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Abstract
Electrospray ionization (ESI) mass spectrometry (MS) is widely used for the detection and
characterization of various analytes. However, many fundamental aspects of the ESI process
remain poorly understood. Using molecular dynamics (MD) simulations, MS, and ion mobility
spectrometry (IMS), this thesis sheds light on the mechanisms whereby gaseous analyte ions are
formed from highly charged ESI nanodroplets. After a general introduction (Chapter 1), Chapter
2 focuses on the ion evaporation mechanism (IEM), i.e., the ejection of analyte ions from the
droplet surface. The IEM is well established for low MW compounds, but it has remained
contentious whether this pathway is also viable for larger analytes. We examined this question
using the 8.5 kDa protein ubiquitin. The structural stability of ubiquitin allows its charge in
solution to be controlled via pH without triggering unfolding. Our results showed that ESI for
small droplets proceeded via the charged residue mechanism (CRM). Surprisingly, MD runs on
larger droplets culminated in IEM ejection of ubiquitin, as long as the protein carried a sufficiently
large positive solution charge. Thus, our results reveal that the IEM is viable for intact folded
proteins that are highly charged in solution, and for droplets in a suitable size regime. Chapter 3
provides insights into the nonspecific ESI clustering of proteins, a process that can be prevalent in
experiments and that complicates the interpretation of mass spectra. We demonstrated how the
entrapment of more than one protein molecule in an ESI droplet can generate nonspecific gaseous
cluster ions via the CRM. Unexpectedly, data on cytochrome c uncovered an alternative
mechanism, i.e., the formation of nonspecific complexes within ESI droplets, followed by the
cluster IEM. In all cases, protein clusters were stabilized by intermolecular salt bridges. These data
show that ESI-induced protein clustering does not follow a tightly orchestrated pathway, but can
proceed via different avenues. Chapter 4 focuses on the ESI mechanism of peptides, which
represent the most common analytes for proteomics applications. Typical peptides carry a net
positive charge in solution for typically used acidic solvent mixtures. Traditional views suggest
that this charge (along with the low molecular weight of peptides) should favor IEM behavior.
This expectation is at odds with recent peptide MD investigations from other laboratories that
showed CRM behavior. We resolved this conundrum by focusing on the 1 kDa peptide bradykinin.
We found that small droplets predominantly release peptide ions via the CRM, while larger
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droplets favor IEM behavior. The prevalence of one over the other mechanism depends on the
droplet size distribution in the ESI plume.

Keywords: electrospray ionization mass spectrometry, ion mobility spectrometry, molecular
dynamics simulations, ion evaporation model, charged residue model.
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Summary for Lay Audience
Proteins are biological macromolecules that carry out critical functions in all living cells.
Electrospray ionization (ESI) mass spectrometry (MS) has opened up new avenues for studying
proteins, from fundamental biophysical investigations to applications in the biopharmaceutical
industry. For every MS analysis, proteins have to be converted from solution-phase species into
gaseous ions. The ESI process is driven by a high voltage that is being applied to the ESI capillary
into which the protein solution is introduced. The mechanisms whereby gaseous ions are released
from charged ESI nanodroplets remain unclear. Different models have been proposed. The focus
of this thesis is on two possible mechanisms; i.e., the charged residue model (CRM) and the ion
evaporation model (IEM). According to the CRM, gaseous proteins are released upon solvent
evaporation to dryness. This model is widely accepted for large globular proteins. The IEM is a
competing mechanism that is widely believed to describe the ESI behavior of small precharged
molecules. For this second mechanism, the analyte is desorbed from the droplet surface due to
electrostatic repulsion between the protein charge and other charge carriers within the droplet.
In this work, molecular dynamic simulations are used to study the mechanism of protein
and peptide ESI in more detail. The results of the Chapter 2 demonstrate for the first time that the
CRM is not the only viable mechanism for native-like proteins. Instead, it is demonstrated that the
IEM can be operative for proteins such as ubiquitin that retain a tightly folded conformation during
ESI. Chapter 3 examines the formation of nonspecific complexes during ESI at high protein
concentrations. The simulations revealed that the entrapment of multiple protein molecules within
a charged droplet can generate different protein complexes following both IEM and CRM events.
Chapter 4 reconciles the traditional belief that peptides generally show IEM behaviour with earlier
simulation reports that found CRM behaviour. It is demonstrated that both scenarios are possible,
depending on the peptide charge state and composition, as well as solvent properties, including the
solution pH, and droplets dimensions. Overall, the results of this thesis demonstrate that both IEM
and CRM events are possible for a wide range of analyte molecules, thereby contributing to a
better general understanding of the ESI process.

iv

Co-Authorship Statement

The works described in chapters 2, 3, and 4 have been published in the following articles:

E. Aliyari, L. Konermann, Formation of gaseous proteins via the ion evaporation model
(IEM) in electrospray mass spectrometry, Anal. Chem., 2020, 92, 10807-10814. doi:
10.1021/acs.analchem.0c02290. Reproduced with permission. © 2020 American
Chemical Society.
E. Aliyari, L. Konermann, Atomistic insights into the formation of nonspecific protein
complexes during electrospray ionization, Anal. Chem., 2021, 93, 12748-12757. doi:
10.1021/acs.analchem.1c02836. Reproduced with permission. © 2021 American
Chemical Society.
E. Aliyari, L. Konermann, Formation of gaseous peptide ions from electrospray droplets:
competition between ion evaporation mechanism (IEM) and charged residue mechanism
(CRM), Anal. Chem., 2022, 94, 7713-7721. doi: 10.1021/acs.analchem.2c01355.
Reproduced with permission. © 2022 American Chemical Society.

All experimental work and data analysis was performed by the author. Drafts of each article were
prepared by the author. Subsequent revisions were performed in collaboration between the author
and Dr. Lars Konermann. Fortran code for trajectory stitching and initial droplet assembly used in
Chapters 2, 3 and 4 was written by Dr. Konermann. All experimental and computational work was
performed by the author under the supervision of Dr. Lars Konermann.

v

Dedication

To my beautiful angel, Hamid, who is in my heart always and forever.

To my parents, Azize & Amir, for their endless love and support.

To my lovely brothers, Salar & Arsalan, who are my life’s sunshine.

vi

Acknowledgements

First and foremost, I would like to express my deepest gratitude and appreciation to my
research supervisor, Professor Lars Konermann, who is a dedicated leader, and a true gentleman
with a boundless passion for science. I am so grateful for his incredible guidance and support that
go beyond what words can express adequately. I could not have imagined having such a patient
and supportive supervisor.
I would also like to thank all my wonderful lab mates with whom I have had the chance to
work. A very special thank you to Dr. Victor Yin for his valuable assistance and for the helpful
discussions that made me think critically about my work. My wholehearted thank you goes to
Pablo for being always helpful and always a trustworthy friend. I wish to thank Nastaran, with
whom I started my PhD journey, she is my kind friend who I can always count on for her support.
A big thank you to my dearest chemistry friends Kirsty and Leanne for the joy they brought to my
days being in the lab.
I wish to take this opportunity to thank my dear uncle, Rahmat daee, for all his support and
encouragements.
To my best friends, Majid daee, Massi, Masoud, Negar, Behrouz, Mojgan, Elham,
Mehrdad, Mahdiyar and Ali, thank you for being caring and supportive in my crisis moments.
Thank you for making my life a wonderful journey. I am truly blessed to be surrounded with you.
Last but definitely not least, my biggest thank you to my adorable family, to whom I owe
more gratitude than I could express. You are my strength, my hope. You are my EVERYTHING
and with you I will never give up on anything.

vii

Table of Contents
Abstract ........................................................................................................................................... ii
Summary for Lay Audience ........................................................................................................... ⅳ
Co-Authorship Statement................................................................................................................ ⅴ
Dedication ...................................................................................................................................... ⅵ
Acknowledgements ....................................................................................................................... ⅶ
Table of Contents ......................................................................................................................... ⅷ
List of Figures ............................................................................................................................... ⅹii
List of Symbols and Abbreviations............................................................................................... xⅴ
1

Introduction ............................................................................................................................. 1
1.1

Charged Droplets.............................................................................................................. 1

1.2

Mass Spectrometry ........................................................................................................... 1

1.3

Ion Source ........................................................................................................................ 2

1.3.1

Matrix-assisted laser desorption/ionization .............................................................. 2

1.3.2

Electrospray Ionization ............................................................................................. 3

1.4

Mass Analyzer .................................................................................................................. 5

1.4.1

Quadrupole................................................................................................................ 6

1.4.2

Time of Flight Analyzer............................................................................................ 7

1.5

Detector ............................................................................................................................ 8

1.6

Ion Mobility Spectrometry ............................................................................................... 8

1.7

ESI Mechanisms ............................................................................................................. 11

1.7.1

Charged Residue Model.......................................................................................... 11

1.7.2

Ion Evaporation Model ........................................................................................... 12

1.7.3

Chain Ejection Model ............................................................................................. 13

1.8

Molecular Dynamics Simulations .................................................................................. 14

1.8.1

Periodic Boundary Conditions ................................................................................ 16

1.8.2

Non-Bonded Interactions ........................................................................................ 17

1.8.3

MD Force Fields ..................................................................................................... 17

1.8.4

Water Models .......................................................................................................... 18

1.8.5

Thermostats ............................................................................................................. 19

1.8.6

Trajectory Stitching ................................................................................................ 20

1.8.7

Energy Minimization and Production Runs ............................................................ 20

viii

1.9

Protein Structure and Function....................................................................................... 21

1.9.1

Protein Structural Hierarchy ................................................................................... 22

1.9.2

Factors Contributing to Protein Stability ................................................................ 22

1.10

Proteins in Solution Phase vs Gas Phase ........................................................................ 24

1.11

Recent MD Studies Related to ESI Mechanisms ........................................................... 26

1.12

Scope of Thesis .............................................................................................................. 28

1.13

References ...................................................................................................................... 30

2 Formation of Gaseous Proteins via the Ion Evaporation Model (IEM) in Electrospray Mass
Spectrometry ................................................................................................................................. 38
2.1

Introduction .................................................................................................................... 38

2.2

Materials and Methods ................................................................................................... 41

2.2.1

Proteins and Reagents ............................................................................................. 41

2.2.2

Mass Spectrometry.................................................................................................. 41

2.2.3

MD Simulations ...................................................................................................... 41

2.3

Results and Discussion ................................................................................................... 42

2.3.1

Ubiquitin in Solution............................................................................................... 42

2.3.2

ESI Simulations: 3 nm Droplets ............................................................................. 44

2.3.3

ESI Simulations: 5.5 nm Droplets .......................................................................... 46

2.3.4

ESI Simulations: Salt-Containing 5.5 nm Droplets ................................................ 49

2.3.5

Comparison with Experimental ESI Charge States ................................................ 52

2.3.6

CRM vs. IEM Salt Adduction................................................................................. 56

2.3.7

Ubiquitin Gas Phase Conformations....................................................................... 57

2.3.8

Protein IEM Requires Folded Chains with High Solution Charge ......................... 60

2.3.9

Protein Surface Affinity .......................................................................................... 63

2.3.10

Droplet Size Effects ................................................................................................ 65

2.4

Conclusions .................................................................................................................... 67

2.5

References ...................................................................................................................... 69

3 Atomistic Insights into the Formation of Nonspecific Protein Complexes During
Electrospray Ionization ................................................................................................................. 73
3.1

Introduction .................................................................................................................... 73

3.2

Materials and Methods ................................................................................................... 75

3.2.1

Proteins and Reagents ............................................................................................. 75

3.2.2

Mass Spectrometry.................................................................................................. 75

ix

3.2.3
3.3

MD Simulations ...................................................................................................... 76

Results and Discussion ................................................................................................... 77

3.3.1

Protein Clustering Experiments .............................................................................. 77

3.3.2

ESI Simulations – General Considerations ............................................................. 80

3.3.3

MD Simulations of Nonspecific Ubiquitin Clustering ........................................... 81

3.3.4

MD Simulations on Droplets Containing Two Cyt c.............................................. 84

3.3.5

MD Simulations on Droplets Containing Three Cyt c............................................ 86

3.3.6

Cluster Formation Kinetics ..................................................................................... 88

3.3.7

Protein-Protein Contacts ......................................................................................... 90

3.3.8

Collision Cross Sections ......................................................................................... 92

3.4

Conclusions .................................................................................................................... 93

3.5

References ...................................................................................................................... 96

4 Formation of Gaseous Peptide Ions from Electrospray Droplets: Competition between Ion
Evaporation Mechanism (IEM) and Charged Residue Mechanism (CRM) ............................... 101
4.1

Introduction .................................................................................................................. 101

4.2

Materials and Methods ................................................................................................. 103

4.2.1

ESI-MS Experiments ............................................................................................ 103

4.2.2

MD Simulations .................................................................................................... 104

4.2.3

Protonation Patterns for MD Simulations ............................................................. 105

4.3

5

Results and Discussion ................................................................................................. 106

4.3.1

ESI-MS Experiments ............................................................................................ 106

4.3.2

ESI Simulations on Bradykinin at pH 2 ................................................................ 109

4.3.3

ESI Simulations at pH 7 and pH 10 ...................................................................... 112

4.3.4

Comparing MD Data and Experiments................................................................. 116

4.3.5

Competition Between ESI Mechanisms ............................................................... 119

4.4

Conclusions .................................................................................................................. 122

4.5

References .................................................................................................................... 123

Summary, Conclusions, and Future Work........................................................................... 128
5.1

Summary and Conclusions ........................................................................................... 128

5.2

Future Work ................................................................................................................. 130

5.2.1

Using Protons as Charge Carriers ......................................................................... 130

5.2.2

Investigating Earlier ESI Droplets ........................................................................ 130

5.2.3

Extending MD Simulations in the Gas Phase ....................................................... 131
x

5.2.4
5.3

Investigating the Upper IEM Size Limit ............................................................... 131

References .................................................................................................................... 132

Appendix I -Permissions ............................................................................................................. 133
Curriculum Vitae ........................................................................................................................ 136

xi

List of Figures
Chapter 1.
Figure 1.1. Schematic depiction of an ESI source operated in positive ion mode …………………..…5
Figure 1.2. Cartoon representation of a quadrupole mass analyzer………………………………6
Figure 1.3. Representations of (a) drift tube ion mobility, and (b) travelling wave ion mobility…10
Figure 1.4. Schematic layout of the mass spectrometer used in this work………………………..11
Figure 1.5. Forces acting on non-bonded atoms………………………………………………….16
Figure 1.6. Structures of (a) α-amino acids and (b) polypeptides………………………………..21
Figure 1.7. Schematic representation of protein folding (A) in the gas phase and (B) in aqueous
solution…………………………………………………………………………………………...26

Chapter 2.
Figure 2.1. Cartoon depiction of different ESI mechanisms…………………………………….40
Figure 2.2. Circular dichroism (CD) spectra of 50 M ubiquitin……………………………….43
Figure 2.3. Ubiquitin charge in solution vs. pH………………………………………………….44
Figure 2. 4. Examples of ESI simulations using small aqueous droplets (initial radius 3 nm, initial
droplet charge 19+)………………………………………………………………………………45
Figure 2.5. MD data for ESI droplets with 5.5 nm radius……………………………………….47
Figure 2.6. MD simulation snapshots for aqueous ESI droplets containing ubiquitin…………..48
Figure 2.7. MD simulation snapshots for salt-containing ESI droplets………………………….51
Figure 2.8. ESI mass spectra of ubiquitin in aqueous solution at different pH………………….53
Figure 2.9. Comparison of ubiquitin ESI mass spectra acquired in aqueous solution containing 10
mM ammonium acetate and 1 mM NaCl at pH 7 (A) and at pH 3 (B)…………………………..54
Figure 2.10. MD simulation data for ubiquitin in 5.5 nm aqueous ESI droplets, using a uiquitin12+
solution charge which corresponds to pH 3………………………………………………………55
Figure 2.11. Examples of salt-adducted ubiquitin 6+ ions formed via the CRM from droplets
containing 15 additional Na+ / Cl-………………………………………………………………...56
Figure 2.12. Comparison of experimental IMS data and  values………………………….…..58
Figure 2.13. IMS/MS experimental data for ubiquitin electrosprayed in aqueous solution at pH
4.4 in the presence of 1 mM NaCl……………………………………………………………….59
xii

Figure 2.14. MD simulations for cytochrome c (cyt c) in 5.5 nm aqueous ESI droplets………..62
Figure 2.15. CRM trajectory of ubiquitin6- in a 5.5 nm droplet at t = 13.8………………….…..64
Figure 2.16. Simplistic model to estimate the force acting on ubiquitin6+ that has migrated to the
surface of a Rayleigh-charged water droplet with radius r………………………………………66

Chapter 3.
Figure 3.1. ESI mass spectra of cyt c acquired at pH 7 under different solvent conditions…......78
Figure 3.2. Close-up view of several nonspecific protein complexes……………………………79
Figure 3.3. ESI mass spectra acquired in aqueous solution containing 100 µM protein and 0.2 mM
NaCl……………………………………………………………………………………………...80
Figure 3.4. ESI simulation snapshots for two MD runs that show CRM behavior……………...83
Figure 3.5. ESI simulation snapshots for two MD runs, both of which started with a droplet that
initially contained two cyt c molecules…………………………………………………………..85
Figure 3.6. ESI simulation snapshots for four MD runs, all of which started with a droplet that
initially contained three cyt c molecules…………………………………………………………87
Figure 3.7. Examples of ubiquitin MD time profiles……………………………………………89
Figure 3.8. Examples of cyt c MD time profiles……………………………………….………..90
Figure 3.9. Typical examples of ESI-generated protein clusters………………………………...91
Figure 3.10. Collision cross sections of ESI-generated clusters…………………………………93

Chapter 4.
Figure 4.1. Bradykinin (RPPGFSPFR) net charge in solution as a function of pH…………….106
Figure 4.2. ESI mass spectra of bradykinin acquired in aqueous solution at (A) pH 2, (B) pH 7,
and (C) pH 10...............................................................................................................................107
Figure 4.3. ESI mass spectra of bradykinin acquired in aqueous solution containing 0.5 mM NaCl
at (A) pH 2, (B) pH 7, and (C) pH 10...........................................................................................108
Figure 4.4. MD trajectory snapshots of aqueous ESI droplets containing 3+.............................110
Figure 4.5. ESI simulation results from multiple MD runs on bradykinin in droplets with different
initial radius r0…………………………………………………………………………………..112
Figure 4.6. Summary of MD simulation results for bradykinin in differently sized droplets….113
Figure 4.7. MD trajectory snapshots of aqueous ESI droplets containing 2+ bradykinin...........114

xiii

Figure 4.8. MD results from multiple repeat runs for bradykinin in droplets with different initial
radius r0…………………………………………………………………………………………115
Figure 4.9. MD results as in Figure 4.8, but for a pH 10 droplet environment with a 1+ peptide
charge in solution………………………………………………….…………………………....116
Figure 4.10. MD-generated bradykinin conformations in aqueous ESI droplets at three pH values,
representing time points around 20 ns……………………………………………………….….118
Figure 4.11. Simple electrostatic model to calculate the force F acting on a peptide ion (“pep”)
during IEM ejection……………………………………………………………………………..121

xiv

List of Symbols and Abbreviations

AMBER

assisted Model building with energy refinement

CCS

collision cross section

CD

circular dichroism

CEM

chain ejection model

CHARMM

chemistry at Harvard molecular mechanics

CRM

charged residue model

cyt c

cytochrome c

Da

Dalton

ε0

permittivity of vacuum

ESI

electrospray ionization

GPU

graphics processing unit

IEM

ion evaporation model

IMS

ion mobility spectrometry

m/z

mass-to-charge ratio

MS

mass spectrometry

MW

molecular weight

OPLS/AA

optimized potential for liquid simulations all atoms

PBC

periodic boundary conditions

PME

particle mesh Ewald

PDB

protein data bank

Q-TOF

quadrupole time of flight

SPC

simple point charge model

TOF

time of flight

TWIG

traveling wave ion guide

TWIMS

traveling wave ion mobility MS

ubq

ubiquitin

UV-Vis

ultraviolet-visible

z

charge
xv

zD

droplet Charge

zR

Rayleigh Charge

xvi

1

1

1.1

Introduction

Charged Droplets
Charged droplets have a plethora of environmental and technological applications such as

spray painting, surface coating, ink-jet printing, pesticide spraying, and cloud seeding.1, 2 Harold
Ransburg developed the first electrostatic application system in 1940. He examined various
methods to better deposit the mist from paint sprayers on certain objects. Ransburg succeeded in
developing the so-called the "No. 1 Process" using a high voltage spray nozzle which produced
charged paint droplets that were attracted by a metal surface kept at ground potential.3 Later during
the Second World War, this electrostatic spray painting was used for guns and ammunition boxes.4
Electrostatic spray painting was an instant hit, because of the ample materials savings that could
be attained. By the late 1940's, major automobile manufacturers had adopted this technology and
further improved its efficiency. Another application of electrospray is in the agricultural industry.
Pesticides are toxic chemicals used to control certain pests or diseases; however, uneven coverage
of the target area is cost-ineffective and causes environmental contamination. Applying pesticides
by electrostatic spraying results in less pesticide drift, however this process still requires
optimization.5, 6
Throughout this thesis we will focus on electrospray ionization (ESI) mass spectrometry
(MS) which is the brainchild of Malcolm Dole who was inspired by the aforementioned
electrostatic spray painting of cars.7

1.2

Mass Spectrometry
MS is an indispensable analytical technique used to detect, identify and quantify biological

and non-biological compounds.8 MS measures the mass-to-charge ratio (m/z) of analyte ions in the
gas phase, allowing the implementation of a wide range of experiments.9 MS is revered for its high
sensitivity, requiring only small amounts of analyte at low (M or nM) concentrations. MS can
also be paired with complementary separation techniques such as gas chromatography (GC)10 and
liquid chromatography (LC).11, 12 Furthermore, various components such as collision cells, ion
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mobility modules, etc. can be combined with MS for additional dimensions of analysis. Another
advantage of MS is the fast transmission time, as it only takes analytes a few milliseconds to be
ionized and detected.13
Most mass spectrometers can be divided into three key components: the ion source, the
mass analyzer, and the detector. Gaseous ions are generated in the ion source, sorted and separated
according to their m/z by the mass analyzer, and quantified by the detector.7, 14

1.3

Ion Source
The ion source is a key element in every mass spectrometer. Depending on the technique

used, ions can be formed within the vacuum chamber or at atmospheric pressure. Many ionization
methods are “harsh” and produce fragments, particularly for large analytes.15,16 These harsh
methods include electron ionization (EI), fast atom bombardment (FAB) and chemical ionization
(CI), and they rely on gas phase collisions between the analyte and charged particles. Other
ionization methods are soft, producing mostly intact ions (usually by protonation or
deprotonation).

Soft

ionization

techniques

such

as

ESI

and

matrix-assisted

laser

desorption/ionization (MALDI) have led to an enormous increase in the utility of MS for
biological macromolecules17, 18

1.3.1 Matrix-assisted laser desorption/ionization
Introduced by Hillenkamp and Karas in 1985,19 MALDI is a gentle ionization
technique. The analyte is co-crystalized with IR- or UV-absorbing organic acids (matrix), and laser
ablation inside the vacuum of the mass spectrometer is used to transfer the sample into the gas
phase for analysis.20,

21

The choice of matrix impacts the types of molecular ions that are

observable. MALDI-generated ions are typically singly charged, with m/z values that are often
beyond the range of typical mass analyzers. For this reason, MALDI is usually coupled with time
of flight (TOF) mass analyzers which have a very wide m/z range.22-24

3

1.3.2 Electrospray Ionization
Electrospray ionization (ESI) has become the most widely used soft ionization method for
a large variety of analytes.25 ESI for MS was first reported by Malcolm Dole in the late 1960s,
who managed to ionize several high-molecular weight polymers at atmospheric pressure. Dole’s
results were the starting point for the subsequent “ESI revolution”. Until the 1980s, MS was almost
solely applied to small organic molecules, but since then its utility has expanded to virtually any
type of analyte.26
In the 1980s, ESI was further developed by John Fenn, who was awarded the 2002
Chemistry Nobel Prize.27 Unique features of ESI compared to other ionization techniques include
its softness, the ability to form both singly and multiply charged ions, the fact that ionization occurs
at atmospheric pressure, and the formation of gaseous ions directly from analytes in solution. The
latter allows the coupling of ESI-MS with high performance liquid chromatography (LC/MS), an
approach that is widely used in laboratories around the world.28 The multiple charging of analyte
ions circumvented problems associated with the limited m/z range of early mass analyzers, thereby
opening the door to studies on large (kDa and MDa) species.29-31
In ESI, analyte solution is introduced into a capillary to which an electric potential of
several kV is applied.32 The ESI source represents a special type of electrochemical cell. The
current is mediated by the movement of ions in the solution, charged droplets and ions in the gas
phase, and electrons in metal wires. Redox processes lead to the buildup of positive or negative
charge in the solution close to the capillary tip, depending on the applied polarity. In positive
polarity (which is used exclusively in this work) the capillary represents the anode where, for
example, water oxidation can take place (2H2O → 4H+ + 4e- + O2). The accumulation of protons
lower the solution pH, sometimes affecting the analysis of pH sensitive analytes.33 The removal of
electrons from the solution leads to a net positive charge in the solution close to the capillary
outlet.34 In addition to water electrolysis, oxidation of the capillary material can cause the release
of electrons (M(s) → Mn+aq + ne-). Analyte oxidation is another possible electron source (analyte
→ analyten+ + ne-). The prevalence of one redox process over others depends on the capillary
material , the ions in the solution, the solvent, and the nature of the analyte.33
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When an electric potential is applied to a liquid that is being pumped into the ESI capillary,
at a certain voltage the sample solution changes its shape to become a pointed “Taylor cone”.
During operation of a standard ESI source, micrometer-sized droplets containing analyte and
excess charge are emitted from the tip of this Taylor cone. The size of the emitted ESI droplets is
governed by the capillary tip diameter, the spray current, the liquid flow rate, and the nebulizer
gas pressure.35 The droplets then encounter a heated gas environment. Solvent evaporation
increases the charge density on the droplets to the Rayleigh limit, where surface tension and
Coulomb repulsion are balanced.36-38 The net droplet charge at the Rayleigh limit is
𝑧𝑅 =

8 𝜋 √0  𝑟 3
𝑒

(1.1)

where e is the elementary charge, ε0 is the vacuum permittivity, γ is the surface tension of the
solvent, and r is the droplet radius.
Rayleigh-charged droplets are unstable, and they can release electrostatic stress by
asymmetric fission events that produce smaller offspring droplets. Such jet fission processes are
favored over symmetrical fission pathways because of their smaller activation barriers.36
Evaporation and fission events produce progressively smaller offspring droplets. Eventually, these
processes generate highly charged droplets, with radii in the range of only a few nanometers.39
Electrochemically generated protons bind to available basic sites.40 Therefore, ESI nanodroplets
release analytes as [M + zH]z+ ions, where M represents the neutral analyte, and z corresponds to
the number of excess protons, i.e., the charge state. Figure 1.1 summarizes the operation of an ESI
source in positive ion mode.
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Figure 1.1. Schematic depiction of an ESI source operated in positive ion mode. The individual
components are not drawn to scale.

1.4

Mass Analyzer
A mass analyzer is the component of the mass spectrometer that sort and separates gaseous

ions based on their m/z. Various types of mass analyzers are available; they serve different
purposes and have different performance characteristics in terms of resolution, transmission
efficiency, sensitivity, mass range, etc. Common mass analyzers include quadrupoles, TOF
analyzers, Fourier transform ion cyclotron resonance (FTICR) instruments, and Orbitraps.41 Only
quadrupoles and TOF systems will be briefly discussed here due to their use in the experiments of
the current thesis.
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1.4.1 Quadrupole
Quadrupoles represent one of the most commonly used mass filters.42 A quadrupole
contains of four cylindrical rods with applied electrical potentials, AC (or “radio frequency”, RF)
and DC (direct current) voltage, that allow for selective transmission of ions. Depending on the
RF and DC voltages applied to the rods, only ions with one specific m/z value are transmitted
through the quadrupole to the detector. All other ions are filtered out due to collisions with the
rods (Figure 1.2a). By ramping the RF and DC voltage amplitudes one can selectively govern
which specific m/z is being transmitted to the detector. This sweeping mode of operation generates
a mass spectrum. Quadrupoles can also be operated as broadband (“RF-only”) ion guide where
ions of all m/z oscillate about the centerline, and traverse through the device (Figure 1.2b).
Quadrupoles are widely used for precursor ion selection in MS/MS experiments, prior to
fragmentation in a collision cell.43
(a) RF and DC

_

(b) Rf-only

_+

+
_
+

_
+

Figure 1.2. Cartoon representation of a quadrupole mass analyzer. (a) By applying a certain
RF/DC ratio to the rods, only specific m/z can pass through (back line) and all other m/z hit the
rods and become neutralized due to their unstable trajectories (brown line); (b) RF-only mode,
allows transmission of all ions.
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1.4.2 Time of Flight Analyzer
In the TOF mass analyzers ions are accelerate by a high voltage pulse at the pusher, which
then migrate through a field-free vacuum drift region. The voltage pulse supplies all ions of a given
charge state z with the identical potential energy which is then converted into kinetic energy (Ekin),
such that the velocity v of the ions as they enter the field free region is given by
Epot = Ekin

(1.2)

1

z e U = m v2

(1.3)

2

where U represents the voltage pulse, m is the mass, v stands for the velocity, and ze is the charge
of the ion. Rearrangement of equation 1.3 yields
2 e z U

v=√

(1.4)

m

Since particles move at a constant speed in the field free region, flight time can be calculated as
tf =

𝑙

(1.5)

𝑣

tf is the ion flight time, l stands for the distance between the pusher and the detector.
Combining equations 1.4 and 1.5 yields
𝑚

tf = l √

2 e z U

=

𝑙

√2

𝑚

√𝑧
e U

(1.6)

As can be concluded from equation 1.6 the flight time tf for an ion depends on m/z.
Sometimes, ions of identical m/z may gain slightly different kinetic energies as a result of
their uneven spatial positioning in the pusher. Therefore, they reach the detector at different times.
This widened arrival times lowers the spectral resolution.44-46 To solve this problem, modern TOFs
are equipped with a reflectron which is an electrostatic mirror that produces a V- or W-shaped ion
trajectory and reverses the flight direction of ions toward the detector. If two ions have the same
mass and charge, but different velocities, the faster ion will penetrate deeper into the reflectron
and it will arrive to the detector with delay. The introduction of reflectrons into TOF instruments
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increases the resolution of theses mass analyzers drastically, from a few thousand up to 50,000 and
above.41

1.5

Detector
Ion detectors are the “eyes” of the mass spectrometer, and they convert a current of

separated ions into measurable signals. One common detector in quadrupole mass spectrometers
is the electron multiplier which intensifies the ion beam signal. These multipliers can be either a
discrete dynode type or a continuous dynode, generally known as channel electron multipliers
(CEMs). In these CEM devices, a single ion strikes the channel wall that is held at a negative
potential of several kilovolts relative to the positive ion beam. The initial impact induces emission
of secondary electrons. These electrons are then further accelerated etc., culminating in an
avalanche of secondary electrons, ultimately providing a signal that is sufficiently large such it can
be detected. The amplified signal is then sent to a computer for processing.47 CEMs have some
drawbacks; i.e., there is a noisy background due to spontaneous electron emission. In addition,
depending on how fast the ion beam strikes the first dynode, the output may generate different
peak heights. To alleviate these problems, CEMs usually operate in ion counting mode using a
discriminator. Microchannel plates (MCPs) are used in TOF analyzers. They can detect single
particles such as electrons, ions, and photons. MCPs are arrays of many CEMs. This design
dramatically reduces the detector dead time. Incoming particles are first converted into electrons
and then amplified by a factor of 103-107 and subsequently sent for processing. MCPs can also
provide spatial resolution, which is beneficial for certain types of applications.48

1.6

Ion Mobility Spectrometry
Ion mobility spectrometry (IMS) is an analytical technique that separates gas phase ions

based on their conformation (shape) and size, thereby enabling multidimensional experiments
when interfaced with MS.49, 50 In IMS, ions travel through a drift region containing an inert buffer
gas (e.g., He or N2) under the influence of a weak electric field. Ions are accelerated to a velocity
that is proportional to their charge, but they experience a “drag” force opposite their direction of
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travel due to collisions with the background gas.51 Conformational differences result in different
collision cross sections (CCS). The CCS is a parameter representing the rotationally averaged
projection area of the analytes which reflects the “size”.52, 53 Smaller ions have lower CCS values
and move through the IMS cell more quickly, while large and unfolded species experience more
collisions from the background gas and thus move more slowly. In the IMS cell the ions are
separated based on their collisional cross section to charge ratio (CCS/z).54
Drift tube ion mobility spectrometry (DTIMS) is the classical IMS technique, where
analytes traverse the drift region under the influence of a uniform electric field (Figure 1.3a).55
This uniform field enables DTIMS to measure K (the analyte’s mobility) as a primary method. In
this case, Ω can be directly calculated from the drift time (td) via the Mason-Schamp equation,
without relying on calibrants.56
In 2004, traveling wave ion mobility spectrometry (TWIMS) was for the first time
commercialized when the Synapt HDMS system was released by Waters Corporation.57 Since
then, TWIMS has become the most widespread IMS-MS technique.58 In TWIMS, the drift cell is
made up of a stacked set of ring electrodes to which opposite RF potentials are applied to provide
a radial potential barrier which traps the ions in the radial direction (Figure 1.3b). DC potential
”waves” superimposed onto the RF voltage sweep the ions in the axial direction.59 The applied RF
voltage focuses the ion package throughout the drift cell, thereby improving the sensitivity by
counteracting ion diffusion.60 Depending on their size and shapes, ions surf at different velocities
on the DC waves; i.e., ions with large CCSs experience more drag from the background gas and
lag behind ions with smaller CCSs. Separation takes place when the background gas causes ions
to “roll over” the DC waves. Unlike drift tube IMS, CCS cannot be directly calculated from the
TWIMS drift time. A crucial point in TWIMS is that the instrument needs to be calibrated prior to
each set of experiments.57, 61 Empirically, it has been found that Ω can be calculated using the
following equation
Ω = 𝑧 ∙ 𝐹 ∙ 𝑡𝑑B

(1.7)

where F and B are constant that must be determined by performing TWIMS measurements on
standards with known CCS.62
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(a)

(b)

Figure 1.3. Representations of (a) drift tube ion mobility, and (b) travelling wave ion mobility.
For equally charged ions, species with a larger CCS (yellow) will experience more roll-over events
compared to ions with smaller CCS (green).

The quadrupole and TOF-MS technologies, as well as the TWIMS concept outlined above
are implemented in the Synapt G2 instrument that was used for this thesis. This type of instrument
is referred to as quadrupole time-of-flight (Q-TOF) mass spectrometer (Figure 1.4; the ion path is
shown in green). Gaseous analyte ions produced at the ESI source enter the mass spectrometer
through the sample cone. For TOF-MS mode, the quadrupole is operated in RF-only mode where
it acts as an ion guide without any filtering. Subsequently, the ions pass through the ion mobility
(IM) section of the instrument that consists of three travelling wave (T-wave) ion guides, each of
which serves a unique purpose. The trap cell accumulates ions. Then ions are released into the IM
cell that separates ions according to their CCS values. The ions are then delivered into the mass
analyzer by the transfer T-wave. When not operated in IMS mode, all of these elements (including
the quadrupole) act as a simple ion guides. Eventually, ions are detected by the reflectron TOF
analyzer that produces electrical signals that can be converted into a mass spectrum.
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Figure 1.4. Schematic layout of the mass spectrometer used in this work (a Waters Synapt G2 QTOF).

1.7

ESI Mechanisms
As mentioned before, the first step in any MS analysis is the production of gaseous ions.

Based on theoretical and experimental investigations, several models have been proposed to
describe the process in which analytes emerge from charged ESI droplets.30 Three principal
mechanisms are listed below.

1.7.1 Charged Residue Model
It is widely accepted that tightly folded globular proteins electrosprayed from aqueous
solution follow Dole’s charged residue model (CRM), where evaporation and Coulombic fission
events occur until a single analyte molecule remains inside the droplet.26, 30 According to this
model, the gas-phase ions will be produced upon droplet evaporation to dryness. As the last shell
of solvent molecules evaporates, any remaining charges in the vanishing droplet transfer to
available sites on the analyte. One of the most significant observations in discussions of the ESI
process is the one by de la Mora, that globular proteins electrosprayed under structure conserving
(“native”) conditions are usually charged up to the Rayleigh charge of protein-sized water droplets.
Thus, CRM charge states of globular proteins are governed by their surface area, rather than the
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number of basic sites.63, 64 This prediction is in line with many experiments, thereby strongly
supporting the CRM for large compact analytes such as folded globular proteins. In this scenario,
the protein resides mostly in the center of the droplet where hydrophilic side chains are extensively
solvated by water, which renders protein ejection from the droplet surface unfavorable.40, 65

1.7.2 Ion Evaporation Model
Another classical scenario is the ion evaporation model (IEM), also known as ion
desorption model, based on work by Iribarne and Thomson.66 The IEM envisions that analyte ions
are ejected from the surface of ESI droplets that are close to the Rayleigh limit. This model is
thought to apply to atomic ions and other small pre-charged analytes (Na+, NH4+, etc.).67,

68

Formation of gaseous analyte ions via the IEM leaves behind a droplet, while this is not the case
for the CRM (because the latter mechanism proceeds via droplet evaporation to dryness). IEM
events rely on the capability of ions to overcome a free energy barrier as they leave the droplet.
Analyte ejection is driven by repulsion between the ion and the other charges within the droplet.
When the electrostatic repulsion is strong enough to allow the ion to cross the free energy barrier
for ejection, ion release takes place. Moreover, if the ion comes close to the surface of the droplet
due to undulations and protrusions, the ion is more likely to desorb from the droplet because it
experiences the out-of-droplet field.69, 70 In other words, desorption requires the electric field
strength at the droplet surface to reach a certain critical value of E*. The surface activity or
hydrophobicity of analytes also plays an important role for their migration to the droplet surface
which is a prerequisite for IEM events. Ejection of the ion reduces the electric field at the droplet
surface, thereby preventing further ion emission until solvent evaporation once again increases the
electric field to E* by raising the surface charge density.71 IEM events of small charge carriers
(H+, Na+, NH4+) likely play an ancillary role during the CRM by keeping the charge of the
shrinking droplets close to the Rayleigh limit.72
The activation barrier ΔG* associated with IEM events has its roots in two opposing
factors, solvent polarization which tends to pull the ion back into the droplet, and charge repulsion
trying to push the ion out of the droplet.30 These two factors keep the departing ion transiently
connected to the droplet by a “sticky” solvent bridge. Eventually, a small cluster consisting of the
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ion and a few solvent molecules is ejected. The remaining solvent molecules are removed by
collisions with background gas.73
From a morphological point to view, IEM events resemble Rayleigh droplet fission, since
a nascent IEM-ejected ion with its solvation shell might be considered to be a small offspring
droplet. However, barrier-crossing is a characteristic IEM feature, while Rayleigh-fission is often
(though not always36) assumed to be a barrier-free process.66, 74 IEM dynamics can be interpreted
using a free energy profile as a function of distance from the droplet center. The ejection rate
constant k can be calculated by transition state theory as (equation 1.8)
𝑘=

𝑘𝐵 𝑇
ℎ

−𝐺 ∗

𝑒𝑥𝑝 (

𝑘𝐵 𝑇

)

(1.8)

where kB is the Boltzmann constant, h is Planck’s constant, and T is the temperature. The initial
configuration where the analyte ion resides in the droplet represents a local free energy minimum.
The maximum of the profile corresponds to the transition state (TS) where a solvated ion is located
a certain distance away from the droplet surface.75

1.7.3 Chain Ejection Model
Gas phase ion formation for unfolded (disordered) proteins has been proposed to involve
extrusion from the droplet surface. Unfolding causes nonpolar moieties that were formerly buried
in the protein core to become solvent accessible. Therefore, unfolded proteins are driven to the
droplet surface by hydrophobic forces, followed by gradual ejection via “tadpole” shaped
intermediates where droplets carry extended protein tails. Ejection of the chain is further promoted
by electrostatic repulsion between the charges on the protruding protein and charges on the droplet.
Compared to electrosprayed folded proteins, unfolded chains have much higher ESI charge states.
The CEM attributes these high ESI charge states to charge equilibration between the droplet and
its tail, implying the migration of H+ onto the protein to minimize Coulombic repulsion.73,76,77
Although the aforementioned ESI models are quite widely accepted, the mechanisms
whereby [M + zH]z+ protein ions are released from charged nanodroplets still remain controversial.
Imaging78, phase Doppler anemometry79 levitation studies80 and charge detection experiments of
intact droplets81 can be employed to investigate early evaporation/fission events in the ESI plume
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involving large (micrometer-sized) droplets. However, the heterogeneity, short lifetimes and small
(nanometer) dimensions of late ESI droplets make them difficult to study experimentally, calling
for the application of complementary approaches.

1.8

Molecular Dynamics Simulations
In 1964, Rahman performed computer simulations of argon molecules82 and later in 1971,

he published a paper about simulations of water.83 The new method used for these studies was
referred to as molecular dynamics (MD) simulations; it soon opened new avenues in structural
biology. During the 70th Levitt84 and Karplus85 applied MD simulations to study small proteins.
Since then, the field has experienced tremendous growth. Early simulations included a few
molecules and ran for only few picoseconds.86-88 However, biologically relevant simulations
require larger systems and longer time scales. Unfortunately, the computational cost associated
with large systems represents a major challenge; i.e., access to large-scale supercomputers is
usually required. Many attempts have been made with the aim of accelerating MD simulations by
developing alternative hardware and software technologies.89,90 Graphics processing units (GPUs)
have become an important tool in this context. Their parallel architecture renders them extremely
powerful, when used in combination with suitable CPUs. GPUs work more efficiently
for algorithms that process large amounts of data in parallel which accelerates scientific
applications including MD simulations of macromolecules.91 Today, simulations of systems
containing ~105 atoms on a microsecond time scale have become fairly routine.92, 93
In MD simulations the temporal evolution of systems containing many atoms is modelled
as a function of time.94 Each atom is considered to be a classical particle, and the forces on these
particles are calculated by iteratively integrating Newton’s Second Law (equation 1.9). MD force
fields are used to define the potential energy of the system as a function of all atomic coordinates,
and to predict the time dependent motion of the system.95 Newton’s Second Law states that the
position of a particle ri, with mass 𝑚𝑖 and acceleration 𝑎𝑖 results in a force Fi
𝑭𝑖 = 𝑚𝑖𝒂𝑖 = 𝑚𝑖

d2 𝑟𝑖
dt2

(1.9)
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Due to the complexity of multi-atom systems, additional algorithms are required to integrate
equation 1.9, and to move each particle from one point to another in space and time.96
The contacts between individual atoms are described via bonded interactions (covalent
bonds) and nonbonded interactions. The latter have two contributions. (a) Electrostatic interactions
are modelled with the Coulomb potential which can be repulsive or attractive (equation 1.10,
Figure 1.4a)
UCoulomb =

𝑞𝑖 𝑞𝑗

(1.10)

4𝜋0 𝑑𝑖𝑗

in which qi and qj are the charges of atoms i and j, ε0 is the vacuum permittivity, and dij is the
distance between the atoms. In some MD simulations this equation is shifted to implement a cutoff.
However, since electrostatic interactions fall off slowly at long range, simple cutoffs tend to induce
artifacts, especially when using periodic boundary conditions (PBC). 97, 98
(b) Other non-bonded contacts include Van der Waals interactions that comprise London
dispersion forces (induced dipole to induced dipole) and Debye forces (permanent dipole to
induced dipole). These pairwise interactions are modelled using a Lennard-Jones potential99
(equation 1.11, Figure 1.4b)

𝜎

𝑈𝐿𝐽 = ∑𝑖,𝑗 4 [(

𝑑𝑖,𝑗

𝜎

)12 − (

𝑑𝑖,𝑗

)6 ]

(1.11)

where  and σ are parameters that define the depth and position of the energy minimum. The
repulsive component falls off rapidly with 𝑑−12 and the attractive component has a somewhat
longer range as expressed by the 𝑑−6 term.
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(a)

(b)

Figure 1.5. Forces acting on non-bonded atoms. (a) Coulombic potentials, depending on the
distance between two atoms and their charges can increase or decrease. (b) Lennard-Jones
potentials include short range repulsive forces and long-range attraction.

Traditionally, MD simulations have been used to probe the behaviour of proteins in bulk
solution. More recently, several research groups have started to use MD methods for investigating
mechanistic aspects of the ESI process by simulating the behavior of ESI droplets.100-103

1.8.1 Periodic Boundary Conditions
Large systems like proteins in an explicit solvent are extremely expensive to be modeled
because of the considerable number of atoms involved (often in the range of 105 to 106). To avoid
undesired surface effects, MD simulations in solution usually employ periodic boundary
conditions (PBC), i.e., surrounding the system with identical images of itself in all directions.
Therefore, if a molecule were to leave from one side of the PBC box, it would re-enter the box
from the opposite side.104, 105 In other words, PBC allow simulations on quasi-infinite bulk systems,
without having to deal with surface effects. Also, PBC facilitate the use of graphics processing
units (GPUs) which can dramatically decrease computational time. When using PBC, the
simulation box has to be neutralized by compensating the intrinsic protein charge via addition of
electrolyte ions such as Na+ and/or Cl− to the solvent. Choosing a proper box shape which contains
a minimum number of water molecules is also important to minimize the run time. PBC cannot be
applied to model systems with a net charge, since the overall charge of the system would otherwise
be infinite.106,107
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1.8.2 Non-Bonded Interactions
As noted above, non-bonded interactions include Lennard-Jones and electrostatic contacts
between all pairs of atoms. These interactions are a very computationally expensive part of any
MD simulation. Therefore, fast and efficient algorithms are required to decrease computation time.
For this purpose, cutoffs can be applied which neglect pairwise interactions between atoms that
are separated by more than the cutoff distance. For Lennard-Jones interactions, the cutoff is set to
be L-J potential-shifted cutoff, and any interactions beyond this cutoff are not considered. In
contrast, the long-range nature of Coulomb interactions calls for particle mesh Ewald (PME)
summation to treat these interactions beyond their cutoff value.108 The PME algorithm generates
a mesh based on the potential of charges by using a Fast Fourier Transform.109 This approach is
only suitable for neutral systems, and it will give rise artifacts in the charged systems. MD software
such as Gromacs can apply GPU acceleration only with PBC cutoffs. On the other hand, proper
gas phase simulations call for the absence of PBC (and the absence of PME), and without cutoffs
for non-bonded interactions. To take advantage of GPU acceleration in Gromacs a “pseudo-PBC”
method can be applied that effectively avoids cutoffs. In this approach, the droplet is centered in a
huge PBC box (999.9 × 999.9 × 999.9 nm3) and cutoffs are configured to be less than the box
dimensions (e.g., 333.3 nm), with PME turned off. This design prevents interactions among
periodic images, providing conditions that are equivalent to an actual vacuum environment, while
taking full advantage of GPU acceleration.

1.8.3 MD Force Fields
In MD simulations the forces acting on every atom are calculated according to the
following equation
F=-

d V (r)
𝑑𝑟

(1.12)

where V(r) is the potential energy of an atom at position r. V(r) is determined by interactions with
all other atoms. All atom coordinates are updated upon calculating the acceleration for each atom.
The efficient integration of Newton’s equations in MD depends on fast calculations of the system’s
potential energy as a function of all atomic coordinates.110 The potential energy V(r) in MD
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simulations is defined in the force field which represents a set of parameters including atomic
charges, Lennard-Jones parameters and torsional parameters (bond angles and lengths) for all
atoms. Some widely used force fields include Optimized Potential for Liquid Simulations All
Atoms (OPLS/AA), Assisted Model Building with Energy Refinement (AMBER), and Chemistry
at Harvard Molecular Mechanics (CHARMM).111-113 All of the commonly used force fields have
been parameterized for bulk solution simulations. Unfortunately, no comprehensive force field has
been optimized specifically for biomolecular systems in the gas phase yet. Under experimental
conditions, some parameters such as charge distributions around surface exposed atoms in the gas
phase will differ from those of in the solution phase. Although polarizable models can deal with
some of these effects, their application is restricted by high computational cost. Fortunately, most
of solution phase fixed-charge force fields can also be applied for gas phase simulations. For the
current work this issue is even less of a problem, because most atoms do not experience a vacuum
environment because they are within an ESI droplet.111,114

In summary, the widely practiced use of solution force fields for gas phase simulations is
borne out of necessity. Despite some of the general concerns outlined above, force fields such as
CHARMM and OPLS have been shown to perform quite well for proteins in droplets and in the
gas phase.115,64

1.8.4 Water Models
Choosing a proper water model is of major importance for simulating biomacromolecules.
This is especially true for ESI droplets due to their large surface area that has to be treated properly,
while this aspect is less relevant for bulk solution simulations that do not involve water surfaces.
Water models can be rigid or they can allow for internal motions; some models are polarizable
whereas others are not.116 Since they are computationally cheap, rigid models are widely used in
MD simulations. Different bond constrained rigid models e.g. the SPC (simple point charge model)
and TIP3P (transferable intermolecular 3-point potential) have different interaction sites and every
atom is given a point charge. These models are compatible with bulk solution simulations.93
TIP4P/2005 is a non-polarizable water model with one Lennard-Jones center in addition to three
fixed charged points. This extra center called M site, is coplanar with the O and H sites and is
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located at the bisector of the H–O–H angle. In this model, the charge of the oxygen is placed on
M site. This causes the electrostatic properties of water to be modeled more accurately.117, 118
TIP4P/2005 is computationally more expensive than common three-site models such as TIP3P or
SPC; however, this model reproduces the water surface tension within ∼1% over a wide
temperature range which ensures that droplet simulation results can be directly compared to
experimental data.116 Like for other MD water models, in TIP4P/2005 the self-dissociation of H2O
into H+ and OH- is not accounted for.119

1.8.5 Thermostats
In MD simulations, adjusting the average system temperature close to the desired value for
runs in the NVT or NPT ensemble is achievable by using thermostat algorithms.120 Keeping the
temperature constant is especially important for systems that contain large molecules e.g. proteins,
because structural alterations of such molecules can culminate in huge temperature changes that
are inconsistent with experiments.121 The average kinetic energy of the system reflects the
temperature according to
𝐾𝑎𝑣𝑔 = ∑𝑁
𝑖=1

𝑚𝑖 𝑉 2
2

1

= kB T Nf
2

(1.13)

where 𝐾𝑎𝑣𝑔 is the average kinetic energy, 𝑘𝐵 stands for the Boltzmann constant, and 𝑇 is the
temperature, 𝑁𝑓 represents the number of degrees of freedom.
A commonly used thermostat is the Nosé-Hoover algorithm which couples the system to a
heat bath, whereby they can exchange kinetic energy. A non-Newtonian term is added to the
equations of motion to keep the average kinetic energy of the system constant.120, 122 To achieve
the desired temperature, the particles in the system can be accelerated or slowed down. The NoséHoover thermostat has the advantages of being time-reversible and correctly reproducing the NVT
ensemble, although it is somewhat more expensive to calculate.123, 124
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1.8.6 Trajectory Stitching
A common issue with ESI simulations of evaporating droplets is that solvent evaporation
tends to reduce the temperature due to evaporative cooling.125 Under realistic conditions, this effect
is mitigated by heating the ESI chamber. However, in MD simulations droplets suffer from
freezing due to the loss of kinetic energy, even when thermostats are used. To counteract this issue
and to keep the temperature stable throughout the runs, a trajectory stitching approach can be
applied.64, 126 The idea behind this strategy is that evaporative cooling remains almost negligible
for short simulation windows, therefore long thermostated simulation runs are divided into short
segments. This strategy involves removing solvent molecules and charge carriers that left the
droplet after each segment. The remaining droplet is then re-centered in the simulation cell, and
new atom velocities corresponding to the desired temperature are reassigned from a MaxwellBoltzmann distribution prior to beginning the next segment. Another main advantage associated
with trajectory stitching is that the overall run time is dramatically shortened as a result of reducing
the number of particles in the system over the course of simulation.127, 128

1.8.7 Energy Minimization and Production Runs
Sometimes, the crystal configurations which are typically driven from X-ray or NMR
structures include unfavorable local contacts between atoms. Furthermore, the computational
addition of hydrogen atoms and solvent molecules to the initial structure may cause atomic clashes.
Therefore, energy minimization is an essential step in an MD workflow prior to the beginning of
the actual simulation. The system is thus initially subjected to steepest descent energy
minimization with the aim of moving it into a local energy minimum by gently relaxing
unfavourable interactions between non-bonded atoms that would otherwise cause large repulsive
forces.129 Energy minimization is not correlated with time; therefore it is a molecular mechanics
method. The most common method for this purpose is the steepest descent algorithm
𝑟𝑛+1 = 𝑟𝑛 − 𝐾n ∇𝑉 (𝑛)

(1.14)
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𝑟𝑛 stands for the position of all particles in the system at step n, 𝐾𝑛 is the step size towards the
lowest energy minima and ∇𝑉 stands for the gradient of potential energy. Equation 1.14 is repeated
until the maximal repulsive force in the system falls below a certain tolerance threshold.130
Following this step, it is advisable to perform a brief equilibration run with a suitable
thermostat to ensure that the system attains the proper temperature. Ultimately, production runs
are performed via iterative integration of Newton’s Second Law (eq. 1.9). For droplet simulations
these production runs are performed by employing the tools outlined above, i.e., the Nosé-Hoover
themostat, trajectory stitching, and pseudo-PBC.

1.9

Protein Structure and Function
As essential molecules in living systems, proteins have been the focus of much attention

over the years. Very little was known about protein structures until John Kendrew obtained the
first high-resolution structure of myoglobin attained by X-ray diffraction in 1958.131 Protein
structure determination methods subsequently improved, triggering the creation of the Protein
Data Bank. Many Nobel Prizes have been awarded for protein research. Nonetheless, numerous
questions related to protein function in health and disease persist to this day. Proteins are a diverse
class of biological polymers comprised of α-amino acids that are linked by amide bonds between
the amino and carboxylate groups of adjacent residues (Figure 1.6). Twenty canonical amino acids
can be distinguished on the basis of their side chains that differ in charge, structure, size, and water
solubility.132

(a)

(b)

Figure 1.6. Structures of (a) α-amino acids and (b) polypeptides. R groups represent different side
chains.
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Proteins exhibit an incredible diversity in terms of their structures and biological functions.
This astonishing versatility is based on the ability of polypeptide chains to adopt different highly
ordered three-dimensional conformations.133 The amino acid sequence, as well as the environment
surrounding of the protein dictate how proteins fold into higher order structures. Some proteins
incorporate cofactors (e.g. heme) that associate with the polypeptide chain through covalent or
non-covalent interactions, and that participate in protein function.134, 135

1.9.1 Protein Structural Hierarchy
The linear sequence of amino acids represents the primary structure of a protein. While
the amide bonds, which mostly adopt a trans configuration and are relatively rigid, there is
substantial conformational freedom around dihedral angles  and  on either side of -carbons.136
As the backbone arranges itself during the folding process, numerous intramolecular hydrogen
bonds form between backbone NH and CO groups. These hydrogen bonds tend to form two
particularly favorable secondary structures; -helices and -sheets.137 Tertiary structure of
proteins is the association of the secondary structural elements with non-covalent interactions
including van der Waals and hydrophobic contacts, as well as salt bridges that generate the threedimensional shape of the protein. Quaternary structure describes the assemble of two or more
protein chains through intermolecular contacts.132

1.9.2 Factors Contributing to Protein Stability
The biologically active “native” conformation (N) of most proteins is tightly folded with
many intra-chain contacts. Protein stability studies usually rely on a two-state approximation
involving N and the unfolded state U,138 giving rise to a two-state equilibrium N ⇄ U. The
equilibrium constant K = [U]/[N] depends on temperature and on the solvent properties.139 From
a thermodynamic point of view, the free energy of the N ⇄ U equilibrium is
∆𝐺°𝑁→𝑈 = ∆𝐻°𝑁→𝑈 − 𝑇∆𝑆°𝑁→U

(1.15)

where ∆𝐻° and ∆𝑆° are the enthalpic and entropic contributions, respectively. A positive ∆𝐺°
means that the native state is stable. The native state represents the lowest free energy state that is
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kinetically accessible. The low free energy of N is the driving force behind protein folding;
therefore, under favorable conditions, protein folding is spontaneous.140 Folding causes a dramatic
decrease in the conformational entropy of the polypeptide chain, corresponding to an entropically
unfavorable (∆𝑆° < 0) contribution. Indeed, the formation of N is mainly suppressed by the
conformational entropy. Folding is feasible only because this unfavorable change in
conformational entropy is offset by favorable contributions, some of which are enthalpic and some
are entropic. The factors listed below contribute to the stability of the native state.141, 142
Hydrogen bonds (H-bonds) give rise to the formation of -helices and β-sheets structures,
which are key scaffolds of protein folding. In -helices the amide hydrogen (N-H) makes a
hydrogen bond with the backbone C=O group of the amino acid located four residues earlier in the
protein sequence.143
Van der Waals interactions are dipole-mediated attraction between two uncharged
moieties. The van der Waals interactions depend on the distance between involved moieties and
are in the category of short-range interactions. Proteins can also make some favorable van der
Waals contacts with the solvent.44, 144
Salt bridges in proteins are formed between oppositely charged residues. Salt bridges are
comprised of two interactions; an ionic bond which is an electrostatic attraction between
sufficiently close charges, and a hydrogen bond formed between the residues.145 Aspartic acid
(Asp), glutamic acid (Glu), and C-terminus are negatively charged, while lysine (Lys), arginine
(Arg), and the N-terminus carry positively charges in salt bridges. Depending on solution pH and
their pKa, other residues with titratable moieties (such as histidine) can also participate.146
Although hydrophobic groups are prevalent in the protein core, some proteins contain a few
charged residues that are buried in the interior and form salt bridges. However, such interior salt
bridges are rare, because desolvating two charged moieties is energetically unfavorable.147
Disulfide (S-S) bridges are covalent linkages between the sulphur atoms of two cysteines
(Cys) amino acids. Disulfide bonds stabilize the native state by decreasing the conformational
entropy of the unfolded state.148
Hydrophobic interactions between nonpolar residues are perhaps the most important
driving force for protein folding.149 In native proteins most hydrophobic side chains are buried in
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the core where they avoid contact with the surrounding water.150 Burial of these hydrophobic sites
is entropically favorable because of the “iceberg effect”. The hydrogen bond network in bulk water
is highly dynamic.151 If a non-polar molecule is placed in bulk water, the water molecules organize
themselves around it to form partially immobilized water cages. Compared to the bulk water, the
iceberg water has lower entropy. To avoid this undesirable effect, hydrophobic sidechain
spontaneously cluster together in the protein interior.152

1.10 Proteins in Solution Phase vs Gas Phase
Because the ESI process generates protein ions that are completely desolvated, it is helpful
to briefly summarize some aspects related to the transition from solution into the gas phase. Water
is vital for maintaining stable native structures, since water participates greatly in folding by
enhancing hydrophobic contacts. Proteins experience dramatic environmental changes during ESI
in that the absence of water will decrease hydrophobic interactions. On the other hand, both
attractive and repulsive electrostatic interactions will be much stronger due to a dramatic decrease
of the dielectric constant of the medium (ke water  80; ke vacuum  1), according to Coulomb’s law.153
Favorable H-bond interactions between water and polar/charged residues at the protein surface are
absent in the vacuum.
In solution, pKa values of the titratable residues (K, R, E, D, H, N- and C-termini) govern
the protonation status. Asp, Glu and C-terminal carboxylic acids are usually negatively charged at
pH 7, while Lys, Arg, and N-terminus are protonated. The degree to which proteins are charged in
the gas phase depends on the overall charge state z of the [M + zH]z+ ion. The location of excess
protons is governed to a large extent by the gas-phase basicity (GB) of the individual residues.
GB measures the propensity of the titratable groups to acquire a proton in the gas phase.154 An
additional factor to consider in the gas phase is the possible formation of salt bridges which is
energetically very favorable, providing many gas phase proteins with numerous zwitterionic
motifs.155, 156
Contrary to the very different environment experienced by proteins in solution and in the
gas phase, under properly optimized conditions electrosprayed ions preserve solution-like
conformations and interactions.157-159 This preservation is rooted in the kinetic trapping of nativelike structures.155 In native ESI, folded proteins acquire relatively few charges compared to
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denaturing ESI. Thus, intramolecular repulsive forces are reduced, thereby disfavor major
structural changes of proteins in the gas phase.160
Despite the aforementioned kinetic trapping, it seems to be implausible that electrosprayed
proteins preserve their native-like structure in the gas phase. It has been proposed that the
thermodynamically preferred structures of gaseous proteins are “inside-out”. In such structures,
hydrophilic residues are buried in the core, whereas hydrophobic residues are at the surface. This
conformation mirrors the nonpolar nature of the vacuum environment (Figure 1.7A).161,
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However, it has also been hypothesized that van der Waals attractions among hydrophobic
moieties can be fairly dominant in the solvent free environment, such that nonpolar clustering in
the protein interior might be favored even in the gas phase.163
Recent MD simulations on protein folding in the gas phase revealed that the stepwise
proton stripping from Coulombically stretched gaseous ions generates compact structures with
hydrophobic residues at the surface.156 This conformation supports the view that inside-out
structures of gaseous proteins are thermodynamically preferred. This is in contrast to the behaviour
of proteins in water, where the hydrophobic effect results in rapid protein collapse in a way that
hydrophobic moieties sequestered in the core while hydrophilic exterior residues contribute in
enthalpically favorable solvation with water (Figure 1.7B).161,
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The nonpolar nature of the

vacuum favors the positioning of hydrophobic residues toward the exterior. However,
electrosprayed native-like proteins are metastable; i.e., a large activation barrier separates them
from their inside-out free energy minimum. Due to this large activation barrier, kinetically trapped
gaseous ions can retain their native-like conformers on the millisecond time scale of common ESIMS/IMS experiments.165, 166
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Figure 1.7. Schematic representation of protein folding (A) in the gas phase and (B) in aqueous
solution. Hydrophobic residues are shown in gray, and hydrophilic positive and negative residues
are shown in blue and red, respectively. This figure has been modified from ref. 156.

The CCS values of MD-generated protein structures or X-ray coordinates can be calculated
using various open source programs, including Collidoscope which is used in the current thesis.
Collidoscope simulates the analyte interactions with a buffer gas (He or N2) and calculates CCSs
using the trajectory method.167 Under native ESI conditions, comparison of experimental (IMS)
and MD-simulated  values showed relatively good agreement with only a few percent difference.
This agreement supports the view that protein structures can be largely conserved during the
transition from solution into the gas phase.156 This view is further supported by recent ESI softlanding experiments, where gaseous proteins were collected and imaged by electron
microscopy.168

1.11 Recent MD Studies Related to ESI Mechanisms
MD simulations have become a key tool for discovering intricate aspects of electrospray
ionization process, providing an atomistic understanding of MS-based analytical workflows. Some
recent studies are briefly highlighted below.
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For decades, it was believed that large globular species are released from ESI nanodroplets
following Dole’s CRM model, which is based on the entrapment of the analyte to the complete
evaporation of the solvent. However, there were no detailed atomistic studies on the matter until
in 2015 McAllister et al.64 conducted all-atom simulations on native protein ESI. The results
provided a strong evidence supporting the CRM for folded proteins. They also showed that the
final charge of the gaseous protein is neither related to its initial charge nor the number of titratable
sites, but that the surface area of the protein governs the charge of the released ion. Moreover, they
showed field emission of the charge carrier (Na+) plays an ancillary role in CRM by keeping the
charge of the shrinking droplet close to the Rayleigh limit.
The idea that ionization of unfolded proteins involves migration of the protein to the surface
of the charged droplet followed by its gradual extrusion toward the gas phase, with concomitant
charge equilibration of mobile protons, was first proposed in 2012.76, 169 Starting in 2013, this
mechanism was referred to as CEM.30 In 2018, Metwally et al.170 could for the first time conduct
atomistic simulations of such CEM processes by putting unfolded apo-myoglobin in large (5.5 nm
radius) droplets. The initial charge on the protein was selected based on the most intense signal in
the spectra of aMb at pH 2 and 4. Their simulation results clearly confirmed CEM behaviour of
the unfolded protein. Moreover, MD-derived  values supported the stretched structure of the
generated gaseous ions, in agreement with experiments.
Despite significant acidification in shrinking ESI droplets, native ESI allows the
preservation of solution-like protein structures in the gas phase (as explained in section 1.3.2).
Luan et al.103 conducted MD simulations to investigate protein structural evolution prior to the
final desolvation events. Results for various globular proteins at pH 7 illustrated that the proteins
retained their native-like conformation throughout the entire process until the final desolvation. In
contrast, at pH 2, the proteins underwent significant structural changes during the final desolvation
steps.
Calixte et al.171 studied the ESI mechanism of carbohydrate-Na+ adducts from mixed
solvents. Their result showed that the carbohydrate remained in the droplet until the solvent
mixture evaporated to dryness, implying that the process occurred via the CRM. They observed
greater ionization efficiency in mixtures with increasing percentages of organic cosolvent. Their
data revealed that the improved ionization efficiency was not a result of a change in the ESI
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mechanism but was due to faster evaporation and reduced droplet stability in the presence of
organic cosolvents.

1.12 Scope of Thesis
Over the past decades, ESI-MS has become an indispensable tool for qualitative and
quantitative studies of a wide variety of analytes. Understanding the mechanisms whereby proteins
and peptides are released into the gas phase during ESI is not necessary for many of those ESI-MS
applications. The efficiency of generating gaseous ions varies depending on the analyte structure,
the solvent used and instrumental parameters. Therefore, a comprehensive understanding of ESI
processes is essential for developing improved ion sources and ion sampling interface conditions.
Researchs in this area has resulted in different ion release models; i.e. low molecular weight
analytes are throught to follow the IEM, whereas the CRM applies to large globular species. The
CEM has been proposed for disordered polymers. But because not all assumptions and stipulations
in the literature are necessarily correct, the current thesis revisits some of the prevalent beliefs
related to ESI.
In Chapter 2 the possible involvement of IEM events for proteins was scrutinized using a
combination of MS, IMS, and MD simulations. The effects of protein charge in solution and
droplet size were explored for several model proteins. The results demonstrate for the first time
that the IEM is a viable ionization mechanism for relatively large intact proteins.
Chapter 3 takes an atomistic look on the tendency of proteins to associate into nonspecific
complexes during ESI. We found that protein cluster formation is often linked to the CRM,
however for complexes carrying a sufficiently large intrinsic charge, IEM cluster ejection is
possible as well. Also, we found that the intrinsic charge is irrelevant for protein, and that salt
bridges play a major role in clustering.
In Chapter 4 focus on the ESI behavior of small peptides. Most peptides under acidic
LC/MS conditions carry a net positive charge that should trigger IEM behavior. However, recent
peptide MD investigations from other laboratories suggested that such peptides follow the CRM.
Our droplet MD simulations confirmed the viability of gaseous peptide ion formation via the IEM.
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Electrostatic arguments can account for the observed droplet size dependence. In summary, both
CRM and IEM can be operative in peptide ESI-MS.
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Götz, A. W., Williamson, M. J., Xu, D., Poole, D., Grand, S. L., Walker, R. C., Journal of
Chemical Theory and Computation 2012, 8, 1542−1555.
92
Sultan, M. M., Denny, R. A., Unwalla, R., Lovering, F., Pande, V. S., Scientific Reports
2017, 7,

34

93
Piana, S., Lindorff-Larsen, K., Shaw, D. E., Proc. Natl. Acad. Sci. U.S.A. 2013, 110, 59155920.
94

Karplus, M., McCammon, J. A., Nature Structural Biology 2002, 9, 646-652.

95

Huang, R. Y.-C., Chen, G., Analytical and Bioanalytical Chemistry 2014, 406, 6541-6558.

96

Verlet, L., Physical Review 1967, 159, 98-103.

97
Mehmood, S., Allison, T. M., Robinson, C. V., Annual Review of Physical Chemistry 2015,
66, 453-474.
98

Kukol, A., in Molecular Modeling of Proteins, Springer, 2015, pp. 73-90.

99
Cornell, W. D., Cieplak, P., Bayly, C. I., Gould, I. R., Merz, K. M., Ferguson, D. M.,
Spellmeyer, D. C., Fox, T., Caldwell, J. W., Kollman, P. A., Journal of the American Chemical
Society 1995, 117, 5179-5197.
100

Peters, I., Metwally, H., Konermann, L., Anal. Chem. 2019, 91, 6943-6952.

101

Consta, S., Chung, J. K., J. Phys. Chem. B 2011, 115, 10447-10455.

102

McQuinn, K., Hof, F., McIndoe, J. S., Chem. Commun. 2007, 2007, 4099-4101.

103

Luan, M. J., Hou, Z. H., Huang, G. M., J. Phys. Chem. B 2022, 126, 144−150.

104

Mehmood, S., Allison, T. M., Robinson, C. V., Annu. Rev. Phys. Chem. 2015, 66, 453-474.

105

Kukol, A., Molecular Modeling of Proteins. Editor, Humana Press, 2015.

106
Lindahl, E., in Molecular Modeling of Proteins. Methods in Molecular Biology (Methods
and Protocols), ed. by A. Kukol, Humana Press, New York, NY, 2015, Vol. 1215, pp. 3-26.
107
Abraham, M. J., Murtola, T., Schulz, R., Páll, S., Smith, J. C., Hess, B., Lindahl, E.,
SoftwareX 2015, 1–2, 19-25.
108
Essmann, U., Perera, L., Berkowitz, M. L., Darden, T., Lee, H., Pedersen, L. G., J. Chem.
Phys. 1995, 103, 8577-8593.
109

Darden, T., York, D., Pedersen, L., J. Chem. Phys. 1993, 98, 10089-10092.

110

Konermann, L., Metwally, H., McAllister, R. G., Popa, V., Methods 2018, 144, 104-112.

111
Kaminski, G. A., Friesner, R. A., Tirado-Rives, J., Jorgensen, W. L., J. Phys. Chem. B
2001, 105, 6474-6487.
112
MacKerell, A. D., Bashford, D., Bellott, M. L. D. R., Dunbrack, R. L., Evanseck, J. D.,
Field, M. J., Fischer, S., Gao, J., Guo, H., Ha, S. A., J. Phys. Chem. B 1998, 102, 3586-3616.
113

Huang, J., MacKerell, A. D., J. Comput. Chem. 2013, 34, 2135-2145.

114
Beachy, M. D., Chasman, D., Murphy, R. B., Halgren, T. A., Friesner, R. A., J. Am. Chem.
Soc. 1997, 119, 5908-5920.
115

Lee, J. H., Pollert, K., Konermann, L., J. Phys. Chem. B 2019, 123, 6705-6715.

35

116

Jorgensen, W. L., Jensen, C., J. Comput. Chem. 1998, 19, 1179-1186.

117

Vega, C., de Miguel, E., J. Chem. Phys. 2007, 126, 154707.

118

Abascal, J. L. F., Vega, C., J. Chem. Phys. 2005, 123, 234505.

119
Goyal, P., Qian, H. J., Irle, S., Lu, X. Y., Roston, D., Mori, T., Elstner, M., Cui, Q., J. Phys.
Chem. B 2014, 118, 11007-11027.
120
Hunenberger, P., in Advanced Computer Simulation Approaches for Soft Matter Sciences
I, ed. by C. Holm, K. Kremer, Springer-Verlag Berlin, Berlin, 2005, Vol. 173, pp. 105-147.
121
Lemkul, J. A., Roux, B., van der Spoel, D., MacKerell, A. D., J. Comput. Chem. 2015, 36,
1473-1479.
122

Wedekind, J., Reguera, D., Strey, R., J. Chem. Phys. 2007, 127, 0645011-06450112.

123

Hoover, W. G., Phys. Rev. A 1985, 31, 1695-1697.

124

Nose, S., Mol. Phys. 1984, 52, 255-268.

125

Gibson, S. C., Feigerle, C. S., Cook, K. D., Anal. Chem. 2014, 86, 464-472.

126
Konermann, L., McAllister, R. G., Metwally, H., J. Phys. Chem. B 2014, 118, 1202512033.
127
Steinberg, M. Z., Breuker, K., Elber, R., Gerber, R. B., Phys. Chem. Chem. Phys. 2007, 9,
4690-4697.
128

Andersen, H. C., J. Chem. Phys. 1980, 72, 2384-2393.

129

Jorgensen, W. L., Tiradorives, J., J. Am. Chem. Soc. 1988, 110, 1657-1666.

130
Frenkel, D., Smit, B., Understanding Molecular Simulations: From Algorithms To
Applications. Editor, Academic Press, San Diego, 1996.
131
Kendrew, J. C., Bodo, G., Dintzis, H. M., Parrish, R. G., Wyckoff, H., Phillips, D. C.,
Nature 1958, 181, 662-666.
132
Voet, D. V., J. G., and Pratt, C.W., Fundamentals of Biochemistry, 2nd Edition. Editor,
John Wiley & Sons, 2004.
133

Luheshi, L. M., Crowther, D. C., Dobson, C. M., Curr. Op. Chem. Biol. 2008, 12, 25-31.

134
437.

Ramachandran, G. N., Sasisekharan, V., Advances in Protein Chemistry 1968, 23, 283-

135

Lehninger, A. L., Biochemistry. 2nd ed. ed., Editor, Worth, New York, 1975, pp. 125-154.

136

Corey, R. B., Pauling, L., Proc. R. Soc. London B 1953, 141, 10-20.

137

Pauling, L., Corey, R. B., Branson, H. R., Proc. Natl. Acad. Sci. 1951, 37, 205-211.

138

Privalov, P. L., Khechinashvili, N. N., J. Mol. Biol. 1974, 86, 665-684.

139

Tajoddin, N. N., Konermann, L., Anal. Chem. 2020, 92, 10058-10067.

36

140
van Holde, K., Johnson, W., Shing Ho, P., Principles of Physical Biochemistry. 2nd ed.,
Editor, Pearson Prentice Hall, Upper Saddle River, NJ, 2006.
141

Nick Pace, C., Scholtz, J. M., Grimsley, G. R., FEBS Letters 2014, 588, 2177-2184.

142
Baxa, M. C., Haddadian, E. J., Jumper, J. M., Freed, K. F., Sosnick, T. R., Proc. Natl. Acad.
Sci. U.S.A. 2014, 111, 15396-15401.
143

Pace, C. N., Shirley, B. A., McNutt, M., Gajiwala, K., FASEB J. 1996, 10, 75-83.

144

Chen, J., Stites, W. E., Biochem. 2001, 40, 15280-15289.

145

Bosshard, H. R., Marti, D. N., Jelesarov, I., J. Mol. Recognit. 2004, 17, 1-16.

146

Konermann, L., J. Phys. Chem. B 2017, 121, 8102-8112.

147

Hendsch, Z. S., Tidor, B., Protein Sci. 1994, 3, 211-226.

148

Betz, S. F., Protein Sci. 1993, 2, 1551-1558.

149

Bakker, H. J., Nature 2012, 491, 533-535.

150
Pace, C. N., Fu, H., Fryar, K. L., Landua, J., Trevino, S. R., Shirley, B. A., Hendricks, M.
M., Iimura, S., Gajiwala, K., Scholtz, J. M., Grimsley, G. R., J. Mol. Biol. 2011, 408, 514-528.
151
In Oh, M., Gupta, M., In Oh, C., Weaver, D. F., Physical Chemistry Chemical Physics
2019, 21, 26237-26250.
152

Laage, D., Stirnemann, G., Hynes, J. T., J. Phys. Chem. B 2009, 113, 2428-2435.

153
Guevremont, R., Siu, K. W. M., Le Blanc, J. C. Y., Berman, S. S., J. Am. Soc. Mass
Spectrom. 1992, 3, 216-224.
154
Marchese, R., Grandori, R., Carloni, R., Raugei, S., J. Am. Soc. Mass Spectrom. 2012, 23,
1903-1910.
155

Bakhtiari, M., Konermann, L., J. Phys. Chem. B 2019, 123, 1784-1796.

156

Sever, A. I. M., Konermann, L., J. Phys. Chem. B 2020, 124, 3667-3677.

157

Kaddis, C. S., Loo, J. A., Anal. Chem. 2007, 79, 1779-1784.

158
Khristenko, N., Amato, J., Livet, S., Pagano, B., Randazzo, A., Gabelica, V., J. Am. Soc.
Mass Spectrom. 2019, 30, 1069-1081.
159
Gavriilidou, A. F. M., Holding, F. P., Mayer, D., Coyle, J. E., Veprintse, D. B., Zenobi, R.,
Biochemistry 2018, 57, 1685-1689.
160
Li, J., Santambrogio, C., Brocca, S., Rossetti, G., Carloni, P., Grandori, R., Mass Spectrom.
Rev. 2016, 35, 111-122.
161

Wolynes, P. G., Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 2426-2427.

162
Gantman, T., Goldstein, M., Segev, E., Gerber, R. B., J. Phys. Chem. B 2019, 123, 64016409.

37

163

Marcoux, J., Robinson, C. V., Structure 2013, 21, 1541-1550.

164

Tanford, C., J. Am. Chem. Soc. 1962, 84, 4240-4247.

165

Rolland, A. D., Prell, J. S., Trac-Trends Anal. Chem. 2019, 116, 282-291.

166

Breuker, K., McLafferty, F. W., Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 18145-18152.

167
Ewing, S. A., Donor, M. T., Wilson, J. W., Prell, J. S., J. Am. Soc. Mass Spectrom. 2017,
28, 587-596.
168
Westphall, M. S., Lee, K. W., Salome, A. Z., Lodge, J. M., Grant, T., Coon, J. J., Nat.
Commun. 2022, 13, 6.
169

Ahadi, E., Konermann, L., J. Phys. Chem. B 2012, 116, 104-112.

170

Metwally, H., Duez, Q., Konermann, L., Anal. Chem. 2018, 90, 10069-10077.

171
Calixte, E. I., Liyanage, O. T., Gass, D. T., Gallagher, E. S., J. Am. Soc. Mass Spectrom.
2021, 32, 2738-2745.

38

2

Formation of Gaseous Proteins via the Ion Evaporation Model (IEM) in
Electrospray Mass Spectrometry

2.1

Introduction
Almost four decades after the initial implementation of electrospray ionization (ESI) mass

spectrometry (MS) by John Fenn,1 the mechanism of the ESI process remains controversial.2-9
Considering the central role of ESI-MS for countless applications, it is crucial to develop a
comprehensive understanding of this area. This is especially true for proteins and protein
complexes, for which ESI-MS represents one of the most important analytical techniques.10-13
Only the early ESI steps are well understood; this includes the formation of micrometer-sized
charged droplets at the outlet of the ESI or nanoESI emitter.2 These droplets undergo solvent
evaporation and jet fission, ultimately generating offspring droplets with radii of a few nanometers
that are charged close to the Rayleigh limit.2,

14, 15

Knowledge gaps persist regarding the

mechanisms whereby gaseous analyte ions are released from these final ESI nanodroplets.
Early discussions of the ESI mechanism focused on two competing ideas, the ion
evaporation model (IEM)16 and the charged residue model (CRM).17 The IEM was developed for
small atomic ions such as Na+ (Figure 2.1A).16 Experiments and theoretical investigations suggest
that such ions undergo desorption from the surface of highly charged droplets. The driving force
for these IEM events is the electric field emanating from the droplet surface. IEM ejection requires
the departing ion to overcome an activation barrier that arises from the interplay of several factors;
these include surface deformation, rupture of solvent-solvent contacts, solvent polarization, and
ion-droplet Coulombic repulsion.2, 16, 18, 19
It is an interesting question whether the IEM can also be operative for larger analytes such
as globular proteins (Figure 2.1B). Most researchers argued that such a scenario is unlikely, and
that large globular analytes instead follow the CRM (Figure 2.1C).2,

7, 8, 20, 21

The defining

characteristic of the CRM is that analyte ions are released via droplet evaporation to dryness. The
CRM is supported by the observation that the charge states of globular proteins are close to the
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Rayleigh charge of protein-sized water droplets.6 Also, the well-known tendency of protein ions
to undergo nonspecific adduction to salts and other solutes under native ESI conditions10, 11 is
consistent with solvent evaporation to dryness during the CRM.2, 21-26
The prevailing current view is that the IEM applies to small preformed ions, while the
CRM describes the behavior of large globular species such as protein ions generated by native
ESI.2, 6, 7, 11, 21 However, the IEM vs. CRM debate is far from settled,27-29 and there are unresolved
issues that deserve closer attention. For example, the distinction between “small” and “large”
analytes is contentious. Estimates of the IEM/CRM size cutoff vary widely between 100 Da,8 1
kDa,30 6 kDa,6 and 5 MDa.31 John Fenn himself was a proponent of the IEM; in 2007 he stated
that “for most, if not all, cases in which ESI is effective, gas-phase solute ions are formed from
charged droplets according to the sequence of events described in the IEM”.5 In a similar vein,
Ogorzalek Loo et al. proposed the desorption of hydrated protein ions from deformed ESI droplets
or from the tip of the Taylor cone.4
A third ESI scenario is the chain ejection model (CEM) which applies to unfolded
proteins.11, 21, 32-34 According to the CEM, exposed nonpolar residues drive protein chains to the
droplet surface. The proteins are then gradually expelled from droplet via tadpole-shaped
intermediates (Figure 2.1D). The high charge states of unfolded proteins35-37 are attributed to the
equilibration of mobile H+ between the droplet and its protein tail, analogous to H+ migration
events that take place for collisionally heated protein complexes.21, 38-40
In recent years, molecular dynamics (MD) simulations of charged nanodroplets have
emerged as an important tool for exploring ESI mechanisms.21, 28, 32, 41 For example, it has become
possible to obtain atomistic insights into the IEM ejection of small ions.19, 21, 42, 43 Simulations on
compact folded proteins,21, 44 nucleic acid duplexes,45 and peptides46, 47 revealed CRM behavior,
while unfolded proteins were shown to follow the CEM.21 Those MD studies provided strong
support for the viability of the three ESI mechanisms depicted in Figure 2.1A, C, and D.
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Figure 2.1. Cartoon depiction of different ESI mechanisms. IEM, ion evaporation model; CRM,
charged residue model; CEM, chain ejection model. All scenarios start with a solvent droplet
(gray) that contains an analyte (pink) and excess charge carriers (such as Na+, NH4+, H3O+, shown
as “+”). All mechanisms culminate in the formation of gaseous analyte ions.

The current work takes a closer look at the feasibility of protein IEM events (Figure 2.1B),
focusing on positive ion mode which is most widely used in experiments. We conducted MD
simulations under conditions that have received little attention in previous studies, i.e., tightly
folded proteins that are positively charged in solution and reside in relatively large (5.5 nm radius)
ESI droplets. Surprisingly, we found that protein IEM under these conditions takes place readily.
Our computational data are supported by experiments that explored the charge states, salt
adduction behavior, and the conformations of electrosprayed protein ions. Thus, the current work
demonstrates for the first time that all four mechanisms depicted in Figure 2.1 are viable. The
prevalence of the different protein ESI scenarios (Figure 2.1B-D) depends on parameters such as
analyte charge, conformation, and droplet size.
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2.2

Materials and Methods

2.2.1 Proteins and Reagents
Bovine ubiquitin was from Sigma, St. Louis, MO. Native ESI samples contained 5 M
protein in 10 mM neutral aqueous ammonium acetate. Acidic or basic solutions were produced by
addition of formic acid or ammonium hydroxide.

2.2.2 Mass Spectrometry
Mass spectra and travelling wave ion mobility spectrometry (IMS) data were acquired on
a Synapt G2 Si Q-TOF (Waters, Milford, MA). Solutions were infused at 5 µL min-1 using an ESI
voltage of +2.8 kV. Data were acquired under gentle conditions using a cone voltage of 5 V, with
source and desolvation temperatures of 25 C and 40 C, respectively. IMS arrival time
distributions were converted to effective He  values.48

2.2.3 MD Simulations
Droplet MD simulations followed established protocols.21 Briefly, we used Gromacs
201649 with the Charmm36 force field50 and TIP4P/2005 water.51 Different protonation patterns
of side chains and termini were used (Table 2.1). Droplets with radius of 3 nm (~3500 H2O) or 5.5
nm (~23000 H2O) were built around the protein, using the X-ray coordinates 1UBQ52 as starting
conformation. Excess Na+ were inserted in random positions to ensure an initial droplet charge at
the Rayleigh limit. This initial charge included the protein and all ions (19+ for 3 nm, 46+ for 5.5
nm droplets). These two droplet sizes were chosen to allow comparisons with previous work.21
Droplet simulations exhibit an unfavorable N2 scaling of computer time with the number of atoms
N,53 such that our early studies were limited to droplet radii no larger than 3 nm. Subsequent
advances in graphics processing unit (GPU) hardware and software49 opened the door to larger
systems, rendering MD studies on 5.5 nm droplets relatively straightforward.21 Simulations were
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run at 370 K for 75 ns; then the temperature was raised to 450 K to promote evaporation of the
final water molecules. Many runs were conducted in the presence of additional Na+ and Cl- ions.
 calculations using Collidoscope54 were performed for the final (t = 150 ns) time point by
including the protein with its Na+/Cl- adducts. Root mean square deviation (RMSD) values were
calculated for non-H atoms. The use of Na+ as excess charge carrier in the MD runs sidesteps
difficulties related to H+ simulations.21 Protein ions generated under these conditions are multiply
charged due to sodiation instead of protonation. Experiments confirmed that the charge states and
collision cross sections of [M + zH]z+ and [M + zNa]z+ ions are indistinguishable.21

Table 2.1 Solution phase protonation patterns of ubiquitin used for MD simulations.
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Results and Discussion

2.3.1 Ubiquitin in Solution
Ubiquitin is a small (8565 Da, 76 residue) protein with a globular native structure and an
isoelectric point close to seven.52 It has served as model system for many earlier ESI-MS
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investigations.55-59 Ubiquitin has a high resilience against pH-induced unfolding in aqueous
solution; CD spectra show that its structure remains virtually unperturbed between pH 3 and pH
11 (Figure 2.2). This structural stability is due to the highly compact and tightly H-bonded fold of
the native state.52 Only at pH 2 and in 50% methanol the native structure breaks down60 (Figure
2.2). This remarkable stability offers the opportunity to alter the ubiquitin charge in solution by
changing pH, while avoiding complications arising from structural perturbations. The ubiquitin
solution charge is 6- at pH 11, zero at pH 7, 6+ at pH 4.4, and 12+ at pH 3 (Figure 2.3).
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Figure 2.2. Circular dichroism (CD) spectra of 50 M ubiquitin in water / 1 mM NaCl / 10 mM
ammonium acetate at different pH. All three spectra are quite similar, attesting to the fact that the
native protein structure is largely unperturbed between pH 3 and 11. For reference, a spectrum of
unfolded ubiquitin is included as well (A-state, in 1:1 MeOH:H2O, pH 2).60 pH values were
adjusted using HCl and NaOH solutions. Data were acquired on a J-810 spectropolarimeter
(JASCO, Easton, MD).
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Figure 2.3. Ubiquitin charge in solution vs. pH (black), calculated using the HendersonHasselbalch equation. Also shown are the contributions of individual basic (blue) and acidic (red)
titratable sites, weighted by their abundance in the protein. The number of sites52 and their pKa
values61 are: 1 N-terminus+ (7.4); 4 Arg+ (12.0); 7 Lys+ (10.8); 1 His+ (6.5); 5 Asp (4.0), 6 Glu
(4.4), 1 C-terminus (3.9). At pH 7 the net charge is close to zero, whereas at pH 4.4 the protein has
a 6+ charge.

2.3.2

ESI Simulations: 3 nm Droplets
We previously conducted MD simulations to probe the behavior of ubiquitin in small

aqueous ESI droplets (3 nm radius),21 using a protein net charge of zero which mimics neutral pH.
In that earlier work we found that all trajectories culminated in the formation of gaseous protein
ions via the CRM (Figure 2.1C).21 Here we repeated several runs under these conditions. We also
conducted simulations on other solution charge states (6+ and 6-) to explore the effects of acidic
and basic pH. The 3 nm droplet simulations of the current work all followed the CRM, regardless
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of the protein charge in solution (three runs for each solution charge state). Representative MD
data are compiled in Figure 2.4.

Figure 2. 4. Examples of ESI simulations using small aqueous droplets (initial radius 3 nm, initial
droplet charge 19+). (A) Protein charge in solution = 6-. (B) Protein charge in solution = zero. (C)
Protein charge in solution = 6+. In all cases 6+ gaseous protein ions were produced via the CRM,
i.e., after solvent evaporation to dryness. Coloring: protein, pink; water oxygen, red; Na+, blue.
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All 3 nm droplet runs produced ubiquitin ions with a gas phase charge of 6+, regardless of
the initial protein charge in solution. In other words, for solution charge states of 6-/0/6+ the CRM
caused binding of 12/6/0 Na+ to the protein. Any Na+ that did not bind to the protein underwent
IEM ejection, thereby ensuring that the shrinking droplets stayed close to the Rayleigh limit.21
These MD data are consistent with the fact that 6+ is the dominant charge state in native ESI
experiments.21 Our data support the view that CRM charge states depend on the protein size, while
being independent of the protein charge in solution.2, 6, 20 Consistent with current mechanistic
views of the ESI process,2, 6, 21 the 6+ gas phase charge of the CRM-generated protein ions is close
to the Rayleigh charge zR of protein-sized water droplets (zR = 6.6).21

2.3.3 ESI Simulations: 5.5 nm Droplets
The ESI plume in the ion source of a mass spectrometer comprises various droplet sizes.
The 3 nm regime discussed above represents the lower end of this range.2 To obtain a more
comprehensive view of the ESI events we next examined larger droplets with 5.5 nm radius. All
ubiquitin MD runs at basic and neutral pH (solution charge 6- and 0) exhibited CRM behavior
(Figures 2.5A, 2.6 A/B). As expected,21 the shrinking droplets underwent IEM ejection of Na+,
exemplified in Figure 2.6B for t = 33.8 ns.

47

Figure 2.5. MD data for ESI droplets with 5.5 nm radius. (A) Tally of IEM vs. CRM events for
ubiquitin in solution charge states 6-, zero, 6+, 8+, and 12+ (as shown along the x-axis). Also
indicated is the number of additional Na+ Cl- ion pairs in the droplets. (B) Number of water
molecules in the protein-containing droplet for a ubiquitin solution charge state of 6+. CRM
trajectories show evaporation to dryness. Sudden downward transitions indicate protein ejection
from the droplet (protein IEM). Panel C: Same as in B, but for Na+ ions in the protein-containing
droplet.
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Figure 2.6. MD simulation snapshots for aqueous ESI droplets containing ubiquitin. Initial droplet
radius = 5.5 nm. Initial droplet charge = 46+. (A) Protein charge in solution = 6-. (B) Protein
charge in solution = 0. (C) Protein charge in solution = 6+. In panels A, B gaseous protein ions are
produced via the CRM; in panel C the gaseous protein ion is produced via protein IEM. The final
protein charge state is 6+ for all three runs. A Na+ IEM event is highlighted in panel B (blue circle
at 33.8 ns). Coloring: protein, pink; water oxygen, red; Na+, blue.
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Surprisingly, simulations on 5.5 nm droplets with a ubiquitin solution charge of 6+ (pH
4.4) showed a different behavior. Most (6/7) MD runs under these conditions culminated in protein
release via the IEM (Figure 2.6C). After migration of the protein to the surface (2.5 ns), the droplet
was electrostatically distorted into a pear-like shape with the protein at its tip (5.5 ns). As the
protein moved further outward, it briefly remained connected with the droplet through a water
bridge (6.06 ns), before it finally broke free at 6.14 ns (Figure 2.6C, top to bottom). Immediately
after ejection the protein retained ~200 water molecules, reflecting the presence of a tightly bound
hydration shell.62 Breaking these protein-H2O contacts would be energetically costly (around 60
kJ mol-1 for each water molecule), while the rupture of water-water contacts farther away from the
protein requires roughly half as much energy.63, 64 Nonetheless, the heat supplied to the system
subsequently caused the ejected proteins to dry out completely within tens of nanoseconds (Figures
2.5B).
Figure 2.6C marks the first observation of a protein IEM event in a MD simulation. This
is in contrast to the well-established small ion IEM events2, 16, 18, 19, 21, 42, 43 mentioned above. It is
important to differentiate the protein IEM of Figure 2.6C from the CEM, as both mechanisms
involve protein ejection from the droplet surface. The CEM applies to unfolded chains, and
proceeds via intermediate stages where a stretched-out protein tail protrudes from the droplet
(Figure 2.1D). In contrast, during the protein IEM of Figure 2.6C the polypeptide chain remains
tightly folded while it leaves the droplet (matching the scenario of Figure 2.1B).

2.3.4 ESI Simulations: Salt-Containing 5.5 nm Droplets
The MD conditions of Figure 2.6 are somewhat unrealistic because they used droplets
containing Na+ without counterions. We proceeded to examine the behavior of 5.5 nm droplets in
the presence of Cl-, keeping in mind that NaCl is a ubiquitous contaminant in biological samples.
Each Cl- was balanced by inclusion of one additional Na+ to ensure an initial droplet charge
identical to the salt-free MD runs. All ubiquitin simulations with a protein solution charge of zero
in NaCl-containing 5.5 nm droplets followed the CRM, while ubiquitin6+ showed a mix of CRM
and IEM behavior (Figure 2.5A). The CRM and IEM runs of Figure 2.7 (with 15 NaCl) both
produced 6+ gaseous proteins. CRM runs caused the formation of massive NaCl adducts on the
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protein (15 NaCl bound in Figure 2.7A), while adduction was much less pronounced for the IEM
trajectory (2 NaCl bound in Figure 2.7B). The kinetics of water evaporation and Na+ IEM ejection
were unaffected by the addition of salt (Figure 2.5B, C). However, the prevalence of protein IEM
events was slightly lower in the presence of salt for ubiquitin6+, from 86% without NaCl to 53%
with 15 NaCl (Figure 2.5A). The latter trend may be linked to Cl- mediated electrostatic
screening.65 Higher solution charge states (7+, 8+, 12+) overwhelmingly showed protein IEM
(Figure 2.5A).
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Figure 2.7. MD simulation snapshots for salt-containing ESI droplets. The initial droplets (5.5 nm
radius, top) contained 15 Na+ / Cl- ion pairs. Cl- is depicted in green. Initial protein charge in
solution = 6+. All other conditions are as in Figure 2.5. For some runs, gaseous protein ions were
formed via the CRM (A), other runs showed IEM behavior (B). Note the different level of salt
adduction at 150 ns, i.e., 15 NaCl for the CRM run in panel A, 2 NaCl for the IEM run in panel B.
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2.3.5 Comparison with Experimental ESI Charge States
Native ubiquitin ESI mass spectra were acquired in the presence of 1 mM NaCl, ensuring
conditions comparable to our MD simulations, i.e., with ESI droplets that had Na+ as the main
charge carrier.2 Mass spectra acquired between pH 11 and 3 showed very little change, with 6+ as
the dominant charge state (Figure 2.8). This lack of major changes reflects the fact that ubiquitin
retains its native structure in solution between pH 11 and 3 (Figure 2.2).3, 35 The pH 3 spectrum
(Figure 2.8D) exhibits a slight shift to higher charge states; however, this alteration is minor
compared to the spectrum of unfolded ubiquitin in acidified methanol/water, which has a
maximum at 11+ and extends to 13+ (Figure 2.9).

53

A

6+

pH 11

2 7+
1 03
0 04 4
01

1 6+
02
0
0 3
0 0
23
11

7+

1 6+
00
0 2
0
3
023
11

0
0

unresolved
salt clusters

7+
5+

Normalized Signal Intensity

B

6+

pH 7

1
02
03
0
0
0

4
0 4
1

7+
5+

C

6+

pH 4.4

0
01
0

01
00

7+

6+
2
0
3 23
0 11

2
0

7+
5+

D

6+

pHpH
3 3

0
0

0
0

7+

1
0
21
2
01 3
11

7+
8+
5+
900

1300

m/z

1700

6+

1225

1250

1425

1450

1475

m/z

Figure 2.8. ESI mass spectra of ubiquitin in aqueous solution at different pH. The low signal-tonoise ratio is caused by the addition of 1 mM NaCl which results in salt adducts. Panels on the
right zoom in on the 7+ and 6+ signals. Number pairs identify some salt adducts, indicating how
many Na+ (blue, top) and Cl- (green, bottom) are bound to the protein ions. Red arrows indicate
the significantly reduced salt adduction under acidic (IEM) conditions.
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Figure 2.9. Comparison of ubiquitin ESI mass spectra acquired in aqueous solution containing 10
mM ammonium acetate and 1 mM NaCl at pH 7 (A) and at pH 3 (B). The low ESI charge states
in panels A and B indicate a compact native structure in solution. (C) ESI mass spectrum of
ubiquitin that is unfolded in solution (the so-called A-state) 60 in 50/50 methanol/water at pH 2.

All MD runs of this work on 5.5 nm droplets with ubiquitin6- (pH 11) and ubiquitin0 (pH
7) followed the CRM, generating ESI charge states of (5.8  0.5)+ and (6.1  0.4)+, respectively.
Simulations on ubiquitin6+ (pH 4.4) resulted in a mix of CRM (13/39) and IEM (26/39) runs; the
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former resulted in charge states of (6.5  0.5)+ while the latter produced (6.3  0.7)+. These MD
charge states agree with the experimental 6+ maximum (Figure 2.8A-C).
MD runs on ubiquitin12+ (pH 3) in 5.5 nm droplets all followed the IEM. Gaseous proteins
generated in these simulations from NaCl-containing droplets were bound to several Cl-,
generating ESI charge states of (8  1)+ (Figure 2.10). This shift to slightly higher charge states
matches the trend seen in the experimental data (Figure 2.8D). In summary, the MD-predicted ESI
charge states agree well with experimental mass spectra over a wide range, from pH 11 down to
3.

0.5 ns

6.25 ns

6.5 ns

7+
150 ns

Figure 2.10. MD simulation data for ubiquitin in 5.5 nm aqueous ESI droplets, using a uiquitin12+
solution charge which corresponds to pH 3. The initial droplet also contains 10 additional NaCl.
The IEM behavior seen here generates a 7+ gaseous protein ion (12+ protein charge, with 5 bound
Cl- (green)). Note that the protein is ejected in a native-like conformation (6.5 ns), but undergoes
major structural changes after its solvent shell has evaporated (150 ns).
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2.3.6 CRM vs. IEM Salt Adduction
During the CRM the concentration of nonvolatile solutes increases as droplets shrink to
dryness,66 ultimately forming nonspecific adducts that can be detected by MS.22 Salt adduction in
native ESI experiments on NaCl-containing solution is a well-known example of this process.2
Our MD data confirmed massive NaCl adduction in CRM simulations on NaCl-containing
droplets. Rather than being spread over the protein surface, most of the adducted Na+ and Clformed small clusters (Figures 2.7A, 2.11). CRM runs on ubiquitin6+ in droplets containing 15
Na+/Cl- resulted in adduction of all these salt cations/anions to the protein. IEM runs showed much
less adduction (1  1 NaCl, Figure 2.7B), because most of the salt stayed behind in the droplet
during protein ejection. Our simulations therefore predict that salt adduction provides information
on the ESI mechanism, with CRM ions carrying much more salt than IEM-generated ions. This
prediction comes with the caveat that Cl- can leave via neutral loss as HCl prior to MS detection,2
such that Na+ adducts will be more prevalent than Cl- adducts.

Figure 2.11. Examples of salt-adducted ubiquitin 6+ ions formed via the CRM from droplets
containing 15 additional Na+ / Cl- (using starting conditions as in Figure 2.7A). All structures are
for t = 150 ns. The protein is shown in pink, Na+ is blue, Cl- is green.
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The aforementioned predictions agree with our experimental data. Panels on the right in
Figure 2.8 show close-ups of the 7+ and 6+ signals. Extensive Na+ adduction at pH 11 and pH 7
confirms that these ions are CRM products, in agreement with our MD data (Figures 2.5A, and
2.6A,B). Spectra at pH 4.4 show less adduction, particularly for 7+ ions (Figure 2.10C). This trend
is in line with the MD prediction that pH 4.4 causes a mix of IEM and CRM events (Figures 2.8A,
2.7). Finally, pH 3 causes significantly reduced adduction for 6+ ions while 7+ ions are almost
adduct-free (Figure 2.8D), supporting the MD prediction that protein ions at pH 3 are IEM products
(Figure 2.5A). In summary, experimental salt adduction patterns support the view that the IEM
plays a significant role for the formation of gaseous ubiquitin at low pH, while neutral and basic
conditions cause CRM behavior. Putting forward this proposal on the basis of salt adduction
experiments alone might be precarious. However, together with our MD data the experiments of
Figure 2.8 yield a consistent picture, providing strong support for the proposed IEM vs. CRM
distinction.

2.3.7 Ubiquitin Gas Phase Conformations
IMS was used to probe the gas phase conformation of ubiquitin. The dominant 6+ charge
state had a monomodal  distribution peaking at 1050 Å2, while 7+ ions displayed a bimodal
pattern with maxima at 1100 Å2 and 1300 Å2 (Figure 2.12). Evidently, the additional charge caused
partial unfolding in some of the 7+ ions, in agreement with previous reports.55 Salt adducts had
only minor effects on the IMS behavior (Figure 2.13).
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Figure 2.12. Comparison of experimental IMS data and  values of MD-generated gas phase ions,
for (A) 6+ and (B) 7+ ubiquitin ions. Vertical lines are averages from all runs with and without
NaCl. Horizontal error bars represent standard deviations. (C) MD snapshots of a trajectory
generated under the conditions of Figure 4B, except that the [ubiquitin6+ + 2Na+ + Cl-]7+ ion
undergoes partial unfolding after IEM ejection.
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Figure 2.13. IMS/MS experimental data for ubiquitin electrosprayed in aqueous solution at pH
4.4 in the presence of 1 mM NaCl. (A) Expanded view of the 6+ charge state, displaying a wide
range of salt adducts. Horizontal bars indicate different m/z windows that were used for extracting
the IMS data in (B). The effects of salt adduction on the measured  values is quite small; inclusion
of all salt adducts (pink) yielded a  distribution that was shifted by less than 1% relative to the
salt-free [M + 6H]6+ ions (black).
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According to the data presented in the preceding sections, the ions in Figure 2.12 were
generated by different mechanisms, from pure CRM at pH 7 to pure IEM at pH 3 (Figure 2.5A).
The fact that different pH values produced virtually identical experimental  distributions is
consistent with our MD data which predict that CRM and IEM are similarly “gentle” in terms of
preserving protein conformations during ESI. Inspection of the simulated gaseous proteins
revealed that most of them retained a native-like fold, with its characteristic -sheet and -helix
(e.g., Figure 2.6A-C, bottom row). RMSDs relative to the native ubiquitin X-ray structure were
(1.32  0.2) nm and (1.33  0.1) nm for CRM runs and IEM runs, respectively (for a ubiquitin6+
solution charge).
19/39 runs with a ubiquitin6+ solution charge generated 6+ gaseous ions; only one of these
showed appreciable unfolding. The average  for the simulated 6+ ions was (1040  30) Å2, in
good agreement with experiments (Figure 2.11A). 17/39 runs generated 7+ ions. Due to their
higher charge, a larger fraction (4/17) of these ions underwent partial unfolding. When tallying the
 values for folded and partially unfolded 7+ conformers, averages of (1063  30) Å2 and (1250
 100) Å2 were obtained which mirror the bimodal experimental distribution of Figure 2.11B.
For those MD runs that involved partial unfolding, it is interesting to examine when exactly
structural transitions took place. Figure 2.11C shows snapshots taken from an IEM trajectory that
generated a 7+ ion, starting from ubiquitin6+ in solution. The protein remained folded during
ejection. Unfolding only took place while the final solvent molecules evaporated (6.0 ns in Figure
2.11C). Runs conducted under more acidic conditions followed the same pattern (Figure 2.10).

2.3.8 Protein IEM Requires Folded Chains with High Solution Charge
The driving force for IEM events is the electrostatic repulsion between a pre-charged
analyte and the other charges in the droplet.2, 9, 16, 18, 19 Therefore, IEM ejection only occurs for
proteins that carry a large, positive solution charge (e.g., 6+, 7+, 8+, 12+ for our simulations).
Ubiquitin solution charges of 6- and zero caused CRM behavior due to a lack of repulsion between
protein and droplet (Figure 2.5A).
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Some other proteins (those with pI > 7) are positively charged even in neutral solution. An
example of such a protein is cyt c, which carries a 6+ solution charge at pH 7. Our simulations
confirmed that cyt c can undergo IEM ejection at neutral pH. Cyt c simulations in 5.5 nm droplets
using a solution charge state of 6+ under various salt conditions produced 5/14 IEM runs and 9/14
CRM runs. These and other cyt c results are summarized in Figure 2.14. All of these cyt c data
support the conclusions obtained for ubiquitin.
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Figure 2.14. MD simulations for cytochrome c (cyt c) in 5.5 nm aqueous ESI droplets, using a 6+
solution charge for the protein which corresponds to pH 7. (A) CRM trajectory, (B) IEM trajectory.
Gaseous protein ions formed after 150 ns have a 8+ charge due to binding of 2 Na+. This charge
state is consistent with native ESI mass spectra.67 The data shown here were generated in the
absence of NaCl. In total, 14 cyt c6+ simulations with and without salt were performed in 5.5 nm
droplets, yielding 9 CRM runs and 5 IEM runs. Simulations on cyt c8+ in 5.5 nm droplets yielded
3/4 IEM runs and 1/4 CRM runs; for cyt c6- 3/3 runs showed CRM behavior. MD simulations in
3 nm droplet all followed the CRM, regardless of the protein charge in solution. These observations
are consistent with the ubiquitin data discussed above.
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The prevalence of IEM events can be enhanced by raising the protein charge in solution
via acidification, as demonstrated here for ubiquitin. However, this strategy is only feasible for
proteins that retain a compact structure at low pH. For ubiquitin this is the case because the protein
is exceptionally stable (Figure 2.2).52 Most other proteins are prone to acid-unfolding,61 and those
unfolded chains will leave the droplet via the CEM.21 In summary, IEM behavior will only take
place for proteins that carry a high solution charge while maintaining a tightly folded structure.

2.3.9 Protein Surface Affinity
Prerequisite for IEM ejection is migration of the protein to the droplet surface. This is
exemplified in Figure 2.6C at t = 2.5 ns, where ubiquitin6+ resides at the surface before undergoing
IEM ejection. However, protein migration to the surface is not a unique IEM feature. For example,
in the CRM trajectory of Figure 2.6A ubiquitin6- maintains positions close to the surface while the
droplet shrinks to dryness. Many of the CRM runs on smaller (3 nm) droplets showed a similar
behavior (Figure S3A, B). Overall, our MD data showed protein migration to the surface in most
of the runs, regardless of solution charge and ESI mechanism. Pushing the protein to the surface
allows the droplet to maximize enthalpically favorable water-water hydrogen bonds.68 In the
preferred surface positioning the ubiquitin -helix points toward the interior, while a patch of
exposed hydrophobic residues points to the outside (Figure 2.15). This orientation reflects the
known affinity of hydrophobic moieties for the droplet surface.68
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A

front

back

B
view from
front

C
view from
back

Figure 2.15. CRM trajectory of ubiquitin6- in a 5.5 nm droplet at t = 13.8 ns (same frame as in
Figure 2.6A). (A) Preferred protein orientation at the droplet surface. (B) Droplet rotated by 90,
highlighting the presence of a hydrophobic patch (green) that points toward the vapor phase. (C)
Droplet rotated by -90, illustrating highly hydrophilic side chains (acidic-red, basic-blue) that
point toward the droplet interior where they are extensively solvated. Green: Leu/Ile/Val/Phe.
Blue: N-terminus/Arg/Lys. Red: Asp/Glu/C-terminus. All other residues are shown in gray.
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2.3.10 Droplet Size Effects
Most earlier IEM-related studies focused on the ejection of small singly charged ions.2, 9,
16, 18

The repulsive electric field experienced by a +e test charge at the surface of a Rayleigh-

charged droplet increases with decreasing droplet radius (Figure 2.16). It is therefore often implied
that IEM events are favored by small droplets.2, 9, 16, 18 This expectation appears to be at odds with
the data presented in this work, where ubiquitin6+ did not undergo IEM ejection in 3 nm droplets,
while a radius of 5.5 nm readily produced protein IEM (Figure 2.5A).
The conundrum can be resolved by noting that IEM ejection is driven by the repulsion
between proteinz+ and the non-protein charges in the droplet. For small droplets, proteinz+
represents a major fraction of the droplet charge, such that there will not be enough other charges
to push the proteinz+ into the gas phase. For example, an r = 1.8 nm ESI droplet carries a Rayleigh
charge of 8+ (Figure 2.16A). If this droplet contains ubiquitin6+ the non-protein charge is (8+) –
(6+) = (2+). Clearly, these two charges will be incapable of pushing the 6+ protein out of the
droplet, rendering an IEM scenario impossible. Instead, ESI will proceed via the CRM.69
Electrostatic modeling predicts that IEM ejection of ubiquitin6+ is most favored for droplet radii
around ~5.5 nm. Smaller droplets experience less internal repulsion, such that protein IEM
becomes less likely (Figure 2.16C-E). These considerations explain why our simulations produced
IEM events only for relatively large (5.5 nm) droplets, while smaller droplets followed the CRM.
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Figure 2.16. Simplistic model to estimate the force acting on ubiquitin6+ that has migrated to the
surface of a Rayleigh-charged water droplet with radius r. (A) Total droplet charge at the Rayleigh
limit, zdroplet = 8/e  (0  r3)1/2 with  = 0.05891 N m-1.70 (B) Repulsive force acting on a +e point
charge at the droplet suface, calculated as force = E  e, where the electric field is71 E = 2( / 0r)1/2.
(C) Force that tends to push the protein out of the droplet. The force is largest for droplets with
radius ~5.5 nm, implying that this droplet size that is most likely to cause protein IEM. For smaller
droplets protein IEM becomes less likely because the force diminishes. This explains why in 5.5
nm droplets can cause IEM ejection of ubiquitin6+ (Figure 2.6C), while smaller droplets show
CRM behavior (Figure 2.4C). (D) 2 nm aqueous droplet, total droplet charge 10+. The protein is
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shown as a sphere with 1.5 nm radius, calculated from the ubiquitin mass of 8565 Da and a 1 g
cm-3 density.6 Repulsion between the protein (6+) and the remaining droplet charges (4+) results
in a force of 0.18 nN. (E) Same as in panel D, but for a 5.5 nm (46+) droplet. Repulsion between
the protein (6+) and the remaining droplet charges (40+) results in a much larger force of 0.61
nN, thereby promoting protein IEM. The fractional non-protein droplet charge was spread evenly
over 13 points on the droplet surface (blue spheres in panels D/E), skipping the point where the
protein touches the surface. Electrostatic calculations were performed in Python.

2.4

Conclusions
What is the mechanism of protein ESI? The current work adds another layer of complexity

to this long-standing question2, 4-6, 8, 9, 21 (Figure 2.1). Over the past 15+ years the view has emerged
that native ESI is dominated by the CRM, while the CEM is operative under denaturing
conditions.11, 21, 33, 34 The IEM has found near-universal acceptance for small precharged ions,2, 16,
18

but for proteins the IEM has only had relatively few proponents.4, 5 Here we do not challenge

the CRM as the dominant native ESI mechanism, and we do not dispute the validity of the CEM
for unfolded proteins. However, the current work marks the first time that atomistic MD
simulations confirm protein IEM as an additional viable process. In other words, all three scenarios
depicted in Figure 2.1B-D can take place during protein ESI, depending on the experimental
conditions and the physicochemical properties of the protein. IEM events can take place for
proteins that carry a large positive charge in solution, while maintaining a compact folded
conformation. A large protein charge in solution can be implemented by acidification of the
solvent, with the caveat that many proteins unfolded under such conditions.61 Acid-induced
unfolding would cause the protein to follow the CEM.21 Only proteins that are resilient to acid
unfolding can be coaxed into IEM ejection by this approach, demonstrated here for ubiquitin.
Alternatively, IEM events can take place for basic proteins (pI >> 7) which already carry a large
charge in pH-neutral solution, demonstrated here for cyt c.
Several aspects of the protein IEM remain to be explored in future studies. (i) It is possible
that protein IEM events are accompanied by charge equilibration between the droplet and the
departing protein, analogous to H+ transfer events associated with the CEM (Figure 2.1D). (ii) The
upper size limit of IEM events is unclear; the current work demonstrated the viability of IEM
ejection only for proteins up to 12.4 kDa. (iii) The relationship between protein charge in solution

68

and pH can be complicated by pH changes during droplet shrinkage.72 The definition pH = -log[H+]
can become ambiguous in nanometer-sized droplets, where excess protons are not necessarily
evenly distributed throughout the droplet volume. For example, it has been suggested that hydrated
H+ undergo enrichment at the surface.73, 74 The effective pH experienced by a protein may therefore
depend on the positioning of titratable side chains in the droplet. (iv) The viability of IEM events
depends on droplet size. For droplets that are too small there are not enough non-protein charges
to expel the protein, while for droplets that are too large the surface electric field will be insufficient
to trigger IEM events (Figure 2.16). Considering that the ESI plume comprises a wide range of
droplet sizes (m to nm),2 it is not easy to predict which of the competing ESI mechanisms in
Figure 2.1 is prevalent under a given set of conditions.
It is customary to consider the IEM and CRM as mutually exclusive mechanisms.2 To some
extent, the current work reconciles the two models. IEM events release proteins with a solvent
shell of 102-103 water molecules (Figures 2.6C, 2.7B, 6C, 2.14B). One could interpret these
nascent IEM products as protein-containing offspring droplets, and their evaporation to dryness
would then be a CRM process. This view is consistent with the proposal that in addition to the
“pure” ESI mechanisms of Figure 2.1 there can be various hybrid scenarios4, 33 such that, in the
words of Richard Cole, the distinction between mechanisms “can become foggy”.7
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3

Atomistic Insights into the Formation of Nonspecific Protein Complexes
During Electrospray Ionization

3.1

Introduction
Multi-subunit proteins are involved in numerous biological tasks. These complexes range

from dimers all the way to MDa assemblies that contain dozens of subunits.1-4 Some protein
complexes are stabilized by intermolecular disulfide bridges. More commonly, however, proteinprotein binding involves only noncovalent contacts such as van der Waals interactions, H-bonds,
and salt bridges. The hydrophobic effect can play a major role as well.5 The same types of
noncovalent contacts can also mediate the formation of amyloid and other protein aggregates that
are associated with various diseases.6, 7 The detection and characterization of all these complexes
remains challenging.5 Available high-throughput methods include yeast-two-hybrid and affinity
purification protocols. In addition, chromatographic, spectroscopic, and calorimetric techniques
can be applied for targeted assays. X-ray diffraction provides high-resolution data, but often it is
uncertain if protein contacts detected in this way are biologically relevant or if they are
crystallization artifacts.5
Native electrospray ionization (ESI) mass spectrometry (MS) has emerged as another key
tool for the characterization of protein complexes. This approach relies on the premise that
noncovalent assemblies can be transformed into gaseous ions that retain many of their solution
properties. Mass analysis of these ions reveals their subunit stoichiometry.8-12 Native ESI-MS is
attractive because of its conceptual simplicity, minimal sample preparation, high sensitivity, and
short analysis time. Additional insights are obtainable by combining ESI-MS with ion mobility
spectrometry (IMS),13-16 gas phase activation,17-19 and fragmentation techniques.20-24

ESI commences with a plume of charged droplets that emanates from the tip of a Taylor
cone at the emitter outlet. These droplets undergo solvent evaporation and fission events,
culminating in nanometer-sized progeny droplets. Droplets in the ESI plume are close to the
Rayleigh limit zR = 8/e  (0  r3)1/2 [r = radius,  = surface tension, e = elementary charge].25-27
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The release of analyte ions from ESI nanodroplets into the gas phase remains an active
research area.28-33 It is believed that in native ESI most protein ions are released via droplet
evaporation to dryness, in accordance with the charged residue model (CRM).34-37 The ion
evaporation model (IEM) describes an alternative mechanism where ions are desorbed from the
droplet surface. Although the IEM is invoked mostly for low MW ions,27, 38-42 it can also apply to
larger species such as peptides43 and some proteins.44 Requirements for protein IEM include a
relatively large droplet size, a compact conformation, and a sufficiently high intrinsic protein
charge that can trigger electrostatic ejection from the droplet.44 The chain ejection model (CEM)
applies to unfolded proteins and therefore does not usually play a role in native ESI.34
Despite the widespread use of native ESI-MS for studying protein complexes (and other
noncovalently bound systems), this technique can be prone to artifacts.25, 45 False-positive results
are obtained when mass spectra show complexes that did not exist in solution. Conversely, falsenegative outcomes occur when complexes that exist in solution are unobservable by ESI-MS. More
generally, there can be a range of undesirable scenarios where the free vs. bound ratio in solution
differs from that in the gas phase.45 Possible reasons for such discrepancies include concentration
and pH changes during ESI,46-49 differences in the detection efficiencies of free vs. bound species,45
and the dissociation of complexes on their way from solution into the gas phase. 50-53
False-positive outcomes arise from ESI-induced nonspecific clustering. This phenomenon
can manifest itself as complex formation from monomeric proteins,54-58 or the assembly of
complexes into higher order oligomers.20, 59-61 There can also be a mix of specific solution binding
and nonspecific clustering.45, 62 All of these clustering scenarios complicate the interpretation of
native ESI-MS data. Various strategies have been proposed for mitigating this problem,24, 45, 61-71
but it is nonetheless challenging to distinguish specific from nonspecific complexes in a mass
spectrum. Interestingly, there are also instances where nonspecific clustering is beneficial; for
example, protein clusters can serve as model systems for benchmarking mass analyzer
performance at high m/z, and as a testbed for top-down dissociation experiments.20, 56, 57, 60
Nonspecific clustering is usually attributed to the CRM, where a nanodroplet containing
two or more analyte molecules causes these solutes to “stick” to one another as the droplet dries
out. In addition to nonspecific protein-protein contacts, these conditions can cause adduction to
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other nonvolatile species.25, 45 Nonspecific clustering can be reduced by using narrow emitters that
produce smaller initial droplets, thereby decreasing the number of analyte molecules in each
droplet.24, 62, 66, 67, 70 Unfortunately, narrow emitters are prone to clogging.72 Similarly, one can
lower the analyte concentration, such that the fraction of droplets containing more than one analyte
molecule is lowered.61, 68 However, results obtained in this way can be ambiguous, because mass
action dictates that lower concentrations also reduce specific binding in solution.73
In summary, nonspecific protein-protein clustering represents an impediment for the
interpretation of native ESI data. Part of the problem is that the mechanistic origins of cluster
formation are poorly understood. Questions that have to be answered include the following: Is it
true that clustering can always be attributed to ion formation via the CRM? How, when, and where
are protein clusters formed during ESI? Will droplets that contain several proteins always generate
a nonspecific cluster? What are the intermolecular contacts that mediate protein-protein clustering?
Using a combination of ESI-MS experiments and molecular dynamics (MD) simulations, the
current work addresses all of these questions. For the first time, we provide an atomistic view of
the processes that culminate in the formation of ESI-generated protein clusters.

3.2

Materials and Methods

3.2.1 Proteins and Reagents
Horse heart cytochrome c (cyt c) and bovine ubiquitin were from Sigma (St. Louis, MO).
Samples were prepared in LC grade water, adjusted to pH 7 using traces of ammonium hydroxide.
Ammonium acetate or NaCl were added as noted below.

3.2.2 Mass Spectrometry
Data were acquired on a Waters Synapt G2 Q-TOF using a standard ESI source at 5 μL
min−1 and +2.8 kV. The conditions were chosen to be as gentle (“native”) as possible, with a cone
voltage of 5 V. Source and desolvation temperatures were 30 C and 40 C, respectively. IMS
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arrival time distributions were converted to He collision cross section () distributions using a
calibration procedure that involved a number of reference ions (monomeric cyt c, ubiquitin, and
myoglobin in various charge states).74 Each reported value represents the maximum of the
corresponding  distribution, averaged over three replicates.75 The IMS parameters were DC
entrance 6.7 V, He cell DC 10 V, He exit -5 V, bias 3 V, exit 0 V, wave height 8 V, wave velocity
450 m s-1, N2 IMS gas 3.61 mbar at 16 mL min-1, He cell 7.41  102 mbar.

3.2.3 MD Simulations
MD simulations of ESI droplets were conducted as described,44 except that the initial
droplets contained more than one protein molecule. Briefly, we used Gromacs 201876 with the
Charmm36 force field.77 The TIP4P/2005 model was used to adequately model the water surface
tension.78 The droplets had an initial radius of 5.5 nm (~23000 H2O). Two or three protein
molecules were inserted into these droplets, using the X-ray coordinates 1hrc79 and 1ubq.80
Titratable sites were set for pH 7 (N-terminus+, Arg+, Lys+, His0, Glu-, Asp-, C-terminus-), resulting
in an “intrinsic” charge of 6+ for cyt c and zero for ubiquitin. Excess Na+ were added to bring the
initial net droplet charge to zR = 46+.25 Four additional Na+ / Cl- pairs were inserted to reflect the
presence of some chloride counterions. For each run, Na+ and Cl- were placed in random positions;
proteins were inserted in random positions and orientations, and with random inter-protein
distances. All runs used different initial atom positions and velocities. Simulations were performed
at 370 K for 75 ns, then the temperature was raised to 450 K for an additional 75 ns to promote the
final steps of solvent evaporation. Charge states of MD-generated gaseous ions were determined
by tallying the protein intrinsic charge and the charges of adducted Na+ and Cl-.  values of MDgenerated protein structures were determined using Collidoscope81 for the final (t = 150 ns)
desolvated species.
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3.3

Results and Discussion

3.3.1 Protein Clustering Experiments
The first step in our efforts to understand ESI-induced protein clustering was the
experimental characterization of simple test systems. We selected cyt c (12360 Da) and ubiquitin
(8565 Da), both of which are common model proteins. Under physiological conditions both
proteins adopt tightly folded monomeric structures; neither of them has a propensity to form
noncovalent complexes in bulk solution.79, 80 While typical native ESI experiments try to suppress
nonspecific clustering, we aimed to promote this phenomenon because our goal was to elucidate
the clustering mechanism.
Native ESI of 5 µM cyt c at pH 7 produced a narrow distribution of monomeric protein
ions (Figure 3.1A). These data were acquired in the presence of ammonium acetate which is a
standard background electrolyte for native ESI.25 In contrast, aqueous solution without added
background electrolyte resulted in nonspecific dimers and trimers (Figure 3.1B). The absence of
these clusters in Figure 3.1A indicates that protein clustering may involve electrostatic contacts,
keeping in mind that charge-charge interactions are weakened by dissolved electrolytes.82
Next, we examined the concentration dependence of protein clustering in the absence of
ammonium acetate. Nonspecific clustering was virtually absent for 2 µM cyt c (Figure 3.1C),
whereas an elevated protein concentration of 100 µM generated abundant dimers, trimers, and
tetramers (Figure 3.1D). This trend is consistent with earlier observations.61, 68 A slight shift to
lower charge states at elevated protein concentration (Figure 3.1C, D) may result from charge
competition.83
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Figure 3.1. ESI mass spectra of cyt c acquired at pH 7 under different solvent conditions. Panels
on the right zoom into regions of interest, with signals annotated as M (monomer), D (dimer), Tri
(trimer), and Tet (tetramer) along with the corresponding charge states. (A) 5 µM protein in water
containing 10 mM ammonium acetate. (B) 5 µM protein in water. (C) 2 µM protein in water. (D)
100 μM protein in water.
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The solution conditions used for acquiring the data of Figure 3.1 resulted in [M + zH]z+
ions that were almost free of adducts. Extensive protein cluster formation was also observed when
electrospraying 100 µM cyt c in the presence of 0.2 mM NaCl, with peak broadening due to salt
adduction (Figure 3.3A). The clusters formed under these conditions had a [M + (z-n+m)H + nNa
+ mCl]z+ composition, where a significant fraction of the overall charge resulted from sodiation
(Figure 3.2).25 Thus, protein clustering occurred regardless of the type of ESI charge carrier (H+
or Na+).
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Figure 3.2. Close-up view of several nonspecific protein complexes (dimers, D; trimers, Tri)
formed during ESI of 100 µM cyt c (top spectra) and 100 µM ubiquitin (bottom spectra) in aqueous
solution containing 0.2 mM NaCl at pH 7. The presence of salt causes extensive salt adduction.
Salt adducts are annotated according to the number of Na+ (blue) and Cl− (green).
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We also performed experiments on ubiquitin. For a protein concentration of 100 µM in the
presence of 0.2 mM NaCl, ubiquitin showed a behavior similar to that of cyt c. The ubiquitin
spectra showed various clusters, ranging from dimers to pentamers (Figure 3.3B) with
heterogeneous charging due to sodiation, protonation, and chloride binding (Figure 3.2). These
data demonstrate that protein clustering takes place regardless of intrinsic protein charge, keeping
in mind that at pH 7 cyt c carries a net positive charge (pI ≈ 10),84 while ubiquitin is neutral (pI ≈
7).80
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Figure 3.3. ESI mass spectra acquired in aqueous solution containing 100 µM protein and 0.2 mM
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3.3.2 ESI Simulations – General Considerations
We and others34, 40, 41, 44, 51, 85-90 previously used MD simulations to gain insights into ESI
mechanisms. The current work marks the first time that this approach was applied to nonspecific
protein clustering, focusing on the two proteins introduced above. Realistic modeling of H+ as ESI
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charge carrier is challenging. A workaround is to replace H+ with low MW metal ions.34 For the
current simulations we therefore used droplets that were charged with Na+. Cl- were added as well,
to mimic the aqueous NaCl solutions used in the experiments of Figure 3.3 that produced [M + (zn+m)H + nNa + mCl]z+ gaseous ions.
As outlined in the Methods section, the charges on all titratable protein sites were set to
their pH 7 values, in accordance with the composition of the bulk solution. ESI droplets can
undergo acidification caused by electrochemical H+ production91 and evaporative shrinkage.48
However, pH is a macroscopic property that is not necessarily meaningful in nanometer-sized
droplets. Excess H+ are believed to stay preferentially on the droplet surface,92 such that ESIinduced acidification in the interior (where proteins reside throughout much of the process) is
likely more moderate. Hence, the use of pH 7 charge patterns in our MD runs represents a
reasonable approximation.
Our simulations relied on the premise that droplets containing more than one protein
represent the prerequisite for nonspecific ESI clustering.24, 45, 61-70 Hence, the MD runs described
below followed a strategy similar to earlier protein ESI simulations,34, 44 except that the initial
droplets contained multiple protein molecules. The initial Rayleigh-charged droplets in our
simulations had a 5.5 nm radius, consistent with the size in the ESI plume after several
fission/evaporation cycles.25

3.3.3 MD Simulations of Nonspecific Ubiquitin Clustering
A typical simulation run for an ESI droplet containing two ubiquitin molecules is depicted
in Figure 3.4A. The droplets underwent gradual solvent evaporation, accompanied by occasional
Na+ IEM events that kept the shrinking droplets close to the Rayleigh limit. Such IEM ejection of
low MW ions is a common occurrence.34, 40, 41, 85, 87 One of these IEM events is highlighted in
Figure 3.4A for t = 0.5 ns. The two ubiquitin molecules remained inside the droplet until all the
water had evaporated. Initially (t = 0.5 ns), the proteins were well separated. At around t ≈ 33 ns
they established contact with one another. Ultimately, the proteins formed a gaseous dimer where
the chains were noncovalently bound to one another. The dimer also contained a number of Na+
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and Cl-, just like in the experimental spectra of Figures 3.2, 3.3. Tallying of all charged components
revealed a cluster charge of 9+. Ten repeat runs yielded 9+ (6/10) and 10+ clusters (4/10), for an
average charge of 9.4+. These MD-generated charge states fall within the range of the
experimentally observed ubiquitin dimers (6+ to 11+, Figure 3.3B).
Similar events were observed in simulations on droplets containing three ubiquitin
molecules, culminating in the formation of trimeric clusters with a number of Na+ and Cl- attached
(Figure 3.4B). Seven repeat runs produced trimers in charge states 10+ (1/7), 11+ (4/7), 12+ (1/7),
and 13+ (1/7), for an average charge of 11.3+. These MD results coincide with the experimentally
observed trimer charge states (Figure3.3).
Overall, the MD data of Figure 3.4 reveal that ESI-generated ubiquitin clusters form via
the CRM. Two or more proteins that are entrapped in the same droplet associate with one another
as the droplet dries out. The net charge of the resulting gaseous cluster is governed by the residual
Na+ and Cl- that bind to the cluster as the final solvent layers evaporate. This CRM cluster
formation is consistent with mechanistic proposals that had been put forward in earlier studies.25,
45, 57, 61, 68, 70
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Figure 3.4. ESI simulation snapshots for two MD runs that show CRM behavior. (A) Droplet
containing two ubiquitin molecules, forming a protein dimer. (B) Droplet containing three
ubiquitin molecules, forming a protein trimer. The charge states of the nonspecific clusters are
indicated in the final frame. Protein chains are depicted in different colors, water oxygen is red,
Na+ (blue) and Cl- (green) are shown as spheres. Time points are identical for panels on the left
and right. The blue circle in the top left panel highlights the IEM ejection of a solvated Na+.
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3.3.4 MD Simulations on Droplets Containing Two Cyt c.
A key difference between ubiquitin and cyt c is that the former has an intrinsic charge of
~zero, while the cyt c intrinsic charge is 6+ (see Methods). Simulations analogous to those
discussed in the preceding section were conducted for cyt c to examine whether intrinsic protein
charge affects the clustering mechanism. Figure 3.5A displays MD snapshots for a cyt c dimer
CRM trajectory similar to that seen for ubiquitin in Figure 3.4A. Both cyt c molecules stayed in
the droplet, and they associated with one another as the solvent evaporated. The resulting ESIgenerated dimer accommodated several Na+ and Cl-, for an overall charge state of 13+. Nine
replicates were performed, and CRM behavior like that of Figure 3.5A was seen in 5/9 instances.
The charge states formed in these runs were 12+ and 13+, for an average charge of 12.8+. These
MD-generated dimer charge states are consistent with the experiments of Figure 3.3A.
Interestingly, the remaining 4/9 cyt c runs showed a different behavior. Instead of forming
a dimer, they culminated in the IEM ejection of one protein, while the other protein remained in
the droplet and followed the CRM (Figure 3.5B). Protein IEM has been examined in earlier MD
work from our laboratory.44 IEM ejection is driven by electrostatic repulsion between the analyte
charge and the other charges within the droplet.44 This explains why IEM ejection can take place
for cyt c (intrinsic charge 6+), while it is not feasible for ubiquitin (intrinsic charge zero). IEM and
CRM-generated monomeric cyt c ions in our MD runs had charge states of 7+ and 8+, in agreement
with the experimental charge states (Figure 3.3A). Overall, the cyt c data of Figure 3.5 reveal that
the entrapment of two proteins in the same ESI droplet does not necessarily have to culminate in
a nonspecific cluster. In addition to CRM dimer formation (Figure 3.5A), we observed the
formation of monomeric protein ions via IEM and CRM pathways (Figure 3.5B).
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Figure 3.5. ESI simulation snapshots for two MD runs, both of which started with a droplet that
initially contained two cyt c molecules (top). (A) The two proteins undergo nonspecific clustering,
and a 13+ dimer is formed via the CRM. (B) One protein (magenta) undergoes IEM ejection at
~18.25 ns, liberating a 7+ monomer. The other protein (cyan) forms an 8+ monomer via the CRM.
Element coloring is as in the preceding figure.
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3.3.5 MD Simulations on Droplets Containing Three Cyt c
The capability of cyt c to undergo IEM ejection due to its high intrinsic charge gave rise to
a variety of scenarios for droplets that initially contained three proteins. Nine runs were conducted
for droplets of this type. The majority of these simulations (5/9) showed CRM behavior, where all
three proteins stayed in the droplet and formed trimeric clusters (Figure 3.6A). The MD charge
states of these trimers were between 15+ and 18+ for an average of 16.6+, consistent with the
experimental trimer charge states (Figure 3.3A). Additionally, we observed instances where either
a single protein, a protein dimer, or a protein trimer underwent IEM ejection (Figure 3.6B-D). Any
proteins remaining in the droplet after these IEM events followed the CRM. Charge states of the
protein clusters formed via these IEM/CRM avenues were indistinguishable from those discussed
previously.
The ejection of cyt c dimers and trimers (Figure 3.6C, D) illustrates that the CRM is not
the only mechanism that can produce nonspecific protein clusters. Instead, the IEM also presents
a viable pathway. Prerequisites for this IEM avenue are (i) protein cluster formation prior to (or
during) ejection, and (ii) a sufficiently large intrinsic cluster charge that can trigger ejection via
repulsion from the remaining droplet charge (2 × 6+, or 3 × 6+ in Figure 3.6C, D).44 Nonetheless,
the canonical CRM scenario of Figure 3.6A remained the dominant clustering mechanism even
for cyt c, evident from the fact that more than half of the trimer-containing droplets showed this
behavior.
As noted, the IEM has traditionally been associated with low MW ions,27, 38-42 exemplified
in Figure 3.4A (at t = 0.5 ns) for Na+. However, it has already been suggested that this mechanism
can also apply to larger analytes such as peptides and proteins.43 The largest species for which
IEM behavior had previously been demonstrated is monomeric cyt c.44 The data of Figure 3.6D
now extend this IEM range to cyt c trimers with a mass of 37 kDa.
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Figure 3.6. ESI simulation snapshots for four MD runs, all of which started with a droplet that
initially contained three cyt c molecules (top). (A) All three proteins undergo clustering, and a 17+
trimer is formed via the CRM. (B) One protein (cyan) undergoes IEM ejection at 4 ns, liberating
a 8+ monomer. The remaining two proteins form a 13+ dimer via the CRM. (C) A 14+ dimer
undergoes IEM ejection at 4.8 ns. (D) A 17+ trimer is IEM ejected at 10.5 ns. Element coloring is
as in the preceding figures.
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3.3.6 Cluster Formation Kinetics
After having established that most of the ubiquitin and cyt c MD runs followed the CRM,
we examined at what point during droplet shrinkage the protein clusters were formed. To this end,
we tracked protein-protein distances vs. time by focusing on specific marker atoms that were
buried close to the protein center (the C atoms of V26 and L32 were chosen for ubiquitin and cyt
c, respectively). The time point when the CRM clusters formed varied considerably between
individual runs. For ubiquitin dimers, Figure 3.7B illustrates an instance where the two proteins
assembled during the very final stages of solvent evaporation, around t = 45 ns. The trajectory in
Figure 3.7C illustrates the opposite extreme, where the dimer formed already after ~15 ns when
more than half of the solvent was still present.
Considerable temporal heterogeneity was also observed for ubiquitin trimers; in Figure
3.7E, formation of a dimeric complex was followed almost immediately by binding of the third
protein. On the other hand, there were also examples of trajectories where a dimer formed
instantaneously, followed by binding of the third chain at a much later stage (Figure 3.7F). A
similar temporal heterogeneity was also observed for cyt c dimers and trimers (Figure 3.8). We
conclude that nonspecific CRM clustering does not follow a tightly scripted timeline. Instead, the
exact cluster formation time point depends on the random rotational and translational diffusion of
the proteins, as well as shape fluctuations of the droplet.
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Figure 3.7. Examples of ubiquitin MD time profiles, illustrating cluster formation for droplets that
initially contained two (A-C) or three (D-F) proteins. (A, D) Number of water molecules during
droplet shrinkage for the data shown in the subsequent panels. (B, C) Distance between V26 C of
the two proteins, representing a marker atom that is buried in the ubiquitin core. (E, F) Distances
between V26 C atoms of the three proteins; the three traces represent distances between proteins
1-2, 1-3, and 2-3.
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Figure 3.8. Examples of cyt c MD time profiles, illustrating the cluster formation for droplets
initially containing two (A-C) or three (D-F) proteins. (A, D) Number of water molecules during
droplet shrinkage for the data shown in the subsequent panels. (B, C) Distance between L32 C of
the two proteins, representing a marker atom that is buried in the cyt c core. (E, F) Distances
between L32 C atoms of the three proteins; the three traces represent distances between proteins
1-2, 1-3, and 2-3.

3.3.7 Protein-Protein Contacts
What are the types of interactions that link the components of ESI-generated protein
clusters? In their native state, both ubiquitin and cyt c have globular structures with a hydrophobic
core, while charged and other hydrophilic residues are found in the exterior. Inspection of the MDgenerated clusters revealed that none of the protein chains underwent major structural changes
during cluster formation, implying that nonpolar core residues remained inaccessible and were not
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available for intermolecular contacts. Instead, the cluster interfaces comprised a multitude of salt
bridges among surfaces residues (Arg+, Lys+, Glu-, Asp-). These electrostatic networks also
incorporated a number of Na+ and Cl- ions (Figure 3.9).
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K99
K60

Figure 3.9. Typical examples of ESI-generated protein clusters, produced in the MD runs of the
current work. (A) Ubiquitin 9+ dimer. (B) Cyt c 13+ dimer. Charged side chains involved in salt
bridges at the protein-protein interfaces are labeled using blue (positively charged) and red letters
(negatively charged). Na+ and Cl- are shown as blue and green spheres, respectively. Heme groups
in panel B were omitted for clarity.
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The role of salt bridges as a dominant type of protein-protein contact in ESI-generated
clusters is consistent with the experiments of Figure 3.1A, B, where 10 mM ammonium acetate
suppressed cluster formation. We tentatively attribute this effect to salt-induced electrostatic
screening,82 which weakens salt bridges and thereby interferes with the formation of proteinprotein contacts in the droplets. In comparison, the presence of a low NaCl concentration (0.2 mM)
was not sufficient for suppressing cluster formation (Figure 3.3). The existence of salt bridges in
monomeric proteins has been noted earlier,93, 94 but the dominant role of these zwitterionic contacts
for nonspecific protein clustering (as seen in Figure 3.9) had not been demonstrated previously.

3.3.8 Collision Cross Sections
The  values of MD-generated ubiquitin dimers and trimers were slightly (5 – 10%) lower
than the corresponding experimental values (Figure 3.10A,B). Considering the challenges
associated with the accurate calculation of  values,13 this level of agreement is quite reasonable.
For cyt c clusters, the discrepancy between MD-generated and experimental  values was
somewhat larger, particularly for trimers (up to ~20%, Figure 3.10C,D). These deviations suggest
that the experimentally generated clusters have less compact structures than those produced in our
simulations. Almost all of the MD-generated cyt c trimers had a triangular arrangement (Figure
3.6A,D). Only one of the runs produced a cyt c trimer with a more elongated structure, where three
globular chains were in a linear arrangement (Figure 3.10D). Interestingly, the calculated  of this
linear trimer was in excellent agreement with the experimental value of ~38 nm2. It is therefore
possible that ESI clustering of cyt c under experimental conditions favors linear trimers, in contrast
to the MD runs which mostly produced triangular complexes.
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Figure 3.10. Collision cross sections of ESI-generated clusters. (A) Ubiquitin dimers, (B)
ubiquitin trimers, (C) cyt c dimers, and (D) cyt c trimers. Black dots represent  values of MDgenerated gaseous ions for t = 150 ns (one dot for each individual run). Experimental values are
shown as horizontal lines. Each panel also contains representative MD structures. Panels B and D
show examples of “triangular” and “linear” MD structures. The former were far more often
observed in our MD runs. For ubiquitin, the two types of trimers shared virtually the same  (panel
B), while for cyt c the linear form had a significantly larger  (panel D). Experimental  values
could not be determined for ubiquitin 12+ and cyt c 18+ trimers because of signal overlap with
dimers and monomers.

3.4

Conclusions
Nonspecific protein clustering is a well-known problem in native ESI. If not properly

recognized, this process can mislead experimentalists into reporting erroneously high protein-
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protein binding affinities. Even worse, clustering can generate complexes that are completely
artifactual, as demonstrated here for two proteins that are known to be monomeric in solution. The
formation of such nonspecific clusters can be suppressed by ensuring that the initial ESI droplets
contain no more than a single protein molecule, e.g., by using low analyte concentrations (Figure
3.1C/D)61, 68 and/or narrow emitter tips that produce smaller droplets.24, 62, 66, 67, 70 Also, the use
of relatively high background electrolyte concentrations (e.g., ammonium acetate) can help
suppress the formation of ESI-generated salt bridge contacts (Figures 3.1A/B, 3.10).
For the first time, this work provides an atomistic view of ESI-induced protein cluster
formation. Our MD runs generated dimers and trimers in charge states that coincided with
experimental values, attesting to the fidelity of the modeling strategy used. Overall, our
simulations support the view24, 45, 61-70 that protein cluster formation is often linked to the CRM,
where individual solute molecules are forced to “stick” to one another as solvent evaporates.
However, we found that the CRM is not the only possible protein cluster formation pathway. For
proteins that carry a sufficiently large intrinsic charge, clustering within the droplet can be
followed by IEM cluster ejection. Similar IEM scenarios have previously been discussed for
certain salt clusters,31, 95, 96 but the existence of this pathway for proteins is unexpected.
Regardless of the release mechanism (CRM or IEM), protein cluster assembly was shown
to occur at various time points for different runs. Sometimes protein-protein contacts were formed
very early when the droplet had lost very little solvent, while in other instances, clustering took
place during the final stages of solvent evaporation. One might have expected that clustering is
disfavored for proteins that are intrinsically charged, such that the chains repel each other.
Interestingly, we found that intrinsic charge is irrelevant for protein clustering, since cyt c (intrinsic
charge 6+) and ubiquitin (intrinsic charge zero) showed very similar behavior. We attribute this
effect to the tendency of droplets to project their internal charge to the droplet surface via dipole
ordering of the solvent, thereby creating a field-free region in the droplet interior.97
All clusters in our MD runs were assembled from proteins that retained a native-like fold.
Protein-protein contacts were mediated primarily by salt bridges involving surface residues. This
retention of native-like structure might open up interesting avenues for emerging single-particle
structure determination methods, where the deliberate creation of protein clusters could help boost
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signal intensities by increasing the number of X-ray scattering centers.98 In addition, the
combination of ESI clustering with soft-landing99 could produce protein assemblies for future
applications in nanotechnology. Hence, while nonspecific clustering is a nuisance in native ESI,
there could be scenarios where clustering is desirable. It is hoped that the mechanistic insights of
this work will stimulate future studies on the behavior of proteins in charged droplets.
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4

Formation of Gaseous Peptide Ions from Electrospray Droplets:

Competition between Ion Evaporation Mechanism (IEM) and Charged
Residue Mechanism (CRM)
4.1

Introduction
Electrospray ionization (ESI) mass spectrometry (MS) has become indispensable for

numerous analytical applications.1 The impact of ESI-MS has been particularly pronounced in the
area of proteomics. Some proteomics experiments involve intact protein analyses.2-4 However, a
more widely used approach is the analysis of proteolytic peptides by liquid chromatography (LC)
and ESI-MS.5, 6 In these bottom-up experiments, peptides are desalted and separated on a reversephase column, typically using a water/acetonitrile gradient with ~0.1% formic acid. The LC eluate
is then infused into the ESI source.7-10 The acidic LC mobile phase is an “ESI-friendly” solvent
that provides high signal intensity and stability.11-13
The ESI process commences with charged droplets that emanate from a Taylor cone at the
emitter outlet.14-16 These droplets undergo solvent evaporation and jet fission,17 culminating in
progeny droplets with radii of a few nm.11 Throughout this evaporation/fission cascade the net
droplet charge stays close to the Rayleigh limit zR, defined as11, 18-20

𝑧𝑅 =

8 𝜋 √0  𝑟 3
𝑒

(4.1)

where r = droplet radius,  = surface tension, e = elementary charge. Three main models have been
proposed for the release of gaseous analyte ions (typically [M + zH]z+) from ESI nanodroplets. (1)
According to the ion evaporation mechanism (IEM),21-24 ions get ejected from the droplet. Driving
force for these IEM events is the electrostatic repulsion between the analyte ion and other charges
in the droplet. (2) The charged residue mechanism (CRM)11, 19, 25 describes a scenario where
analyte ions are released upon droplet evaporation to dryness. (3) The chain ejection mechanism
(CEM) applies to unfolded proteins and other disordered polymers. It involves gradual expulsion
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via intermediate structures where droplets carry polymer tails that protrude into the vapor phase.2628

In addition to these mechanisms, various hybrid scenarios may exist.24, 29-31
The question which ESI mechanism applies under a given set of conditions remains

controversial.31-39 Here we focus on the two models with the longest history, i.e., the IEM21 and
the CRM25. Prevailing views3, 11, 40 suggest that the IEM applies to analytes that are small and
already charged in solution.21, 22 The CRM is believed to be operative for analytes that are large
and compact, such as globular proteins.11, 19, 39 However, the IEM vs. CRM distinction on the basis
of analyte size is contentious. Some studies suggested a size cut-off in the range of a few kDa,19,
41

while others proposed values as low as 100 Da,39 or as high as 5 MDa.42 This disparity highlights

the need for additional investigations.
Recent years have witnessed a renaissance of ESI mechanistic research that has been
fueled, in part, by molecular dynamics (MD) simulations of nanodroplets.24, 26, 27, 43-55 MD studies
on small ions confirmed the viability of IEM events,26, 43-45, 47 while various globular proteins
showed CRM behavior.26 It was also demonstrated that even intact proteins can follow the IEM,
provided that they are highly charged in solution (because the IEM relies on electrostatic repulsion)
while maintaining a compact structure (because unfolding would promote the CEM).24
Unlike intact proteins, the mechanism of peptide ESI has received relatively little attention.
This is surprising, considering that peptides are the central analytes in bottom-up proteomics.5-10,
13

In most LC/ESI-MS workflows, peptides are generated by tryptic digestion. Trypsin cleaves

after Arg and Lys (unless followed by Pro),5, 56 generating peptides with ~10 residues.8, 57-60 Peptide
protonation in solution is promoted by the acidic LC mobile phase and by the presence of at least
two basic sites, i.e., the N-terminus and the C-terminal Arg or Lys.8, 12 Solution charge generally
tends to be a poor predictor of ESI charge states,61-63 but for tryptic peptides at acidic pH, the
dominant ESI charge states (3+ and 2+) happen to resemble the charge in solution.10
Compared to intact proteins, tryptic peptides are relatively small. As noted above, small
size and the presence of a net charge are expected to favor IEM behavior.11, 19, 41 Accordingly, it is
often implied that peptides follow the IEM.13, 36, 64, 65 Surprisingly, MD simulations on various 3+
peptides in aqueous droplets with ~3 nm radii did not confirm this expectation. Those studies
suggested that gaseous peptide ions (with 9,53 11,49 or 21 residues66) are instead formed via droplet
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evaporation to dryness, consistent with the CRM. IEM behavior was observed in simulations on
GlyGly+,67 but that work focused on nanojets, such that the relevance for typical ESI nanodroplets
is unclear. In summary, much remains to be learned about the ESI behavior of peptides.
To shed light on peptide ESI events, the current study took a fresh look at the release of
[M + zH]z+ peptide ions from ESI nanodroplets using MD simulations. As model compound we
chose bradykinin (RPPGFSPFR, monoisotopic mass 1059.56 Da), a peptide that has been the focus
of many earlier MS investigations.53, 61, 68-72 Bradykinin is widely used for benchmarking MS
performance, particularly in a proteomics context. It resembles a tryptic peptide because of its size
(9 residues), the presence of a C-terminal Arg, and the formation of 3+ and 2+ ions during ESI.8,
57-60

Bradykinin biosynthesis involves hydrolysis of kininogen by plasma kallikrein, a trypsin-like

serine protease.73 Despite the use of water/acetonitrile in LC/ESI-MS,7-10, 13 we studied bradykinin
in aqueous droplets. This is because organic cosolvents evaporate more quickly than water, such
that the final ESI nanodroplets contain a much higher water percentage than the initial solution.7477

Aqueous droplets are particularly relevant for peptides that are relatively hydrophilic (such as

bradykinin) because these species elute early, when the acetonitrile content of the LC gradient is
low.7 Our data reveal that both the IEM and the CRM are viable ESI mechanisms for bradykinin.
The two pathways are in kinetic competition with one another. IEM behavior is prevalent under
acidic conditions. However, the ejection electrostatics are favorable only for a certain droplet size
range. Our findings reconcile earlier reports of peptide CRM behavior49, 53, 66 with the traditional
expectation that peptides follow the IEM.13, 36, 64, 65

4.2

Materials and Methods

4.2.1 ESI-MS Experiments
Bradykinin acetate salt was from Sigma (St. Louis, MO). Samples with peptide
concentration of 5 μM were prepared in LC grade water. Formic acid or ammonium hydroxide
were used to adjust the bulk solution pH to 2, 7, or 10. ESI mass spectra were recorded on a Synapt
G2 time-of-flight instrument (Waters, Milford, MA) in positive ion mode. Solutions were
electrosprayed at +2.8 kV using a standard Z-spray ESI source, with syringe pump infusion at 5
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μL min–1. The experiments used gentle source conditions, with a cone voltage of 5 V, and
source/desolvation temperatures of 30 °C and 40 °C, respectively. Average z values were
calculated by considering all peptide charge states, including the -H2O signals of 3+ ions.

4.2.2

MD Simulations
ESI droplet simulations in positive ion mode were performed using Gromacs 2018.78

Bradykinin coordinates were initially generated in an extended random conformation using Pymol.
Spherical water droplets with initial radii r0 between 1.5 nm and 5 nm (∼420 to ∼17300 water
molecules) were built around the peptide. The TIP4P/2005 water model79 was used because it
reproduces the surface tension and various other physical water properties over a wide temperature
range.80 Simulations used the CHARMM36 force field,81 which has been shown to perform well
for protein ESI simulations.26 Na+ ions were inserted in random positions to bring the initial net
droplet charge close to the Rayleigh limit, calculated from eq. 1 with  = 0.05891 N m-1 for water.82
For a radius of 1.5 nm the initial droplet charge was 6+, while for 5 nm it was 40+. Other droplet
radii (and initial droplet charges) were 4.5 nm (34+), 4.0 nm (29+), 3.5 nm (23+), 3.0 nm (18+),
and 2.0 nm (10+). These droplet sizes are in the range of “late” nanodroplets in the ESI plume
from which analyte ions are liberated into the gas phase.11 The use of Na+ circumvents
computational difficulties associated with the Grotthuss diffusion of H+.83 Following steepest
descent energy minimization, 75 ns MD runs were performed at 370 K using trajectory stitching,
where evaporated water and Na+ were eliminated in 250 ps intervals to speed up the simulations.26
Bond constraints allowed the use of a relatively long integration step (2 fs).84 Temperature control
was achieved using the Nosé-Hoover thermostat. At least five independent runs were performed
for each condition, using different initial atom velocities and Na+ positions. The three X-Pro
peptide bonds underwent occasional cis-trans isomerization, a process that also occurs in
experiments.69 The dominant isomers were trans/trans/trans and trans/cis/trans (determined using
Pymol dihedral angle measurements), consistent with computational53 and NMR85 investigations
on bradykinin.
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4.2.3 Protonation Patterns for MD Simulations
ESI simulations require a judicious choice of analyte titration pattern within the droplet,
keeping in mind that the charge of titratable sites depends on pH (Figure 4.1). The pH in ESI
droplets can differ from that of the bulk analyte solution.55, 86-90 Reasons for such discrepancies
include water oxidation in the source (2 H2O → 4 H+ + O2 + 4e-).91 Also, solvent evaporation in
the ESI plume increases the concentration of solutes, including H+ or OH-.87 As a result, droplets
generated at pH  7 can be expected to be more acidic than the initial solution.86 The trend for
alkaline solutions is less clear, because pH might go up or down depending on whether OHenrichment or electrolytic acidification dominates. pH is a concept that assumes bulk solution
equilibria. Such considerations may not be appropriate for shrinking ESI droplets which represent
a confined non-equilibrium environment. It has been suggested that excess protons accumulate at
the droplet surface, such that acidification of the interior (where analytes reside much of the time)
will be less pronounced. Also, titration events can be relatively slow. Carboxylate (Asp-/Glu-/Cterminus-) protonation takes place with k ≈ 4.5 × 1010 M-1 s-1.92 This corresponds to reaction times
of (0.001 M × k)-1 ≈ 20 ns at pH 3, ~200 ns at pH 4, or ~2000 ns at pH 5. These time scales are
comparable to the final stages of the ESI process,11 suggesting that titration reactions may lag
behind as the droplet pH changes. Droplet-mediated rate enhancements can further complicate the
situation.93 Overall, the extent of pH changes within ESI droplets and the corresponding
implications for analyte titration patterns remain poorly understood. Our MD simulations took a
simplistic approach and approximated bradykinin titration patterns based on bulk solution pH
(Figure 4.1). Importantly, ESI-induced pH changes are irrelevant at pH 2, because bradykinin is
fully protonated at this pH (Figure 4.1) such that additional acidification would leave the peptide
charge unchanged. Bradykinin at pH 2 was modeled with a 3+ net charge [nt+R+PPGFSPFR+ct0],
where “nt” and “ct” indicate N- and C-termini, respectively. For pH 7 we used the 2+ pattern
[nt+R+PPGFSPFR+ct-], while for pH 10 the peptide charge was 1+ [nt0R+PPGFSPFR+ct-].
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7.4, C-terminus with pKa = 3.9). Accordingly, at pH 2 bradykinin was modeled with a 3+ net
charge [nt+R+PPGFSPFR+ct0], where “nt” and “ct” indicate N- and C-termini, respectively. For
pH 7 the net charge was 2+ [nt+R+PPGFSPFR+ct-]. For pH 10 the net charge was 1+
[nt0R+PPGFSPFR+ct-].

4.3

Results and Discussion

4.3.1 ESI-MS Experiments
Mass spectra of bradykinin electrosprayed in aqueous solutions at pH values of 2, 7, and
10 are shown in Figure 4.2. Consistent with earlier results,53, 61, 68-72 the spectra showed charge
states of 3+ down to 1+. The pH 2 data were dominated by 3+ ions (av. charge 2.7+, Figure 4.2A).
At pH 10, the most intense charge state was 2+ (av. charge 2.1+, Figure 4.2C). These observations
demonstrate that bulk solution pH has a certain effect on the ESI charge state distribution of
bradykinin. However, the observed pH dependence is less pronounced than one might expect from
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the peptide charge in solution (which shifts from 3+ at pH 2 to 1+ at pH 10, Figure 4.1). The
observed behavior is consistent with earlier experiments, which demonstrated that there tends to
be a disparity between peptide charge in solution and in the gas phase, although some trends persist
(i.e., somewhat higher ESI charge states at acidic pH).61
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Figure 4.2. ESI mass spectra of bradykinin acquired in aqueous solution at (A) pH 2, (B) pH 7,
and (C) pH 10. The charge states z of the [M + zH]z+ ions are indicated. The signal intensity of the
1+ region has been magnified by a factor of twenty in all three panels. The -H2O signal seen for
3+ bradykinin is consistent with data on other Ser-containing peptides,95 reflecting the fact that the
3+ ions experience more collisional activation during ion sampling than the 2+ and 1+ species.
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The peptide ions in the spectra of Figure 4.2 had a [M + zH]z+ composition. We repeated
the experiments in the presence of 0.5 mM NaCl, generating ions that were charged by a
combination of protonation and sodiation ([M + (z-i)H + iNa]z+, Figure 4.3). ESI charge states seen
for those NaCl-containing solutions were similar to those of Figure 4.2, revealing that the outcome
of the ESI process is largely independent of the charge carrier used (H+ or Na+). This is important
when comparing experiments and MD results, keeping in mind that our simulations employed
droplets charged with Na+.24, 26, 45, 54, 55
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Figure 4.3. ESI mass spectra of bradykinin acquired in aqueous solution containing 0.5 mM NaCl
at (A) pH 2, (B) pH 7, and (C) pH 10. The spectra show heterogenous charging due to protonation
and sodiation, giving rise to various [M + (z-i)H + iNa]z+ ions.
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4.3.2 ESI Simulations on Bradykinin at pH 2
The primary focus of our MD simulations was on the ESI behavior of bradykinin in acidic
solution, because most peptide ESI analyses are conducted at low pH.7-10 Conveniently, changes
in droplet acidity during evaporation are not an issue under these conditions, rendering pH 2
simulations conceptually straightforward. MD runs were conducted by embedding 3+ bradykinin
in Rayleigh-charged water droplets. Like in earlier simulations on other analytes,24, 26 the MD runs
showed rapid water evaporation. Occasional IEM ejection of Na+ kept the shrinking droplets close
to the Rayleigh limit. This water and Na+ behavior has been discussed in detail elsewhere.26, 43-45,
47

Figure 4.4A exemplifies snapshots from an MD run on an ESI droplet with an initial radius
r0 = 4 nm. The 13.5 ns time point illustrates a Na+ ejection event. Also at this time, bradykinin had
moved close to the droplet surface. However, in this trajectory the peptide remained within the
droplet until the solvent had completely evaporated at t ≈ 75 ns. In other words, formation of the
[M + 3H]3+ peptide ion in Figure 4.4A followed the CRM. Similar CRM trajectories have
previously been reported in MD studies on other 3+ peptides.49, 53, 66
Figure 4.4B shows MD data for a droplet with r0 = 5 nm. Once again, the droplet underwent
water evaporation with IEM ejection of Na+ (t = 2.25 ns in Figure 4.4B). Unlike in the
aforementioned CRM run, bradykinin was ejected from the droplet at t ≈ 3.24 ns. The departing
peptide left behind an analyte-free residual droplet. Immediately after ejection, the peptide
remained bound to ca. 50 water molecules which then evaporated, ultimately generating a [M +
3H]3+ gaseous ion (Figure 4.4B, t = 75 ns). Ejection of bradykinin from the droplet in Figure 4.4B
signifies the hallmark of the IEM. To our knowledge, this is the first time that droplet MD
simulations confirmed the viability of gaseous peptide ion formation via the IEM. More generally,
Figure 4.4 demonstrates that both the IEM and the CRM can produce gaseous bradykinin ions.
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Figure 4.4. MD trajectory snapshots of aqueous ESI droplets containing 3+ bradykinin (pink) and
excess Na+ (blue) for various time points, representing a pH 2 droplet. (A) Initial droplet radius r0
= 4 nm, culminating in [M + 3H]3+ ion formation via the CRM. (B) r0 = 5 nm, with [M + 3H]3+
ion formation via the IEM. Both trajectories also show IEM ejection of Na+, highlighted in blue.
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Multiple pH 2 simulations were conducted to examine which factor(s) govern the
prevalence of IEM vs. CRM behavior. MD runs for initial droplet radii between 1.5 nm and 5 nm
all produced [M + 3H]3+ gaseous ions. A quick way to recognize the ESI mechanism in the MD
data is to track the number of water molecules surrounding the peptide. All of the profiles in Figure
4.5 start off with a gradual decrease that reflects water evaporation from the droplet. For CRM
trajectories, this decrease continued all the way to zero, implying that the peptide was released by
solvent evaporation to dryness. Conversely, IEM trajectories exhibited near-vertical transitions at
the point of peptide ejection. Almost all of the MD runs on droplets with r0 between 5.0 nm and
4.0 nm culminated in IEM ejection of bradykinin. Droplets with r0 = 3.5 nm and 3.0 nm resulted
in a mix, where some peptides showed IEM behavior while others followed the CRM (Figure
4.5A). The smallest droplets (r0 = 2.0 nm and 1.5 nm, Figure 4.5B) exclusively showed CRM
behavior. This trend is also apparent from Figure 4.6A, which shows the percentage of each ESI
mechanism for all r0 values. Before discussing the origin of this trend, we will have a look at
additional simulation results.
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Figure 4.5. ESI simulation results from multiple MD runs on bradykinin in droplets with different
initial radius r0. (A) r0 = 5.0 nm to 3.0 nm, (B) r0 = 2.0 nm and 1.5 nm. The simulations mimic pH
2 droplets with a 3+ peptide charge in solution. All runs generated [M + 3H]3+ gaseous ions. Graphs
display the number of water molecules surrounding the peptide. Sudden downward transitions
indicate IEM ejection of the peptide. CRM runs are characterized by a gradual decrease toward
zero as droplets evaporate to dryness. The profiles shown here represent five to seven independent
MD runs for each droplet radius.

4.3.3 ESI Simulations at pH 7 and pH 10
MD runs for pH 7 were conducted by adjusting the solution charge of bradykinin to 2+
(Figure 4.1). Most of these simulations produced gaseous peptide ions via the CRM (Figure 4.7A).
Only some runs showed IEM behavior (Figure 4.7B). The majority of the pH 7 simulations
culminated in [M + 2H]2+ gaseous ions. The remaining runs involved attachment of one Na+,
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generating [M + 2H + 1Na]3+ ions. Na+ binding to bradykinin involved electron-rich moieties, such
as backbone carbonyl oxygens and the C-terminal carboxylate (Figure 4.7, t = 75 ns). This
occasional sodiation took place for both IEM and CRM runs. The CRM versus IEM balance, as
well as the final charge states of all pH 7 simulations are compiled in Figure 4.6B.
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Figure 4.6. Summary of MD simulation results for bradykinin in differently sized droplets.
Gaseous peptide ions were formed via the IEM (filled bars) or the CRM (open bars). The initial
bradykinin charge in solution was (A) 3+, corresponding to pH 2; (B) 2+, corresponding to pH 7;
(C) 1+, corresponding to pH 10. The percentage of each ESI mechanism is shown on the y-axis.
Different colors in each panel distinguish final charge states. The i/j notation indicates the number
of runs that showed a specific mechanism (i) for the total number of runs under that condition (j).
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Figure 4.7. MD trajectory snapshots of aqueous ESI droplets containing 2+ bradykinin (pink) and
excess Na+ (blue) for various time points, representing a pH 7 droplet environment. (A) Initial
droplet radius r0 = 3 nm, culminating in [M + 2H + 1Na]3+ ion formation via the CRM. (B) r0 = 5
nm, with [M + 2H + 1Na]3+ ion formation via the IEM.
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At pH 10 the solution charge of bradykinin is 1+ (Figure 4.1), but none of these simulations
produced a singly charged gaseous peptide. Instead, all runs involved binding of one or two Na+,
generating [M + 1H + 1Na]2+ or [M + 1H + 2Na]3+ ions. Most of these gaseous peptides were
formed via the CRM. IEM behavior was seen in some runs for larger droplets, but never for r0 < 3
nm (Figure 4.6C). Evaporation kinetics at pH 7 and pH 10 are shown in Figures 4.8 and 4.9.
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Figure 4.8. MD results from multiple repeat runs for bradykinin in droplets with different initial
radius r0. The simulations mimic a pH 7 droplet environment with a 2+ peptide charge in solution.
Most of the runs generated [M + 2H]2+ gaseous ions (denoted as 2+ → 2+, panels A and B). Some
runs generated [M + 2H + 1Na]3+ gaseous ions (denoted as 2+ → 3+, panel C). Graphs display the
number of water molecules surrounding the peptide. Sudden downward transitions indicate IEM
ejection of the peptide. CRM runs are characterized by a gradual decrease toward zero as droplets
evaporate to dryness.
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Figure 4.9. MD results as in Figure 4.8, but for a pH 10 droplet environment with a 1+ peptide
charge in solution. Most of the runs generated [M + 1H + 1Na]2+ gaseous ions (denoted as 1+ →
2+, panels A and B). Some runs generated [M + 1H + 2Na]3+ gaseous ions (denoted as 1+ → 3+,
panel C).

4.3.4 Comparing MD Data and Experiments
The pH-dependent simulation results are in good agreement with our experimental ESIMS data. Changing the pH from 2 to 7 to 10 caused a 2.7+ → 2.5+ → 2.1+ shift in the average
charge state of the experimental mass spectra (Figure 4.2). The average MD charge states showed
a similar shift (3.0+ → 2.2+ → 2.1+, Figure 4.6). Simulated bradykinin ions exclusively appeared
as 3+ and 2+ ions, matching the dominant charge states in the experiments. This agreement is not
trivial because, in principle, Na+ binding could have generated charge states z > 3 during the MD
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runs, but neither the simulations nor the experiments showed such highly charged ions. Similarly,
pH 10 simulations could have produced 1+ gaseous ions. Instead all of the corresponding MD runs
produced 2+ or 3+ charge states, consistent with experiments of Figure 4.2C where the 1+
contribution was very low (about 1%). The overall agreement between MD results and
experiments supports the validity of the modeling strategy used here.
Proteins comprise a much larger number of residues compared to peptides. For those large
molecules, lowering the bulk pH often causes dramatic shifts to higher ESI charge states as a result
of unfolding in solution.26, 96-98 In comparison, the pH dependent shifts seen for bradykinin (Figure
4.2) and similar peptides61 are more moderate. Still, the question arises if these peptide shifts are
also related to unfolding. Our data indicate that this is not the case. Bradykinin can adopt transient
structure in solution,69 but its overall conformation is disordered.85 This disorder is consistent with
the near-instantaneous deuteration of bradykinin.99 The formation of stable secondary structure is
hindered by the large percentage of Pro (3/9 residues).94 The inability of bradykinin to adopt a
folded state in solution precludes the occurrence of unfolding. This view is supported by MD data
for bradykinin in droplets between pH 2 and 10, all of which showed disordered conformations as
exemplified in Figure 4.10 (although collapse into more compact structures can take place after
release into the gas phase, particularly for 1+ ions72). We conclude that pH-dependent ESI charge
state shifts of bradykinin are not caused by unfolding in solution. Instead, these shifts appear to be
a remnant of the peptide protonation pattern in solution, although there is no 1:1 correlation
between analyte charge before and after ESI.61-63
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Figure 4.10. MD-generated bradykinin conformations in aqueous ESI droplets at three pH values,
representing time points around 20 ns. The peptide is highly dynamic and unfolded under all three
conditions. There is no evidence of a hydrophobic core (which would represent the hallmark of a
native state).100 Instead, hydrophobic (Phe) as well as hydrophilic (Arg) side chains are exposed
to the solvent in all three structures.

It is interesting that at pH 2 the solution charge of bradykinin is 3+ (Figure 4.1), while the
corresponding experimental spectrum showed ~30% 2+ ions (Figure 4.2A). We tentatively
attribute these 2+ ions to charge loss during IEM ejection, when some of the departing peptides
leave one proton behind in the droplet. Similar events can take place for proteins during the CEM.26
Our MD strategy did not allow for such H+ transfer. Instead, all of our pH 2 simulations culminated
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in [M + 3H]3+ ions, matching the dominant (~70%) signal in the experimental spectrum of Figure
4.2A.
Previous work suggested that natively folded proteins predominantly follow the CRM.11,
25, 26, 39

The ESI charge states z of these CRM-generated ions approximately match zR of protein-

sized water droplets, as expected if the net charge of the shrinking ESI droplets stays close to the
Rayleigh limit (eq. 1).11, 19 This z ≈ zR relationship also holds for the CRM-generated peptide ions
examined here. When using a density of 1 g cm-3, bradykinin (1060 Da) has an effective radius of
0.75 nm.19 From this radius eq. 1 predicts z = 2.3+, which is within the range observed in our
experiments and simulations (Figures 4.2, 4.6). However, this agreement does not provide clues
to the ESI mechanism, because CRM and IEM simulations both generated the same charge state
range (Figure 4.6).

4.3.5 Competition Between ESI Mechanisms
Our MD data reveal that IEM and CRM are both viable for the formation of gaseous
peptide ions. The distinction between the two mechanisms was clear-cut; there was no
“intermediate” ESI scenario under the conditions of this work. Figure 4.6 implies that the
prevalence of IEM ejection follows two trends. (1) Peptide charge in solution (qpep) is a key factor.
IEM behavior was much more common for qpep = 3+ than for qpep = 2+. Peptides with qpep = 1+
were incapable of IEM ejection, unless Na+ binding generated a 2+ ion. (2) The other key factor
is the initial droplet radius r0. IEM ejection was favored for larger droplets (r0 = 4 nm to 5 nm),
while none of the runs for r0 < 3 nm showed IEM behavior.
A simple model can qualitatively account for the dependence of IEM ejection on qpep and
r0 (Figure 4.11). IEM events are driven by the repulsive force F between qpep and the droplet charge
qdrop = qR – qpep.21-24 Droplet and peptide are approximated as spheres, with rpep = 0.75 nm as noted
earlier. We focus on a situation where the peptide is poised to undergo IEM ejection and has moved
to the outside surface of the droplet (right hand side in Figure 4.11A,B). One can calculate the
dependence of F on qpep and r0 by noting that F = E × qpep, with the electric field E = (40)-1 qdrop
/ (rdrop + rpep)2.
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The magnitude of F governs the IEM vs. CRM competition. If F is small, the peptide will
be pulled back into the droplet as a result of solvent polarization, image charges, and surface
tension effects.21, 22 Our model does not explicitly consider these opposing factors. Instead, we
focus on the premise that a large F will favor separation of peptide and droplet, thereby promoting
IEM behavior. Figure 4.11A illustrates the situation for r0 = 1.5 nm and qpep = 3+, with F = 0.52
nN. Increasing the droplet size to r0 = 4.5 nm boosts F to 0.78 nN, Figure 4.11B). It is obvious that
this larger repulsion will promote IEM ejection in Figure 4.11B. Peptide/droplet separation is less
likely in Figure 4.11A, favoring retention of the peptide in the droplet until the solvent has
evaporated to dryness (CRM).
F(r0) plots for different qpep show that 3+ peptides experience the highest repulsive force,
while F is lowest for qpep = 1+ (Figure 4.11C). This predicted dependence accounts for Trend (1)
identified above; i.e., the fact that a high peptide charge solution (caused by low pH) favors IEM
ejection. The maximum of the F(r0) plot for qpep = 3+ is at r0 = 4 nm (Figure 4.11C). Thus, our
model predicts that IEM ejection will be most favorable for droplets in this size range. Smaller
droplets will preferentially exhibit CRM behavior. This prediction accounts for Trend (2), i.e. the
low prevalence of IEM events for very small droplets. One can explain the second trend by noting
that for very small r0, a significant fraction of overall charge (qR) is contributed by qpep. Under
these conditions, the remaining qdrop is so small that only a relatively weak repulsive force F is
generated (Figure 4.11A). F is more favorable for larger droplets (e.g. r0 = 4.5 nm, Figure 4.11B),
where IEM ejection becomes more likely. Much larger droplets once again show lower F values,
because E  r0

-1/2

for Rayleigh-charged droplets with rpep << rdrop and qpep << qdrop.22, 24, 101

Although the low E of very large droplets prevents peptide IEM, these droplets may shrink until
they reach a size regime where F is adequate for peptide ejection (e.g., from r0 = 50 nm to 4 nm
along the red profile in Figure 4.11C). However, fission events cause discontinuous size changes,
such that not all droplets will necessarily pass through the regime where IEM is favored.
Unfortunately, computational cost precludes MD simulations on such very large droplets.
The approximate minimum force Fmin required for peptide IEM is indicated by the dashed
line in Figure 4.11C. Fmin was estimated by noting that IEM events become feasible for 2+ (pH 7)
bradykinin in the r0 range between 3 nm to 5 nm (Figure 4.6B). Conditions where F > Fmin allow
for peptide IEM ejection. Conditions below this threshold favor peptide ion formation via the
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CRM, unless the droplet is very large and can shrink until F > Fmin. It is gratifying that our model
can account for the trends of IEM ejection on qpep and r0 that were seen in the MD simulations.
However, we emphasize the minimalist nature of this model which neglects many aspects of
droplet behavior.
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Figure 4.11. Simple electrostatic model to calculate the force F acting on a peptide ion (“pep”)
during IEM ejection. Droplet and peptide are modeled as charged spheres. (A) The left cartoon
shows a droplet with r0 = 1.5 nm at the Rayleigh limit prior to ejection. The cartoon on the right
shows the peptide during ejection. The repulsive force F acting on the peptide at this point is
indicated in red. (B) Same as in panel A, but for a droplet with r0 = 4.5 nm. (C) Dependence of F
on r0 for different values of qpep. For additional details, see text.

122

4.4

Conclusions
How are gaseous peptide ions formed during the ESI process? The current work reveals

that the answer to this question is not straightforward. Using bradykinin under acidic conditions
(solution charge 3+) as a model peptide, both the IEM and the CRM were found to be viable.
Droplets with radii between 4 and 5 nm showed mostly IEM behavior, whereas for smaller droplets
the CRM was dominant. Our data resolve a conundrum in the literature; on the one hand it is
widely believed that peptides follow the IEM,13, 36, 64, 65 while on the other hand earlier simulations
showed peptide CRM behavior.49, 53, 66 Notably, those earlier simulations used relatively small
droplets (r0 ≈ 3 nm). Our data confirm that the CRM is dominant for droplets in this size range,
whereas IEM behavior becomes prevalent for droplets that are somewhat larger (Figure 4.6).
Even after verifying that peptide ions can form through both mechanisms, it remains
difficult to predict the IEM vs. CRM balance under experimental conditions. This is because the
ESI plume comprises a wide droplet size range (particularly with the high flow rates used for
LC/MS), covering radii of ~ 1 µm down to 2 nm and below.11, 18 If solvent evaporation were the
only shrinkage process, all of the early (large) ESI droplets would automatically pass through the
4-5 nm regime where IEM is favorable. However, in reality Coulomb fission plays a dominant role
as well,11, 18 such that droplets may “skip over” this IEM regime. For example, formation of 2 nm
progeny droplets from a 10 nm parent droplet will miss the 4-5 nm range where IEM ejection is
likely to happen. In other words, before predicting the prevalent peptide ESI mechanism under
experimental conditions, it will be necessary to obtain a better understanding of the droplet size
distribution in the ESI plume. The results of the current work specifically apply to bradykinin. It
is to be expected that the IEM vs. CRM balance will also be affected by the amino acid
composition, including the percentage of nonpolar side chains and the number of titratable sites.54
Efforts to tackle these issues are currently underway in our laboratory, and the results will be
reported elsewhere.
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5.1

Summary, Conclusions, and Future Work

Summary and Conclusions
ESI-MS has opened up new avenues, from fundamental biophysics to applications in the

biopharmaceutical industry; however, the question of how exactly analytes are transferred from
solution into the gas phase still remains contentious. Researchers have argued about this topic for
many decades. Three different principal mechanisms have been proposed to account for the very
final steps, i.e., the CRM, IEM, and CEM. However, there is no conclusive evidence for any one
of these mechanisms. The distinction between CRM and IEM continues to inspire debate and
controversy. Proposals of hybrid mechanisms have been put forward as well, involving elements
of both the CRM and the IEM.1 The primary solvent evaporation and Coulombic fission events
are the same in analyte containing droplets. The electrospray mechanism then is controlled by
many factors such as the charge state, the concentration, the composition, and the dimensions of
the analyte.2,3
In the second chapter, the possible involvement of IEM events for proteins was scrutinized
using a combination of MS, IMS, and MD simulations. The effects of protein charge in solution
and droplet size were explored. Ubiquitin was chosen as the model protein because of its high
stability which allows the protein charge in solution to be controlled via pH adjustment without
changing the protein conformation. The results obtained in these investigations demonstrated for
the first time that the IEM is indeed a viable ionization mechanism for intact proteins. More
specifically, the IEM is favored for proteins that are tightly folded and highly charged in solution,
and for droplets in a suitable size regime.
In the third chapter, we combined experiments and MD simulations to gain detailed insights
into the ESI clustering of proteins. Such clustering events are a well-known problem in native ESI
because they can generate complexes that are artefactual and/or result in erroneously high
protein−protein binding affinities. Our simulations support the view that protein cluster formation
is often linked to the CRM. However, for proteins carrying a sufficiently large intrinsic charge,
clustering within the droplet can be followed by IEM cluster ejection. Because cyt c (intrinsic
charge 6+ at pH 7) and ubiquitin (intrinsic charge zero) both produced clusters, it can be concluded
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that intrinsic charge is irrelevant for protein clustering. No significant conformational changes of
the individual proteins were observed during cluster formation, implying that nonpolar core
residues remained inaccessible. Instead, protein−protein contacts were mediated by salt bridges
involving surface residues.
In the fourth chapter, we studied the formation of gaseous peptide ions from ESI droplets
by performing MD simulations and MS experiments on bradykinin. Comparing bradykinin mass
spectra in aqueous solutions at different pH showed that the pH 2 data were dominated by 3+ ions,
while at pH 10 the most intense charge state was 2+. Our MD strategy correctly captured these
pH-dependent charge state shifts seen in ESI-MS experiments. We found that small droplets
predominantly release peptide ions via the CRM. In contrast, somewhat larger droplet radii favor
IEM behavior. In addition to these factors, it seems likely that the ESI mechanism can be affected
by the amino acid composition and the number of titratable sites.
A common thread throughout this thesis is the finding that both the IEM and the CRM are
viable ESI mechanisms for a wide range of analytes, from small peptides (bradykinin) all the way
to large protein complexes (trimeric cytochrome c). These mechanisms are in kinetic competition
with one another, and small changes in the physicochemical properties of analyte and droplet can
tip the balance toward one or the other mechanism. The scientific approaches used throughout this
thesis relied heavily on MD simulations, a technique that is based on simple physical models and
that has been designed to capture the behavior of large systems in a reasonably short wall-clock
time. The reliability of such simulations must be judged by comparing their results to experimental
data. Gratifyingly, each of the Chapters 2, 3, and 4 illustrated remarkable agreement between MD
results and experimentally observed parameters such as charge states, cluster ion compositions,
salt adducts, and collision cross sections. Thus, it appears that the data described in this thesis
provide a fairly accurate atomistic view of various ESI processes.
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5.2

Future Work

5.2.1 Using Protons as Charge Carriers
Under realistic experimental conditions, protons generated by water oxidation are the major
charge carriers when ESI is conducted in positive polarity. Protons exhibit a special behaviour by
rapidly “hopping” throughout the H-bonded water network. This process is called Grotthuss
diffusion.4 Most ESI droplet simulations avoid protons and instead use Na+ ions as excess charge
carriers. Such simple metal cations sidestep difficulties related to Grotthuss diffusion; however,
they culminate in the formation of sodiated protein ions. For comparing such simulation results
with experiments, it is necessary to perform ESI-MS in the presence of salts which cause signal
suppression and poor S/N ratios. Recent work from our laboratory on the simulating proton
hopping represents the first step toward ESI droplet simulations with protons as excess charge
carriers.5 Such simulations would more closely match commonly used experimental conditions.

5.2.2 Investigating Earlier ESI Droplets
The initial droplets released from the tip of the Taylor cone in ESI or nanoESI have radii
of ~1 µm and <100 nm, respectively. It is believed that evaporation and fission events culminate
in droplet with radii of only a few nm, out of which gaseous ions are released. In Chapter 2 we
discussed the involvement of the droplet size in the ionization process, but unfortunately we could
not proceed past initial droplet radii of 5.5 nm due to limitations in available computer time and
speed. Running simulations on much larger droplets, e.g., those that were just emitted from the
Taylor cone would be prohibitively expensive from a computational point of view. Yet, it appears
that additional insights would be obtainable from such large-scale simulations. Considering recent
major advancements in computer hardware and software, we are optimistic that it will soon be
possible to conduct such simulations, thereby obtaining a much more comprehensive view of the
entire ESI process.
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5.2.3 Extending MD Simulations in the Gas Phase
In Q-TOF instruments, it takes analytes a few milliseconds to be ionized and detected.
Running simulations for such long time scales (close to the experimental conditions) might render
the results more reliable since an actual parameter is included in the modeling. Currently,
computational cost precludes MD simulations for such a long time, at least for large proteins.
Running simulations for an extended time may be achievable in the future by faster computers.
Gaseous ions generated by native ESI possess “native-like” structure, likely due to kinetic trapping
that prevents the ions from overcoming energy barriers that might take them to inside-out
conformations.6 Exploring such questions via MD simulations will require greatly expanded run
times. It is hoped that technological progress (such as faster GPUs) will soon allow such longer
simulations, thereby obtaining conclusive proof of existing proposals related to the behavior of
gaseous protein ions on experimentally relevant time scales.

5.2.4 Investigating the Upper IEM Size Limit
What are the largest analytes that can still undergo IEM ejection? Prior to this thesis, most
practitioners believed that the IEM only applies to small and precharged analytes. However, in
chapters 2 and 3 we showed that native proteins such as ubiquitin and even large complexes like
cyt c trimers can take the IEM route. If technological progress provides conditions for running
very large droplets containing MDa analytes, perhaps it would be possible to observe IEM
behavior even for these “molecular elephants”. John Fenn (1917 – 2010, ESI inventor and Nobel
Prize winner) probably would have had a keen interest in this particular question, because he
always remained a strong IEM proponent, even in the case of very large analytes.
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Bachelor in Pure Chemistry (2008 – 2012)
University of Shahid Beheshti, Tehran, Iran

Honors and Awards

Bill Davidson Graduate Student Award, 2022.
Hadis Hayatdavoudi Graduate Scholarship in Chemistry, 2022.
Marg Northcott Lake Louise Student Travel Award, 2021.
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Western University-London-Ontario-Canada (2018-2022)
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Presentations and Posters
Canadian Chemistry Conference and Exhibition (June 2022)
E. Aliyari and L. Konermann, Peptide electrospray ionization mechanism: competition
between the ion evaporation mechanism and charged residue mechanism (Poster).
33rd International Tandem Mass Spectrometry Workshop (December 2021)
Investigating the mechanism of protein electrospray ionization (Oral Presentation).
33rd International Tandem Mass Spectrometry Workshop (December 2021)
Protein aggregation in ESI droplets and in bulk solution (Poster, Collaboration- Presenting
Author).
37th Trent Conference on Mass Spectrometry (August 2021)
Atomistic insights into the formation of nonspecific protein complexes during electrospray
ionization (Oral Presentation).
32nd International Tandem Mass Spectrometry Workshop (December 2019)
E. Aliyari and L. Konermann, Ion evaporation model for electrospray ionization of folded
proteins: evidence from atomistic simulations and mass spectrometry (Poster).
Canadian Chemistry Conference and Exhibition (June 2019)
E. Aliyari and L. Konermann, Formation of nonspecific protein complexes during native
electrospray ionization studied by molecular dynamics simulations and mass spectrometry
(Poster).

