
cytochrome c 7+ as a function of the number of Na+(●), K+(○), Ca2+(■), Mg2+(□), 
La3+(▲), or Eu3+() adducts.  N(EHSS) and N(Proj) are ccs values calculated by 
Clemmer and co-workers40,42 for the native protein crystal structure using the projection 
method (Proj) and the exact hard-sphere scattering method (EHSS) for the native (N) 
conformations and converted for using N2 as the drift gas. 
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Figure 9.4. Drift profiles for fully protonated molecular ions and ions with various 
extents of metal ion adduction for cytochrome c 7+ formed from a purely aqueous 
solution (open squares) and aqueous solutions with 1 mM NaCl (solid line), CaCl2 
(dashed line), or LaCl3 (solid squares).   
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Figure 9.5.  Drift profiles for fully protonated molecular ions and ions with various 
extents of metal ion adduction for (a) lysozyme 8+, (b) α-lactalbumin 7+, and (c) holo-
myoglobin 9+ formed from a purely aqueous solution (open squares) and aqueous 
solutions with 1 mM NaCl (solid line), CaCl2 (dashed line), or LaCl3 (solid squares).     
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Figure 9.6.  Average collision cross section in N2 (Å

2) for the fully protonated molecular 
ions and ions with two Na+, Ca2+, or La3+ adducts for all charge states formed for (a) 
ubiquitin and (b) cytochrome c from aqueous solutions with and without the respective 
chloride salts.  The average collision cross section of fully protonated molecular ions 
formed from denaturing solutions for these charge states are also shown for 
comparison. 
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Figure 9.7.  Drift profiles for fully protonated molecular ions and ions with various 
extents of metal ion adduction for (a) α-lactalbumin 7- and (c) ubiquitin 5- formed from a 
purely aqueous solution (open squares) and aqueous solutions with 1.0 mM NaCl (solid 
line), CaCl2 (dashed line), or LaCl3 (solid squares). 
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Figure 9.8.  Drift profile for fully protonated molecular ions and ions with various extents 
of metal ion adduction for cytochrome c 6- formed from a purely aqueous solution (open 
squares) and aqueous solutions with 1 mM NaCl (solid line), CaCl2 (dashed line), or 
LaCl3 (solid squares).   
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Figure 9.9.  (a) Partial ESI positive ion mass spectrum from an aqueous solution 
containing 10 μM α-lactalbumin and 100 μM CaCl2; (b) drift profiles in N2 of α-
lactalbumin 7+ with no adducts (bottom) and one Ca2+ adduct (top). 
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