UNIVERSITY OF CALIFORNIA
RIVERSIDE

Radically Defining Protein Behavior in the Gas-Phase: Insights for Mass SpectrometryBased Structural Interrogation
A Dissertation submitted in partial satisfaction
of the requirements for the degree of

Doctor of Philosophy
in
Chemistry
by
James Garrett Bonner

December 2018

Dissertation Committee:
Dr. Ryan Julian, Chairperson
Dr. Yinsheng Wang
Dr. Wenwan Zhong

Copyright by
James Garrett Bonner
2018

The Dissertation of James Bonner is approved:

Committee Chairperson

University of California, Riverside

Acknowledgements
I must, of course, thank the countless individuals who supported and prepared me
for graduate school, guided me through it, as well as those individuals that continue to
foster further intellectual and professional development in my life. Thank you to all my
family including both of my parents, Jan Nizic and Gary Bonner for nurturing my
curiosity of the natural world from an early age. Thank you to my aunt and uncle, Susan
and Brian Bateman for their immense kindness and generosity during my pursuit of both
my undergraduate and doctoral degrees. A quiet place to stay whenever needed, prepared
meals, and constant encouragement/advice undoubtably helped me through my
educational career.
Thank you to all my colleagues and friends that I made during my time at UC
Riverside including: Lance Talbert, Pete Shanta, Nathan Hendricks, Dylan Riggs, Tyler
Lambeth, Yana Lyon, Ting Ting Wu, Preston Williams, and Chris Nellessen among so
many others. The conversations, support, advice, and camaraderie offered by everyone
was instrumental in getting me through to the end of this road.
A special thank you to Dr. Marc Perry for the invaluable experience, mentorship
and guidance that I received while in your lab. I believe my time working in a research
lab along with all the other excellent mentors I had during my undergraduate education at
Point Loma Nazarene University were instrumental in my initial development as a
scientist.

iv

Finally, Thank you to Dr. Ryan Julian for your mentorship and sincere interest in
my current and future success. Your willingness to work around my limited schedule and
chaotic life events is something I will always remember and be thankful for. I also
appreciate all the time and effort you have given to training me these past four years and
look forward to hearing/reading about the future successes and discoveries in our lab as I
do not doubt there will be many more to come.

Text in this dissertation is preprinted with permission from the following publications:

1. J. G. Bonner, N. G. Hendricks and R. R. Julian, J. Am. Soc. Mass Spectrom., 2016, 27,
1661–1669.
2. J. Bonner, Y. A. Lyon, C. Nellessen and R. R. Julian, J. Am. Chem. Soc., 2017, 139, 10286–
10293.
3. J. Bonner, L. E. Talbert, N. Akkawi and R. R. Julian, Analyst, 2018, 143, 5176–5184.

v

Dedication
To my daughter, Celeste. You are a constant source of motivation, love, and support in my
life. If nothing else, I hope this work aids in convincing you that no matter what challenges
you might face, the only limitations in your life will be those you set for yourself. Please know
that I always love you and will strive to nurture and support any pursuit you find to be
worthwhile in this life.

vi

ABSTRACT OF THE DISSERTATION
Radically Defining Protein Behavior in the Gas-Phase: Insights for Mass SpectrometryBased Structural Interrogation
by
James Garrett Bonner
Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2018
Dr. Ryan Julian, Chairperson

The continuing development of mass spectrometry as a tool for structural biology
requires further elucidation of protein behavior in the gas-phase. Recent years have
brought about numerous studies on protein stability in the gas-phase, without a clear
consensus as to whether the non-covalent interactions defining protein structure are stable
and therefore ultimately amenable to evaluation in the absence of solvent. Despite this,
native mass spectrometry has already become a technique of significant interest for the
structural examination of large proteins and protein complexes in the gas-phase. Many
high molecular weight biomolecules sprayed from native-like aqueous environments
contain moderate amounts of net charge and are stabilized by extensive numbers of
intramolecular interactions such as hydrogen bonding. As proteins become smaller,
however, there are fewer of these stabilizing interactions. Additionally, as protein size
diminishes, the ratio of highly charged solvent-accessible surface to the protein interior
vii

also increases, creating an environment which experiences enhanced coulombic
interactions. For these and other reasons, careful consideration of each factor involved in
the stabilization or destabilization of biomolecular structure in the gas-phase is needed.
Specific factors scrutinized herein include a detailed understanding of
participating electrostatic interactions within gas-phase peptides and proteins, as these are
the most influential factors for the structures in the absence of intermolecular
interactions. The exquisite precision afforded by action excitation energy transfer paired
with molecular dynamics is used to probe local ion-dipole and ion-ion behavior in the
absence of solvent versus partial solvation. Utilizing a newly developed technique termed
photoelectron transfer dissociation, the prevalence of gaseous zwitterions are
investigated. This particular coulombic interaction was chosen due to important structural
implications being tied to their existence and the fact that little is currently known about
their propensity to exist in the gas-phase. Efforts are also made to facilitate crosslinking
analysis used for structural elucidation by incorporating 213 nm UVPD into the MS/MS
workflow. Crosslink-specific fragmentation produces reporter ions able to drastically
reduce search space allowing for confident identification and further insights into
molecular structure. These and other experiments serve to better our understanding of
protein structure and its stability outside of a native context.
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Chapter 1: Introduction
The characterization of biologically relevant molecules is a major step on the road
towards understanding their stabilities, functions, and pathologies. This roadmap of
molecules can be divided into three main sections; the genome, proteome, and finally
metabolome. The proteome is a particularly important component of this roadmap as it is
comprised of the proteins responsible for growth, communication, and homeostatic
regulation. Correctly folded and functional proteins are essential facets of life. They
constitute the tissues and organs of our bodies, enzymatically catalyze reactions otherwise
too slow to support life processes, routinely protect us from viral and microbial invaders,
as well as other oxidative stresses. Placing such importance on protein structure naturally
begets the investigation of natural or “native” folded states so that we might better
understand the mechanisms by which they function.

1.1 Direct Methods for the Characterization of Proteins
There are two mature and well-established methods for the direct characterization
of biomolecules such as proteins including X-ray crystallography and Nuclear magnetic
resonance (NMR). There is also a third direct technique which has garnered a lot of
attention in the structural biology community recently. While still under development, it
has become apparent in recent years that Cryo-electron microscopy will also be a key
player in the examination of molecular structure.1
X-ray crystallography for the study of chemical structure was postulated in 1912
and has been recognized as the gold standard for the structural elucidation of proteins since
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1962 when the nobel prize in chemistry was awarded to Max Perutz and Sir John Cowdery
Kendrew for the atomistic characterization of myoglobin.2 While this technique is
undoubtably powerful in the sense that good crystals routinely provide well-defined atomic
coordinates at sub 3A resolutions, there are several concerns and limitations to the method.
The most obvious shortcoming for crystallographic experiments is the fact that the target
of interest must be crystallizable, which is a major roadblock to many classes of flexible
and otherwise non-crystallizable molecules.3 Additionally, even the act of crystallization
itself requires ample amounts of sample and also raises questions as to how representative
these structures are since, natively speaking, proteins are not present as rigid, ordered, and
undynamic crystals in-vivo.
NMR is another well-established technique which overcomes some of these
limitations in crystallography by allowing direct characterization of proteins in solution.4
This is immensely important as it enables the observation of ranges of native-like solution
states that can provide more insight into the actual behavior, stability, and function of the
molecule in question. Drawbacks to NMR include the difficulty of analysis for larger
proteins which imposes a practicality limit on what is typically studied. This critical
limitation is also hindered by the co-requirements that the protein solution is of suitable
concentration for NMR, in appropriate solvents, and also relatively pure. This, of course,
obfuscates

the

analysis

of

large

or

low-abundance

proteins

where

sample

workup/concentration is needed or complicated analysis of obtained data is expected.
Cryo electron microscopy overcomes most of the limitations in both former
techniques since it is not necessary to have crystals or purified protein in large abundance.
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Until recently, the limiting factors on this technique were the obtainable resolution when
using Charge Coupled Device (CCD) detectors and the fact that imaging difficulty
increases dramatically as molecular weight drops below 150 kD. Recently, it was
demonstrated that Protein Data Bank (PDB) quality images are obtainable for single
proteins approaching the sub 100 kD mark.5 While certainly promising, there are still many
hurdles to overcome with this emerging technique due to analyte size restrictions, low
resolution as well as sample preparation technique and purity.

1.2 Mass Spectrometry for Structural Biology
Due to the aforementioned limitations with available direct characterization
techniques there have been longstanding efforts to utilize other methods capable of
providing structural information without the demands for large amounts of sample,
extensive/complicated sample preparation, and time. While not intuitive 30 years ago, mass
spectrometry (MS) has since become an excellent option that essentially eliminates all of
these shortcomings. Analysis of molecules by MS is rapid, tolerant of complex matricies
(especially when coupled to liquid chromatography) and exquisitely sensitive.
Additionally, MS is amenable towards coupling with other instruments and techniques,
allowing for the integration and modification of hardware better suited for addressing the
set of questions on hand. A perfect example is mass spectrometry’s initial debut into the
structural biology community. It was not until the extensive development and
characterization of Matrix Assisted Laser Desorption/Ionization (MALDI)6 and
Electrospray Ionization (ESI)7 in the 1980s that mass spectrometry became a technique of
interest to the biological community. Prior to popularization of these techniques there were
3

few efficient and relatively inexpensive options for the ionization and introduction of large
and non-volatile molecules such as proteins into the gas-phase. In the decade following
these new ionization techniques (especially the seminal incorporation/marriage between
solution and gas-phase which had been enabled by ESI) there was an explosion of growth
and development within the community to create, improve, and adapt techniques for
protein characterization by mass spectrometry.8
Despite not being a direct structural characterization technique; the speed,
femtomole sensitivity, and ability to sample directly from native-like environments and
online experiments such as liquid chromatography offered ample incentive for the
community to push forward. As shown by Fenn, one immediately recognizable use for MS
in the field of structural biology and proteomics was the ability to accurately measure intact
protein mass as well as observe protein heterogeneity within samples. Taking note of these
seminal reports, along with some careful parameter tuning and the aid of high-resolution
instrumentation, the field of native MS was soon conceived. It had been reported that
appropriate buffers/ESI conditions allowed for the observation of non-covalent interactions
between proteins. It was not long thereafter demonstrated that transient, non-covalent
interactions between proteins in solution such as subunit assembly could be maintained in
the gas-phase.9 While knowledge of heterogeneity and complexation is insightful, it does
not provide detailed structural information since the interaction/modification is not
localized within the biomolecule of interest. Other more informative techniques for
characterization like peptide mass fingerprinting soon evolved for this reason.10,11 Peptide
mass fingerprinting involves the digestion of proteins by specific proteases with the sample
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mixture then being plated for MALDI or analyzed via liquid chromatograph mass
spectrometry (LC-MS). Spectra are then compared to expected digest products for a known
protein or a database containing possible protein matches. Unsurprisingly, this quickly
became a powerfully informative technique due to high confidence identification of
potentially unknown, but relatively purified proteins and the ability to ID and map relative
locations of post translational modifications. While providing new levels of insight, these
techniques still fall short of providing any definitive answers to three-dimensional structure
which include structural motifs, close contacts between protein domains and so on. Other
techniques attempting to answer these questions soon emerged to fill the informational
gaps left by the above methods.
Ion mobility mass spectrometry (IM-MS) was developed as a technique that, in
addition to evaluating the masses of molecules, also provides information on the relative
3-dimensional size (which is then related to conformational shape) of large molecules. The
drift times of ions in a partially pressurized drift tube are first measured and this
information is used to generate collisional cross sections for ions arriving at a given time.
Molecular dynamics along with available crystallographic data or homology models and
the derived cross sections allows for analysis of relative protein shape/conformation.12,13
Additional levels of structural information are also obtainable utilizing labeling and
crosslinking experiments. While many critical insights have been gained from these and
other experiments utilizing only Full MS scans, single-stage (MS1) experiments do not
directly provide localized structural information on the protein/complex of interest since
only mass to charge information and/or drift times are obtained. More troubling is the fact
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that even with high resolution MS and mass fingerprinting, identification remains
challenging due to isobaric masses in certain amino acids and failure of these techniques
to directly provide definitive orders or arrangements of amino acids from the given mass.
To address these shortcomings, a myriad of tandem mass spectrometry techniques have
been developed and adopted which provide detailed molecular and structural insights for
molecules of interest.

1.3 Insights Offered by MS/MS
Generating additional structural information from proteins or their peptides
requires intimate knowledge of bond connectivity and sequence, necessitating
fragmentation of the parent molecule into smaller pieces which then provides this
information. Tandem mass spectrometry experiments or MS/MS type experiments are all
similar in that they break covalent bonds of selected precursor ions in order to provide
detailed molecular information. Cleavage of ions results in the observation of
fragmentation patterns that provide additional layers of structural information and
frequently

offer

information

unique

to

specific

chemical

modifications.

Activation/dissociation events are divided into two classes. The first are single, fast, highenergy events like those resulting from high energy (ke V) collisions, interactions with free
electrons, and absorption of high energy UV photons. The second class is comprised of
low-energy events requiring multiple activations to occur before the dissociation threshold
of a molecule is met.14 High energy dissociations occur on the order of femtoseconds after
a single interaction, reaction or absorption wherein sufficient energy is imparted to
chemical bonds to achieve a dissociative state, causing prompt fragmentation. Low energy
6

methods require many activation events to effect bond cleavage and therefore occur in the
range of microseconds or longer depending on the technique with the most typical
fragmentations originating from lowest energy pathways. Figure 1.1 is included to illustrate
this difference between high energy deposition and low energy events that lead to ion
dissociation. Also included are relative dissociation timescales for several commonly
implemented techniques. Differences in these timescales for precursor dissociation have
important implications in terms of what kind of structural data can be extracted from an
MS/MS experiment, as will be explained.
Of established techniques, collision-induced-dissociation (CID) was one of the
earliest developed and is easily the most ubiquitous today due to its simplicity, low cost,
and effectiveness as an activation method.15

Figure 1.1 Simplified example of the fragmentation reaction coordinate comparing low-energy,
multi-event activation techniques (red arrows) versus single high-energy deposition events (purple
arrow). The chart on the right provides approximate ion dissociation timescales for several wellestablished MS/MS techniques.

Indeed, it was the advent of CID as an MS/MS method that truly lit the fire for MS-based
proteomics. With this method it became possible to directly pinpoint post translational
7

modifications (PTMs) such as phosphorylation, glycosylation as well as other nonenzymatic changes such as deamidation and isomerization.16 Even still, low energy CID is
not always effective for sequencing or PTM elucidation and is especially limited in its
capacity to provide details on protein folding and structure. Intrinsic limitations result
because the lowest energy dissociation pathways are typically the observed fragmentation
channels due to slow activation. To briefly explain, as an ion beam or packet is trapped or
passed through the instrument, energy can be imparted to ions by collisions with an inert
gas. Each collision imparts additional internal energy to the moving ion and after enough
collisions are made to meet the bond dissociation threshold of a bond, fragmentation of the
parent molecule will occur. Due to the cumulative nature of energy deposition into the
molecule of interest such dissociation methods are considered slow heating methods in
most configurations and typically only promote the most labile (lowest energy)
fragmentations. This can often result in the most favorable pathways being uninformative
neutral losses, PTM loss without site localization, or other fragments which do not directly
provide structural information.
Also detrimental to the characterization of native structure, ions undergoing
extensive energy redistribution prior to dissociation may not maintain structure(s)
representative of the original solution-phase molecule due to heating of the entire molecule
by intramolecular vibrational energy redistribution (IVR). These effects cannot be ignored
for activation methods requiring more than picoseconds between activation and molecular
dissociation and so include infrared multiphoton dissociation (IRMPD), blackbody infrared
dissociation (BIRD), sustained off-resonance irradiation (SORI) and others.14 Due to
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timescale requirements of low energy dissociation techniques which leave ample time for
rearrangements, other dissociation methods are required which occur rapidly and can
thereby deliver snapshots of native states prior to their complete perturbation. Given the
potentially information compromising conditions associated with slow, vibrational heating
techniques, rapid activation events followed by prompt molecular dissociation
(~femtoseconds-picoseconds) seem to be an obvious necessity. While redistribution of
internal energy competes on a similar timescale to direct bond dissociation, detailed
insights may still be retained so long as the fragmentation event proceeds more rapidly than
the loss of structural information. Indeed, the community has seen a multitude of
compatible approaches emerge and evolve in the decades since Fenn’s initial observation
of intact protein ions by mass spectrometry.
Due to the near ubiquitous presence of CID MS/MS in instrumentation and its
simplicity, it is unsurprising that more effective, higher energy methods were developed to
bypass the shortcomings associated with low energy modes. One of the more successful
implemented approaches, surface induced dissociation (SID) enables excellent efficiency
even for large molecules and multimeric complexes.17 In this technique, ionized molecules
are accelerated into a stationary surface for a single collision event as opposed to multiple
collisions with gas. Utilizing this technique, it has become possible to scrutinize the
arrangement and composition of multimeric complexes due to efficient fragmentation of
the parent ion into information rich subunit fragments before collision induced unfolding
(CIU) and asymmetric charge partitioning takes place. While many different subunit
fragments are seen by SID, CIU leads to only a few, highly charged, mostly uninformative
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fragments and is seen for CID of the same complexes.18 Furthermore, symmetric charge
partitioning seen for ionic clusters and multimeric complexes in SID as opposed to
asymmetric charge stripping further supports normal CID being a slow molecular heating
technique which is unsuitable for obtaining conformational information from large
complexes. The results of SID activation in comparison to low energy CID are both striking
and supportive of the notion that techniques with long timescales favoring unfolding after
IVR are not appropriate when attempting to precisely map intramolecular interactions.
Despite the usefulness of SID, it is still not a commonly implemented or readily available
technique in most instruments.
Other prompt dissociation techniques such as those utilizing electron-based
dissociation are also ideal and have been around since the advent of gas chromatography
mass spectrometry. Unfortunately, the early electron-impact designs are too harsh for the
analysis of large biomolecules and so softer activation methods have been brought to the
forefront of proteomics and structural biology including electron capture dissociation
(ECD) and electron transfer dissociation (ETD).19,20 While hardware requirements and
experimental setup differs between each, these methods are similar in that both transfer
near thermal energy electrons to cationic species. Electron transfer or capture results in the
generation of a radical species by charge reduction of the molecular ion (one or more H+
become H.). In addition to forming a reactive radical species, both methods are estimated
to be exothermic in the range of 5-6 eV, more than sufficient to directly dissociate the
chemical bonds of the peptide backbone (~3.5 eV). These methods are ideal for
characterization of protein structure because they are considered to proceed via nonergodic
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processes, i.e. prior to IVR and unfolding of the ion. Direct fragmentation without
vibrational relaxation results in retention of noncovalent interaction networks which can
be elucidated through observed fragmentation patterns and has been used with great
success to provide structurally detailed analyses of gas-phase proteins.21 Even highly
conserved and homologous proteins such as Cytochrome C from different organisms are
distinguished by their fragmentation characteristics.22 Sadly, preserving these structurally
informative, non-covalent networks also limits the amount of information obtained due to
fragment retention by the parent ion though these extensive, non-covalent interactions.
Overcoming this requires an additional collisional activation step to dissociate ‘sticky’
fragment ions. Another important limitation to ETD and ECD that cannot be overcome is
the requirement for positive ions with charges greater than 1+.
Ultra violet photodissociation (UVPD) is one other activation technique which
possesses unique dissociation capabilities depending on laser wavelength, power and
confluence.23 It should be noted that, in the context of photodissociation experiments, only
wavelengths in the low UV regime ( < 300 nm) are usually referred to as direct dissociation
techniques because the peptide backbone does not appreciably absorb beyond 220 nm, nor
native side chains beyond ~285 nm. Interestingly, even as one of the oldest activation
methods applied to MS, it has only recently been adopted commercially following
widespread acclaim of its abilities as a top-down dissociation technique.24 A
comprehensive description of the mechanisms involved in UVPD are still under scrutiny,
but a recent evaluation of available literature and data in the field suggests that the reason
UVPD is so efficient as a top-down method is a result of dissociation proceeding via a
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combination of direct dissociation and IVR.25 While extended periods of vibrational
heating lead to a loss of structural information through CIU, the amount supplied by UVPD
in conjunction with direct fragmentations appears to strike a balance between structural
preservation and fragmentation efficiency. This was seen in a recent experiment wherein
UVPD of multimeric complexes produced symmetric subunit fragments similar to SID,
but additionally included important sequence fragments from monomers.26 The case for
UVPD as a sensitive structural probe for higher order structure determination is
strengthened by recent work wherein conformationally resolved ubiquitin ions of the same
charge states from IM-MS experiments are shown to be distinguishable by fragmentation
patterns unique to each conformational sub-population.27
Unique to UVPD is the ability to selectively activate choice entities within a protein
by thoughtful modulation of the utilized wavelength. Avoiding direct backbone absorption
requires the use of wavelengths somewhat higher than 220 nm. Single laser pulses beyond
this point allow for the precise activation of one to several locations within the molecule.
Our lab has extensively developed and characterized such techniques using 266 nm
photons for the selective activation of inserted carbon-iodine bonds, carbon-sulfur bonds
and sulfur-sulfur bond-types.28-33 Our group has performed extensive work utilizing and
characterizing radical directed dissociation (RDD) techniques in order to probe likely close
contacts within peptides and proteins which can be used to aid in the elucidation of
molecular conformation and also the locations of other important information such as post
translational modifications. With exception of thyroid proteins, there are no naturally
occurring carbon-iodine bonds except where they are inserted, resulting in precisely
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defined locations within the molecule becoming amenable towards activation. Rationale to
conduct such experiments includes the ability to selectively probe highly localized
environments within the molecule since there are few, if any, C-I, C-S or S-S bonds relative
to peptide bonds. C-I bonds are uncommon to the point that there are almost no naturally
occurring carbon-iodine bonds except where they are inserted. Recent work in our group
has demonstrated exceptional structural resolution through the combined use of ActionExcitation Energy Transfer (Action-EET) and simulation to probe atomic distances and
generate relevant gas-phase structures.34-36

1.4 Further Considerations for Protein Structural Elucidation
Unfortunately, even with prompt dissociation methods the residence time of a
peptide or protein ion in the mass spectrometer prior to its activation is more than sufficient
for extensive structural rearrangement and unfolding to occur.37 Furthermore, prior to
consideration of these issues, experimentalists should also be mindful of source conditions
and solvent systems since these are often cited as being correlated with whether a protein
will retain a native structure upon introduction to the gas-phase.38,39 Clearly, in the scope
of probing structure by MS, consideration must be given to conditions that maintain native
conformations and interactions before ionization, upon ionization/introduction to the gasphase, as well as the conditions and timescales involved thereafter.
It is obvious that the energetic/conformational landscape of a protein in the gasphase will governed both thermodynamically and kinetically with the more interesting
question being which will dominate and what individual factors are bigger players for
experimentally relevant timescales. Here, thermodynamic stability refers to the free energy
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of the entire molecule while kinetic stability is defined from the standpoint of energetic
barriers to conformational transitions structural rearrangement. While the functional
structures of proteins are thermodynamically stable (in most cases) there is only one true
conformational energy minimum for a molecule. This statistically implies that the odds for
a single or handful of correctly folded states representing the global thermodynamic
minimum versus the indefinite number of other states is unlikely since the time that would
be required to sample all possible states is prohibitive. This is not to say that all native
proteins are unfavorable from a free energy standpoint, but rather that thermodynamic and
kinetic quantities necessarily cooperate in a codependent manner to obtain correctly folded
and functional protein structures on a biologically relevant timescale. This results in the
conclusion that functional proteins reside on a local thermodynamic energy minimum and
are kinetically stable products of their environment and the multitude of interactions that
come with it. Figure 1.2 presents a theoretical reaction coordinate to demonstrate the way
in which these two parameters cooperatively interact.
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Figure 1.2 Simplified example of just 3 theoretical conformational states for a protein where F
represents the natively folded protein, U a partially unfolded reversible state, and finally the
inactivated state, I. KU represents an equilibrium constant and kI the rate constant.

As can be seen for this example, the folded state (F) of a protein is not the lowest energy
state, but it is kinetically separated from other states such as reversibly unfolded state (U)
by an activation barrier. Assuming this barrier is small enough under observational
conditions to be overcome, we would see a thermodynamically controlled system
comprised of states F and U. If the threshold energy for conversion from state U to the
inactivated state (I) is made, however, a sufficiently large energy barrier exists that the
reverse reaction (kI) will not easily occur. The reverse reaction for state I is additionally
thermodynamically unfavorable. Causes for inactivation of a protein can include but are
not limited to: irreversible dissociation of non-covalent subunits, protein aggregation,
disulfide scrambling, changes to the solution ionic strength, and of course complete solvent
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exchange or removal. This final point is a particularly poignant reminder of the multitude
of current unknowns faced by the field of MS-based structural biology. Importantly, a
much more comprehensive evaluation of these fundamental unknowns is required before
questions as to mass spectrometry’s ultimate boundaries as a structural biology tool can be
made.
A central issue that has been examined repeatedly throughout the years is the nature
and magnitude of structural perturbation experienced due to ion-ion interactions in the gasphase. Complete loss of solvation results in ‘naked’ ionized molecules which no longer
have their charges attenuated by solution and therefore experience forces from other
charged groups at strengths that should be well predicted by Coulomb’s Law:
𝐹= 𝑘

𝑄1𝑄2
𝑟2

Where Q1 and Q2 represent the sign and magnitude of each charge, k is coulomb’s
constant, and r2 the distance between the two charges. Charge repulsion effects are well
characterized by IM-MS with proteins essentially linearizing at high charge states.40 Even
with a moderate amount of charge, however, there is a plethora of literature to suggest these
molecules experience unfolding via intramolecular solvation of charged groups, in addition
to repulsion-based unfolding.41 Neither of these effects are desirable in the context of
characterizing solution-phase structure, but atomic resolution accounts of these
intramolecular interactions by mass spectrometry have been difficult to produce. The
transition of biomolecular ion conformation from solution to gas-phase is further
confounded by loss of intramolecular hydrophobic interactions that are pivotal driving
forces for proper folding in solution.
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One excellent solution to circumvent the above issues associated with structural
rearrangement in the gas-phase is the implementation of methods which can effectively
report on molecular structure prior to subjugation to the foreign environment of the mass
spectrometer. Many problems with gas-phase protein stability can be side-stepped by
effectively ‘locking in’ or capturing information on a molecule’s conformational state prior
to MS. This idea has been implemented via two avenues for some time through crosslinking
and labeling experiments.42,43 Crosslinking experiments result in new covalent bonds
between previously non-covalently interacting groups while labeling instead monitors the
exchange or insertion of specific chemical groups at the solvent exposed surface of the
protein. Interest in these techniques for the evaluation of protein conformation lies in their
abilities to probe residue specific close contacts and assist in the evaluation of solvent
exposure, respectively. Crosslinking experiments designed for MS have long been touted
as a reliable way to obtain this kind of information on close contacts and other fine
structural details due to the generated covalent linkages only occurring between selective
groups at short distances and also being strongly resistant to change during subsequent
processing or MS analysis. This means that crosslinking of the native protein can be
followed by digestion and other procedures without harm to the information contained
within the new linkages. This resistance to change, however, also becomes a chief
limitation of the technique in that crosslinked fragments are incredibly difficult to analyze
due to an exponential expansion of possibilities within the search space for every possible
crosslink.44 Non-cleavable crosslinks also produce astoundingly difficult to analyze
MS/MS spectra45, frequently requiring software for any hope of confident identification.
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Furthering our understanding of protein gas-phase behavior using this rapid and
sensitive tool is therefore of significant importance if MS is to be formally recognized as a
reliable and reproducible technique for protein structural analysis. Despite lacking a
comprehensive understanding for protein stability in the gas-phase, recent years have
produced scores of studies and applications involving the use of MS based methods for
structural biology.46

1.5 Scope of Dissertation
As previous sections of this chapter have hopefully demonstrated, there are scores
of considerations to address for the application of mass spectrometry in precise structural
determination. While the ultimate limitations of MS as a tool for structural biology are still
under intense scrutiny, many improvements in instrumentation and experimental methods
have been made. One critical area that stronger consensus is lacking is the stability of
proteins once they are in the gas-phase. While obvious that the gas-phase environment is a
completely foreign environment to most proteins, it is far less agreed upon as to what extent
proteins are affected. While many researchers have attempted to evaluate protein stability
through the study of both small and large molecules, more fundamental questions have
taken a backseat and remain to be answered.
Chapter 2 delves into questions of intramolecular protein ion interactions utilizing
action excitation energy transfer (EET) experiments and molecular dynamics to study these
interactions. This dynamic is further scrutinized by evaluation of the influence of partial
ion solvation (or microsolvation) by 18-crown-6 in the gas-phase. Examination of
structural details probed by molecular dynamics calculations illustrates that solvation by
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18C6 alleviates the tendency of charged side chains to seek intramolecular solvation,
potentially preserving native-like structures in the gas-phase. The results suggest
microsolvation may be an important tool for facilitating examination of native-like
structures in the gas phase. While these experiments provide high level insights towards
the influence of charge solvation on conformation they also hint at another intensely
debated and fundamental topic in native mass spectrometry; the retention of zwitterionic
species in the gas-phase.
Clearly, charged residues exert significant influence over structure in the gas phase
due to strong Coulombic and hydrogen bonding interactions. The net charge for a gaseous
ion is easily identified by mass spectrometry, but the presence of zwitterionic pairs or saltbridges has previously been more difficult to detect. Chapter 3 shows that these sites can
be revealed by photo-induced electron transfer dissociation (PETD), which produces
characteristic c and z ions only if zwitterionic species are present. Although previous work
on small molecules has shown that zwitterionic pairs are rarely stable in the gas phase, this
chapter demonstrates that charge-separated states are favored in larger molecules. Of even
greater interest, it is also found that zwitterionic pairs in peptides and proteins can still exist
when the net charge equals the number of basic sites, requiring additional protonation at
non-basic residues. For example, the small protein ubiquitin can sustain a zwitterionic
conformer for all charge states up to 14+, despite having only 13 basic sites. Virtually all
peptides and proteins examined contain zwitterionic sites if both acidic and basic residues
are present and the overall charge density is low. This bias in favor of charge-separated
states has important consequences for efforts to model gaseous proteins via computational
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analysis, which should consider not only charge state isomers that include salt-bridges, but
also include protonation at non-basic residues.
Many problems with gas-phase protein stability can be side-stepped by effectively
‘locking in’ a molecule’s conformational state prior to MS. Disulfides happen to be one
naturally present form of crosslink present in biomolecules which heavily influence higher
order structure. While determining the locations of these and other such linkages have
obvious importance to structure, the generated datasets from crosslinking MS have
historically been prohibitively difficult to utilize. Attempting to remedy this inherent
complexity, Chapter 4 demonstrates that 213 nm ultraviolet photodissociation streamlines
disulfide elucidation through bond-selective dissociation of sulfur-sulfur and carbon-sulfur
bonds in combination with less specific backbone dissociation. Importantly, both types of
fragmentation can be initiated in a single MS/MS activation stage. In addition to disulfide
mapping, it is also shown that thioethers and trisulfides can be identified by characteristic
fragmentation patterns. The photochemistry resulting from 213 nm excitation facilitates a
simplified, two-tiered data processing approach that allows observation of all native
disulfide bonds, scrambled disulfide bonds, and non-native linkages in a pepsin digest of
Rituximab. Native disulfides represented the majority of bonds according to ion count, but
the highly solvent-exposed heavy/light interchain disulfides were found to be most prone
to modification. Production and storage methods that facilitate non-native links are
discussed. Due to the importance of heavy and light chain connectivity for antibody
structure and function, this region likely requires additional consideration in terms of its
influence on the antibody’s range of naturally stable states
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Finally, this dissertation concludes with discussion of future experiments that will
serve to further our understanding of molecular structure and stability in the gas-phase. A
brief discussion concerning the future and possible foreseen limitations related to
extracting precise structural details and interactions from proteins by mass spectrometry
will also be offered.
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Chapter 2: Structural Effects of Solvation by 18-Crown-6
on Gaseous Peptides and TrpCage after Electrospray
Ionization
2.1 Introduction
Proteins play critical roles in the biochemistry of life. The functionality of proteins is
closely connected to their three-dimensional structure, which is therefore an important
target for research. Within a cell, the solvent is aqueous and highly buffered. In addition, a
plethora of other biomolecules are present in high abundance, i.e. the cellular matrix is
‘crowded.’ Interactions with solvent and other biomolecules influence protein structure;
therefore, it is desirable to retain such elements during structural characterization.
Unfortunately, this goal is never achieved with complete fidelity, and compromises must
be made regardless of the experimental technique to simplify the system for analysis.
Presently, there is significant interest in developing mass spectrometry (MS) based
methods for examining protein structure in the gas phase due to inherent advantages such
as speed and sensitivity.1,2 For example, ion mobility (IM) can be coupled with MS to
obtain collision cross sections, yielding information about overall molecular shape.3-8
Collision induced unfolding has recently proven valuable in distinguishing antibody
isoforms by comparing “fingerprint plots” generated by differences in unfolding of the
isoforms in an ion trap prior to IM-MS analysis.9 Ion-ion reactions can be used to assign
charge states in very large systems.10 It has been demonstrated that radical fragmentation
can yield information about probable close contacts.11-17 Various forms of spectroscopy
can also be used to obtain information on biomolecules.18,19 Peptides and proteins are also
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amenable to examination by excitation energy-transfer (EET) where distance constraint
information is obtained and used to guide simulations toward relevant structures.20-23
The primary drawback for all of these gas-phase methods is that the target molecule is
examined in isolation, without solvent or other interaction partners. Furthermore, the
molecule must be removed from solvent and ionized (or allowed to retain a net charge) in
order to be observed. Typically this is achieved with electrospray ionization (ESI);
however, mechanistic details for ESI are not completely understood and it is unclear how
protein structure evolves during electrospray, although recent progress has been made.24,25
Ultimately, results have been reported where native protein structure is either retained or
lost upon examination in the gas phase.26,27 A bewildering number of experimental setups,
conditions, and parameters can influence retention of native-like structure; however, one
important difference between solution and the gas phase (which cannot be avoided
regardless of experimental parameters) relates to solvation of charged functional groups.
For example, in water charged side chains of proteins such as lysine and arginine, or
aspartic and glutamic acid will interact strongly with water. If the solvent were somehow
instantaneously removed (leaving the protein naked in the gas phase), the charged side
chains would seek intramolecular solvation and potentially disrupt the structure.28
Previous experiments have suggested that this structural reorganization can be prevented
(or at least slowed down) if the solvent interaction is replaced with a surrogate. It has been
well established that 18-crown-6 (18C6) interacts favorably with protonated amino acid
side chains.29,30,31 The interaction is strongest for lysine or the N-terminus, where three
hydrogen bonds can form between each N-H and every other oxygen atom on the ring. The
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interaction is also strongest in the absence of readily available intramolecular hydrogen
bonds or salt bridges.32 Ion mobility results have demonstrated that partial solvation of the
side chains by 18C6 allows higher charge states of ubiquitin to retain a more compact,
native-like fold in the gas phase.33 It was postulated that charge solvation by 18C6
prevented structural reorganization during transfer into the gas phase.
In the present work, we seek to examine in greater detail how 18C6 influences side chain
solvation and ultimately peptide structure. Action-EET spectra of several microsolvated
and non-solvated peptides are used in conjunction with molecular dynamics simulations in
order to elucidate structural differences and the role 18C6 solvation plays in the transition
from solution-phase to the gas phase.

2.2 Experimental
Materials. The peptide CEGNVRVSRELAGHTGY (GTP G) was purchased from
American Peptide Company (Sunnyvale, CA). CNLYIQWLKDGGPSSGRPPPS (Ctrpcage) was synthesized following standard solid phase peptide synthesis procedure34 and
purified by HPLC. Propyl mercaptan (PM) used for disulfide formation was purchased
from Acros Organics (Geel, Belgium).
Peptide Modification All peptides were modified with PM prior to use via a procedure
described previously.20 Modification was followed by lyophilization to remove all solvent
before re-suspension in 10:90, 50:50 or 80:20 MeOH/H2O solutions. Prior to ESI 2-4 L
of 1 mM 18C6 was added to the electrospray solution to a final volume of 500 L and
sprayed without further modification.
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Photodissociation Mass spectrometry Modified peptide solutions for action-EET
experiments were sprayed through an ESI source into a Thermo Finnigan LTQ which was
modified to accept 266 nm Nd:YAG laser pulses (Continuum, Santa Clara, CA) into the
ion trap. UV-photodissociation experiments were performed by first isolating the ion of
interest and exposing it to a single laser pulse before scanning out. The PD yield is defined
as (product intensity/(product+precursor)) X 100. For most systems, the loss of PM is
clean, yielding one significant product. If significant additional degradation of the cysteine
side chain or complex occurs, this is included as well (for example, if UV irradiation
resulted in a peak featuring loss of propyl mercaptan as well as crown, this would be
included in the overall PD yield). An average of 50 scans was taken to generate the
spectrum. A similar setup, used for collection of action spectra, consists of a Thermo LTQ
XL which was modified to accept laser pulses from a Nd:YAG pumped optical parametric
oscillator (OPO) laser (Opotek Inc., Carlsbad, CA) set in the range of 250-300 nm. Again,
after subsequent isolation of the parent ion, a single laser pulse excites ions before they are
scanned out. This process is repeated over the entire range of 250-300 nm and yields for
each of the collective spectra are calculated, also taking into account the laser power at
each wavelength for normalization to the power of our 4 mJ 266 nm Nd:YAG. Once spectra
are normalized to be representative of yields on a 266 nm 4 mJ Nd:YAG laser they are
finally plotted as a function of wavelength versus PD yield. A spline piecewise polynomial
fit is used to construct solid lines in resulting action spectra.
Simulations Molecular dynamics (MD) were performed using MacroModel35
(Schrodinger Inc., Portland, OR) with OPLS atomic force fields in order to estimate
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disulfide Tyr/Trp distances. Simulated annealing was carried out in two rounds; sampling
at 1000K was carried out to ensure adequate coverage of the structural space, followed by
a second round of annealing at 450K for selected structures to probe locally accessible
conformations and better define the nearest minima. For runs at 1000K, each of the 1000
obtained structures begins its cycle at 300K with a 1.5 fs step time and 1 ps simulation time
followed by a raise in temperature to 1000K with a 1.0 fs step time and 10 ps simulation,
then the temperature is gradually stepped back down to 750K, 500K, 300K and finally
200K with step/simulation times of 1.5 fs and 10 ps, respectively. The step and simulation
times for runs at 450K are the same, but with the temperature ramping schedule being
300K, 450K, 300K and finally 200K.

2.3 Results and Discussion
We have previously demonstrated that action-EET, where energy transfers from
tyrosine or tryptophan to a disulfide bond, yields distance constraints useful for guiding
simulations to determine peptide structure.20-22 Briefly, a laser pulse causes electronic
excitation of a chromophore, which then transfers energy to a cysteine residue capped with
a disulfide bound propyl mercaptan (PM). The energy transfer leads to prompt dissociation
of the disulfide (an easily detectable mass shift) and the intensity of the loss correlates with
the distance between the chromophore and disulfide according to an exponential decay
function. The derived distance constraint can be used to evaluate or guide molecular
dynamics calculations to identify relevant structures.
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Figure 2.1 Action-EET spectra of (a) GTP 3+ (Purple) versus GTP 3+-PM + 18C6 (red) and (b)
GTP 2+(Purple) versus GTP 2+ + 18C6 (red). Spectra are normalized to the PD yields of the same
complexes as determined using the Nd:YAG 266nm laser.
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We examined GTP (CEGNVRVSRE LAGHTGY) with action-EET in the presence and
absence of 18C6 and the results are shown in Figure 2.1. GTP contains an N-terminal
cysteine and a C-terminal tyrosine. We have previously established that energy transfer
from tyrosine to a disulfide is constrained to ~6Å, meaning that fragmentation of the
disulfide bond will only be enhanced for GTP if the three dimensional structure brings the
two termini into close proximity. The action spectrum for the 3+ charge state of GTP
(Figure 2.1a) decays steadily from 250 to 300 nm. As reported previously, this spectrum is
consistent with minimal (though still non-zero) energy transfer from tyrosine. Interestingly,
the addition of a single 18C6 leads to significant enhancement of energy transfer,
suggesting the two ends of the peptide are brought closer when one of the charges is
solvated. For the 2+ charge state (Figure 2.1b), the reverse trend is observed. The free
peptide yields an action EET spectrum with distinctive tyrosine features (i.e. the double
peaked absorption), and the degree of energy transfer is consistent with close proximity of
the donor and acceptor. In contrast, addition of 18C6 to the 2+ charge state leads to a
significant decrease in energy transfer, consistent with increasing the distance between the
termini. The spectra in Figure 2.1 clearly demonstrates that solvation by 18C6 has a
significant influence on the three dimensional structures of both the 2+ and 3+ charge
states.
We have also demonstrated previously that structural information can be obtained from
the stability of the 18C6 adducts themselves.36 Noncovalent interaction strength for 18C6
is a function of both the target residue (i.e. lysine interacts more strongly than arginine)
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and the potential for intramolecular solvation (i.e. for lysine on two different peptides, if
one lysine can be easily intramolecularly solvated, it will form a less stable adduct). The
PD spectrum for GTP+18C6+2H2+ is shown in Figure 2.2a. In addition to cleavage of PM,
significant 18C6 loss is detected. There is also a small amount of 18C6 and PM loss. In
contrast, data for the 3+ charge state (Figure 2.2b) reveals minimal loss of 18C6 relative to
PM.

Figure 2.2 PD mass spectra at 266nm for (a) GTP 2+ + 18C6 and (b) GTP 3+ +18C6. Insets in each
spectrum show dissociation of the peptide-18C6 complex to varying degrees.
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These results suggest the 18C6 adduct is more stable on the 3+ charge state and that the
interaction site for 18C6 on the 2+ charge state is weaker by comparison. These results are
further corroborated by other data from the mass spectra. The relative abundance in the full
MS for the 2+ adduct relative to the 2+ peptide is 1:59 whereas the relative ratio is 1:5 for
the 3+ ion, also consistent with greater stability for the 3+ adduct. We have also previously
demonstrated that mass shifts relative to the expected mass for peptide/18C6 peaks result
from adduct instability.36 The mass shift observed for the 2+ adduct is 0.5Da compared
with 0.1Da for the 3+ adduct, again consistent with reduced relative stability for the 2+
complex.
One thousand cycles of simulated annealing were used to investigate potential structures
for these peptides. In order to more fully explore the structural space of these systems,
annealing was first carried out at 1000K to avoid kinetic trapping in local minima. For
select structures, further simulated annealing was carried out at 450K to allow for further
structural refinement and evaluation of structural stability. This temperature was chosen to
reflect mild heating that may occur during the electrospray process. For each charge state,
all reasonable charge state isomers were examined. In other words, any charge state
combination that yields the appropriate total charge via deprotonation of acidic sites and
protonation of basic sites was investigated. It is important to note that comparison of the
energetics between different classes of charge state isomers is not meaningful in MD
calculations. For example the energies for isomers of the same peptide in protonated (+)
versus doubly protonated/deprotonated (+-+) states is not possible because MD does not
account for the possibility that the charge separated (zwitterionic) state may not be stable.
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Favorable Coulombic terms will always lead to lower energies for the charge separated
conformers; however, these structures may not exist due to proton transfer (which is not
allowed in MD calculations). Higher level theory capable of evaluating zwitterionic
stability is not feasible for molecules of the size examined herein. In contrast, energies
within a charge state class can be compared, e.g. single protonation at two different sites.
In addition, for 18C6 adducts, calculations were carried out at all potential basic binding
sites. In summary, a myriad of potential structures must be generated by theory, and
guidance from experimental data is required to sort out potentially important structures.

Figure 2.3 Scatter plots for unsolvated GTP 3+. The range of distances consistent with experiment
fit within the added transparent blue bars. Color scale represents charge separation, i.e. the distance
between the most sequence remote positively charged sites.
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Figure 2.4 Scatter plots for 1000K (left) and 450K (right) simulated annealing of GTP 3 +.
Experimentally consistent regions are highlighted by blue bars and structures selected for further
simulation at 450K are circled in red. Color scale represents charge separation, i.e. the distance
between the most sequence remote positively charged sites.

33

Select results from simulated annealing for GTP 3+ are shown in Figure 2.3 with the
complete set available in Figure 2.4 for reference. The data are represented in scatter plots
with the minimum distance between chromophores plotted on the x-axis and potential
energy on the y axis. The degree of structural similarity is represented in the color scale,
which is a measure of the distance between the most sequence remote positively charged
sites. After significant exploration, this indicator was found to be most representative of
structural diversity, most likely due to the fact that charged sites considerably influence
structure in the gas phase. The approximate region for experimentally consistent distances
is shaded in blue.
The canonical way to obtain the 3+ charge state for GTP is by protonation of both
arginine residues and the histidine (i.e. the R6R9H14 charge state isomer). Results for this
isomer are shown in Figure 2.3a. The lowest energy structure has a Tyr/disulfide distance
of ~9Å. At this distance no EET would be expected, therefore it is clear that if the R6R9H14
charge state isomer is populated, some fraction of the experimentally observed ions have
not rearranged to the lowest energy gas phase structure. Similar arguments apply to the
other 3+ charge state isomers, indicating that regardless of charge state isomer, some
fraction of GTP3+ is kinetically trapped in a structure not corresponding to the gas phase
minimum.
The experimental results for GTP3+ suggest weak EET. There are several potential
scenarios that could explain this result. One possibility would be a structure or family of
structures with donor/acceptor distances close to the EET cutoff distance. These structures
would fall within the blue bands shown in Figure 2.3. Alternatively, a diverse population
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of structures where most have donor/acceptor distances greater than the EET cutoff but
also including a small minority of the structures within the EET cutoff might produce the
observed experimental results. Due to this ambiguity in the data, structures from all charge
state isomers are potentially viable for GTP 3+, and it is difficult to further narrow down
the results in this particular case. However, it can be concluded that the experimentally
observed structures do not represent the lowest energy gas phase conformations.
Furthermore, it is still clear from the experimental results that solvation by 18C6 influences
the structure significantly.

Figure 2.5 Scatter plots for 18C6-solvated GTP 3+. The range of distances consistent with
experiment fit within the added transparent blue bars.
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Figure 2.6 Scatter plots for 1000K (left) and 450K (right) simulated annealing of GTP 3 + with
18C6 adducts (on residues or n-termini in parentheses). Experimentally consistent regions are
highlighted by blue bars and structures selected for further simulation at 450K are circled in red.
Color scale represents charge separation, i.e. the distance between the most sequence remote
positively charged sites.
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Selected results from simulations on GTP3+ with 18C6 are shown in Figure 3.5, with
the remaining results being found in Figure 3.6 for reference. 18C6 stability (as detailed
above) suggests strong binding, making the N-terminus the most likely binding site. The
(nterm)R6R9 and (nterm)R6R9E10H14 charge state isomers, where parentheses are used to
denote 18C6 binding sites, yield lowest energy isomers outside the experimentally
consistent region (see Figures 2.5a and 2.5c). In contrast, the lowest energy structures for
(nterm)E2R6R9H14 are within the experimentally determined energy transfer window
(Figure 2.5b). The distribution for another conformer, (nterm)R6R9E10H14, is significantly
biased away from the experimentally consistent region, and simulations at 450K indicate
that any kinetic barriers which might retain structures in the experimentally consistent
region are small. This charge state isomer is therefore less likely to be populated.
Computational analysis of GTP2+ is stymied relative to GTP3+ by the existence of a
greater number of potential charge state isomers. The experimental data is most clear for
the naked 2+ charge state, which exhibits a high level of EET and a distinct shoulder at
~283nm, consistent with no hydrogen bonding or charge proximity to the tyrosine side
chain. These results are most consistent with simulations for the R6R9E10H14 isomer, which
has a structural family with the appropriate donor/acceptor distance that remains kinetically
trapped at 450K. Unfortunately, this ion does not reveal information about solvation by
18C6, which is the focus of this manuscript.
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Figure 2.7 Scatter plots for 1000K (left) and 450K (right) simulated annealing of GTP 2 +.
Experimentally consistent regions are highlighted by blue bars and structures selected for further
simulation at 450K are circled in red.
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It is clear the 18C6 solvated 2+ ion is significantly different in structure; however, many
possibilities from the simulations are consistent with experiment. These results can be
found in Figures 2.7 and 2.8 for viewer comparison.
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Figure 2.8 Scatter plots for 1000K (left) and 450K (right) simulated annealing of GTP 2 + with
18C6 adducts (on residues or n-termini in parentheses). Experimentally consistent regions are
highlighted by blue bars and structures selected for further simulation at 450K are circled in red.
Color scale represents charge separation, i.e. the distance between the most sequence remote
positively charged sites.

Trpcage is an engineered mini-protein with a well-known structure37 (CNLYIQWLKD
GGPSSGRPPPS, the N-terminal cysteine is added in our experiment to enable actionEET). Trpcage was designed to fold quickly in water, yet previous work has shown that
the 2+ charge state retains features consistent with the native fold in the gas phase.20,38
However previous work also yielded conflicting results regarding the presence and location
of salt bridges in the 2+ structure.39,40 Our previous results for the 3+ charge state revealed
significantly reduced EET relative to the 2+ charge state. A salt-bridge supported structure
is not very feasible in the 3+ charge state (all acidic sites become neutral, leaving no room
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for counter charges), therefore a salt bridge was suggested to account for the difference.
Interestingly, EET increases dramatically when 18C6 is attached to the 3+ charge state, as
shown in Figure 2.9a. This spectrum is similar to that of 2+ unsolvated C-Trpcage (Figure
2.9d), and contains contributions of EET from both Tyr and Trp.

Figure 2.9 (a) Action-EET spectrum of C-Trpcage 3+(purple) versus C-Trpcage 3+ + crown (red).
(b) 450K annealing starting with native structure for 3+ C-Trpcage solvated by crown on Nterminus. (c) 1000K sampling of C-Trpcage 3+ crown starting from the native structure. (d) ActionEET spectrum of C-Trpcage 3+ crown (red) compared to the C-Trpcage 2+ action spectrum
(purple).

Attempts were also made to examine 18C6 solvation of the 2+ charge state; however, it
was not possible to generate a stable 18C6 adduct for the 2+ charge state. This is consistent
with previous results where it was shown that the presence of salt bridges interferes with
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the formation of 18C6 adducts.32 However, this interference would be expected if either
the N-terminus or lysine residue were involved in salt bridges.
Simulated annealing of C-Trpcage was carried out at 450K starting from the known
solution phase structure in order to mimic the process occurring during gentle electrospray.
Interestingly, the naked 3+ ion is kinetically trapped under these conditions with fairly
short Tyr/disulfide distances (the vast majority are < 6Å, see Figure 2.10). At first glance,
these results appear to be inconsistent with the experimental data; however, closer
inspection of the relevant structures reveals that the protonated N-terminus is placed
directly in between the tyrosine residue and the PM-modified cysteine (see Figure 2.11a).
Placing a charged group directly between donor and acceptor would be expected to
significantly interfere with EET. Therefore, even though the Tyr/disulfide distances from
calculations are short, they can be reasonably considered to be consistent with the
experimental data. These results suggest that the location of charged groups should be
taken into consideration for analysis of EET experimental data.
Simulated annealing on solvated C-Trpcage was explored by placing 18C6 on all three
protonated sites. Solvation of lysine and arginine yields structures where the protonated Nterminus remains located between the disulfide bond and the tyrosine residue, similar to
the structure of the unsolvated system. In addition, the arginine solvated structures are
significantly higher in energy, and the experimentally determined strength of 18C6 binding
is not consistent with attachment at arginine. Therefore, binding at arginine is unlikely.
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Figure 2.10 Scatter plots for 1000K (left) and 450K (right) simulated annealing of C-trpcage 3+
with 18C6 adducts (on residues or n-termini in parentheses). Inputs for 450K simulated annealing
are circled in red in 1000K outputs.
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Interestingly, a structural family with experimentally consistent donor/acceptor distances
for both tyrosine and tryptophan was identified for 18C6 bound to the N-terminus (Figure
2.9b). These structures are within 20 kJ/mol of the lowest energy structures that were found
by low temperature annealing and are lower in energy than any structures found by high
temperature annealing (Figure 2.9c). Examination of the structures within this family
reveals that solvation by 18C6 replaces the intramolecular hydrogen bonding that drives
the protonated N-terminus between the tyrosine and disulfide in the unsolvated structure
(Figure 2.11b), which should restore energy transfer efficiency.

Figure 2.11 (a) Unsolvated C-trpcage 3+ structure. (b) C-trpcage 3+ crown structure solvated at Nterminus. Note inverted orientation of protonated N-terminus relative to tyrosine and tryptophan.
Lysine, aspartic acid and arginine residues are highlighted in pink while tryptophan and tyrosine
are denoted in orange.

Collisional activation of 3+ C-Trpcage-18C6 yields primarily unsolvated 3+ C-Trpcage,
but also some of the unsolvated 2+ ion. Action-EET on the 3+ ion formed by CID yields
nearly identical results to those for 3+ C-Trpcage sampled directly (supporting info S7).
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These results are consistent with the proposed structures because simple rotation of the Nterminus after loss of 18C6 would yield the unsolvated structure. Furthermore, loss of 18C6
from lysine or arginine would not be expected to result in a significant energy transfer
change, further supporting the conclusion that these sites are not where 18C6 attaches to
C-Trpcage. Another interesting result from these CID experiments is that Action-EET of
the 2+ ion formed by 18C6 loss from C-Trpcage 3+ also shows nearly identical energy
transfer efficiency to the unsolvated 2+ ion when sampled directly (supporting info S8).
Given that abstraction of a proton from the n-terminus (or even Lys) would not be expected
to restore the Lys-Asp-Arg salt bridge for the newly formed 2+ ion, it is possible that
retention of the salt bridge is not necessary for Trpcage stability as previously reported.

2.4 Conclusions
These experiments demonstrate that 18C6 microsolvation does influence gas-phase
structure. Many of the systems examined herein are clearly not consistent with global gas
phase minima, suggesting that significant kinetic trapping occurs during the electrospray
process. Solvation of available charges by 18C6 reduces the need for intramolecular
solvation (and the structural changes that accompany it) upon solvent removal. Given that
these results were obtained on small systems, which are most prone to structural
rearrangements,41 it is likely that microsolvation will similarly stabilize native-like
structures in larger proteins, as suggested previously.33
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Chapter 3: Photo-Electron Transfer Dissociation (PETD)
Reveals Surprising Favorability of Zwitterionic States in
Large Gaseous Peptides and Proteins
3.1 Introduction.
The existence of zwitterionic states in the gas phase has been a subject of intense interest
for both theorists and experimentalists. Early calculations on individual amino acids,
starting with glycine, revealed that zwitterionic states, known to be favored in aqueous
solution, were not stable in the gas phase.1,2 Later experiments and calculations suggested
that zwitterionic configurations for individual amino acids could be stabilized by the
presence of an additional charge, though protons did not suffice.3 These and other
fundamental studies led to an understanding of critical factors that influence zwitterion
stability, including the basicity and acidity of the relevant functional groups, hydrogen
bonding, solvation, and the magnitude of Coulomb stabilization gained by clustering
oppositely charged ions.4-6 Small molecule zwitterions can be favored, even in the absence
of net charge,7 by increasing the basicity of the basic functional group or by clustering
several amino acids together.
Importantly, zwitterion formation in biomolecules is not limited to the canonical amino
acid functional group. Indeed, for arginine, it is the highly basic guanidinyl side chain that
is crucial for zwitterion formation. When multiple amino acids are combined together into
peptides, the relative importance of the N- and C- termini diminishes, and evaluation of
zwitterionic states switches emphasis to consideration of the side chains. Zwitterionic
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pairings between side chains are often referred to as salt bridges.8 In the gas phase, arginine
is clearly the most basic residue and is most likely to form salt bridges.4 In peptides and
proteins, larger molecular size also leads to increased structural complexity, which
obfuscates significantly the questions of zwitterion existence and stability. In order to form
a salt bridge, side chains capable of holding charge must first be co-localized, and second,
the energetics must favor charge separation. Evaluation of the first criteria requires
structure determination, or at least the generation of potential structures. Due to molecular
size, this task is most efficiently carried out by molecular mechanics-based approaches,
which are not typically suitable for evaluating salt bridge stability. 9 For most large
molecules, searching will lead to a large number of potential structures. Evaluation of the
second criteria (i.e. zwitterion stability) requires a higher level of theory.10 Unfortunately,
many peptides and certainly all proteins are too large to examine thoroughly with highlevel ab initio calculations. This problem is exacerbated by the fact that peptides can adopt
a large number of energetically similar conformational states, meaning that high-level
calculations would need to be repeated many times.
Experimental identification of salt bridge pairs by mass spectrometry (MS) would
simplify calculations, but charge separation does not alter m/z, requiring the combination
of MS with other methods. For example, it has been reported that salt bridges can be
identified by CO2 loss following excitation with 157nm light.11 In these experiments, CO2
loss was proposed to occur following electron migration away from a deprotonated acidic
group, which would create an easily lost carboxyl radical. This promising approach is
complicated by the need for monoisotopic isolation of the precursor ion, which becomes
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increasingly difficult at higher molecular weights, and by numerous competing
fragmentation channels facilitated by high-energy 157nm photons. Another approach
utilizing infrared spectroscopy has been able to identify zwitterionic pairs in dipeptides,12
but the implementation of this approach in larger molecules is not straightforward. Theory
has also been utilized to examine salt bridge stability for a limited set of peptides, 10 and
although their existence has not typically been demonstrated, salt bridges have been
invoked many times in discussions of protein structure in the gas phase.13-17
All of the issues described above are particularly relevant to the emerging area of gasphase structural biology, which aims to leverage the speed and sensitivity of MS analysis
for elucidation of three-dimensional protein structure.18,19 A number of experimental
methods are currently being developed with this goal in mind, including ion mobility,20-22
spectroscopy,23,24 energy transfer,25-27 and fragmentation centered approaches.13,28
Although these methods vary widely in many respects, they are all unified by reliance on
theory to fill in structural details. In other words, all current MS-based experimental
methods fail to directly provide comprehensive atomic coordinates, for which they rely on
some type of theoretical calculation. In order for theory to provide structures for
comparison with the experimental data, relevant charge state isomers must first be
assigned.29,30 This task can already be complicated if the number of basic sites exceeds the
number of protons. If acidic residues are present, then consideration of zwitterionic pairs
or salt bridges further complicates matters. An experimental method that can reliably
identify the presence and location (in terms of sequence) of salt bridges in peptides and
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proteins is therefore critically needed in order to facilitate reliable structure generation by
theoretical methods.
Herein we report that a new intramolecular process we term photo-electron transfer
dissociation (PETD) can be used to detect zwitterionic pairs or salt bridges in both peptides
and proteins. In some cases, the site of deprotonation can be identified from characteristic
fragment ions. In these experiments, electron transfer to a protonated site is initiated by
ultraviolet excitation of the electron housed in the anionic portion of the salt bridge. PETD
is closely related to electron capture dissociation (ECD) and electron transfer dissociation
(ETD),31 and the same characteristic c and z type ions are produced. PETD was used to
examine several peptides and ubiquitin. In general, most low charge state ions adopt
zwitterionic charge configurations although the highest charge states may not. However,
interesting exceptions exist, including the 5+ charge state of beta insulin, which is
zwitterionic despite having only 5 basic residues. Similarly, high charge states of ubiquitin
(>12+) also accommodate salt-bridges, though not to the extent observed for lower charge
states. These exceptions imply protonation at non-basic residues is possible even in the
presence of a nearby salt bridge, and that zwitterionic states are more prevalent than
previously imagined.

3.2 Experimental
The peptides RRLIEDNEYTARG (substrate for tyrosine protein kinase), RPPGFSPFR
(bradykinin), YRVRFLAKENVTQDAEDNC (CD36 p93-110), DRVYIHPF (angiotensin
II), and KKRAARATS-NH2 (myosin protein kinase) were purchased from American
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Peptide Company (Sunnyvale, CA). Ac-DRVYIHPFHLLVYS was purchased from
Bachem. Bovine ubiquitin, human insulin and GIGAVLKVLTTGLPALISWIKRKRQQNH2 (melittin) were purchased from Sigma Aldrich (St. Louis, MO). Before use, the
disulfides of insulin were reduced and alkylated in the following manner; 5

L 1mM

insulin, 5 L 50mM TCEP and 20 L H2O were added to a vial and incubated overnight at
room temperature. A manual microtrap from MICHROM Bioresources (Auburn, CA) was
used to remove excess salts; the sample was then lyophilized and incubated in an aqueous
solution of ammonium acetate with excess iodoacetamide at pH 7.8 in the dark. The
resulting reduced and alkylated beta chain was again purified by microtrap, lyophilized and
re-suspended for electrospray. RRLIEDDEYTARG was synthesized using standard Fmoc
chemistry. For our control experiment, RRLIEDDEYTARG was then methyl esterified by
placing it in a vial with methanol and a catalytic amount of HCl while heating to 80˚C for
about one hour. Millipore (18.2 M ) water from a Synergy UV water purification system
(Billerica, MA) was used for all experiments. HPLC grade acetonitrile was purchased from
Fisher Scientific (Pittsburg, PA).
Mass Spectrometry and Photodissociation. PETD experiments were performed on a
Thermo Fisher Scientific LTQ linear quadrupole ion trap and Thermo Fisher Scientific
LTQ-Orbitrap Velos Pro mass spectrometer. The LTQ was modified to accept laser light
from a 266 nm Nd:YAG laser (Continuum, Santa Clara, CA) which is triggered by an
externally connected delay generator (Berkley Nucleonics Corporation) directly into the
ion trap. The LTQ-Orbitrap was also modified to directly accept laser light from a 266 nm
Nd:YAG (Continuum, Santa Clara, CA), but through a quartz window placed in the back
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of the HCD vacuum housing (directly into the HCD cell) rather than the ion trap. All
peptides were sprayed in 50:50 ACN:H2O at either 5uM or 10uM concentrations at 3
uL/min with electrospray voltages set between 3 and 4 kV and the capillary inlet
temperature set to 200˚C. Multi-shot experiments were performed on the LTQ with a
repetition rate of 10 Hz. Ions were given 200 ms post-irradiation to cool back to the center
of the ion trap before scan out.
Ab initio Calculations. Theoretical calculations were carried out using density
functional theory as implemented in Gaussian09.32 The B3LYP functional was used with
the 6-31+G(d) basis set. Transition states were found using the QST3 approach and verified
by calculating vibrational frequencies, for which a single imaginary value was obtained.
Molecular Dynamics. Molecular dynamics (MD) were performed using MacroModel
(Schrodinger Inc., Portland, OR) with the OPLS atomic force field. Simulations were
initiated from the ubiquitin crystal structure (1UBQ) and run without solvent for 5 ns in
1.5 fs time steps with 1 ps equilibration time at slightly elevated temperatures (450K) to
simulate the mild heating that occurs during ionization. Charge state isomers were selected
by starting with the 1UBQ crystal structure, followed by a simple minimization step, which
leads primarily to modest repositioning of surface side-chain groups. Next, acidic
functional groups were protonated, starting with those not found in salt-bridges and then
proceeding with acidic groups in less favorable salt-bridges. Acidic residues in potential
salt bridges with lysine were protonated first because arginine-based salt bridges have been
shown to be more stable.4 However, the Lys11/Glu34 interaction is stabilized by two
hydrogen bonds with an optimal distance of 2.89 Å between charge centers, so this
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zwitterionic pair was retained in all isomers. Additionally, the Asp39/Arg74 interaction
exhibits a single hydrogen bond and the charge centers are extended by ~0.5 Å beyond the
optimal value. Therefore, charge-state isomers with deprotonation of the acidic residues
were examined for the following pairs (one at a time): Asp39/Arg74, Glu16/Lys33,
Glu18/Met1, Glu64/Lys63. In each case, the remaining acidic sites were protonated,
yielding a net 6+ charge state in each case. For examination of the 12+ structure, Glu51
and Asp58 were alternately deprotonated due to the nearest sequence proximity to an
arginine salt bridge (with Arg54). All basic sites were protonated to yield a net 12+ charge
state.
Collision cross section modeling. Cross sections for ubiquitin 12+ were obtained using
Collidoscope.33 Briefly, ubiquitin 12+ charge isomer outputs from dynamics simulations
were exported as PDB files and run using the CCS algorithm with He buffer gas at 298 K.

3.3 Results and Discussion
The original concept for this work began with an investigation of photoinduced electron
transfer from non-covalently adducted anions to protonated sites in peptides, and
interesting data was obtained for a few systems. Figure 3.1a shows the results acquired
following photoactivation of [RRLIEDNEYTARG +2H+Cl]1+ with 266nm photons.
Several interesting features are present in this spectrum. First, backbone fragmentation is
dominated by a string of c-type ions accompanied by a single a-type ion. Second, a small
amount of charge augmented doubly protonated peptide is generated. Importantly, this ion
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is only observed in conjunction with the loss of Cl. These results are best rationalized by a
molecular ion comprised of a charge separated
system where the doubly protonated peptide forms a salt complex with the chloride anion,
yielding a net charge of 1+. Photo-induced electron detachment34 from the chloride anion
creates a weakly bound Cl atom that is easily lost, yielding the naked, charge-increased
doubly protonated peptide. Alternatively, if the electron is not detached, but instead
transferred to a protonated site, fragmentation analogous to traditional ECD/ETD would
be expected, explaining the observed sequence of c-type ions. The simultaneous
observation of products from electron detachment and electron transfer following
excitation at a single wavelength could be rationalized by the presence of multiple
structural isomers with differing photo-detachment energies. Importantly, loss of Cl from
all assignable fragments strongly suggests that it is the source of the electron initiating the
fragmentation, i.e. the resulting chlorine radical is weakly bound and easily lost.
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Figure 3.1 PETD spectra for a) [RRLIEDNEYTARG+2H+Cl]+ b) CD36 2+ and CID spectrum for
c) CD36 2+.
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To investigate the possibility for detecting internal anionic groups in peptides, we
examined YRVRFLAKE-NVTQDAEDNC (CD36 p93-110) in the 2+ charge state.
Previous experiments suggested that CD36 exists in a zwitterionic charge configuration
with salt bridges between Arg4/Asp15 and Arg2/C-terminus.35 Photoactivation of CD36 is
shown Figure 3.1b. Notably, a clear series of c ions are observed as would be expected if
an electron were ejected from an anionic carboxyl group and subsequently captured at a
protonated residue. Similar types of ions are seen in traditional ETD of CD36 as seen for
Figure 3.2. Several c-CO2 losses are also noteworthy, and detailed discussion of these ions
is provided further below. In contrast, collision-induced dissociation (CID) of CD36 2+
does not favor backbone cleavage yielding c/z ions, see Figure 3.1c. Instead, b/y type ions
are produced, consistent with fragmentation via the mobile proton model.36

Figure 3.2 ETD of CD36 4+ results in several charge-reduced species as well as c/z-type
fragmentation.
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If observation of c/z ions following photoactivation at 266nm is a reliable paradigm for
identifying zwitterionic pairs, then protonated peptides incapable of sustaining anionic
sites should not yield c/z ions upon photoactivation.
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Figure 3.3 PETD spectra for a) KKRAARATS-NH2 2+ b) RRLIE*D*D*E*YATRG* 3+ (*
indicates methyl ester) c) unmodified RRLIEDDEYTARG 3+ and d) RRLIEDDEYTARG 4+
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In order to test this hypothesis, we examined a series of control peptides. Figure 3.3a shows
the results for KKRAARATS-NH2, which lacks any acidic side chains and is amidated at
the c-terminus, making the existence of an anionic site on this peptide extremely unlikely.
Photoactivation at 266nm does not yield any c/z ions, consistent with a lack of PETD and
absence of zwitterionic charge separation. Data obtained for the larger non-acidic protein,
melittin, in the 4+ charge state is shown in Figure 3.4 for comparison.

Figure 3.4 UVPD of melittin 4+ shows no c/z type fragmentation, but a large abundance of b/y
fragmentation.

A distinct lack of c/z ions is again noted, but fragmentation is observed in the form of a
series of b/y ions. In Figure 3.3b, results are shown for the 3+ charge state of
RRLIE*D*D*E*YTARG* (* indicates methyl-esterification), where all acidic groups
have been converted into methyl esters. No significant c/z ions are generated. In contrast,
if the same peptide is examined with native acidic groups, abundant c/z ions are obtained
as shown in Figure 3.3c. Interestingly, many of the c ions have additionally lost CO2, as
was also observed in Figure 3.1b. Although the loss of CO2 is observed in traditional
ECD/ETD as well, typically from the precursor ion, 37 this degree of CO2 loss from
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fragment ions is unusual. A simple explanation can rationalize this observation. Loss of an
electron from an acidic side chain or the C-terminus generates a neutral radical predisposed
to lose CO2. DFT calculations indicate that barriers to this type of CO2 loss are minimal
(see Scheme 3.1).

Scheme 3.1 Optimized structures for radical and transition state preceding loss of CO2 from various
locations. C-atoms represented in gray, N in blue, O red and H white.
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For example, the transition state for CO2 loss from aspartic acid lies just ~5.9kJ/mol above
reactants and leads to products -28.1kJ/mol downhill in energy. Similar results are obtained
for the side chain of glutamic acid and the C-terminus.

Figure 3.5 Zooms of several c-CO2 ions for Figure 3.3c. Note the lack of a -45 Da peak in all
spectra. The small -1 Da peak in the c7-CO2 ion is outside the mass error expected for a confident
match on our orbitrap instrument.
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It should also be noted that we do not observe competing losses of 45 Da from our c-CO2
ions as Figure 3.5 demonstrates.
Taken together, these results suggest that acidic functional groups are required for PETD
to occur and that the structure adopted by the 3+ charge state of unmodified
RRLIEDNEYTARG contains salt bridges (Figure 3.3c). A final control is illustrated in
Figure 3.3d, where another proton is added to RRLIEDDEYTARG, leading to complete
protonation of all basic sites. Photoactivation of the 4+ ion does lead to fragmentation,
though not of the c/z type. Instead, b/y ions are the primary products, consistent with
internal conversion of photon energy into vibrational excitation.
The results in Figures 3.3b and 3.3d also serve as controls for the possibility of PETD
from a chromophore (rather than an anion). In principle, an excited electron could be
transferred from tyrosine to a protonated site, yielding the observed c/z ions. The results in
Figures 3.3b and 3.3d illustrate that this does not occur for RRLIEDDEYTARG, where
tyrosine is present. The electron affinity of isolated acetate anion is ~3.2 eV while the
ionization energies for phenol and indole are ~8.5eV and 8.3eV, respectively. 38 Although
both the electron affinity and ionization energies could be modified considerably in the
context of a protonated peptide, it is likely that the trend will still hold. In other words, it
will be easier to transfer an electron from an anion than from a chromophore to initiate
PETD. Photons at 266nm, or 4.6eV, may not be capable of electron transfer from tyrosine
or tryptophan, although it is conceivable that absorption at these chromophores could be
followed by energy transfer to anionic sites and help facilitate electron transfer.
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Thanks to pioneering work by Williams and co-workers, singly protonated bradykinin
is the prototypical gas phase zwitterion.39 In Figure 3.6a, photoactivation of bradykinin in
the 1+ charge state is shown.

Figure 3.6 PETD of a) Bradykinin 1+ compared to b) RDD of 4-iodobenzoic acid modified
Bradykinin 1+.

Loss of CO2 and phenylalanine side chain are abundant, but a distinct series of c/z ions is
absent. Instead, a5-a8, c4, c5, y7, and y8 are observed. Although y-ions are typical of CID,
the series of a-ions and c-ions are not. For comparison, the radical directed dissociation
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(RDD) spectrum for bradykinin 1+ is shown in Figure 3.6b. These ions were generated by
photolytically cleaving an appended carbon-iodine bond to create a hydrogen deficient
radical, which was subjected to collisional activation.40 RDD typically produces abundant
a-type ions with c/z ions and side chain losses.41 The results in Figures 3.6a and 3.6b are
very similar and both are consistent with RDD. It has been recognized previously that there
is an inherent connection between ETD and RDD, and that many ETD fragmentation
pathways actually occur via hydrogen deficient chemistry.42 These pathways should be
more favorable in PETD because the peptide is never formally hydrogen abundant, as is
the case in traditional ETD/ECD. The RDD-like fragments observed in Figure 3a are likely
generated by radical chemistry. Fragmentation via hydrogen deficient pathways following
electron transfer is consistent with the results and indicative of the existence of a
zwitterionic state.
Results for the beta chain of insulin are shown in Figure 3.7. Abundant c/z ions are
observed in Figures 3.7a and 3.7b for the 3+ and 4+ charge states, suggesting these ions
are zwitterionic. Once again, accompanying CO2 loss is abundant; however, in this case,
the loss of CO2 from fragment ions can be used to localize the site of deprotonation. For
the 3+ ion, a series of c-CO2 ions are observed near the C-terminal end of the peptide, as
indicated by the red cleavage marks above each sequence. In contrast, the c-ions near the
N-terminus do not exhibit loss of CO2. From this information, it can be concluded that the
site of deprotonation is one of the two internal glutamic acid residues. For the 4+ charge
state, a pair of c-CO2 ions in the center of the peptide are only consistent with deprotonation
at Glu13, which is clearly the source of the electron for at least some fraction of the ions.
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Additional c-CO2 ions are also observed near the C-terminus, which are consistent with
deprotonation at either internal glutamic acid residue.

Figure 3.7 Mass spectra resulting from PETD of Insulin a) 3+, b) 4+ and c) 5+. The red brackets
indicate c-CO2 fragmentation points relative to the peptide sequence.
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Inspection of the 5+ charge state (Figure 3.7c) reveals an important result. Numerous
c/z ions are observed, indicating the 5+ charge state is zwitterionic despite having only 5
basic sites. This suggests protonation of the peptide backbone is stable despite the presence
of a zwitterion. When compared with RRLIEDDEYTARG, the charge density for betainsulin is much lower (0.31 versus 0.17 net charge/residue, respectively). It is possible that
the reduced relative charge density in beta-insulin allows for protonation of the backbone,
yet it is very unlikely the zwitterionic and protonated backbone sites are co-localized.
Rather, we hypothesize a stable salt bridge composed of basic and acidic residues in one
portion of the structure, with protonation of the backbone accommodated elsewhere. There
is ample precedent for protonation of the peptide backbone, under appropriate
circumstances, in the supercharging literature.43,44 Inspection of the sequence reveals the
most likely site for the persistent salt bridge. Given that the 5+ charge state will experience
significant Coulombic repulsion, the proximal Glu21/Arg22 and Glu13/Arg22 pairs are the
most likely sites to support a zwitterion.
We expanded the scope of our experiments further by examining multiple charge states
of ubiquitin, an ~8.6kDa protein. The results are shown in Figure 3.8. Photoexcitation of
lower charge states, 5+, 6+, and 7+, yields numerous c/z ions, consistent with zwitterionic
pairs. Several of these ions additionally lose CO2. Ion mobility results have previously
revealed that these charge states are compact45 and should be able to accommodate
numerous intramolecular interactions, including salt bridges.13,46 Inspection of the crystal
structure (PDB 1UBQ)47 reveals ubiquitin has the potential to form several salt bridges
among residues on the protein surface. In order to explore whether these interactions might
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be retained in the gas phase, molecular dynamics calculations were carried out on the 6+
charge state (as detailed in the Experimental section).

Figure 3.8 Mass spectra resulting from PETD experiments on Ubiquitin 6+, 7+, 10+, 12+, 13+ and
14+ ions.

Backbone structures obtained for several charge state isomers after 5 ns of annealing at
450K are overlaid with the original crystal structure in Figure 3.9a. Although the backbone
shifts upon desolvation, the primary features, including all beta sheets and alpha helices
are preserved in all conformers. The native-like structures are stabilized by several +-+ salt
bridge arrangements. Such structures are ideal for stabilizing charge separation due to
favorable Coulombic terms derived from charge clustering (see Introduction). In fact, an
extended +-+-+ salt bridge cluster between Lys27-Asp52-Arg42-Glu51-Arg72 (see Figure
3.10) is observed in several isomers, which provides both a net charge to the molecule and
extensive structural stabilization. Numerous hydrogen bonds further support this saltbridge cluster, which serves as an anchor for the native-like state. Extended salt bridge
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clusters have also been observed to be consistent with experimental results in previous
experiments.13
For higher charge states, c/z ions are increasingly replaced with b/y ions, suggesting
increased abundance of non-zwitterionic structure. Nevertheless, a few small c/z type ions
are still observed for the 14+ charge state. Ion mobility indicates the structure of this ion is
largely extended,48 but some pairs of basic and acidic residues share very close sequence
proximity, for example, 32DKE34 and 51EDGRTLSD58.

Figure 3.9 a) Superposition of five ubiquitin 6+ charge isomers obtained with molecular dynamics
and the 1UBQ crystal structure. b) Structures obtained by molecular dynamics for the 12+ ion. All
basic sites are protonated and the lone deprotonated site is indicated.

It is possible that salt bridges in these regions could remain intact even for significantly
unfolded structures. Given the greater stability of arginine-based salt bridges, we examined
charge isomers for the 12+ ion where all basic sites were protonated and either Glu51,
Asp52, or Asp58 was deprotonated. Starting again from the native structure, molecular
dynamics were carried out for 15ns at 450 K (to allow time for more significant structural
rearrangements). The protein rapidly unfolds due to Coulombic repulsion and the lowest
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energy structures from each run are shown in Figure 3.9b. The Asp58 charge isomer is
nearly completely unfolded, with only a small knot retained at the site of the zwitterion and
retention of the N-terminal beta-strand due to solvation of the protonated N-terminus.

Figure 3.10 The Lys27-Asp52-Arg42-Glu51-Arg72 salt cluster which persists in all charge
isomers evaluated by MD for the UBQ 6+ ion.

Our calculated cross-section for this ion (2035 Å2)33 does not agree well with experiment
(1890 Å2)49 and suggests that the structure for this charge isomer has unfolded too much.
Both the Glu51 and Asp52 isomers retain more substantial folded structure, including part
of the native alpha helix. The calculated cross-sections (1947 Å2 and 1897 Å2, respectively)
are also in better agreement with experiment. Interestingly, the cleavage site yielding the
z20 ion (i.e. at Leu56) is in close proximity to the zwitterionic site for all three isomers,
consistent with the persistent observation of this ion.
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The structures in Figure 3.9b also suggest additional charges can be accommodated
without disrupting the salt bridges. The charge density for ubiquitin is low at 0.18
charge/residue for the 14+ charge state, which is close to the 0.17 charge/residue for the 5+
charge state of beta insulin. For ubiquitin, it is likely the extra proton is located in the region
between Thr12 and Val36, which lacks basic residues and contains four acidic residues and
a proline. If the charge state of ubiquitin is driven higher via the addition of supercharging
reagents,50,51 no c/z type ions are observed above 14+ (see Figure 3.11).
The full list of peptides and charge states examined herein is shown in Table 1. Most of
the peptides capable of supporting zwitterionic pairs do so. In three instances, salt bridges
are detected when the charge state equals or exceeds the number of basic sites. These results
reveal that the propensity to form salt bridges in the gas phase is not restricted to a handful
of peptides, but, rather, is likely to be a pervasive characteristic.
Table 3.1 Summary of Results for Conducted PETD Experiments
Sequence/Protein

Zwitterion
Theoretically
Possible?

Charge
States
Examined

Zwitterionic
Charge States
Observed

Zwitterion
at Max
Charge?

Charge
Density
at Max

DRVYIHPF

Yes

1+, 2+

1+ 2+

No

0.38

RPPGFSPFR

Yes

1+, 2+, 3+

1+ 2+

No

0.33

KKRAARATS-NH2

No

2+

None

No

0.56

RRLIEDNEYTARG

Yes

2+, 3+, 4+

2+,3+

No

0.31

RRLIEDDEYTARG Methyl ester

No

3+

None

No

0.31

Ac-DRVYIHPFHLLVYS

Yes

2+, 3+

2+,3+

Yes

0.21

YRVRFLAKENVTQDAEDNC CD36 (93110)

Yes

2+, 3+, 4+

2+,3+

No

0.21

GIGAVLKVLTTGLPALISWIKRKRQQNH2

No

3+, 4+

None

No

0.23

Insulin -Chain

Yes

3+, 4+, 5+

3+,4+,5+

Yes

0.17

Bovine Ubiquitin

Yes

5-17+

5-14+

Yes

0.17
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Figure 3.11 Mass spectra for UVPD of Ubiquitin 15-17+ ions. None of these charge states appear
to be zwitterionic as noted by a complete lack of c/z-type ions.
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3.4 Conclusions
Our results demonstrate that zwitterionic pairs are common in large gaseous peptides
and proteins. Although charge separation is difficult to stabilize in the gas phase at the
amino acid level, it appears that the abundance of hydrogen bond partners and opportunities
for charge clustering increase the probability for zwitterionic pairs in larger peptides and
proteins. Strikingly, strong evidence suggests that salt bridges can be stabilized when the
charge state is equal to the number of basic residues if the overall charge density is low and
at least one acidic and one basic residue are in close sequence proximity. In these cases,
additional protonation at a non-basic residue must occur to yield the correct net charge for
the system. For proteins, it is likely that salt bridges will significantly influence the
structure adopted in the gas phase and salt bridges may facilitate kinetic trapping of nativelike states. Cumulatively, these findings imply that selection of charge state isomers for
theoretical calculations should include not only consideration of zwitterionic pairs but also
protonation at non-basic residues. In summary, zwitterions offer both promise, in the form
of stabilizing native-like structures, and complication, due to charge state isomer
identification. It is clear that both will impact future progress in gas-phase structural
biology.
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Chapter 4: Simplified Identification of Disulfide,
Trisulfide, and Thioether Pairs with 213 nm UVPD
4.1 Introduction
Close to 25% of annual global pharmaceutical sales in 2015 were biological drugs. More
than 120 biologics have been approved since 2001, and it was recently estimated that the
global market share will rise close to 30% by 2020.1 Given that biologics such as
monoclonal antibodies (mAbs) are complex molecules that are most frequently synthesized
via recombinant cell technology, there are many questions as to the batch to batch and
manufacturer to manufacturer similarity of these molecules.2 This has been highlighted in
several case studies that analyzed mAb heterogeneity between Rituximab samples from
several manufacturers.3,4 Commonly monitored parameters between batches and vendors
include glycosylation profile, charge/size heterogeneity, deamidation, oxidation, as well as
cysteinylation, and disulfide scrambling.
Disulfide heterogeneity and degradation in therapeutics is particularly concerning
because these crosslinks define three-dimensional structure through covalent bonds.
Changes such as disulfide reduction and alternative crosslinks can lead to structural
perturbation and influence other properties as well.5 For example, it has long been known
that reduction or failure to form specific disulfide bridges can lead to lower thermostability,
antibody unfolding under physiological conditions, and also have deleterious effects on
antigen affinity/binding.6,7,8There have been a number of bottom-up liquid chromatography
mass spectrometry (LCMS) workflows aimed at mapping and characterizing disulfide
bond patterns within therapeutic mAbs.9,10,5 Additionally, several groups have worked
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towards the detection and characterization of non-native crosslinks such as trisulfides,
thioethers and cysteinylation.11,12 Unfortunately, disulfide mapping by mass spectrometry
shares many of the same complexities and challenges as encountered with structureinterrogating crosslinking experiments. For example, the number of possible disulfide
combinations in a sample scales according to the same formula for peptide crosslinks,
(n2+n)/2 where n represents the number of peptide fragments containing a linking residue
(for disulfides, cysteine).13 The n2 term in this formula becomes increasingly problematic
as the complexity of the digest grows. For example, disuccinimidyl suberate crosslinking
followed by tryptic digestion of just 50 randomly selected proteins from the human
proteome returns more possible peptide pair combinations than total unique single peptides
obtained from digestion of the entire human proteome.14
The quality of information provided by experimental methods can therefore play a
crucial role in helping overcome this complexity. Collision-induced dissociation and
higher-energy collisional dissociation (CID/HCD) are the most commonly implemented
activation methods and can provide useful information, but they also necessitate difficult
analyses because cleavage of S-S and C-S bonds are not favored. Fragments from
collisional activation are typically b/y ions from one peptide that often remain linked by
the disulfide to the other intact peptide.15,16 This complex fragmentation also means that
common databases and programs cannot be easily implemented for analysis.17 To avoid
the complication of dealing simultaneously with two different peptide sequences, methods
favoring direct dissociation of disulfides have been explored. Several groups have shown
that electron-transfer and electron-capture dissociation (ETD/ECD) provide not only
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sequence information, but also readily cleave S-S bonds, leading to observation of
individual peptide pairs and higher confidence in assignments.18-22 Downsides to electronbased dissociation include lengthy activation time, ion charge state dependence, and low
dissociation efficiency (i.e. electron transfer/capture with no dissociation is common and
sometimes requires another activation stage), although significant progress towards
correcting many of these shortcomings has been made.23,24 Longer activation times reduce
the sample complexity that can be interrogated and increase the likelihood that low
abundance species will be missed.
Ultraviolet photodissociation (UVPD) offers different fragmentation capabilities and is
increasing in use and popularity.25-27 Similar to ETD, UVPD can access higher energy
fragmentation channels, but efficiency is largely independent of charge state and does not
require additional reagents, charge reduction or additional stages of activation to dissociate
products. This leads to shorter acquisition times and increased sampling. Additionally, it is
possible to modulate fragmentation by manipulating laser wavelength, power, and dose
(number of laser pulses).28,29 For example, a single MS2 experiment utilizing 193 nm
UVPD has the potential to produce more fragmentation than any other dissociation
technique due to the non-selective nature of excitation.26,30 The data-rich results from these
experiments also necessitate careful analysis.31 Conversely, for unmodified peptides, 266
nm photons strongly favor fragmentation at S-S bonds,32, allowing for direct observation
of disulfide bound peptides from a tryptic digest. 33 Furthermore, it has also been
demonstrated that the local environment and especially the presence of nearby
chromophores such as tyrosine and tryptophan have the ability to greatly enhance
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photodissociation yield of the disulfide bond.34 A characteristic spectrum containing 3
peaks is typically observed: the parent ion and two flanking peaks corresponding to the
individual peptides. Additionally, it was recently shown that the number of free cysteines
in proteins could be evaluated by selective oxidation with benzeneselenol and subsequent
UVPD activation at 266 nm. Homolytic dissociation of the S-Se bond allows for qualitative
analysis of free cysteine content by monitoring the number of dissociated benzeselenyl
groups.35 These methods are convenient and allow for simple analysis, but generally do not
afford sequence information since the peptide backbone does not readily absorb 266 nm
photons. 213 nm UVPD offers a unique compromise between the selectivity of 266 nm and
the extensive dissociation observed at 193 nm.36 213 nm photons are the proper wavelength
to initiate both backbone fragmentation and bond-selective dissociation of S-S and C-S
bonds, which produces a characteristic triplet pattern for each peptide from a disulfidelinked pair. Dissociation of the disulfide bond typically is more abundant than other
fragmentation pathways when present, but peptide bonds are still dissociated in lower
abundance.
Herein we explore the utility of 213 nm UVPD for evaluation of the disulfide
heterogeneity in a commercial sample of Rituximab. Low pH digestion utilizing pepsin
prior to LCMS/MS ensures that any scrambled or degraded disulfide links are not artefacts
of the analysis. While pepsin digests are typically complex,37 characteristic triplet
fragmentation patterns allow for selective identification of disulfide pairs within the 213
nm UPVD spectra. Additional fragmentation of the backbone is also observed, allowing
for confident assignment of each peptide sequence. The low specificity of pepsin allows
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for complete digestion of the non-reduced antibody. Trisulfides and thioethers are also
detected and provide unique fragmentation patterns that are similar to, but distinct from
disulfide bonds. Analysis of the data reveals that a majority of disulfide bonds in Rituximab
were intact, but some scrambling and alternative linkages were also present. Deviations
from native disulfide links were especially prevalent in the hinge region, suggesting that
this area is more prone to modification during antibody production and storage.

4.2 Experimental
Rituximab was obtained from Carbosynth LTD (China) at 25 mg/mL in pH 6.0
phosphate buffer and was either used upon receipt or lyophilized and stored at -20 Co.Nonreducing digestion conditions at pH 2.0 were utilized to suppress disulfide scrambling or
other modifications. For digestion, 50 µg of Rituximab was desalted/lyophilized and then
50 µL of 0.01 M HCl and 2 M urea in ultrapure water were added. To this mixture, 5 µL
of pepsin resin (Proteochem) was added and the mixture was left at room temperature for
15 hours. Resin was removed by centrifugation, and the supernatant was collected. The
digest was then desalted and lyophilized before LCMS.
Mass Spectrometry. LCMS was performed using an Agilent 1100 HPLC with a 5 µM
particle, 300 A porous C4 column from Jupiter (Phenomenex, Torrance CA) with a flow
rate of 0.200 mL/min. Injection was followed by washing with 2 % ACN (solvent B) for 5
minutes before data collection. Gradients were ramped as follows: 2 % B at 5 minutes,
25% B at 35 minutes, 60 % at 50 minutes and finally 95 % at 60 minutes. Mass spectra
were collected on a modified Velos LTQ Orbitrap which had a quartz window installed in
the vacuum housing behind the HCD cell to accept laser pulses in a similar manner to
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previous modifications of an ion trap.38 Data collection was performed in data dependent
acquisition mode with the most intense MS1 precursor being selected for MS2 twice before
a 60 s exclusion period. Only 2+ ions or higher charge states were selected for analysis. An
AGC setpoint of 1.0 x 106 was used, injection times for MS1 and MS2 were 10 and 40 ms,
at resolutions of 15000 and 30000, respectively. UVPD activation was performed on ions
in the HCD cell during MS2 for 50 ms using a 1000 Hz, 2.5 µJ/pulse solid state CryLaS
laser (Germany) which was triggered by a delay generator (Berkley Nucleonics, CA) to
fire repeatedly during MS2. The activation time was selected by determination of the
shortest activation time necessary to yield adequate disulfide activation across all types of
observed disulfide pairs.
Data Analysis. Spectra were searched both manually and with the aid of software. Data
for analysis by software were centroided, noise-reduced, and converted into mgf or mzML
filetypes using software from proteowizard.39 The resulting files were searched with
StavroX40, MeroX41 and Kojak42 for characteristic UVPD fragmentation patterns
associated with disulfide containing peptides. Briefly, in silico digest conditions were set
such that fragments from 2-25 amino acids in length could be produced with single
oxidation of Met as a variable. The ion types a/x b/y c/z were included for scoring. With
MeroX, cleavage patterns of S-S, C-S, and S-S-S bonds were utilized as additional
parameters in scoring. Returned spectral matches in all programs were then also manually
evaluated for correctness.

4.3 Results and Discussion.
Given the structural and functional importance of disulfide bonds, a method capable of
directly and confidently elucidating disulfide bound pairs from complex digestions is
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desirable. Figure 4.1a shows 213 nm UVPD of a disulfide bound peptide pair derived from
a pepsin digest of Rituximab. Immediately apparent are peptide fragments SP1 and SP2,
resulting from homolytic cleavage of the disulfide bond. The annotation used for individual
peptides is shown schematically in Figure 4.2. Closer inspection facilitated by the zoomed
inset in Figure 4.1a highlights that UVPD at this wavelength has actually produced two
characteristic sets of triplets. Each central peak is flanked by two minor peaks
corresponding to either a gain or loss of 32 Da (±S). Importantly, summation of any two
complimentary dissociation peaks yields the mass of the selected precursor ion, as depicted
visually in Figure 4.2a. Such distinct MS2 fingerprints allow for rapid data searching and
the ability to confidently identify spectra derived from disulfide-bound peptide pairs. The
value of bond-selective dissociation was demonstrated previously for a simple protein in
disulfide mapping experiments at 266 nm, which produces a set of doublets for each
precursor ion.33 Paek and coworkers have also demonstrated that searching MS2 spectra
for conserved fragmentation patterns drastically reduces the number of crosslinked
candidates.43
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Figure 4.1 Examples of 213 nm UVPD of disulfide bound peptide pairs extracted from a pepsin
digest of Rituximab. a) MS2 of a disulfide link between Cys133 and Cys193 with inset showing the
characteristic disulfide triplet pattern. In addition to direct observation of disulfide pairs, sequence
information from both chains is also seen. b) UVPD of a disulfide between Cys265 and Cys325
which produces fragments SP1/SP2 and abundant backbone fragmentation. Peptides and fragments
are color-coded, i.e. a4 is a normal a4 fragment from P1, whereas a10-S-S-P1 corresponds to the a10
fragment from SP2 with the full sequence of SP1 still attached.

84

Figure 4.2 Possible complimentary fragmentation pairs for a) disulfides b) thioethers and c)
trisulfides. Note that depending on the crosslink type, heterolytic and homolytic fragmentation of
the crosslink can occur. Simplified notations for each precursor ion and fragment are outlined by
red boxes.

In addition to the signature disulfide triplets observed in Figure 4.1, several sequence
ions are also noted for each peptide. A b2 ion from SP1, a y3 ion from SP2 which is still
linked to SP1, and a c15-CO2 ion from SP2 are among several low intensity ions. Each of
these provides sequence information on SP1 or SP2 and enables a two-tiered data processing
approach. In the first pass, all disulfide containing spectra are separated by observation of
at least one complimentary SP1 and SP2 ion pair. When observed, triplets accompanying
these peaks will further confirm the presence of a disulfide. SP1 and SP2 can then be
assigned possible identities based on closest matches by mass. In the second pass, data can
be further scrutinized for sequence-specific information based only on the preselected
candidate identities of SP1 and SP2. Not only does this simplify analysis, it also improves
confidence in each assignment. This tiered workflow can be implemented with the recently
developed crosslinking analysis program, MeroX.41
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To better understand the advantage of this two-tiered approach, consider the MS2
precursor ion in Figure 4.1a. The deconvoluted mass of this ion is 2428.2251 Da. Using
only this mass with an error ≤5 ppm, there would be 22 possible matches based solely on
consideration of disulfide linked pairs for a nonspecific digestion of Rituximab. Upon
incorporating the masses of the observed ions SP1 and SP2, the number of matches drops
down to just two disulfide linked possibilities. Inclusion of backbone fragment ions
narrows the search to a single candidate. The power of this workflow is also corroborated
by decoy analysis with MeroX. When the data is submitted with parameters that first look
for disulfide cleavage (reporter ion scan even or RISE mode) and then subjects matches to
subsequent analysis of backbone fragmentation, not a single decoy spectrum (generated by
a reversed Rituximab sequence) scores above the set 1.0 score threshold. In stark contrast,
turning off RISE mode but using otherwise identical settings in Merox causes a dramatic
shift in scoring and identification which Figure 4.3 clearly demonstrates. Nearly half of all
possible matches are now attributable to decoys which is daunting when considering that,
on top of this, not all non-decoy possibilities are going to be actual matches.
While fragmentation in Figure 4.1a is less abundant than that seen using 193 nm,44 the
resulting spectrum is simple to analyze and easily provides sufficient sequence information
for unambiguous assignment. The majority of spectra obtained from disulfide bound
peptides pairs are similar to that shown in Figure 4.1a and are presented in Figure 4.4 for
reference. However, certain backbone fragmentation channels can be competitive, as
illustrated in Figure 4.1b. The peptide pair linked by Cys265 and Cys325 of the heavy
chain yields backbone dissociation comparable to the yield of the SP1/SP2 fragments. Both
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sequences contain proline (ISRTPEVTCVVVD, YKCKVSNKALPAPIE), which is
known to facilitate backbone dissociation at 213 nm and can also produce intense b+2, a+2,
and complimentary y-2 ions for backbone cleavages which occur at proline.45Figures S2
and S6 have examples of this unusual fragmentation which results in observation of yn-2
and yn doublets. Although the spectrum in Figure 1b does not stand out as a disulfide bound
pair, the software easily makes a correct assignment because the SP1 and SP2 masses are
still observed. Furthermore, if desired, the proclivity for proline fragmentation at 213 nm
could be incorporated into scoring algorithms for analysis of extremely complex samples.
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Figure 4.3 Decoy analysis using a) RISE mode and b) without RISE mode enabled. Red bars
indicate decoy spectra which are comprised of the reversed Rituximab sequence and blue bars are
for actual candidate spectra. Spectral candidates in Figure S1 a) have FDR below 5% for all
candidates scoring above 0 while in Figure S1 b) only candidates with scores greater than 6 have
FDRs below 5%.
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In addition, the spectrum in Figure 4.1b still contains relatively few peaks, facilitating data
analysis. Overall, the results in Figure 4.1 demonstrate that UVPD at 213 nm yields data
conducive to the rapid and confident identification of disulfide bound peptide pairs.
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Figure 4.4. Additional representative MS2 spectra of disulfides linkages found from pepsin
digestion of Rituximab
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Figure 4.5 Examples of alternative crosslink fragmentation following UVPD activation. MS/MS
of a) thioether and b) trisulfide

Interestingly, 213 nm UVPD also revealed spectra with similar features to those found
in disulfides that did not match any disulfide bound peptides pairs. For example, in Figure
4.5a selective dissociation yields a

S

P1/P2 fragment pair lacking the expected

accompanying triplets or even complimentary SP1/SP2 ions. Consideration of the precursor
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mass suggests a thioether between Cys371 and Cys429 of the heavy chain. The generic
fragments that would be expected from UVPD of a thioether are shown in Figure 4.2b.
Cleavage on either side of the C-S bond can theoretically yield doublets for each P1-S-P2
pair. This is not observed in Figure 4.5a, most likely because C-S bond cleavage is less
favorable than S-S bond dissociation.36 In any case, the selective dissociation is again
supplemented with backbone sequence fragmentation for more confident assignment.
Figure 4.5b represents another example of a disulfide-like spectrum that doesn’t match any
disulfide pairs. In this case, a triplet is observed, suggesting a disulfide is present. Indeed,
the data match a trisulfide interchain crosslink between Cys213 of the light chain and
Cys224 of the heavy chain. Trisulfide bonds can yield triplets (possibly even quadruplets),
as illustrated in Figure 4.2c. The SP2 ion presents as a singlet with an abundant loss of CO2
(likely due to location of the cysteine at the C-terminus). Importantly, bond-selective
dissociation for these unusual modifications still creates signature spectra, facilitating
identification and assignment of these rare modifications. Thioethers are thought to form
under basic conditions where the additional sulfur is lost during formation of the crosslink.
Thioethers are non-reducible and decrease the length between cysteine residues by ~1.5 Å,
which may be sufficient to influence functionality in certain cases. Trisulfides result from
insertion of an additional sulfur atom into the disulfide bond, increasing the length between
cysteine residues by ~1.5 Å relative to a disulfide. Trisulfide formation has been shown to
track closely with free H2S levels, which can be elevated by certain hybridoma
fermentation conditions.46 The increased bond length between cysteine residues results in
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higher reactivity, as is well documented in a previous study examining trisulfides in
mAbs.47
The dissociation chemistry illustrated in Figures 4.1 and 4.5 is powerful for
identification of sulfur-containing crosslinks, both native and non-native. However, care
must be taken during the experiment to avoid introduction of non-native crosslinks or loss
of native crosslinks. Although digestion below pH 7 will reduce disulfide scrambling, it
has been demonstrated that significantly lower pH is required to eliminate all scrambling
in antibodies.48,21 Also, while IgGs should not contain free cysteines, non-zero levels have
been detected in all four sub-classes, which can have deleterious effects on mAb function.49
The choice of pH and protease is crucial during digestion as free cysteine is reactive down
to pH 4.50 High reactivity has also been observed in our own work where disulfides or
cysteine containing peptides in pH 5 buffered solution were found to be partially
scrambled/crosslinked after incubation at 37oC for 12 hours (data not shown). Furthermore,
while specific proteases produce predictable and reproducible digestion patterns, fewer and
larger fragments are generated than with less specific proteases. This results in digested
fragments having a higher chance of falling outside the normal m/z range, being less
activatable by some MS2 methods, and lower probability for observing sequences of
potential interest since cleavage sites are restricted to one or two specific residues. The
peptide pairs shown in Figures 4.1 and 4.5 were obtained at pH 2.0 following digestion of
Rituximab by pepsin. This pH insures very minimal scrambling, but also necessitates the
use of pepsin, which offers less selective digestion relative to many proteases. The lack of
selectivity is both a blessing and a curse. Proteins with disulfide bonds intact are less
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amenable to digestion than proteins that have been reduced and capped. Therefore, as
protease specificity increases, the likelihood for successful digestion decreases because
proteases with high specificity are of necessity more selective and less likely to find
suitable binding sites. This outcome is illustrated in Figure 4.6, which shows LCMS
chromatograms for digestion at pH 6.5 with trypsin and pH 2.0 with pepsin. Even visually,
It is apparent that digestion is more complete with pepsin. Tryptic peptide mapping
produces only 32% sequence coverage and does not yield all 8 native disulfides even with
the power of bond-selective dissociation afforded by 213 nm UVPD.
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Figure 4.6 LCMS chromatogram of two Rituximab digests using a) trypsin and b) pepsin. The
peptide map obtained from the tryptic data in Figure S8 a) corresponds to only 32% sequence
coverage while the dataset from pepsin in Figure S8 b) provided 65% sequence coverage.
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Figure 4.7 Sequence and disulfide coverage for the peptic digestion of Rituximab. LCMS-MS
identified regions of sequence and crosslinks are labeled by red text or lines, respectively. The
identified hinge region at HC230-HC230 and HC233-233 disulfides are marked by red asterisks

In contrast, digestion with pepsin at pH 2.0 easily yielded identification of all native
disulfide bonds (disulfide coverage is shown in Figure 4.7). 65% sequence coverage was
obtained, which is reasonable given that singly charged ions were omitted with the
expectation that all crosslinked peptides would be present in the 2+ charge state or higher.
A full list of native peptide pairs identified by UVPD is given in Table 4.1. Due to the nonspecific nature of pepsin digestion, the same disulfide links were often identified in various
peptide pairs. In other words, SP1 and SP2 often varied in length for the same pairs of
cysteine residues. This inherent multiplicity highlights the utility of bond-selective
dissociation for identifying peaks of interest from a complex mixture.
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Table 4.1 Correctly linked disulfide pairs observed by LCMS. Lowercase m denotes oxidized
methionine

97

Misconnected pairs, including thioethers and trisulfides, are listed in Table 4.2. The
relative abundances of each type of crosslink, as determined by extracted ion
chromatogram (EIC) peak areas, are shown in Figure 4.8. The results suggest that roughly
87% of the sample was found in correctly linked form with 8% corresponding to disulfide
scrambling. As expected, thioether and trisulfide links only account for ~5% of the total.
The 25 mg/mL Rituximab sample was received from the manufacturer in a pH 6.0 solution
of phosphate buffer. This relatively high pH and unknown temperature variations during
transit may account for some of the disulfide scrambling.
Table 4.2 Observed unique peptide pairs composed of alternate crosslinks. Thioether and trisulfide
linkages marked with asterisks are also paired at incorrect linkage sites.

Mass

Peptide 1

Peptide 2

Link Sites

Incorrectly Linked
2763.48
2329.19
3915.87

NEVSLTCLVK
CLV
PPSDEQLKSGTASVVCLLN

YKCKVSNKALPAPIE
DWLDGKEYKCKVSDKAL
ASPGEKVTMTCRASSSVSY

HC148-HC325
HC148-HC325
LC133-LC23

TKVDKKAEPKSCDKTHT
PSRDELTKNQVSLTCLVK

PKSC
WQQGNFCSVM

HC224-HC224 *
HC371-HC429

SRDELTKNQVSLTCLVKGF
YP
KSC
LSSPVTKSFNRGEC

STYRVVSVLTVHQDWLNGK
EYKCK
KAEPKSCDKT
AEPKSCDKTH

HC265-HC325
HC224-HC224 *
LC213-HC224

Thioether
2315.17
3397.68
Trisulfide
3953.99
1472.65
2670.28
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Figure 4.8 Extent of disulfide heterogeneity as approximated by EIC intensities.

It is interesting to note that more than half of the tabulated thioether and trisulfide
modifications are related to the interchain disulfide between Cys224 of the heavy chain
and Cys213 of the light chain. In addition, the native HC224-LC213 disulfide is one of the
least observed pairs in our data (seen only twice). The implications of each change are not
immediately clear in terms of mAb function except for the thioether between HC224HC224 which may result from a complete loss of heavy-light chain connectivity. It is not
a stretch to imagine this loss dramatically affects mAb structure and function. To explore
potential reasons for observation of the apparent increased reactivity of interchain cysteine
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pairs, the IgG1 structure was examined in more detail. The relative locations of native
interchain disulfide bonds in an analogous murine IgG1 mAb are presented in Figure 4.9
(PDB: 1IGY). Upon inspection of the crystal structure, it is apparent that the unstructured
hinge region is likely flexible due to lack of any secondary structure and absence of
flanking structures. The reported challenges associated with crystallizing this IgG subclass
are also consistent with flexibility. Indeed, fewer than 5 complete IgG1 x-ray crystal
structures can be found in the Protein Data Bank.51 Increased flexibility in the hinge region
should also result in higher solvent accessibility and therefore greater susceptibility to
chemical modification. Indeed, reports of selective partial reduction of IgG1 in the hinge
region and its use for attaching antibody-drug conjugate payloads both support the notion
of increased chemical reactivity.52,53 In addition, solvent accessibility is also consistent
with the common practice of utilizing proteolytic enzymes like pepsin or papain for
separation of Fab and Fc regions, which requires cleavage just below and just above the
hinge region, respectively. These results from the literature and our own observations
suggest that the hinge regions are more reactive and should be given careful consideration
during the production, formulation, and storage of therapeutic antibodies.
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Figure 4.9 Crystal structure of a full IgG1 mAb. Heavy chain portions are illustrated in green while
the light chains are blue. Zoomed inset of the hinge region shows both the heavy-light interchain
disulfide links HC224-HC213 and heavy-heavy interchain links HC230-HC230 and HC233HC233. These links are numbered as they would appear in Rituximab for illustrative purposes.

4.4 Conclusions.
Given the nature and purpose of biological therapeutics, it is self-evident that reliable
characterization is imperative. The current work demonstrates that 213 nm UVPD can
facilitate identification and characterization of disulfide bonds in complex molecules such
as antibodies. 213 nm UVPD not only provides useful sequence information, but also
preferentially and distinctly fragments S-S and C-S bonds for easy and confident crosslink
identification. Disulfides, thioethers and trisulfides are all discernible due to unique
fragmentation patterns offered by each link type using 213 nm UVPD. While scrambled
disulfides and alternative crosslinks are also detected, they appear to be in relatively low
abundance. Because of this, it is also clear that careful control of pH at all stages of sample
storage and handling is necessary to minimize scrambling. In particular, our results suggest
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the interchain disulfide linkage between HC224-LC213 is susceptible to modification.
Using data gathered from these types of UVPD experiments has potential to further our
understanding of IgG1 native biological structure and reactivity, eventually resulting in
improvements to mAb-based therapeutics.
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Concluding remarks
5.1 Summary
As the preceding chapters of this work demonstrate, a thorough and dynamic
understanding of peptide and protein structure in the gas-phase has profound implications
for MS-based structural biology and its ultimate capabilities and limitations. Loss of
intermolecular solvation results in naked ions which must resort to intramolecular
interactions. Charges which were largely attenuated by solvent have no such mitigating
interactions and are therefore prone to rearrangement. Loss of the hydrophobic effect is
also a major factor in ion rearrangement. While a considerable body of experimental and
theoretical work exists and continues to be developed towards answering the ultimate
question of how much can we rely on MS-based methods for native structural elucidation,
it is also still necessary to completely identify and characterize all factors responsible for
influencing protein structure on its transitional journey from a well understood solutionphase environment to the foreign gas-phase environment. More than just an understanding
of the factors involved in this change, however, it is also important to experimentally map
the effects and contributions of each factor dimensionally as a function of time. While
unlikely that proteins are conformationally stable for indefinite periods of time (much less
peptides) in the non-native environment of the mass spectrometer, this does not preclude
the existence of a timescale from which useful structural information can be extracted.
Indeed, this has been demonstrated by the previous chapters of this dissertation, its cited
works, and numerous other groups. To date, results from numerous reports suggest that
despite their new environment, even small ions appear able to maintain non-trivial portions
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of their native, solution-phase structures on experimentally observable timescales.
Detailing and mapping precise timescales for the intramolecular interactions of gas-phase
ions following complete desolvation has been explored theoretically many times, but
conclusive experimental data supporting or refuting current dynamic models and claims
are still painfully weak.

5.2 Future Studies and Expectations
Consideration of the above raises a familiar question that has been the central focus
of this document; what thermodynamic and kinetic parameters drive/dominate stability in
the gas-phase once intermolecular interactions are removed and what are their relative
operational timescales? Moving forward, we plan to address this informational void
through an exploration of the timescales required for the structural rearrangement of a
diverse array of biological ions upon their isolation and activation, while also discerning
contributions from each individual factor involved. Times associated with specific
structural rearrangements including charge-repulsion, hydrogen-bonding networks, as well
as other ion-ion and ion-dipole interactions will be evaluated to provide key insights
through a combination of experimental evidence that will be further scrutinized via
simulation and computation. It is postulated that a general approximation of
conformational behavior and kinetics can be correlated to stabilizing intramolecular
interactions present (from known structures) prior to complete desolvation, the presence of
zwitterionic groups, how heavily the native structure depends on hydrophobic effects, and
of course coulombic repulsions.

106

Some of these thoughts are already supported by works from our lab (including the
findings within Chapter 2 and 3). This includes support for the rapid and facile
conformational shifts by charge-mediated interactions within smaller peptides which
possess fewer interactions to kinetically stabilize the molecular ion in the absence of
solvent. The case for kinetically trapped ions which require additional input energy to find
lower energy conformations have also been observed. These will be more closely examined
in future work along with a detailed evaluation of the interactions involved in and
responsible for kinetic entrapment. Taken together, these and other considerations
(including associated timescales) will serve to further solidify our foundational
understanding of proteins in the gas-phase and also possibly elucidate the ultimate
structural-resolution of MS in structural biology.
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