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ABSTRACT

Tandem mass spectrometry has long been used as a tool to extract structural information
from an analyteion. However, theinformation obtained in atandem mass spectrometry experiment
is dependent on both the ion type subjected to activation and the type of dissociation method used.
Several activation methods, including electron capture dissociation (ECD), electron transfer
dissociation (ETD), and ultraviolet photodissociation (UVPD) have emerged with a common
objective to maximize the number of sequence informative product ions. There is merit, though,
in mass spectrometry-based approaches which maximize selective cleavages, serving to
concentrate product ion signal into relatively few fragmentation channels or to introduce a weak-
spot into a peptide or protein. lon/ion reactions can be used as a means to transform peptide and
protein ions to new ion types which demonstrate highly selective fragmentation channels. Here,
the utility of introducing selective cleavages viaion/ion reactionsis demonstrated. In one example,
aseries of proton transfer ion/ion reactions are utilized to concentrate and move the precursor ion
signal into amass-to-charge region most likely to maximize cleavages at aspartic acid and proline,
aiding in low abundance protein identification. In another example, various types of ion/ion

reactions are utilized to unambiguously sequence cyclic peptides in the gas-phase.
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CHAPTER 1. RECENT DEVELOPMENTSIN GAS-PHASE ION/ION
REACTIONSFOR ANALYTICAL MASSSPECTROMETRY

Adapted with permission from Foreman, D. J.; McLuckey, S. A. Anal. Chem. 2020, 92, 252-266.
Copyright 2019 American Chemical Society.

1.1 Introduction to Gas-Phase | on/lon Reactions

While the study of reactions between oppositely charged ions has along history, particularly
within the context of plasmas and interstellar chemistry, the exploitation of such reactions for
analytical applications was made possible with the advent of el ectrospray ionization (ESI).>? ES|
provides a means for generating abundant multiply charged ions from awide variety of molecular
classes. It was then possible to use ESI to generate multiply charged analyte or reagent ions for
reactions with ions of opposite polarities without resulting in complete neutralization. The first
description of ion/ion reaction studies using ESI was given by Loo et a. using a Y -tube reactor
leading to the inlet of an atmosphere/vacuum interface coupled with a quadrupole mass filter.34
Thiswas an early example of ion/ ion chemistry being effected prior to sampling ions into a mass
spectrometer. The first implementation of ion/ion reactions within the context of an MS"
experiment was demonstrated at Oak Ridge National Laboratory.>® This was accomplished
through the use of electrodynamic ion traps, which allow ions of opposite polarity to be stored in
overlapping regions of space. Since those early reports, the use of ion/ion reactions, both in vacuo
and ex vacuo, within the context of molecular analysis has expanded significantly. A number of
characteristics make ion/ion reactions attractive for analytical mass spectrometry. For example,
given the long-range Coulomb attraction associated with oppositely charged ions, the cross
sections for ion/ion collisions are very large such that reactions can be driven on the millisecond
to sub millisecond time scales, depending upon ion densities and the extents of ion overlap.
Another important characteristic isthat mutual neutralization is highly exothermic for virtualy all
combinations of oppositely charged gas-phase ion/ion reactions. Hence, ion/ion reactions are
highly efficient and always result in some kind of reaction. Given the diversity of ion types that
can be generated by the suite of ionization methods now available, the range of ion/ion reactions
that can be effected is extremely large, even larger than that of ion/molecule reactions, which are

limited by volatility constraints. In the case of ion/ion reactions that take place within a tandem
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mass spectrometer, such as an ion trap or hybrid instrument, the fact that ions are readily
manipulated on a time-dependent basis (i.e., they can be selected or gected either selectively or
nonselectively) enables a high degree of control over the identities of the reactants and the times
over which they are exposed to one another.

The attractive characteristics of ion/ion reactions for multiple analytical applications have
been illustrated in reports going back to the original works described above. Many of these have
been reviewed previously.””® In this review, we emphasize developments that have taken place
largely within the past decade with particular emphasis on the last 5 years. These have included
developments in tools used to implement ion/ion reactions for one or more types of mass
spectrometry experiments, an expansion in the range of ion/ion reaction types, and the growth in
analytical applications of ion/ion chemistry. The review is organized with descriptions of
instrument devel opment, proton transfer chemistry, electron transfer chemistry, and reactions that

can proceed only through long-lived complexes.

1.2 Developmentsin lon/lon Reaction Instrumentation

Scientific progress is directly related to and dependent on the development of
instrumentation. In this respect, the increasing adoption of ion/ion reactions as an analytical tool
within the past half-decade stems from the development of novel instrumentation equipped to
perform such experiments. The commercidization of electron transfer dissociation (ETD), and
more recently proton transfer charge reduction (PTCR), has emerged as, perhaps, the most
significant advancement in ion/ ion reaction instrumentation, bringing ion/ion reaction capabilities
to laboratories around the world. Previously, research in the area of ion/ion reaction chemistry was
exclusively limited to home-built instruments or heavily modified commercial instruments. The
evolution of such instrumentation has been reviewed.” 1 In this section, rather than providing a
complete history of ion/ion reaction instrumentation, we focus on the recent developments since
the last comprehensive review of instrumentation in 2008.° These devel opments are described in
the context of three categories. ion/ion reactions performed outside the mass spectrometer, ion/ion
reactions performed in vacuo, and the analysis of high m/zions.
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1.2.1 Front-End lon/lon Reaction | nstrumentation

Several criteriamust be met for a gas-phase ion/ion reaction to occur, chief among themiis
the temporal and spatial overlap of oppositely charged ions. In the case of reactions proceeding at
or near atmospheric pressure, this is accomplished prior to the introduction of the ions into the
vacuum system. As such, the modifications required to perform gas-phase ion/ion chemistry at
atmospheric pressure are localized to the ionization region, specifically prior to the entrance to the
atmosphere/vacuum interface. Recently, there have been severa reports of modified or repurposed
commercial ionization sources used for front-end ion/ion reactions.**™13

Two reports of instrumentation highly analogous to that described by L. M. Smith and co-
workers'*%® involved the modification of commercial ionization sources. In one report, the ESI
source of an LC-MS platform was outfitted with a polonium-210 (?°Po) a-particle source.** The
emitted a-particles initiate ion/molecule reactions involving ambient gas and solvent molecules
generating ions of both polarities. Subsequent reactions between the a-particle progeny ions and
the analyte ions generated via ESI result in charge reduced analyte ions, which are then sampled
into the mass spectrometer for mass analysis. In another report, both an ESI and ananoel ectrospray
ionization (nESI) source of a traveling wave ion mobility mass spectrometer (TWIM MS) were
modified to contain a corona discharge probe.'? The discharge generates anions from a nitrogen
gas supply that is flowed over the platinum wire/discharge plate. Ensuing proton transfer ion/ion
reactions result in the charged reduced protein species. The extent of charge reduction can be
modulated by varying the flow rate of nitrogen or the applied voltage to the discharge needle. Robb
et al. have demonstrated similar charge reduction reactions by simply repurposing a commercial
atmospheric pressure el ectron-capture dissociation (ECD) source.*®

In addition to modifying commercial ionization sources as described above, commercial
sources can be replaced altogether with modular front-end ionization sources designed to perform
ion/ion reactions. For example, the Brodbelt group constructed a free-standing dual ionization
source reactor that can be mounted to the front-end of any mass spectrometer.’® The reactor
consists of two electrosonic spray ionization sources fixed to a U-shaped rail. Permitting enhanced
control, the angle of the two sources relative to one another and relative to the inlet of the mass
spectrometer can be adjusted (Figure 1.1). The first source is integrated with the instrument such
that the voltage and polarity are controlled with the instrument software. The voltage of the second
source is supplied by an external dual polarity high-voltage power supply.
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Figure 1.1. Dual source reactor used to perform ion/ion reactions (a) mounted to the front end of
amass spectrometer and (b) free-standing to be adapted to any mass spectrometer platform.
Reprinted from the Supporting Information of Cotham, V. C.; Shaw, J. B.; Brodbelt, J. S. Anal.
Chem. 2015, 87, 9396-9402 (ref 16). Copyright 2015 American Chemical Society.

With this setup, ion/ion reactions are conducted in dual spray mode where the two sources
are operated simultaneously. One source generates a plume of multiply charged peptide cations
while the other generates a mixture of singly and doubly charged reagent anions. The two sources
are oriented at an angle such that collisions between oppositely charged droplets, pseudodroplets,
and gas-phase ions are maximized. Experimental evidence suggests that the reactions proceed
exclusively through an ion/ion mediated pathway; the abundance of the peptide/reagent complex
isdirectly related to the anion source voltage. Additionally, when the anion source voltageis zero,
reminiscent of an ion/molecule reaction, the peptide/reagent complex is not observed. Stutzman
and co-workers have performed similar experiments to demonstrate the charge reduction of
synthetic polymers with a bipolar dual spray setup.!’” Despite the setup being highly analogous to
the dual spray reactor described above, we note a lack of conclusive evidence suggesting
exclusively ion/ion chemistry. Nonetheless, it represents an intriguing avenue for charge state

mani pul ation performed ex vacuo.

1.2.2 In Vacuo lon/lon Reaction I nstrumentation

While instrumentation equipped to perform front-end ion/ion reactions offer some

advantages (i.e., compatibility with any mass analyzer, simplicity of modifications, etc.), the vast
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majority of ion/ion reactions are performed in vacuo. There are severa distinct advantages to
performing experiments within the confines of an eectrodynamic trap: (1) independent
control/optimization of reactant species, (2) well-defined reaction conditions, and (3) MS"
capabilities in conjunction with ion/ion reactions. lon/ion reactions performed within the mass
spectrometer have historically been conducted in either a 3-D quadrupole ion trap or a 2-D linear
ion trap. Compared to 3-D traps, linear ion traps have alarger ion capacity and are more efficiently
coupled to ionization sources and other devices. Consequently, apart from an IT-IM-TOF
instrument which couples a 3-D ion trap with an ion-mobility cell, 8 reactions performed in linear
ion traps constitute the bulk of the recent literature.

Much of the work surrounding ion/ion reactions performed in both quadrupolar and
hexapolar linear ion traps originates from the development and optimization of the now
commercialized ETD instruments. ETD equipped instrumentation has been discussed in detail by
Riley and Coon.*® Therefore, it is outside the scope of this review to thoroughly discuss the
instrumentation and methodol ogical developments of ETD. Theion traps in which ETD reactions
are performed, however, can serve as reaction regions for any ion/ion reaction. In this context,
some of the same instrumentation is mentioned as it pertains to ion/ion reactions other than ETD.

As mentioned above, any electrodynamic ion trap with mutual storage capabilities can be
used to perform ion/ion experiments, provided that ions of opposite polarity can be generated and
transported to the same trap. This can be accomplished by the generation of oppositely charged
ions from two different sources and subsequently introducing ions through two separate orifices
or through a common orifice. Instruments of both types have been described in recent years. He et
al. described a dual polarity ion trap mass spectrometer of the former type.® The instrument
consists of two ionization sources and two sets of ion optical systems separated by a segmented
linear ion trap in the middle. lons are generated using the two sources and can be transported to
the linear ion trap where the reaction proceeds. Application of dipolar DC to one rod set enables
the simultaneous detection of positive and negative ions of the same reaction experiment.

Lin et al. aso described an instrument in which ions are introduced through separate
orifices.?! Their home-built mass spectrometer consists of two discontinuous atmospheric pressure
interfaces (DAPI) 180° from one another, one rectilinear ion trap, and one detector. Analyte ions
are generated by DAPI |, introduced into the trap through its respective orifice and, if desired,
isolated using custom waveforms. Reagent anions generated by DAPI 11 are then introduced into
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the trap. Next, the two populations are allowed to react. However, opening the pinch valve of the
DAPI resultsin an increased pressure of the trap which, in turn, could have del eterious effects on
the ion/ion reactions. In fact, the proton transfer product ion spectrum shows two low abundance
fragment ions which likely originate from the energy deposition by gas flow resulting from the
sudden changein pressure from opening of DAPI I1. A static higher base pressureismore desirable
as it serves to enhance ion/ion reaction efficiency. However, Campbell and Hager have
demonstrated ion/ion reactions in a low pressure reaction cell.?? They created an evanescent
ion/ion reaction region within the low pressure region of Q3 of a hybrid triple quadrupole/linear
ion trap mass spectrometer by adding DC and RF voltages to the optical components surrounding
Q3 and by adding a pulsed valve for the addition of a cooling gas. The results of the ion/ion
reactions performed in this low-pressure region were similar to that of the higher pressure region.

Early versions of ETD-equipped instrumentation contained a chemical ionization source at
the rear of the instrument.?32* Once generated, the reagent radical anions are delivered through the
C-trap and into the segmented linear ion trap where the ETD reaction would take place. It was not
long before this platform was used for proton transfer reactions.?® In 2013, Hunt and co-workers
described a front-end ETD source.?® Here, cations and anions can be generated and introduced
through acommon orifice at the front of the instrument. Sinceitsinception, the front-end chemical
ionization source has been implemented on a number of research grade instruments including the
21 T Fourier transform-ion cyclotron resonance (FTICR) mass spectrometer at the National High
Magnetic Field Laboratory.?” Additionally, this source serves as the basis for the newest Orbitrap
hybrid systems, including those with PTCR capabilities.

A common characteristic of al the instruments described above is the use of alinear ion
trap as the reaction vessel. lon/ion reactions are not restricted to linear ion traps though. The use
of atraveling wave (T-wave) cell as a reaction vessel has been reported.?®-3! Cations and anions
are generated at the front of the instrument. The optical polarities are alternately switched, and the
guadrupole ion guide is set to transmit either exclusively precursor cations or reagent anions into
the T-wavetrap cell. Thereaction proceedsin this cell astheion populations are propelled through
one another by the T-wave. Similarly, atraveling wave structure for losslession manipulation (TW
SLIM) devices capable of performing ion/ion reactions has been described.®? Here, one SLIM
surface contains four aternating phase RF electrodes interweaved with three traveling wave

electrodes (Figure 1.2a). A second SLIM surface contains an identical configuration carrying the
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opposite phase on every RF electrode as shown in Figure 1.2b. Simulations suggest ion/ion

reactions in this device are feasible but have yet to be demonstrated experimentally.

Figure 1.2. @) Schematic of the SLIM boards used for dual polarity ion confinement looking at
the x-y plane (left) and z-y plane (right). b) 3-D view of the SLIM device showing theion
conduits. The green line represents the equidistant line between the SLIM surfaces. Reprinted by
permission from Springer Nature: Journal of the American Society for Mass Spectrometry,
Garimella, S. V. B.; Webb, |. K.; Prabhakaran, A.; Attah, I. K.; Ibrahim, Y. M.; Smith, R. D. J.
Am. Soc. Mass Spectrom. 2017, 28, 1442-1449 (ref 32). Copyright 2017.

1.2.3 Analysisof High m/zProduct lonsfrom lon/lon Reactions

lon/ion reaction product ions can be one or more orders of magnitude higher in nVz than
the reactant ions. Thisis especially true for proton transfer ion/ion reactions involving proteins of
relatively high mass (e.g., >30 kDa). There is, however, a number of challenges associated with
generating and analyzing high mass-to-chargeions, both directly from el ectrospray ionization and
from ion/ion proton transfer reactions. In the case of an ion/ion reaction experiment in trapping
instruments, the upper m/zlimit is dependent on (1) the detector response, (2) the range over which
ions of disparate m/z can be mutually stored, and (3) the efficiency in which high m/zions can be
mass selectively gected toward the detector. Our group has demonstrated a waveform switching
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technique that directly addresses the third challenge.3 A schematic of the instrument is provided
in Figure 1.3. A high-frequency sine wave of 1.008 MHz is applied to the ring electrode during
ion injection and mutual storage. After the ion/ion reaction period, a low-frequency square wave
is applied to the end-cap electrodes, the sine wave is turned off, and product ions are mass
selectively gected viaafrequency scan of the square wave. Switching from a high-frequency sine
wave operation of the trap to a low-frequency sguare wave scan during mass analysis eliminates
an upper myz limit associated with voltage constraints. Additionally, the reduction in frequency
places the product ions at higher g values, thereby, generating deeper well depths and smaller ion
packets despite using lower amplitudes. Using this method, the upper nvVz limit of the ion/ion

reaction was improved by afactor of 2-3.
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Figure 1.3. Schematic of the instrumental setup for the waveform switching experiments. The
sine wave is applied to the ring electrode and the square wave is applied to the end-cap
electrodes. Reprinted by permission from Springer Nature: Journal of the American Society for
Mass Spectrometry, Lee, K. W.; Eakins, G. S.; McLuckey, S. A. J. Am. Soc. Mass Spectrom.
2019, 30, 1126-1132 (ref 33). Copyright 20109.

In addition to the development in high myz analysis described above, recent modifications
to the Orbitrap mass spectrometer platform have been aimed at increasing the transmission,
isolation, fragmentation, and resolution of high m/zions.®*3® Modificationsinclude orthogonal ion
injection into theinstrument to reduce instrument contamination, insource trapping to facilitateion
desolvation and to minimize the ions’ axial momentum, reduction of the RF frequencies applied
to the bent flatapole, quadrupole, transfer multipole, C-trap, and HCD-cell, lengthening ion
injection times from the C-trap to the Orbitrap mass analyzer, and changes to the image current

preamplifier to detect a broader range of ion frequencies. Implementation of these modifications
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have enabled the detection of high m/zions up to vz 70 000.%° To date, no ion/ion reactions have
been performed on this platform. However, it stands to reason these developments can lend
themselves to eventually couple ion/ion reactions to high mass-to-charge protein or protein

complex ions.

1.3 Proton Transfer lon/lon Reactions

Thefirst proton transfer ion/ion reactions were conducted in the early 1990s using the front-
end Y-tube reactor.3# Since then, atering ion charge states via gas-phase proton transfer has
developed into a robust and mature technique that has found utility in biological mass
spectrometry, primarily in the charge state manipulation of proteins. Much of the early work
devoted to proton transfer for protein analysis was performed in 3-D ion traps.64* As the
resolution of ion trapsis generally limited, identification of ion charges greater than two can be a
nontrivial task when adjacent charge states from an anayte of interest are not clearly identifiable.
Proton transfer ion/ion reactions, therefore, have historically been used to simplify spectra
containing highly charged ions by decreasing ion charges to mostly 1+ or 2+ and by dispersing
ions across a wide mass-to-charge range. Increased resolving power can enable charge state
determination via measurement of the isotope spacings within a single charge state. Yet, it has
been shown that even high-resolution instruments, such as the Orbitrap and FTICR mass
spectrometers, can benefit from using proton transfer reactions when complex mixtures of ionsare
present.* In recent years, as the complexity of protein mixtures subjected to ESI has increased,
there has been an extension of proton transfer workflows to high-resolution instruments.
Applications of proton transfer ion/ion reactions include MS" product ion analysis, precursor ion
charge state manipulation, and precursor ion signa concentration. Additionally, proton transfer
reactions are used in structural proteomic studies. The following sections feature recent work

describing proton transfer reactions in all these application areas.

1.3.1 Product lon Analysis

Several activation methods, including electron transfer dissociation and ultraviolet
photodissociation (UVPD), have emerged with a common objective to enhance structural

characterization by maximizing the number of sequence informative product ions. However,
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fragment ions produced using these techniques typically result in a product ion spectrum in which
fragments are confined to a relatively narrow nvz range centered about the precursor. When
combined with proteins of relatively large size and the multiplicity of fragment ion charge states,
the resulting product ion spectrum can be quite complex. In 2005, the Hunt group used sequential
ion/ion reactions (i.e., electron transfer dissociation followed by proton transfer reactions) for
protein identification.?® ETD of the[M + 13H]*3* charge state of ubiquitin performed on aFinnigan
LTQ mass spectrometer generated a spectrum that was uninterpretable. However, using proton
transfer on the ETD products, approximately 90% of the residues could be sequenced. The utility
of this ETD-proton transfer workflow is further demonstrated by the identification of 46 E. coli
70S ribosomal proteins.*®

Expanding upon the work performed in ion trap mass spectrometers, 4648 Hunt and co-
workers have recently coupled the ETD-proton transfer workflow with Orbitrap mass analysis.*
In this experiment, amultiply charged protein ion wasisolated and fragmented by el ectron transfer
dissociation, resulting in a complex product ion spectrum, as shown in Figure 1.4a. Following
ETD, product ions were charge reduced via proton transfer to sulfur hexafluoride radical anions.
Figure 1.4b—e shows the resulting charge reduced spectra under identical ETD parameters but
increasing proton transfer reaction durations. Interestingly, the most informative reaction duration
was observed to be the 20 msion/ion proton transfer reaction. ETD followed by proton transfer on
the Orbitrap platform has been used in only a few other studies,®>2 likely due to the lack of a
commercia instrument optimized to perform both types of ion/ion reactions. An increase in the
number of applications utilizing ETD followed by proton transfer can be anticipated with the
commercialization of PTCR on ETD equipped instruments.
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Figure 1.4. ETD product ion spectrum of the [M + 26H]%* charge state of apomyoglobin
followed by sequentia ion/ion proton transfer (11PT) reaction for @) 0 ms, b) 20 ms, ¢) 40 ms, d)
80 ms, and e) 160 ms. Reprinted from Int. J. Mass Spectrom., Vol. 377, Anderson, L. C,;
English, A. M.; Wang, W.; Bai, D. L.; Shabanowitz, J.; Hunt, D. F. Protein derivatization and
sequential ion/ion reactions to enhance sequence coverage produced by electron transfer
dissociation mass spectrometry, pp. 617-624 (ref 49). Copyright 2015, with permission from
Elsevier.

1.3.2 Precursor Charge State Manipulation

In addition to reducing spectral complexity during product ion analysis, proton transfer can
be used to produce simpler spectra during MS! experiments. Laszlo and Bush demonstrate that
proton transfer can increase accuracy in assigning charge states of native proteins and protein
complexes generated via ESI.> With ESI under denaturing conditions, as the size of the analyte
increases, the propensity for generating multiply charged ions increases potentially creating
overlap between charge state distributions of different specieseven for relatively simple mixtures.
For complex mixtures, the overlap can be quite extensive, complicating data interpretation. This
problem is exacerbated with polydisperse polymers, where the distributions are broad spanning,
in some cases, tens of thousands of Da. Recently, proton transfer ion/ion reactions have been used
to alleviate the spectral congestion of large synthetic polymers.>*3 In those studies, extensive
charge reduction via proton transfer was shown to enable facile data interpretation for polymers
up to 40 kDa. Other ion/ion charge reduction strategies have been reported for polymer
characterization, though it is unclear if the charge reduction occurs via proton transfer. 11

33



Most examples described above (i.e., product ion analysis and polymer analysis) utilize
proton transfer reactions to charge reduce analyte ions to mainly the 1+ charge state. However, in
some scenarios, it is desirable to perform less extensive charge reduction. For instance, our group
has used proton transfer reactions to manipul ate precursor ion charge in order to study the charge
state dependent collisional activation of proteins.>*>° This technique has been adopted to study
the charge state dependent fragmentation of proteins utilizing ETD and UVPD activation
methods.®-%3

In 2016, the Brodbelt group reported on the photodissociation patterns of native proteins
following gas-phase proton transfer.®? While only minor changes in fragmentation were observed,
this report demonstrates another attractive application for proton transfer reactions. ESI of bovine
superoxide dismutase (SOD)/CuZn complexes under native conditions generates the mass
spectrum shown in the top panel of Figure 1.5a. Close examination of the peak at approximately
m/z 3140 shows an overlap of 5+ monomers with 10+ dimers (Figure 1.5b, top). This overlap
inhibits the independent MS/M S analysis of the monomer or dimer distribution. Proton transfer,
on the other hand, can generate purified distributions of monomer and dimer. For example, aclean
5+ monomer distribution and a clean 10+ dimer distribution is generated from proton transfer of
the 12+/6+ distribution (Figure 1.5, middle row) and from proton transfer from the 11+ dimer
(Figure 1.5, bottom row), respectively. Here, proton transfer is used to purify charge state
distributions in the gas-phase. Gas-phase charge state purification via proton transfer reactions
involving protein mixtures under denaturing conditions has also been demonstrated,*'#? and the

Coon group extended this approach to proteomic quantitation with isobaric tagging. 5+
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Figure 1.5. Mass spectra of SOD/CuZn complexes a) as observed under native M S conditions
(top), isolation and 25 ms proton transfer reaction of the 12+/6+ species (middle), and isolation
and 25 ms proton transfer reaction of the 11+ species (bottom) with b) a 60 m/z wide zoomed

view of the 10+/5+ region. Adapted from Holden, D. D.; Brodbelt, J. S. Anal. Chem. 2016, 88,
12354-12362 (ref 62). Copyright 2016 American Chemical Society.

The kinetics of ion/ion reactions can play a magor role in determining product ion
distributions, particularly when mixtures of ions of widely different charges are subjected
simultaneously to reaction. Again, using the SOD/CuZn data as an illustrative case, when both the
12+ dimer and 6+ monomer are subjected to proton transfer ion/ion reactions, the resulting
spectrum shows only a 5+ monomer distribution with no evidence of the isobaric 10+ dimer
species. This follows from the charge squared dependence associated with ion/ion reaction
rates.*%% That isto say, the sequential charge reduction reactions of the 12+ dimer react at afaster
rate than the 6+ monomer species. Consequently, the entire 10+ population is depleted, having
reacted to lower charge states, leaving arelatively enriched purified monomer distribution.

A degree of control over ion/ion reaction kinetics can be effected in a process termed “ion
parking.”®” This is accomplished by applying alow amplitude auxiliary RF signal at the secular
frequency of the desired product ion. The applications of ion parking are numerous. Many of the
studies in the past decade involving ion/ion reactions utilized ion parking to enhance sensitivity,
including some examples discussed above.’®1%2 Recently, we have used ion parking to
concentrate precursor ion signal prior to moving the ions to a myz region likely to maximize
cleavage at aspartic acid and proline residues.® The Hunt group implemented “parallel ion
parking”® " during the online high-pressure liquid chromatography (HPLC), data-dependent
MS/MS analysis of the E. coli ribosome (Figure 1.6).”* Here, a broadband parallel ion parking
waveform is applied to concentrate ion signal without a priori knowledge of the protein (compare
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signal intensities of Figure 1.6a,b). Campbell and Le Blanc employed ion parking to impart an
additional degree of selectivity during protein quantitation,”? and in 2008, L. M. Smith and co-
workers combined fixed-charge derivatization and ion parking to generate an abundant precursor
at a charge state not generated under conventional electrospray conditions.” lon parking provides
a high degree of flexibility in mixture analysis applications due both to the concentration of
multiple charge states into one or a few charge states, which is attractive for sensitivity, and the

simplification of the precursor ion spectrum, which can improve specificity.
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Figure 1.6. MS/M S analysis scheme of 50S L22 E. coli ribosomal protein. a) Positive
electrospray mass spectrum, b) 100 ms proton transfer and parallel ion parking of the 600—-1000
m/z isolation window, and ¢) HCD product ion spectrum of the data-dependently selected 10+
precursor. Reproduced from Ugrin, S. A.; English, A. M.; Syka, J. E. P.; Bai, D. L.; Anderson, L.
C.; Shabanowitz, J.; Hunt, D. F. J. Am. Soc. Mass Spectrom. 2019, 30, 2163-2173 (ref 71).
Copyright 20109.
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1.3.3 Structural Proteomic Studies

Native mass spectrometry is increasingly being adopted as a tool for structura biology,
allowing researchers to extract more information from a mass spectrometry experiment than
simply molecular weight.”*"" Coupling ion-mobility with native M S facilitates native protein and
protein complex collisional cross section measurements. Those measurements, however, are
obtained from the gas-phase structures of the anayte, and unfortunately, thereis still a great deal
of ambiguity regarding the relation of gas-phase structure with those observed in solution.
Expanding upon the early work of Badman and co-workers,'88 the Bush group is combining
native mass spectrometry, gas-phase proton transfer, and ion-mobility to study structure/charge
relationships and protein folding.”® 8 Lermyte et al. perform similar experiments but, in their case,
an electron transfer reagent anion, 1,4-dicyanobenzene, is used for charge reduction.®* Using 1,4-

dicyanobenzene leads to a combination of e€lectron transfer and proton transfer.

1.4 Electron Transfer lon/l on Reactions

Because of the implementation of ETD across multiple commercialy available instrument
platforms, electron transfer ion/ion reactions can be considered the most commonly employed type
of ion/ion reaction. The ETD process begins with an ion/ion reaction involving the transfer of an
electron from areagent radical anion to amultiply charged analyte cation, viz.,

[M +nH]™ + X~ & [M+nH]" "D + X (L.1)
Fragmentation of the charge-reduced product viaradical directed mechanisms results, in the case
of multiply charged polypeptide cations, in c- and ze -type fragment ions and extensive primary
sequence information.?® Since its introduction in commercially available instruments, ETD has
become astandard approach for the structural characterization of bio-ions. The mgjority of electron
transfer ion/ion reactions are discussed in the context of ETD and negative electron transfer
dissociation (NETD). Consequently, ETD and NETD have been extensively reviewed, %88 with
the latest review being published in 2018.1° Therefore, ETD is not discussed here. Instead, we
highlight other electron transfer ion/ion reactions and their analytical utilities. Specificaly, charge

reduction via electron transfer and charge transfer dissociation are discussed.
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1.4.1 Electron Transfer Charge Reduction

Electron transfer from areagent radical anion to amultiply charged cation does not aways
lead to spontaneous dissociation to generate product ions. Nondissociative e ectron transfer, often
referred to as “electron transfer no dissociation” (ETnoD), gives rise to an intact charge reduced
product ion. The extent of ETnoD has been shown to be dependent on several factors including
protein ion conformation, precursor ion charge state, degree of supplemental activation, etc.848°
This nondissociative channel is undesirable when ETD isthe objective, yet severa studies exploit
the formation of ETnoD products. The Kaltashov group, for example, employ native el ectrospray
ionization in combination with electron transfer®®% or electron capture®**® charge reduction to
reduce the spectral complexity of heterogeneous samples. Figure 1.7 shows the native ESI mass
spectrum of an antithrombin-111/heparin complex (AT/heparin) in gray. Mass selection of the
precursor ion and subsequent electron transfer charge reduction generates the product ion spectra
shown in pink and cyan (Figure 1.7). The value of this strategy stems from the ability to correctly
assign charges from the resulting mass spectrum that is reduced in spectral complexity. By
selecting a narrower population of precursor ions, interpretable mass information can be extracted
(compare pink and cyan traces).® Lermyte et a. performed similar electron transfer ion/ion

reactions, though, in their case, precursor ions were reduced to the 1+ charge state.%
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Figure 1.7. Electrospray mass spectrum of a AT/heparin complex is shown in gray. lon charge
state assignment is facilitated by limited electron transfer charge reduction using wide (pink) and
narrow (cyan) precursor ion selection windows. The specieslabeled A, B, and C represent
resolved charge-reduced species present in the precursor isolation windows. Reproduced from
Zhao, Y .; Abzalimov, R. R.; Kaltashov, |. A. Anal. Chem. 2016, 88, 1711-1718 (ref 91).
Copyright 2016 American Chemical Society.
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Beyond charge assignment and mass determination, electron transfer charge reduction has
proven to be useful in both protein conformational studies and in the generation of metal species
in unusual oxidation states. In the former case, the effect of charge reduction on protein
conformation has been studied by coupling ETnoD with ion-mobility, providing insights into the
importance of net charge in the gas-phase on the extent of protein compaction.897% |n the latter
case, the transfer of a single electron from a radical anion to a metal-ligand complex, M(I1)Lx,
serves to reduce the metal forming the M(1)Lx complex ion. Gronert first used this technique to
study the reactivity of metals in the 1+ oxidation state toward alyl iodide.*® Later, Oomens and
co-workers used gas-phase reduction via electron transfer to study the coordination environment

of several reduced metals and their ligands.1®10

1.4.2 Charge Transfer Dissociation

Charge transfer dissociation (CTD), pioneered by the Jackson lab, is another electron
transfer based fragmentation technique. Unlike most ion/ion and ion/electron fragmentation
techniques in which reactions proceed through cation/anion interactions, the electron transfer of
CTD occurs between two cationic species.%? Reactions of ions of like charge are characterized by
alarge Coulomb barrier that must be overcome by alarge relative trandation. Specifically, analyte
cations areirradiated with abeam of 6 keV helium cations, |eading to the abstraction of an electron
by the helium ion:

[M + nH]™ + He" - [M + nH]"*Y** + He (1.2
Ultimately, this electron hole initiates radical directed fragmentation. Using cations at 6 keV
overcomes the electrostatic repul sive barrier associated with cation/cation collisions. Additionally,
helium is intentionally chosen as the cation of choice for CTD due to its adiabatic recombination
energy of 24.6 eV, the largest of any 1+ ion, which drives the electron abstraction process from
other singly charged cations. In addition to the one-electron oxidation pathway discussed above,
experimental evidence exists to suggest a one-step two-electron oxidation pathway.*® Compared
to ETD, CTD is a unique high-energy dissociation method with the advantage of inducing
fragmentation of singly charged precursor ions. To date, CTD has been applied to the analysis of

peptides, 1%271% phospholipids,*®® and oligosaccharides, 196107
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1.5 ReactionsThat Proceed Through Complex Formation

Gas-phase ion/ion reactions between oppositely charged ions proceed through the formation
of a Coulombically bound orbit.X%® Initially, the distance between the ionsin the orbit can exceed
that necessary for chemistry to occur. Astranslational energy isremoved viacollisionsand/or tidal
effects,'® the size of the orbit decreases until either a small charged particle (i.e., proton or
electron) is transferred at a crossing point on the potential energy surface or a physical collision
occurs resulting in formation of a collision complex. While all types of ion/ion reactions can take
place through complex formation, many reaction types can only take place through complex
formation. More so, complex lifetime is largely determined by the strength of the electrostatic
interactions, the number of degrees of freedom of the complex, and both the emissive and
collisional cooling rates. Examples of ion/ion reactions that can proceed only through a complex
include, but are not limited to, metal ion transfer, charge inversion, and covalent chemistries.

Recent work from al areas are highlighted below.

15.1 Metal lon Transfer

lon/ion reactions involving metal -ligand complexes can be used to insert metal cationsinto
analyte ions. These reactions have been demonstrated in both polarities:
[M + nH]™ + MetxLy™ - [M + nH + MetyLy] " D*

> [M+(nh-yH+ xMet](”‘1)++ yHL (1.3)
[M - nH]™ + MetPhens?* — [M - nH + MetPhen2]"* 2~ + Phen
~ [M = nH + Met]"* 2~ + 3Phen (1.4)

where M represents the anayte, Met represents the metal cation, L represents a singly charged
anionic ligand, and Phen represents the neutral 1,10-phenanthroline ligand.*'%%° |n the case where
the analyte is a singly deprotonated anion, ion/ion reaction with a doubly charged cationic metal
phenanthroline complex results in the charge inversion of the analyte:

[M - H]” + MetPhens?* — [M — H + MetPhen2]* + Phen

- [M -H + Met]" + 3Phen (1.5)

This case will be discussed in further detail in the Charge Inversion section below.

The reaction presented in eq 1.3, for example, has been used to incorporate gold cations

into disulfide containing polypeptides using AuCl,~.1%6"118 |n all cases, gold cationization showed
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a preference for cleavage of disulfide bonds upon collisional activation, in contrast with the
collisional activation of the corresponding protonated species. Recently, gold(l) cations have been
incorporated into polypeptides|acking disulfide bonds.***2° |t was found that gold(1) cationization
facilitates peptide oxidation at a neutral lysine residue viathe loss of gold hydride and a molecule
of ammonia. The resulting structure contains a fixed charge cyclic imine, which weakens the
adjacent amide bond. Upon subsequent activation, facile fragmentation N-terminal to the oxidized
residue is observed.'*® This so-called “weak-spot” at lysine was exploited for cyclic peptide
analysis providing a site-specific ring opening pathway. Collisional activation of the oxidized
cyclic peptide was shown to |ead to unambiguous sequence information.*?°

Whereas meta transfer from a reagent to the analyte is highlighted above, gas-phase
ion/ion reactions for selective alkali metal removal have also been demonstrated.*?+2? _uongo et
a. investigated a series of weakly coordinating anions and demonstrated that, of the reagents
examined, carborane anions (e.g., CHB11Cl117) were the most selective for the removal of akali
metals.'? Later, Betancourt et a. simplified the electrospray mass spectra of Polysorbate 80 via
ion/ion reaction with carborane anions.*?® ESI of Polysorbate 80 shows overlapping distributions
from multiple ion types and multiple charge states below m/z 1400. The ion/ion reaction between
Polysorbate 80 cations and carborane anions pushed the charge states to a largely singly charged
species. That is to say, doubly charged species adducted one carborane anion and triply charged
species adducted two carborane anions. Broadband collisional activation of the product ionsresults
in the removal of the metal cations with carborane. The product ion spectrum is less congested
than the electrospray mass spectrum and shows clear distributions of singly charged, meta

cationized species.'?

15.2 Chargelnversion

Multiple charges (i.e., two or more) can be transferred during a single intimate collision
between two ions. For example, ion/ion reaction between a singly protonated
phosphatidylethanolamine (PE) and doubly deprotonated 1,4-phenylenedipropinoic acid (PDPA)
generates the singly deprotonated PE via the transfer of two protons from the PE cation to the
PDPA anion.'?* In this case, the charge of the PE analyteion isinverted from positive to negative
polarity. Charge inversion reactions of both ion polarities have been reported.?26 Qur group has

been investigating the utility of charge inversion ion/ion reactions and have demonstrated their
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applications in sulfo- and phosphopeptide characterization,*?”1?8 concentration of multiple cation

129 and reduction of chemical noise.*®* Sequential charge inversion

types to a single anion type,
reactions have been used to increase ion charge, 131132

Charge inversion has proven particularly useful in altering the ion type of fatty acids and
glycerophospholipidsto yield structurally informativeion types. For example, Stutzman et al. used
PDPA dianions to convert phosphatidylcholine (PC) monocations to the structurally informative
[PC — CHz]™ anion species. lon/ion reaction between PC cations and PDPA dianions formed the
[PC - H + PDPA]™ complex anion, and subsequent CID of the charge inverted anion resulted in
concomitant proton transfer and methyl cation transfer.’*®* Here, the demethylated PC anions
afforded acyl chain information, whereas the PC monocations fragment predominantly to give a
choline headgroup product ion. Reactions with PDPA have a so been applied to isomeric mixtures
of PC and PE lipids. Here, an isomeric mixture of PC and PE cations are reacted in the gas-phase
with PDPA dianions, ultimately resulting in the chemical separation of PC and PE upon charge
inversion due to the proton/methyl cation transfer unique to PC cations and the double proton
transfer pathway undertaken by PE cations.*?* Whilea[PE - H + PDPA]~ complex wasnot directly
observed, the [PE — H]™ product anion is not likely to be formed from two consecutive single-
proton transfer reactions as neutralization would occur after the first reaction and ionization of the
neutral from a second encounter is improbable. Rather, two proton transfer reactions within a
single collison complex with subsequent dissociation of the complex is far more likely.
Combining charge inversion with other techniques, like trimethylation enhancement using *C-
diazomethane (**C-TrEnDi) or the Paterno—Biichi reaction, can result in enhanced structural
characterization of PC and PE phospholipids. 13413

In the above cases, charge inversion was used to convert phospholipid cations to
structurally informative anions. Recently, gas-phase charge inversion ion/ion reactions have aso
been applied to convert fatty acid anions to metalated cations.***” These reactions have
successfully been applied in a shotgun (i.e., direct infusion ESI-MS) approach for fatty acid (FA)
profiling, permitting unambiguous FA identification, isomeric distinction, and rel ative quantitation
of isomeric FA. In the specia case of magnesium phenanthroline complexes, charge inversion
analogous to that of eq 1.5 can be achieved where only two phenanthroline ligands are | ost:

[M - H]” + MgPhens?* — [M - H + MgPhenz]* + Phen

- [M = H + MgPhen]" + 2Phen (1.6)
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Singly deprotonated FA anions, either derived from nonesterified (i.e., free) FA or complex lipid
decomposition via solution-based hydrolysis or gas-phase broadband collisiona activation,
undergo charge inversion when subjected to reactions with tris-phenanthroline magnesium
dications to generate [FA — H + MgPhen]" cations. Subsequent isolation and ion-trap CID of the
charge-inverted FA complex cation yields a reproducible, predictable product ion spectrum, that
upon spectral matching to adevel oped FA mass spectral library composed of [FA — H + MgPhen]”
product ion spectra, facilitates localization of carbon—carbon double bond positions and confident
FA identification. Furthermore, using multiple linear regression analysis paired with the library
data and in conjunction with data derived from FA mixtures, relative abundances of isomeric FA
can be sensitively determined (Figure 1.8).%” Collectively, this approach provides a relatively
rapid and sensitive approach to lipid analysis based entirely on gas-phase chemistries.
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Figure 1.8. Product ion spectraof [18:1 — H + MgPhen]" for the isomeric mixture of 18:1 n-9/n-7
at the molar ratios of @) 5/95 and b) 95/5. Product ions used in the multiple linear regression for
relative quantitation are shown in red. Calculated molar ratios (mean + standard deviation, n = 3)
are shown in green. The lightning bolt corresponds to the species subjected to CID. Adapted
from Randolph, C. E.; Foreman D. J.; Blanksby, S. J.; McLuckey, S. A. Anal. Chem. 2019, 91,
9032-9040 (ref 137). Copyright 2019 American Chemical Society.
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1.5.3 Oxidation Reactions

Reduction/oxidation reactions in terms of electron transfer have been discussed above.
However, oxidation can also be discussed in terms of oxygen transfer (i.e., oxidation isthe gain of
oxygen) and hydrogen transfer (i.e., oxidation isthe loss of hydrogen). The gas-phase oxidation of
multiply protonated peptide ions via oxygen transfer has recently been described. The periodate
anion, 104~, was used to selectively oxidize methionineresidues, and to alesser extent, tryptophan
residues,*® akylated cysteine residues,®*® and disulfide bonds.**® Under favorable conditions, the
periodate anion can be used to oxidize neutral basic residuesin the gasphase.'#

In the case of oxygen transfer to disulfide bonds, subsequent activation of the [M + H +
O]" species results in the cleavage of the oxidized disulfide bonds at the S(O)-S bond or the C-
S(O) bond, generating a fragmentation pattern indicative of the presence of a disulfide linkage.**°
Tryptic digestion of disulfide intact lysozymeyields atotal of three peptides; two peptides contain
one intermolecular disulfide bond and one peptide contains one intermolecular and one
intramolecular disulfide bond. The product ion spectra from the activation of the three oxidized
species are shown in Figure 1.9. In al cases, cleavage of the intermolecular disulfide bond is

evidenced by the presence of the A and B chain peptides.
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Figure 1.9. Collisional activation of the ion/ion reaction complex formed between the reaction of
the periodate anion with @) doubly protonated doubly GY SLGNWYV CAAK/CK, b) triply
protonated CELAAAMK/GCR, and c) triply protonated WWCNDGR/
NLCNIPCSALLSSDITASVNCAK. The degree signs correspond to water losses, and the
lightning bolts correspond to the species subjected to CID. Reproduced from Pilo, A. L.;
McLuckey, S. A. Anal. Chem. 2016, 88, 8972—-8979 (ref 140). Copyright 2016 American
Chemical Society.

Similar to the periodate anion, a suite of reagents derived from persulfate can be used to
oxidize peptides in the gas-phase; HSOs™ generates[M + H + O] , H$,Os™ generates [M — H]*
and[M +H + O]*, and SO4~ generates[M]*".1*2 Notably, the sulfate radical anion, denoted SO4 ™",
isused to generate molecular radical cations. For polypeptides/proteins, CID of radical cations can
give rise to the loss of radical side chains from several amino acids, forming dehydroalanine.®’
Fragmentation of peptide ions containing dehydroal anine has been noted to produce abundant c-
and/or z-ions N-terminal to dehydroalanine.1*® In 2017, Peng et al. introduced dehydroal anine into
multiply protonated ubiquitin ions via ion/ion reaction with SOs~.*** The so-called
“dehydroalanine effect” upon fragmentation led to site specific c-/z-fragment ions. In addition to
the sulfate radical anion, other reagent ions have been described to generate radical containing
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analyte ions viaion/ion reaction.*411514 Whatever the reagent, though, introduction of selective
cleavage at dehydroalanine may prove useful in severa situations. For example, a database search
incorporating dehydroaanine fragmentation could provide enhanced specificity in top-down

workflows.

1.5.4 Covalent Chemistry: Bond Formation in the Gas-Phase

A relatively new area of ion/ion reaction research involves the formation of covalent bonds
in the gas-phase. While some of the examples above (e.g., oxidation via oxygen transfer) involved
the formation of new covalent bonds, not all oxidation examples included the formation of new
bonds and were therefore not discussed in the context of covalent chemistry. The first selective
covadent bond forming ion/ion reaction was reported in 2009 using 4-formyl-1,3-
benzenedisulfonic acid (FBDSA) to generate a Schiff base.1*® Much of the early work surrounding
Schiff base formation viaion/ion reactions with FBDSA and the monosulfonic acid derivative, 2-
formylbenzenemonosulfonic acid (FBMSA) has been previously reviewed.® However, since that
review, there have been several reports surrounding Schiff base formation viaion/ion reaction. In
one example, Wang et a. identified a rearrangement of Schiff base modified peptide ions that is
19 Da lower in mass than the protonated or deprotonated peptide, which could be mistaken as a
water 10ss.**” The Brodbelt group has demonstrated how ion/ion Schiff base formation can be used
to increase UVPD efficiency compared to the unmodified peptide ions by binding a UV
chromophore to the polypeptide.l® Lastly, the Brodbelt group has also shown how the electrostatic
interactions of the sulfonate group of FBDSA with basic residues can be used to retain the
phosphate group upon CID of phosphopeptide cations.**

In the gas-phase, N-hydroxysuccinimide (NHS) ester-based reagents have been utilized to
selectively derivatize nucleophilic sites, such as unprotonated arginine residues and unprotonated
primary amines, in the gas-phase. Like Schiff base formation, ion/ion reactions involving NHS
ester reagents have been reviewed.® Thereafter, Bu and co-workers explored the potentia energy
surfaces associated with NHS ester reagents and primary amines or guanidine groups.1*° In that
work, they explored two scenarios. (1) a case where the transition state barrier to covaent
modification is relatively high and (2) a case where the transition state barrier islow and covalent
reaction efficiencies are high. Interestingly, the efficiencies of covalent reactions in the former

case could be significantly increased by implementing a long, slow-heating activation step prior
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to complex dissociation.* In|ater work, Bu and co-workers examined new reagents that exhibited
enhanced reactivity toward amines and guanidines, attributed to the lower transition state barrier
using triazole ester based reagent ions.>° In addition to reactivity toward primary amines and
guanidines, the gas-phase reactivity of both NHS esters and triazol e esters toward carboxylates has
been described in recent years.’>1%2 The latter chemistry has proven useful for the identification
carboxylate groups present in salt bridges and/or zwitterions. '

A variety of other ion/ion reactions have been described that result in covalent bond
formation including alkyl cation transfer,'® 1,3-dipolar cycloaddition (i.e., click chemistry),*** and
reactions with Woodward’s reagent K (wrk).>® The equivalent solution-phase chemistry of wrk
was harnessed to prepare areagent anion for the C-terminal peptide extension viagas-phaseion/ion
reactions.*® Our group also demonstrated the gas-phase N-terminal peptide extension using NHS
reagents.’™’ In all cases of gas-phase covalent bond formation, reactions were fast and efficient.
Additionally, gas-phase ion/ion reactions offer a degree of selectivity that is not obtained with
solution-phase reactions. Specifically, reactants can beisolated using aquadrupole massfilter prior

to reaction, and the extent of reaction can be controlled.

1.6 Reagent lon Selection

Mutual storage of oppositely charged ions can result in competitive reaction processes (e.g.,
proton transfer versus electron transfer) leading to several different product ions, where the major
reaction pathways are dependent on both the analyte ion and reagent ion. For example, ETD
sequence coverage is influenced by precursor ion charge,%%1%8-160 gize 161 and structure.62163 |n
another example, sodium cationized arginine residues are reactive toward NHS reagent anions
while protonated arginine residues are not reactive.'®* In cases where the analyte ion-type is not
readily varied, the partitioning of reaction products is determined by the characteristics of the
reagent ion. This latter scenario is of particular interest, as the analyte ion-type is determined by
the ionization method and, in most cases, the ionization method is selected based on the approach
that leads to the greatest analyte ion yield. Thus, it is important to understand the characteristics
of reagent ions that influence favored reaction pathways in order to efficiently transform the
analyteion to a product ion-type of interest.’%® Here, several reagent characteristics as they pertain

to different reaction types are discussed.
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Electron transfer dissociation has been used extensively dueto its ability to generate a high
degree of structural information from bio-ions. The idea electron transfer reagent would
exclusively transfer an electron to generate fragment ions with minimal formation of
nondissociative product ions. However, depending on the nature of the electron transfer reagent
ion, proton transfer can compete with electron transfer.89166167 |n fact, a variety of ETD reagents
have been explored and, to the best of our knowledge, every ETD anion has shown some degree
of proton transfer.225166-168 |n recognition of the importance of the reagent in ETD, much
attention has been devoted to studying ETD reagents.*88%166-16% The |ikelihood of observing
electron transfer isgoverned largely by the Franck—Condon overlap between the reagent anion and
corresponding neutral and the electron affinity of the corresponding neutral X7 If these parameters
are not optimized, that isto say, if the Franck—Condon overlap is minimal and the electron affinity
isrelatively large, proton transfer will tend to dominate.®’

Ashighlighted in the above proton transfer section, there are scenarios where proton transfer
is highly desirable. In such experiments there should be little contribution from fragmentation.
Generaly, fragmentation is not observed following proton transfer from amultiply protonated bio-
ion to a singly charged reagent anion. Conversely, protonation of a multiply charged anion via
ion/ion reaction has been shown to result in fragmentation and the extent of fragmentation was
found to be related to the reaction exothermicity.'® Fragmentation could be minimized by
reducing the proton affinity of the cationic reagent.1’® Additionally, for proton transfer, it is often
desirable that upon neutralization of the reagent ion, no long-lived complexes survive. Using the
experiment performed by Bush and co-workers as an example, proton transfer was used to increase
the accuracy of charge state assignment.>® Here, if the reagent was “sticky” and a long-lived
complex was formed, the mass of the reagent would be added to the analyte with each reaction.
Of course, if every reaction resulted in adduct formation, the mass of the analyte could be readily
deduced, yet not all cases result in this ideal scenario. Adduct formation in proton transfer
experiments can be especially problematic if the reaction results in a mixture of product ion types
(i.e., proton transfer and adduct formation). This situation has been observed with the iodide anion,
I~ When examining a mixture of product ion types, and without a priori knowledge of the
analyte, deducing mass information may be challenging.

Severa types of gas-phase ion/ion reactions rely on long-lived complex formation. One

example is covaent modification in the gas-phase. Han et a. demonstrated the importance of
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forming a long-lived complex during Schiff base modification reactions.*® The sulfonate group
of singly deprotonated FBDSA interacts strongly with the doubly protonated peptide ion. This
interaction allows enough time for the imine bond formation to occur. When reagents with
carboxylate groups were used, which interact less strongly with cations, proton transfer was the
sole process observed likely due to alower barrier from proton transfer relative to that for Schiff
base formation.'#® Sulfonate groups and fixed-charge ammonium ions are widely used to promote
long-lived complexes. In addition to a sticky group, reagents for covalent modification require a
reactive site that undergo chemical reactions with the analyte ion.

The above examples discussed characteristics crucial to generating the product ion-type of
interest. For instance, an electron transfer experiment cannot be successful if the reagent ion results
only in proton transfer. Sometimes, there are cases in which multiple reagents lead to comparable
results, and selecting a reagent often comes down to subtle, yet important, differences. Sulfo-
benzoyl-1-hydroxy-7-azabenzotriazol e ester (HOAL1), sulfo-benzoyl-1-hydroxybenzotriazole ester
(HOBL), and sulfo-benzoyl-N-hydroxysulfosuccinimide ester (NHS) all undergo acyl substitution
reactions at primary amines and guanidinein the gas-phase.*® Figure 1.10 demonstrates that HOAt
and HOBt are more reactive toward amines than their NHS counterpart, yet all reagentsresultina
covaently modified product ion shaded in yellow. The enhanced reactivity results in less
selectivity. Choosing triazole ester reagents versus NHS ester reagents will depend on the
experiment. In another example, calcium, strontium, barium, and magnesium phenanthroline
complexes can be used to charge invert monounsaturated FAs and identify the site of
unsaturation.'*® However, the magnesium phenanthroline complex was the preferred reagent asiit
showed the lowest degree of water adduction in the collision cell from adventitious water and
therefore resulted in more straightforward product ion spectra.®® Prentice et al. demonstrated the
use of reagent cluster ions for multiple modifications performed in oneion/ion collision.*’? Similar
results could be obtained via sequentia ion/ion reactions. The difference between thetwo, however,
is the charge “cost.” Using the reagent cluster ion results in the reduction of the analyte charge by
only one charge whereas consecutive reactions require a charge for each encounter, thus limiting
the extent to which multiple modifications can be performed. It isclear that for agiven analyteion,
the identity of the reagent ion is crucia. Therefore, choosing the correct reagent is key for any

experiment.
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Figure 1.10. Product ion spectrum from CID of the complex formed between doubly protonated
KGAGGKGAGGKL and a) HOALt, b) HOBt, and ¢) NHS. The nVz region corresponding to
proton transfer is shaded in red, the m/z region corresponding to covalent modification is shaded
in yellow, and the vz region corresponding to the complex ion is shaded in green. Reprinted by
permission from Springer Nature: Journal of the American Society for Mass Spectrometry, Bu,
J.; Peng, Z.; Zhao, F.; McLuckey, S.A. J. Am. Soc. Mass Spectrom. 2017, 28, 1254-1261 (ref
150). Copyright 2017.

1.7 Future Outlook

Reactions that are fast and efficient and provide useful information have a long history in
analytical chemistry. Over the past 25 years, gas-phase ion/ion reactions have proven to be fast,
efficient, and remarkably powerful as means for converting analyte ions into forms that facilitate
analysis and/or structural characterization. Single proton transfer applications to simplify mixture
analysis, to concentrate charge into a one or a few species, to generate charge states that are not
formed directly, etc. were the first to receive extensive attention. Following the discovery of
electron transfer reagents by the Hunt group, attention was extended to structural characterization

applications analogous to those employing electron capture. The commercial introduction of
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products that support ETD experiments greatly expanded the availability of ion/ion reactions to
the analytical mass spectrometry community. The commercia availability of instruments that are
also optimized for proton transfer ion/ion reactions will likely lead to growing use of charge
mani pul ation applications, particularly in top-down proteomics applications.

Single proton transfer and electron transfer ion/ion reactions are relatively mature in terms
of analytical applications. Reactions that require the formation of a long-lived complex, such as
chargeinversion, metal ion transfer, and selective covalent reaction, on the other hand, are far less
explored. However, they illustrate the diversity of reaction types that can be accessed viaion/ion
reactions. No instrument vendor currently supports these reaction types as the ion sources
generally used to generate proton transfer and electron transfer reagents are not suitable for the
generation of reagent ions that lead to these reaction types. Two ESI sources have generally been
used to generate the reactantsfor charge inversion, metal transfer, and coval ent reaction. However,
commercia platforms that include a separate ion source for mass calibration purposes can, in
principle, be adapted for dual-ESI ion/ion reaction experiments, as recently described by Webb et
al.3! As more laboratories gain access to such capabilities, the range of reactions and applications
thereof are likely to grow significantly. As analytical mass spectrometry continues to expand to
larger analytes and more complex mixtures, reactions that enhance specificity, simplify mixture
analysis, and facilitate structural characterization will find use. Novel gas-phase ion/ion reactions

for analytical applicationsinthefuture arelikely to processthrough long-lived complex formation.
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CHAPTER 2. NOVEL PEPTIDE ION CHEMISTRY ASSOCIATED
WITH GOLD (1) CATIONIZATION: PREFERENTIAL CLEAVAGE AT
LYSINE RESIDUES

Adapted from Int. J. Mass Spectrom., Vol. 427, Foreman, D. J.; Betancourt, S. K.; Filo, A. L.;
McLuckey, S. A. Nove Peptide lon Chemistry Associated with Gold (l) Cationization:
Preferential Cleavage at Lysine Residues, pp. 114-122. Copyright 2018, with permission from
Elsevier.

2.1 Introduction

The information obtained in atandem mass spectrometry experiment is highly dependent on
the dissociation method and the type of ion subjected to activation.!? For example, €l ectron capture
dissociation (ECD) and electron transfer dissociation (ETD) of protonated peptides primarily result
in ¢ and z fragment ions,®* while collision-induced dissociation (CID) of these sameionstypically
generates b and y fragment ions.>’ Collisional activation of protonated peptides and proteins
remains the most common approach in MS/MS analysis. However, the structural information
obtained when using CID varies with charge state, and activation of the charge state of greatest
abundance does not necessarily provide the most sequence coverage.®® In recognition of the
importance of ion-type, much attention has been devoted to the role of the cationizing agent (metal
cation, proton, etc.) ininfluencing the nature and extent of structural information forthcoming from
CID. For example, CID of sodiated peptides results in cleavage of the C-terminal residue forming
[br-1 + Na+ OH]* fragment ions, where n is the number of residues on the peptide fragment,1%-12
while CID of the protonated peptide tends to result in non-specific cleavages along the peptide
backbone. Glish et al. demonstrated that this fragmentation can be repeated in a multistage mass
spectrometry experiment. Subsequent activation of [bn-1 + Na + OH]* produces the second
generation [bn—2 + Na + OH]* species. This process can be repeated multiple times in favorable
cases, thereby alowing for at least partidl C-terminal sequencing of sodiated peptides.t>1°
Competitive fragmentation pathways and the initial abundance of [bn-1 + Na + OH]" limits the
extent to which MS" can be performed, thereby resulting in incomplete sequencing. While the
mechanism for [bn-1 + Na+ OH]* formation has been the subject of much debate,>%-28 it is evident
that the use of sodium as a cationizing agent drastically affects the fragmentation behavior of the
peptides.
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The gas-phase fragmentation of argentinated primary amines, a,w-diaminoalkanes, amino
acids, and peptides has been extensively characterized.’®? Similar to the sodium cationized
peptides, gas-phase fragmentation of the peptide silver complexes affords abundant [bn,—H + Ag]™,
[a@"-H+Ag]", [yn—H + Ag]", and [b, + Ag + OH]" product ions that can be used to elucidate the
primary sequence of the polypeptide.l”?®?" In the case of argentinated amines, several unique
fragmentation pathways are observed upon collisiona activation including the loss of AgH and
subsequent loss of NH3, the loss of one or more molecules H», and the loss of H> followed by the
loss of AgNH2.20242 These observations further reinforce that the cationizing agent playsacrucial
role in the observabl e fragmentation pathways in an MS" experiment.

We have employed gas-phase cation switching ion/ion reactions as a methodology for
converting multiply protonated peptides and proteinsto metal cationized polypeptides.?®2° The use
of a quadrupole ion trap mass spectrometer equipped with two ionization sources alows for the
generation of multiply protonated peptide cations using oneion source and metal containing anions
using another source.*® Theions of opposite polarity are mutually stored in the quadrupoleion trap
resulting in the formation of metal containing product ions.3! In this approach, the solution and
electrospray conditions of the peptide and metal salt are independently optimized, offering greater
control and flexibility of solution conditions than the traditional approach of electrospray of
peptide/metal salt mixtures. Additionally, this approach allows for the isolation of specific ions of
interest to participate in the ion/ion reaction resulting in the selective formation of a desired ion
type, whereas electrospray of a peptide/metal salt mixture results in a spectrum containing various
ion types with little control of the distribution.

We have previously reported the use of cation switching ion/ion reactions to incorporate
gold cations into disulfide linked peptides.33* In all cases, gold cationization was found to alter
the fragmentation behavior of the peptide. For example, CID of singly, doubly, or triply protonated
somatostatin-14 provides no evidence for the cleavage of the disulfide bond between Cys-3 and
Cys-14, and offers very little structurally informative products. In contrast to protonated
somatostatin-14, dissociation of the singly protonated and singly aurated dication, [M + H + Au]?*,
gave rise to numerous structurally informative fragments corresponding to cleavage of the
disulfide bond and an amide bond.*® Similarly, CID of doubly aurated insulin, which contains three
disulfide bonds, results in cleavage of the two inter-chain disulfide bonds and an increase in

sequence information compared to ions containing only one gold cation or no gold cations.®* For
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both peptides, increased sequence coverage associated with gold cationization can be attributed to
the cleavage of the disulfide bonds as well as amide linkages once protected by the disulfide
linkage(s).

Herein, multiply protonated peptides lacking disulfide bonds are transformed into aurated
peptide cations via cation switching ion/ion reaction with [AuClz]~. Collisional activation of the
aurated peptide results in the characteristic loss of 215 Da, which corresponds to the empirical
formulaNHsAu. Thiswork demonstrates anewly identified fragmentation channel associated with
gold (1) cationization in which the loss of 215 Da generatesthe [M — H — NH3]* oxidized peptide.
For some aurated peptides, this loss was observed to be the dominant process upon CID, which
motivated this study. We discuss the specificity of thisredox chemistry towardslysine and therole
of the lysine position on the extent of the reaction. Since the [M — H — NH3]* peak is not regularly
observed upon collisional activation, its presence could be used as a diagnostic tool to indicate the
presence of lysine residues in polypeptides. Subsequent activation of the oxidized species reveals
preferential cleavage adjacent to the lysine residues. Thus, the gas-phase oxidation of lysine

residuesto form the[M — H — NH3]™ species could be used as ameansto introducing a ‘weak spot’
in polypeptides.

2.2 Experimental
221 Materials

Methanol and HPL C-grade water were purchased from Fisher Scientific (Pittsburgh, PA,
USA), glacia acetic acid was purchased from Mallinckrodt (Phillipsburg, NJ, USA), and gold (I11)
chloride and melittin from honey bee venom were purchased from Sigma-Aldrich (St. Louis, MO,
USA). RARARAA was synthesized by NeoBioLab (Cambridge, MA, USA), KAYK was
synthesized by CHI Scientific (Maynard, MA, USA), K(*3Cs, ®N2)-AFK, KGAGGHGAGGHL
and Y GGKFL were synthesized by CPC Scientific (Sunnyvale, CA, USA), and KGAILAGAILR
and GAILKGAILR were synthesized by SynPep (Dublin, CA, USA). KAKAKAA, HAHAHAA,
HGAGGHGAGGKL, and ARAMAWAKA were synthesized by Pepnome Ltd. (Shenzhen,
China). All peptide stock solutions were prepared at a concentration of approximately 1 mg/mL.
Spray solution of melittin was made by diluting the stock 40-fold in 49.5/49.5/1 (viviv)
methanol/water/acetic acid. All other peptide solutionswere diluted 100-fold in 49.5/49.5/1 (v/viv)

69



methanol/water/acetic acid. Gold (111) chloride was dissolved in water and diluted in water to a

final concentration of approximately 5 mM.

2.2.2 Mass Spectrometry

Model peptide data were collected using a QTRAP 4000 hybrid triple quadrupole/linear
ion trap mass spectrometer (Sciex, Concord, ON, Canada), previously modified for ion/ion
reactions.3! Alternatively pulsed nano-electrospray ionization (nESI) alows for sequential
injection of reagent anions and analyte cations.® Negative nESI of the gold chloride solution
generated predominantly [AuClz]= and [AuCl4]=. [AuCl2]- was isolated in Q1 and transferred to
g2, followed by positive nESI of the peptide/protein solution. Analyte cations, [M + 2H]?*, were
isolated in Q1 prior to injection into g2. The ions were mutually stored in g2 for 200 to 1000
milliseconds. Beam-type CID of the resulting [M + AuCl> + 2H]" complex ions led to two
successive HCI losses, producing the [M + Au]* product ion. The aurated peptide ions were then
transferred to Q3 where they were dissociated via resonant excitation at a g-value of 0.2 and mass
analyzed via mass-selective axial gjection (MSAE).®

Méllitin results were generated using a TripleTOF 5600 System (Sciex, Concord, ON,
Canada), modified for ion/ion reactions similarly to the QTRAP 4000. Alternatively pulsed nESI
was performed as described above. However, the cations were injected first, followed by the
anions. Mutual storage between isolated [M + 4H]*" and [AuCl2]= was performed for 30
milliseconds. Products formed during mutual storage were then subjected to broadband excitation
by dipolar direct current (DDC) CID.%® DDC excitation of the [M + 4H + 2AuCl2]?>" complex
resulted in the loss of four HCl molecules, forming the [M + 2Au]?* ion. Subsequent isol ation was
performed by transferring product ions back to Q1 for RF-DC isolation then transferring the
isolated product ions back to g2 for ion-trap CID. Mass analysis was performed using time of flight
(TOF).

2.3 Resultsand Discussion
2.3.1 Formation of [M —H — NH3]*: Loss of HAUNH3

The ion/ion reaction between doubly protonated KGAILAGAILR and [AuCl2]~ generates

along-lived electrostatic complex, [M + 2H + AuCl]*, and, to a lesser extent, the competitive
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proton transfer product, [M + H]* (Figure 2.1a). Figure 2.1b shows the beam-type CID spectrum
that results in two successive losses of HCl from the complex, producing the singly aurated
peptide, [M + Au]*. The monoisotopic aurated KGAILAGAILR ion was isolated in Q3 and
subjected to CID. The resulting spectrum in Figure 2.1c shows the formation of metal ion-
containing b and y fragment ions, [b/y — H + Au]* (i.e. 196 Da greater in mass than the unmodified
by fragment ions) and are indicated with a green diamond superscript (e.g. y; corresponds to [y
- H + Au]"). The spectrum suggests that there are multiple gold cation coordination sites as
evidenced by the presence of aurated b/y fragment ions. Specifically, y; illustrates coordination of

the gold cation to the c-termina arginine residue while b indicates the coordination of the gold

cation to the n-terminal lysine, glycine, or aanine residues.
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Figure 2.1. @) Post-ion/ion reaction spectrum from the reaction between doubly protonated M =
KGAILAGAILR and [AuCl2]". b) Beam-type CID of theion/ion reaction product ions. c) lon
trap CID spectrum of the [M + Au]*ion generated from the process of b). Open circlesindicate
water loss and the lightning bolt indicates the species subjected to CID. Aurated fragment ions

are represented with green diamond superscripts.

While the most abundant peaks in Figure 2.1c are y; and yj there is an abundant peak at

m/z 1064, nominally [M — H — NH3]*, corresponding to the oxidation of the peptide viathe loss of
the elements NH4A u. We note here that the loss of 215 Dalikely arises largely, if not exclusively,
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from the consecutive losses of gold hydride, AuH, and ammonia, NH3, in either order (see below).
In any case, the net loss of 215 Da will be designated henceforth by the formula HAUNHs.
Activation of the [M — H — NH3]" ion, the CID spectrum of which is shown in Figure 2.2, results
in aseriesof modified a- and b-ions shifted 19 Dalower in massthan their unmodified counterparts
(i.e.,, [b/a— H — NH3]*). Modified fragment ions are indicated by ared square superscript (e.g. by
corresponds to the [b2 — H — NH3] " ion). The fact that only N-terminal fragments are observed to
be modified, coupled with the presence of a dominant unmodified y10 fragment, suggests that the
oxidation islocalized to the lysine residue or N-terminus.
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Figure 2.2. Activation of [KGAILAGAILR — H — NHz3]" derived from collisional activation of
[M + Au]*. Open circles indicate water |oss, and the lightning bolt indicates the species subjected
to CID. Modified fragment ions are represented with red square superscripts.

2.3.2 Reactivity of Basic Residues

To determine the extent to which basic residues are oxidized in the gas-phase by the gold
dichloride reagent anion, a series of basic peptides of theform XAXAXAA (where X = K(lysine),
R(arginine), or H(histidine)) were examined. For each peptide, [M + 2H]?" was stored with
[AuClI.]- after which the product ions were subjected to beam-type CID, resulting in dominant [M
+ Au]* formation. Figure 2.3a shows the spectrum obtained upon collisional activation of
[KAKAKAA + Au]*. The spectrum is mainly comprised of aurated b fragment ions with a
prominent loss of HAuUNH3 to yield [KAKAKAA — H — NH3]*.
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Figure 2.3. Activation of a) [KAKAKAA + Au]™, b) [RARARAA + Au]*, and c) [HAHAHAA +
Au]* ions produced via beam-type CID of theion/ion reaction products formed between the
doubly protonated peptide and the gold dichloride reagent anion. Shaded circles indicate
ammonialoss, open circles indicate water loss, and the lightning bolts indicate the species
subjected to CID. Aurated fragment ions are represented with green diamond superscripts.
Modified fragment ions, [b/y — H — NH3]*, are represented with red square superscripts.

Further interrogation by ion trap CID of the [KAKAKAA — H — NHz3]" ion, the results of
which are shown in Figure 2.4, shows pairs of modified and unmodified b- and y-ions (i.e. bz and

b3 ), aswell as small molecule losses. With the exception of the b, fragment ion, the modified b-
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ions or modified y-ions are present at greater abundances than the unmodified fragments. Y et the
presence of the unmodified fragments reveals the oxidation can occur at any of the neutral lysine

residues or N-terminus.
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Figure 2.4. Activation of [KAKAKAA — H — NH3]* derived from collisional activation of [M +
Au]*. Shaded circles indicate ammonialoss, open circles indicate water |osses, and the lightning
bolt indicates the species subjected to CID. Modified fragment ions are represented with red
square superscripts.

Results from the activation of [RARARAA + Au]* and [HAHAHAA + Au]* ions are
shown in Figures 2.3b and 2.3c, respectively. In the case of RARARAA, activation of the aurated
peptide results in abundant losses of 42 Da, corresponding to loss of C(NH)2 from the arginine
side-chain, as well as some aurated b- and y-ions. In the case of HAHAHAA, activation of [M +
Au]* predominantly generates aurated b- and a ions with some aurated y-ions also being present.
For neither of these two systems is there any evidence for the loss of HAUNH3 suggesting this

oxidation chemistry is specific to neutral lysine residues.

2.3.3 Influence of Lysine Position on HAUNH3 L oss

K (*3Cs, ©°N2)-AFK, amodel peptide containing an isotopicaly labeled N-terminal lysine
and unmodified C-terminal lysine, was used to investigate the influence of lysine position on the
extent of HAUNHz loss. Figure 2.5 shows the CID spectrum of the aurated peptide resulting in the
loss of both 216 Daand 215 Da, corresponding to theloss of HAU®NH3 from the N-terminal lysine
residue and loss of HAUNH3 from the C-terminal lysine residue, respectively. The inset of Figure
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2.5 showsthe [M — H — **NHg]* peak, originating from the loss of HAU®NH; from the isotopically
labeled N-terminal lysine, present at approximately four times the abundance than that of the [M
— H - NHj3]*. This observation suggests that oxidation is more favorable on the N-terminus.
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Figure 2.5. Activation of [K(*3Cs, 1®N2)-AFK + Au]* ion formed viaion/ion reaction. Shaded
circlesindicate ammonia loss, open circles indicate water loss, and the lightning bolt indicates
the species subjected to CID. Aurated fragment ions are represented with green diamond
superscripts.

Two isomeric peptides varying in the position of the lysine were also examined. Figure
2.6a shows the fragment ions produced by CID of [KGAGGHGAGGHL + Au]*, which resultsin
the dominant formation of the oxidized lysine species, [M — H — NH3]". In contrast, when the
lysine residue is located near the C-terminus, as with HGAGGHGAGGKL, fragmentation of its
aurated species, depicted in Figure 2.6b, results in little lysine oxidation product. Since both
systems are sequence isomers, it can be concluded that lysine oxidation by gold cationization is
more prevalent when the lysine is located at the N-terminus, as reflected by the difference in

relative abundances of [M — H — NHz3]" ions in the two spectra.
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Figure 2.6. Activation of a) aurated KGAGGHGAGGHL and b) aurated HAGGGHGAGGKL
formed in the gas-phase. Shaded circles indicate ammonialoss, open circles indicate water
losses, and the lightning bolt indicates the species subjected to CID. Aurated fragment ions are
represented with green diamond superscripts.

2.34 Proposed Mechanismsfor the Formation of [M — H — NH3]* lons

As mentioned above, the loss of 215 Da from an aurated peptide likely takes place in a
step-wise fashion through the losses of gold hydride and ammonia, in either order. Direct evidence
for these two consecutive | oss pathways has been observed experimentally. That is, intermediates
generated by either loss of ammonia or loss of gold hydride have been observed in some cases,
and when such products underwent subsequent activation, the loss of the second small molecule
was observed to be a mgjor process. For example, the base peak observed in the ion trap CID of
the [KAYK + Au]™ ion (Figure 2.7a) resulted from the loss of HAUNH3. However, there was also
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aproduct at roughly 20% relative abundance corresponding to aloss of 17 Da, which is consistent
with ammonia loss. lon trap CID of this first-generation product ion (Figure 2.7b) showed a
dominant loss of 198 Da, which is consistent with loss of gold hydride. lon trap CID of the[KAYK
—H - NHz3]" ions generated via the two pathways (i.e., vialoss of HAuNH3 directly from [KAYK
+ Au]* (Figure 2.7a) or vialoss of AuH from the[KAYK + Au - NH3]* (Figure 2.7b)) generated
essentially identical results (compare Figures 2.7c and 2.7d). In the other example, ion trap CID
of doubly aurated mélittin, [M + 2Au]?*, results in prominent peaks coinciding with the loss of
gold hydride and loss of HAUNH3 (Figure 2.8a). Isolation and subsequent activation of the gold
hydride loss product ion, [M — H + Au]?*, solely resultsin ammonialoss generating [M — H — NH3

+ Au)?* (Figure 2.9). In either case, the presence of the second generation product ions, [M — H —

NH3]* or [M — H — NH3 + Au]?*, suggests a remarkably fast loss of the second small molecule.
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Figure 2.7. Activation of a) [KAYK + Au]*, b) [KAYK + Au- NH3]*, ¢) [KAYK — H — NH3]*
produced from sequential NH3 and HAu loss, and d) [KAYK — H — NH3]" produced directly
from CID of the post ion/ion product [M + Au]*. Shaded circles indicate ammonia loss, open

circlesindicate water losses, and the lightning bolt indicates the species subjected to CID.
Aurated fragment ions are represented with green diamond superscripts. Modified fragment ions

are represented with red square superscripts.
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Figure 2.8. a) Activation of doubly aurated melittin, [M + 2Au]?* derived from theion/ion
reaction between quadruply protonated melittin and two gold dichloride reagent anions. b)
Activation of oxidized melittin [M — H — NHz + Au]?* after the loss of NH4AU from [M +
2AU]?*. Shaded circles indicate ammonia loss and the lightning bolt indicates the species
subjected to CID. Aurated fragment ions are represented with green diamond superscripts.
Modified fragment ions are represented with red triangle superscripts. Fragment ions
corresponding to cleavages N-terminal to oxidized lysine residues are indicated with blue text.

79



[PA-H+Au] 2!
1010 A a]

50

(=]

) [M-H-NH+Au]
1007 ) @ 1520 .
&

Relative Abundance (%)

50 1

0 : T T r |
1400 1200 1400 1600 1800 2000
m/z

Figure 2.9. a) Q1 isolation of [melittin — H + Au]?*. b) g2 CID of [médlittin—H + Au]?*. The
lightning bolt indicates the species subjected to CID.

The generation of [M — H — NH3]* from aurated peptides appears to be highly analogous
to the generation of [M — H — NH3]* from argentinated amines.?%?224% While we have not
conducted a detailed mechanistic study, we offer two possible mechanisms (Scheme 2.1 and
Scheme 2.2) for the generation [M — H — NH3]" based on the density functional theory (DFT)
cal cul ations performed by Hopkinson and Siu.2%?* Briefly, in Scheme 2.1, for an N-terminal lysine,
the gold cation is coordinated in atridentate fashion to the N-terminal amine, lysine e-amine, and
the carbonyl oxygen.?® Migration of the gold cation towards the al pha carbon and rotation about
the CH>-CH> bond results in the loss of AuH via hydride abstraction from the alpha carbon and
formation of an iminium ion. Finally, a molecule of ammonia can be lost from the N-terminus or

lysine sidechain producing a protonated six-membered cyclic iminium ion.

80



2 LO a0R 0 AuH o
At Al H,. R
ek L N L e N L L ok, J L
kit i H —== H jo4 o —= H  — N } N
' T R it
T TN g e HI, ¢
ALH uH Ja R A O E
weome PO M N
[“~[ N W Y reom )i
. HC, . IC.,

Scheme 2.1. Proposed mechanism for the formation [M — H — NH3z]™ from an N-terminal lysine
residue: loss of AuH via hydride abstraction followed by loss of ammonia.

A similar mechanism is proposed for an internal lysine residue or a C-terminal lysine
residue (Scheme 2.2). Here, the gold cation coordinates to the lysine amine and a backbone amide
nitrogen. The lower nucleophilicity of the amide nitrogen is likely why the redox process appears
to be favored when the lysine isthe N-terminal residue. Hydride abstraction from the alpha carbon
and loss of AuH is followed by loss of a molecule of ammonia from the lysine sidechain.
Ultimately, the final structure contains a fixed charge. Analogous mechanisms can be drawn for
the loss of ammoniafollowed by the loss of gold hydride in which a molecule of ammoniais lost
prior to hydride abstraction. We note that we have not observed argentinated peptidesto lose AgH
or HAgNHS3, as is seen from argentinated amines. (See, for example, Figure 2.10, which shows
the CID spectrum of [KGAILAGAILR + Ag]*. This spectrum should be compared with that of
[KGAILAGAILR + Au]", shown in Figure 2.1c).
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Scheme 2.2. Proposed mechanism for the formation [M — H — NH3]™ from an internal lysine
residue: loss of AuH via hydride abstraction followed by loss of ammonia.
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Figure 2.10. lon trap CID of [KGAILAGAILR + %’Ag]* (Compare to Figure 2.1c — CID of
[KGAILAGAILR + Au]™). Open circles indicate water losses and the lightning bolt indicates the
species subjected to CID. Argentinated fragment ions are represented with open diamond
superscripts.

2.35 MS? Fragmentation: Preferential Cleavage N-terminal to Oxidized Lysine Residues

CID of protonated peptidesform b- and y-ionsthrough either acharge-directed or acharge-
remote fragmentation pathway.”3” For the charge-directed fragmentation pathway, the ionizing
proton can be mobilized and populate various positions throughout the peptide. Protonation of an
amide nitrogen weakens the C-N bond and lowers the energy barrier for dissociation.33°
Nucleophilic attack of an N-terminal neighboring carbonyl oxygen at the carbonyl carbon of the
protonated amide ultimately gives rise to a proton-bound dimer that can dissociate into ab or y

fragment ion.*® The reaction is summarized in Scheme 2.3a.
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Scheme 2.3. Fragmentation mechanism for @) [M + H]*" and b) [M — H — NH3]".
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The fixed charge cyclic iminium ion formed from CID of an aurated peptide that contains
an internal or C-terminal lysine residue, likely withdraws more electron density from the adjacent
carbonyl carbon than a protonated amide, resulting in a more electrophilic carbonyl carbon. It is
reasonabl e to suggest this increased e ectrophilicity produces a weaker C-N bond on the peptide
backbone and lowers the energy barrier for dissociation. Therefore, amechanism similar to that of
Scheme 2.3b could rationalize fragmentation at the site associated with HAuNH3z loss.
Nucleophilic attack of the neighboring carbonyl oxygen at the el ectrophilic carbonyl carbon results
in an oxazolone derivative prior to rearrangement to a proton bound dimer. Dissociation of the
proton bound dimer would result in either an unmodified b-ion or amodified y-ion, [y — H — NH3] .

Figure 2.11 illustrates the preferentia cleavage N-terminal to lysine residues upon
activation of the oxidized [M — H — NH3]" species. The ion trap CID product ion spectrum of
[YGGKFL — H — NH3]* shown in Figure 2.11a shows dominant y; and KF® formation, both of
which entail cleavage N-terminal to the site of HAUNH3 loss. For GAILKGAILR, activation of
the oxidized peptide (Figure 2.11b) generates the bs and KGAI™ fragments as the two most
abundant product ions in the spectrum. Additionally, activation of [ARAMAWAKA — H — NH3]*
in Figure 2.11c further demonstrates the preferential cleavage since the b7 fragment ion isthe most
abundant peak in the spectrum. In each case, the most prominent peaks in the spectra correspond
to fragments N-terminal to the oxidized lysine residues. These spectra differ significantly from
CID of their singly protonated counterparts, in that the N-terminal cleavages mentioned above are
observed only as minor fragmentation pathways in the protonated peptides (Figures 2.12, 2.13,
and 2.14).
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Figure 2.11. Activation of @) [YGGKFL — H — NH3]*, b) [GAILKGAILR — H — NH3]", and ¢)
[ARAMAWAKA — H — NH3]* derived from collisional activation of [M + Au]*. Shaded circles
indicate ammonia losses, open circles indicate water losses, and the lightning bolt indicates the

species subjected to CID. Modified fragment ions, [b/y — H — NH3]*, are represented with red

square superscripts. Fragment ions corresponding to cleavages N-terminal to oxidized lysine
residues are indicated with blue text.
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Figure 2.12. Activation of [YGGKFL + H]". Shaded circlesindicate ammonialosses, open
circlesindicate water losses, and the lightning bolt indicates the species subjected to CID.
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Figure 2.13. Activation of [GAILKGAILR + H]". Shaded circles indicate ammonia losses, open
circlesindicate water losses, and the lightning bolt indicates the species subjected to CID.
Fragment ions corresponding to cleavages N-terminal to oxidized lysine residues are indicated
with blue text.
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2.3.6 Oxidation of Mdlittin

Mélittin, the primary toxic constituent of honeybee venom, is a 26 amino acid peptide
containing five basic residues — three lysine residues and two arginine residues.** Two gold
dichloride reagent anions were adducted to quadruply protonated melittin viaion/ion reactions in
the gas-phase in order to increase the probability of coordination to lysine residues and to generate
a polypeptide cation nominaly devoid of excess protons. Figure 2.8a shows results from the ion
trap collisional activation of doubly aurated melittin, which results in prominent peaks coinciding
with the loss of AuH and loss of HAUNH:s.

The oxidized species, [M — H — NH3 + Au]?" was isolated and subjected to collisional
activation (Figure 2.8b). The spectrum shows facile ammonialoss as well asloss of a second AuH
moiety. The majority of backbone fragmentation is observed N-terminal to the oxidized lysine
residues as evidenced by the highly abundant bzo, y&*, bz, y5*, b3, v§, and y5*, fragment ion
peaks. The biz and yl's’ ions are observed at roughly equal abundance as the aforementioned

preferential cleavage fragments, indicating that the cleavage N-terminal to the oxidized lysine

competes with the proline effect.4-40

2.4 Conclusions

Selective oxidation of lysine residues via ion/ion reactions with gold dichloride reagent

anion has been demonstrated using severa model peptides. Collisiona activation of lysine
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containing [M + Au]" results in loss of HAuUNH3 to generate the [M — H — NH3]"™ species via
hydride abstraction. Formation of [M — H — NH3]* product has been found to be unique to lysine
residues as ion/ion reactions between [AuCl2]~ and the other neutral basic residues (arginine and
histidine) show no evidence of oxidation. Two two-step pathways for [M — H — NH3]* formation
were observed and possible mechanisms are proposed. It is proposed that 1oss of HAUNH3 from
an N-terminal lysine results in a protonated cyclic iminium ion while loss of HAuNH3 from a
lysine located elsewhere in the peptide sequence results in a fixed charge cyclic iminium ion.
Though N-termina lysine residues are more readily oxidized than the interna or C-terminad
positions, the fixed charge resultsin a more labile bond N-terminal to oxidized lysine residue and
introduces a weak point in the peptide chain. This phenomenon is evidenced by the activation of
the [M — H — NH3] " ion resulting in preferentia cleavage N-terminal to oxidized lysine residues.
This chemistry was applied to melittin where activation of the doubly aurated melittin cation
resulted in loss of HAUNHs. Activation of the oxidized melittin resulted in preferentia cleavage
N-terminal to lysine residues that competes with the proline effect. This work demonstrates
another unique reaction channel associated with aurated polypeptide ions, in addition to selective

cleavage of disulfide bonds.
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CHAPTER 3. GOLD (I) CATIONIZATION PROMOTESRING
OPENING IN LYSINE CONTAINING CYCLIC PEPTIDES

Adapted by permission from Springer Nature: Journal of the American Society for Mass
Spectrometry, Foreman, D. J.; Lawler, J. T.; Niedrauer, M. L.; Hostetler, M. A.; McLuckey, S. A.
J. Am. Soc. Mass Spectrom. 2019, 30, 1914-1922. Copyright 2019.

3.1 Introduction

Cyclic peptides are a class of biomolecules that are more difficult to sequence by mass
spectrometry than their linear counterparts. While encountered less often than linear peptides,
cyclic peptides represent abody of bioactive natural products and synthetics whose structures must
be characterized. Cyclotides, for example, are macrocyclic peptides comprised of a head-to-tail
cyclic backbone and three intramolecular disulfide bonds forming a cyclic cysteine knot.>? This
motif instills remarkable thermal, chemical, and enzymatic stability3* with promising applications
in therapeutics and agriculture.>* Similarly, sunflower trypsin inhibitor (SFTI) analogs, the
simplest head-to-tail cyclic peptides containing a single disulfide bond, for example, have been
examined as inflammatory bowel disease drug candidates,*®> mammalian melanocortin receptor
agonists,® autoantibody scavengers,!” mesotrypsin inhibitors,*® and plasmin inhibitors.®

Dating back to the early days of cyclic peptide analysis, nuclear magnetic resonance (NMR)

20-22 gnd remain a

techniques have emerged as, perhaps, the primary means of characterization
popular choice today.?*>?® However, NMR is not well-suited to sequencing peptides and generally
requires multiple milligrams of purified sample. Mass spectrometry-based techniques, on the other
hand, are commonly used for peptide sequencing and are attractivefor their relatively small sample
size and minimal purity requirements. Gross and co-workers first demonstrated the utility of
tandem mass spectrometry for cyclic peptide analysis in 198227 and continued to pioneer MS/MS
approachesinto the early 2000s. Despiteits continued use,?2-3! tandem mass spectrometry of cyclic
peptides remains challenging, particularly regarding data interpretation. Sequence information of
a linear peptide is derived via the predictable dissociation of the peptide ion along the amide
backbone. Specifically, b- and y-fragment ions are typically generated upon collisional activation
of alinear peptide; these fragment ions can be used to elucidate the primary structure.®> MS" of

cyclic peptides, on the other hand, requires the cleavage of two amide bonds to generate any
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observable fragment ions. In principle, ring opening can occur at any residue creating linear
peptide isomers of identical mass complicating the interpretation of the subsequent product ion
spectrum. This spectral complexity is exacerbated with UVPD as &, b-, ¢- and x-, y-, z-typeions
may be formed.>*3! |t is widely known, however, that backbone cleavages adjacent to particular
amino acids can be preferred under some conditions. For example, the facile opening N-terminal
to proline residues upon collisional activation has been exploited to aid in structural elucidation of
cyclic peptides by mass spectrometry. 3334

The MS/M S sequencing of cyclic peptides can be facilitated through the incorporation of a
site-specific ring opening resulting in fragment ions that contain a common N-terminus. For
example, several reports of solution-based linearization via enzymatic digestion have appeared.®>
37 These methods, however, are not universal as cyclic peptides can show remarkable resistance to
enzymatic digestion.® Recently, Brodbelt and co-workers have reported an analogous gas-phase
strategy to linearize stapled and cyclic peptides by taking advantage of the “ornithine effect.”3°
Conversion of arginineto ornithine is accomplished through sol ution-phase deguanidination in the
presence of hydrazine. Collisional activation of the ornithine containing cyclic peptide resulted in
selective fragmentation C-terminal to the ornithine residue, offering a gas-phase approach to site-
selective linearization, enhancing cyclic peptide characterization.

In the present work, we use gold (1) cationization to promote site-specific ring opening of
cyclic peptides. Helmut Schwarz is a pioneer in the study of gas-phase organometallic chemistry
in general,***! and he and his co-workers have described many of the unique characteristics of
Au(l) chemistry in the gas phase.*? The gas-phase organometallic chemistry of gold has been
reviewed.*® We have recently noted that collisional activation of [M + Au]* precursor ions undergo
gas-phase oxidation at neutral lysine residues resulting in a weakened C-N bond N-terminal to
lysine.** For linear peptides, subsequent activation of the oxidized ion exhibits a facile
fragmentation channel competitive with the proline effect. Incorporation of this “weak spot” into
cyclic peptideionsviatheloss of gold hydride and a molecul e of ammonia presents an opportunity
to selectively linearize cyclic peptides in the gas phase. Fragment ions containing a common N-
terminus upon opening can simplify the MS/MS spectrum and ad in primary structure
determination. While competitive ring opening sites can occur, we can further probe the loss of
109 Dato pinpoint the site of linearization at the oxidized lysine residue. This entirely gas-phase

approach is demonstrated with sunflower trypsin inhibitor and a model cyclic peptide, -Loop.
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3.2 Experimental
3.2.1 Materialsand Reagents

Ammonium bicarbonate, dithiothreitol (DTT), iodoacetamide, and gold (111) chloride were
purchased from Sigma-Aldrich (St. Louis, MO, USA). HPL C-grade methanol and Optima LC/
M S-grade water were purchased from Fisher Scientific (Fair Lawn, NJ, USA), and acetic acid was
purchased from Mallinckrodt (Phillipsburg, NJ, USA). Reduced sunflower trypsin inhibitor
(SFTI), cyclo-GRCTKSIPPICFPD, was synthesized by Biomatek (Wilmington, DE, USA). -
Loop, [45] cyclo-GRWQY V(D-Pro)GKFTVQ(D-Pro), was synthesized by the Gellman Lab of
the University of Wisconsin Madison.

3.2.2 Sample Preparation

A gold (I11) chloride stock solution was diluted to approximately 5 uM with methanol. 3-
Loop stock solution was prepared at a concentration of 250 pg/mL in an equal mixture of water
and methanol. The stock was diluted 20-fold to a concentration of 12.5 pg/mL, approximately 7.5
uM, with 49.5:49.5:1, by volume, water/methanol/acetic acid. The sample was used without
further purification.

Approximately 1 mg of SFTI was dissolved in 1 mL of reduction buffer (100 mM
ammonium bicarbonate, 7 M urea) and incubated at 55 °C for 45 min with 5 mM DTT. After
incubation, the solution was cooled to room temperature and then centrifuged briefly to collect any
condensation. Fourteen microliters of a freshly prepared 500 mM iodoacetamide solution was
added to the mixture and incubated at room temperature in the dark for 30 min. An additiona 5
mM of DTT was added. The mixture was then incubated at room temperature for 15 min in the
dark. Ten microliters of the reduced and alkylated SFTI was desated using a TopTip C-18
desalting column (Glygen, Columbia, MD) as per the manufacturer’s instructions. The final

solution concentration was approximately 6.5 yM.

3.2.3 Mass Spectrometry

All datawere collected using a QTRAP 4000 hybrid triple quadrupole/linear ion trap mass
spectrometer (Sciex, Concord, ON, Canada), previously modified for ion/ion reactions.*® Reagent
anions and anal yte cations were introduced into the mass spectrometer viaalternately pulsed nano-
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electrospray ionization (nESI).*’ Cation switching ion/ion reactions involving gold have been
described previously.*“#84° Briefly, the [AuClz]~ reagent anions were isolated in Q1 and
transferred to g2, followed immediately by injection of the isolated [M + 2H]?" analyte cations.
Theions were mutually stored in g2 for up to 1000 ms, forming the [M + 2H + AuCl2]* complex.
Beam-type CID of the complex from g2 to Q3 resulted in the loss of two neutral HCI molecules,
leaving the gold (1) cationized peptide ions, denoted [M + Au]*. MS" experiments were performed
in Q3 where aurated ions were dissociated via resonance excitation at a q value of 0.2. Product
ions were mass analyzed via mass-selective axia gection (MSAE).* Theoretical product ion
masses were generated with CycloBranch and all product ions were verified manually.> Figure

3.1 shows the structures of the two cyclic peptides examined in this study.
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Figure 3.1. Structures of (a) sunflower trypsin inhibitor and (b) 3-loop. Stereochemistry not
shown.
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3.3 Resultsand Discussion

This strategy aims to introduce a weak spot into cyclic peptides by virtue of gas-phase
oxidation of neutral lysineresiduesin gold (1) cationized peptide ions. It has been shown that this
oxidation occurs through the consecutive losses of gold hydride and a molecule of ammonia, in
either order, generating a cyclic iminium ion and a weaker C-N bond.** Consequently, upon
collisional activation, cleavage N-terminal to the oxidized lysineresidue is observed as apreferred
dissociation pathway. For cyclic peptides, it is expected that activation of the oxidized species, [M
— H - NHj3]", results in the same site-selective fragmentation as their linear counterparts. This
initial cleavage convertsthe cyclic peptide into an acyclic peptide with an imine at the N-terminus
and an oxazolone ion, or structural equivalent (e.g., acylium ion) at the C-terminus. Linearization
via the initial cleavage of the peptide results in no change in mass-to-charge. Thus, a second
cleavage aong the peptide backbone is required to form product ions. The described gas-phase
ion/ion strategy isillustrated in Scheme 3.1.
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Scheme 3.1. Genera strategy for cyclic peptide analysis viagold (1) cationization utilizing gas-
phase ion/ion chemistry.

3.3.1 Sunflower Trypsin Inhibitor

The cation switching ion/ion reaction between doubly protonated reduced and akylated
sunflower trypsin inhibitor and the gold dichloride reagent anion generatesthe[M + 2H + AuCl;]*
complex ion. Subsequent beam-type CID of the complex generates a prominent aurated peptide
ion, [M + Au]*, at m/z 1825.8. As shown in Figure 3.2a, ion trap CID of the monoisotopically
isolated [M + Au]* ion results in dominant losses of 91 Da, likely arising from the even electron
side chain loss of CoHsNOS (91.01 Da) from the carbamidomethyl cysteine residues to form
dehydroalanine. The loss of the carbamidomethyl side chain was found to be a charge remote

fragmentation pathway. That isto say the loss of 91 Dais prevalent in systems with limited proton
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mobility. Figure 3.3 shows the product ion spectrum resulting from collisional activation of the
reduced and alkylated model peptide AACAACAA. In the positive mode with the presence of an

ionizing proton, thereisno evidencefor theloss of 91 Da (Figure 3.3a). Conversely, in the negative

mode, in the absence of any protons, the base peak correspondsto the loss of 91 Da (Figure 3.3b).
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Figure 3.2. Activation of (a) [M + Au]™ and (b) [M — H — NH3]" where M = reduced and
alkylated sunflower trypsin inhibitor. Open circles indicate water loss and shaded circles indicate
ammonialoss. The lightning bolt indicates the species subjected to CID.
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Figure 3.3. Activation of (a) [M + H]" and (b) [M — H]- where M = reduced and akylated

AACAACAA. Open circles indicate water loss and the lightning bolt indicates the species

subjected to CID.
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Thischarge remote dissociation channel is present with the four common alkylating agents,
iodoacetamide, iodoacetic acid, acrylamide, and N-ethylmaleimide. Figure 3.4 shows the product
ion spectrum from collisional activation of singly protonated reduced and akylated
KGAILCGAILR. Here, despite the system containing an ionizing proton, the proton is likely
sequestered onto the arginine residue, thereby limiting the proton mobility. Activation of the
peptide shows a loss of 91 Da, 92 Da, 105 Da, and 159 Da using iodoacetamide, iodoacetic acid,
acrylamide, and N-ethylmaleimide, respectively, to alkylate the cysteine. In each case, the loss of
the sidechain results in a product ion at m/z 1081. It is thought that the loss of alkyl sidechain

generates a dehydroal anine residue.
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Figure 3.4. Activation of [M + H]* where M is reduced and alkylated KGAILCGAILR using a)
iodoacetamide, b) iodoacetic acid, ¢) acrylamide, or d) N-ethylmaleimide as the alkylating agent.
The lightning bolt indicates the species subjected to CID.
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In order to confirm the identity of the product ion at m/z 1081 as a dehydroalanine
containing peptide ion, dehydroalanine was introduced into KGAILCGAILR viaion/ion reaction
with the periodate anion, 104~.%2 Briefly, KGAILCGAILR was alkylated with iodoacetic acid using
the reduction and alkylation procedure described above. The 104~ reagent anions were injected,
isolated in Q1 and transferred to g2, followed immediately by injection of theisolated [M + 2H]?*
analyte cations. The ions were mutually stored in g2 for up to 300 ms, forming the [M + 2H +
104]* complex. Theionswere transferred to Q3, where the complex ion was isolated. lon trap CID
of the complex generated the oxidized product ion, [M + H + O]*, at m/z 1189. Subsequent
activation of [M + H + O]*, losses 108 Dato form [KGAILCpraGAILR + H]*.52 The product ion
spectrum from CID of the peak at m/z 1081 formed viaion/ion reaction with the periodate anion
isidentical to the product ion spectrum from CID of the peak at m/z 1081 formed via the loss of
92 Dadirectly from [KGAIL Cn-ethyimaemiceGAILR + H]" (compare Figure 3.5a, b), confirming the
presence of dehydroalanine. Additionally, the product ion spectra contain the cs and ze fragment

ions which are characteristic of dehydroalanine.®>3
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Figure 3.5. Activation of m/z 1081 formed via a) ion/ion reaction with 104~ or b) the loss of 159
from [K GAIL Cn-ethyimaemideGAILR + H]*. Open circles indicate water loss and shaded circles
indicate ammonialoss. The lightning bolt indicates the species subjected to CID.

Oxidation of lysine is evidenced by the loss of gold hydride and ammonia, designated as
HAUNH3; (215.00 Da), thereby yielding the oxidized product indicated as[M — H — NH3]" (Figure
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3.2d). The oxidized product ion is present at only 5% relative abundance. Nonethel ess, the species
was isolated and subjected to additional activation. CID of the [M — H — NH3]™ species generates
the product ion spectrum shown in Figure 3.2b. The spectrum is comprised of sequence
informative fragment ions and small molecule losses. Cyclic peptide fragment ions are labeled
according to the nomenclature system of Ngoka and Gross.> Briefly, fragment ions are labeled
using afour-part descriptor, xniz, where x isthe type of backbone fragment ion, n isthe number of
amino acids in the fragment ion, and JZ designates the site of ring opening. For example, york
denotes the yo fragment ion generated from ring opening between the Thr-Lys bond. We note that
a square superscript is associated with fragment ions that are shifted 19 Da lower in mass than
their unoxidized counterparts (i.e. [bs— H — NHs] " versus[bs + H]™). Product ions formed through
the preferential cleavage at lysine are highlighted in red and designated by the “TK” subscript;
they represent approximately half of the structurally informative fragments. Among the other
fragment ions arethe bzip and b7p. Theseions are formed from cleavages C-terminal to an aspartic
acid and N-terminal to a proline, two selective dissociation channels commonly observed in
peptide ion tandem mass spectrometry.>>>°

As mentioned above, oxidized SFTI was present at relatively low abundance due in part to
the facile side-chain losses of the carbamidomethyl cysteines. While we could perform the MS®
experiment, in some cases, for reduced and alkylated cyclic peptides, the consecutive losses of 91
Da may divert signal from that associated with the oxidation at the lysine residue. We sought to
investigate if oxidation occurs once these competitive fragmentation channels are exhausted.
Isolation and CID of the ion generated from the first 91 Da loss from aurated SFTI results in,
predominantly, a second loss of 91 Da (Figure 3.6b), consistent with the fact that there are two
alkylated cysteine residues. Subsequent activation of the ion generated by the second loss of 91
Da, resulting in the spectrum shown in Figure 3.6¢c, generates the base peak at m/z 1428.8,
corresponding to the oxidation of the lysine asindicated by the loss of 215 Da.
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Figure 3.6. Activation of a) [M + Au]*, b) [M + Au-91]", andc) [M + Au—-91 - 91]* where M
= reduced and alkylated sunflower trypsin inhibitor. Open circles indicate water loss. The
lightning bolt indicates the species subjected to CID.

The consecutive side-chain losses can be viewed as the gas-phase formation of an SFTI
analog in which both cysteine residues are converted to dehydroal anine residues (Scheme 3.2) and
are indicated with a prime notation (i.e., C'). Figure 3.7 shows the spectrum obtained upon
collisional activation of the oxidized dehydroal anine containing cyclic peptideion. While the most
abundant peaks correspond to small molecule |l oss, there is evidence for ring opening at the lysine
residue as indicated by the fragment ions labeled in red. A total of seven ions can be assigned to
ring opening at Thr-Lys. Additionally, consistent with the formation of dehydroalanine, there are
fragment ions related to an initial c/z cleavage adjacent to dehydroalanine.®>> The structures of
the acyclic peptides resulting from cleavage at lysine or either dehydroalanine are presented in
Figure 3.8.
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Figure 3.8. Linearized structures of SFTI corresponding to ring opening at a) the oxidized lysine
residue, b) dehydroalanine at the 11" position, and ¢) dehydroalanine at the 3" position.
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Activation of the oxidized product ion, generated viathe loss of HAuNHz directly from [M
+ Au]” or viatheloss of HAUNH3s from the [M + Au— 91 - 91]" ion, proved to be an effectivering
opening strategy as demonstrated with sunflower trypsin inhibitor. In both cases, when compared
to CID of singly and doubly protonated reduced and akylated SFTI (Figure 3.9), an increase in
structurally informative product ions was observed with the described Au (1) cationization
approach. While this strategy aims to open cyclic peptides at lysine, competitive ring opening sites
are observed at proline, aspartic acid, and dehydroalanine. Nonetheless, in both SFTI cases
presented, about half of the product ions can be attributed to ring opening at lysine.
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Figure 3.9. Activation of a) singly protonated reduced and alkylated sunflower trypsin inhibitor

and b) doubly protonated reduced and alkylated sunflower trypsin inhibitor. Open circles
indicate water loss. The lightning bolt indicates the species subjected to CID.

3.3.2 [B-Loop

Aurated 3-Loop was generated viathe ion/ion chemistry described above. Oxidation of the

lysineresidue is observed to be the major process upon collisional activation of gold (I) cationized
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B-Loop (Figure 3.10a). The product ion spectrum also shows several aurated fragment ions. To
maximize the abundance of the HAUNHs loss, CID of [M + Au]* was immediately followed by
CID of the gold hydride loss, without isolation. Activation of the [M — H — NH3]* ion yields an
abundant water loss, CO loss, CO2 loss, and yi3ck, as well as a number of sequence informative
fragments between nvVz 500 and 1500.
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Figure 3.10. Activation of (a) [M + Au]" and (b) [M — H — NH3]* where M = 3-loop. (c)
Expanded view of (b) between m/z 500 and nvz 1500. Open circles indicate water loss and
shaded circles indicate anmonialoss. The diamond superscript indicates an aurated ion. The
lightning bolt indicates the species subjected to CID.

Figure 3.10c is an expanded view of Figure 3.10b over the range of myz 500 to nvz 1500.
Close examination of the product ions in this range reveals the following low-abundance ions

originating from the ring opening at the lysine residue: bsgi, b7ei, Paak» Yoax» Plick. and bixsk -
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Complicating data interpretation, three of the aforementioned fragment ions are isomeric with
other plausible product ions. Specificaly, the by is isomeric with bygp and b7pg, blick is
isomeric with afbpg, and bizey is isomeric with yfhop. While it is likely that ring opening occurs
primarily N-terminal to lysine, the SFT1 dataand previous reports suggest that cleavage N-terminal

to proline could be acompetitive dissoci ation pathway. 333 Therefore, the y7'QP and yszp fragment

ions are plausible products and may therefore contribute to the product ion spectrum.

For unambiguous fragment ion assignment and to pinpoint the site of ring opening at lysine,
we further probed the y13ck fragment ion, which is 109 Dalower in massthanthe[M — H — NH3]*
precursor ion. As discussed below, thisfragment ion is generated by the loss of the oxidized lysine
residue from the N-terminus. The utility of fragmenting the ion generated by consecutive losses of
215 Da and 109 Da is first discussed using the linear peptide KGAILPGAILR for illustration
(Figure 3.11). Oxidation of the lysine residue is indicated with the signature loss of 215 Da,
HAUNH3 (Figure 3.11a). Activation of the oxidized [M — H — NH3]+ species is shown in Figure
3.11b. The base peak arises from the loss of 109 Da, producing the y10 fragment ion, which, in
essence, is singly protonated GAILPGAILR. The fragmentation of the yio fragment ion and
fragmentation of singly protonated GAILPGAILR generate identical spectra (compare Figure
3.11c, d), confirming the loss of 109 Da as the loss of the oxidized lysine residue.
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Figure 3.11. Activation of (a) [M + Au]™, (b) [M —H - NH3]*, and (c) y1o where M =
KGAILPGAILR. Activation of (d) [GAILPGAILR + H]* . Open circles indicate water loss and
shaded circles indicate ammonialoss. The lightning bolt indicates the species subjected to CID.

Lysineresidueloss (i.e., 147 Dalower in mass) is represented with a superscripted “-147.”.
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Figure 3.12 demonstrates how the loss of 109 Da can be used to obtain unambiguous
sequence information for the B-Loop cyclic peptide. The yisck fragment ion at m/z 1516.8
represents the acyclic peptide ion [FTVQ(D-Pro) GRWQY V(D-Pro)G + H]". Isolation and CID of
y13ek resultsin a series of 11 b- and y-fragment ions with unambiguous fragment ion structural
assignments. This approach to cyclic peptide analysis successfully sequenced greater than 84% of
the B-loop cyclic peptide, missing only fragment ions corresponding to cleavage of the Phe-Thr
and Pro-Gly amide linkages. We note here that a loss of 109 Da was observed in the sunflower
trypsin inhibitor product ion spectrum (Figure 3.2b). However, the signa was too low to perform
additional stages of interrogation.
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Figure 3.12. Activation of the y13ck fragment ion of Figure 3.7b. Open circles indicate water |oss
and shaded circles indicate ammonialoss.

3.4 Conclusions

Selective ring opening of two lysine containing cyclic peptides is demonstrated. lon/ion
reactions are used to transform doubly protonated peptides to aurated peptide ions. Oxidation via
the loss of HAUNH3 produces a weakened amide bond adjacent to the lysine residue. The unusual
redox process that leads to [M — H — NH3]* from lysine-containing peptides is a characteristic of
gold cationization. Collisional activation of the [M — H — NH3]* species generates numerous
fragment ions containing a common cyclic imine N-terminus, indicating a highly facile ring
opening pathway. This selectivity simplifies the product ion spectrum as ring opening is localized
to afew amide bonds.

Other facile cleavage reactions can compete with the process described above. In the case of

sunflower trypsin inhibitor, the competitive pathways include openings N-terminal to proline, N-
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termina to dehydroalanine, and C-terminal to aspartic acid as evidenced by the fragment ions
annotated DG, IP, IC’, and RC'. lons generated via opening at dehydroalanine are more prevalent
than ions corresponding to opening at aspartic acid and proline. Incorporation of dehydroalanine
may present another strategy to selectively open cyclic peptides upon collisional activation. In the
case of the B-Loop peptide ion, linearization at lysine is the maor process, yet, linearization at
proline is also observed. Additionally, several of the proline related fragment ions are isomeric
with product ions opened at lysine. To avoid ambiguitiesin confident ion assignments arising from
possibly isomeric fragments, isolation and activation of the product ion generated by successive
losses of 215 Daand 109 Dafrom the [M — H — NH3]" ion ensures that the ions arise from loss of
an oxidized lysine residue from the N-terminus (viz., the y1sck ion from B-Loop). CID of yisck,
[FTVQ(D-Pro)GRWQY V(D-Pro)G + H]" , cleaves 10 of the 12 amide bonds. This gas-phase
strategy for cyclic peptide analysis offers a convenient means of selectively opening cyclic
peptides. In favorable cases, when the abundance of the 109 Da loss does not limit the extent to

which MS* can be performed, cyclic peptide linearization can be localized to the lysine residue.
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CHAPTER 4. GASPHASE SEQUENCING OF CYCLOTIDES:
INTRODUCTION OF SELECTIVE RING OPENING AT
DEHYDROALANINE VIA ION/ION REACTION

Adapted with permission from Foreman, D. J.; Parsley, N. C.; Lawler, J. T.; Aryd, U. K.; Hicks,
L. M.; McLuckey, S. A. Anal. Chem. 2019, 91, 15608-15616. Copyright 2019 American Chemical
Society.

4.1 Introduction

Cyclotides are plant-derived head-to-tail cyclized peptides containing, typically, 28-37
amino acids. In addition to the cyclic backbone, these macrocycles contain six cysteine resides,
which all participate in disulfide bonding, forming a cyclic cysteine knot. This motif results in
extraordinary thermal, chemical, and enzymatic stability.? The regions between the cysteine
residues are defined as loops. The general cyclotide motif is provided in Figure 4.1. As a result,
this motif has garnered great interest in biotechnological applications (e.g., drug delivery).®™’
Naturally occurring cyclotides exhibit diverse biological properties including, but not limited to,
uterotonic activity to accelerate childbirth,®® anti-HIV activity,'®*® cytotoxicity,’* trypsin

inhibitory activity,*® and insecticidal activity.*’~*°
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Figure 4.1. General cyclotide structure showing the head-to-tail cyclic backbone and three
disulfide bonds forming the cyclic cysteine knot.

In addition to the diversity of biological activity, there exists great sequence diversity among
cyclotides. Recent reports estimate arange of 30,000-150,000 different sequencesin asingle plant
family.?2>-22 While the number of unique cyclotides is unknown, these macrocycles have been
found in hundreds of plant species from five magor plant families, Rubiaceae, Violaceae,
Curcurbitaceae, Solanacea, and Fabaceae.”?* Typically, anywhere from tens to hundreds of
cyclotides are found in a single plant.?> The sheer volume of sequenced and predicted cyclotides
across plant families led to the development of CyBase (http://www.cybase.org.au), a database of
cyclotides and cyclic peptides.?®?’ However, to date, CyBase contains only 433 cyclotide
sequences. Therefore, it is critical that additional efforts to identify cyclotide sequences must be
undertaken to advance the fundamental knowledge of their function.

Nuclear magnetic resonance (NMR) techniques have historically been the primary means of
cyclotide structural characterization, revealing important three-dimensional characteristics such as
disulfide connectivity and structure—activity relationships between the cyclotide and molecular
targets.?®32 NMR, however, is not well-suited for peptide sequencing. Cyclotides present a
number of unique analytical challenges in primary structure elucidation. For example, the innate

cyclic motif and high sequence homol ogy between cyclotides present in the same plant species are
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problematic for sequence characterization. Several analytical approaches have been used for the
primary structural analysis of cyclotides that have been able to overcome such challenges.®

Mass spectrometry has played vital rolesin cyclotide characterization. In the earliest studies,
Edman degradation was used to determine sequence identity while mass spectrometry was used to
confirm the peptide mass. %33 Tandem mass spectrometry (MS/MS) approaches have emerged
asthe primary analytical technique in cyclotide sequencing, yet not without associated challenges.
Unlike their linear counterparts, MS/MS of cyclic peptides requires the cleavage of two amide
bonds to observe any fragment ions. Thus, due to the presence of the cyclic cysteine knot, native
cyclotides do not readily fragment.3® As such, tandem mass spectrometry-based techniques employ
reduction and alkylation of cysteine residues and proteolytic digestion to induce ring opening prior
to MS analysis.

Conventiona tandem mass spectrometry techniques for primary structure elucidation of
cyclotides heavily rely on certain characteristics unique to this family of peptides. First, putative
cyclotides areidentified viaamass shift of 348.17 Dabetween the wild-type and reduced/alkylated
sampl es, corresponding to the addition of 58.02 Dafor each of the six cysteine residues present in
cyclotides. Additionally, cyclotides contain a highly conserved glutamic acid residue that is often
exploited for proteolytic digestion.>’~*° Thisresidueis often the only glutamic acid residue present
in cyclotides. Digestion with endoproteinase Glu-C cleaves the peptide C-terminal to glutamic
acid and aspartic acid. While several cyclotides contain aspartic acid residues, the differencesin
digestion kinetics of glutamic acid and aspartic acid (approximately 10x slower for aspartic acid)
resultsin predominantly asingle acyclic peptide linearized at the single glutamic acid residue. This
linear peptide can be fragmented and sequenced. Digestion-based methods, however, are not
amenable to low-abundance cyclotides, sample loss related to reduction, alkylation, and Glu-C
digestion of the less abundant species hinders MS/IMS analysis, where the precursor is no longer
abundant enough to sequence vialiquid chromatography—tandem mass spectrometry (LC-MS/MS)
analysis.®40 Additionally, complete sequence coverage is not always achieved with a single
digestion. Oftentimes, further digestion with enzymes such as pepsin, trypsin, and chymotrypsin
isrequired, leading to increased anaysis times.

An alternative approach to cyclic peptide anaysis via solution-based linearization is site-
selective ring opening in the gas phase. In one example, the highly selective cleavage N-terminal

to proline has been used to facilitate ring opening in the gas phase.*#?> More recently, solution-
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phase conversion of arginine to ornithine was performed to selectively open cyclic peptides C-
terminal to ornithine in the gas phase.** Finally, it has been shown that gold (1) cationization
promotes ring opening N-terminal to oxidized lysine residues in the gas phase. The location of
ring opening can be pinpointed to the lysine residue upon MS?, offering a convenient means to
cyclic peptide sequencing.*® Of note, competitive ring opening at dehydroal anine was observed in
addition to ring opening at lysine.

Herein, we report the site-selective linearization of cyclotides at dehydroalanine residues
and its application to cyclotide sequencing. In this approach, alkylated cysteine residues are
transformed into dehydroal anine residues via gas-phase ion/ion reactions. The selective cleavage
of dehydroalanine in linear polypeptides has been described.*®*” Upon collisional activation,
abundant ¢c- and z-type fragment ions are formed N-terminal to dehydroalanine. Triply protonated
cyclotide ions are transformed into radical cations via gas-phase ion/ion reaction with the sulfate
radical anion. Activation of the radical-containing cyclotides leads to predominantly the odd-
electron side-chain loss of carbamidomethyl cysteines and generation of dehydroalanine. Other
odd-electron side-chain losses from leucine, asparagine, lysine, and glutamic acid to produce
dehydroalanine are observed. In the case of the four cyclotides examined, the abundance of these
lossesis considerably lower than that of the alkylated cysteine residues and are, therefore, not the
primary focus of this study. Subsequent collisional activation produces rich fragmentation
corresponding to ring opening at dehydroalanine. This methodology is demonstrated with four
known cyclotides of varying abundance, showing, in all cases, cumulative sequence coverage of
greater than 93%. Finally, we demonstrate the utility of this method by partia sequencing of an

unknown cyclotide found in Viola inconspicua.

4.2 Experimental
421 Materials

Ammonium bicarbonate, dithiothreitol (DTT), iodoacetamide, urea, sodium persulfate, and
endoproteinase Glu-C enzyme were purchased from Sigma-Aldrich (St. Louis, MO, U.SA.).
HPLC grade methanol and acetonitrile and Optima LC-MS grade water were purchased from
Fisher Scientific (Fair Lawn, NJ, U.S.A.). Acetic acid and formic acid were purchased from
Mallinckrodt (Phillipsburg, NJ, U.S.A.).

118



4.2.2 Sample Preparation

Detailed preparation and extraction procedures have been described previously.*® Isolated
cyl4 and the complex cyclotide-containing fractions were reconstituted in 1 mL of water. Thecyl4
wild-type sample was prepared by diluting 10 yL of the stock to 1000 pL with a final composition
of 49.5/49.5/1 (by volume) water/methanol/acetic acid. For theearly L C fraction, wild-type sample
was prepared by diluting 100 L of the stock to 1000 yL with a final composition of 49.5/ 49.5/1
(by volume) water/methanol/acetic acid.

4.2.3 Reduction and Alkylation

10 pL amounts of cyl4 stock and 100 pL of complex fraction stock were diluted 100x and
10x%, respectively, in reduction buffer (100 mM ammonium bicarbonate, 7 M urea). To each vial,
10 pyL of DTT stock (500 mM in 100 mM ammonium bicarbonate) was added, and the samples
were incubated at 55 °C for 45 min. An amount of 14 pL of freshly prepared iodoacetamide stock
(500 mM in 100 mM ammonium bicarbonate) was added to the cooled solutions. The samples
were incubated for 30 min in the dark. The reaction was quenched with the addition of another 10
uL of DTT stock, and the mixture was allowed to incubate for 15 min in the dark. Samples were
immediately desalted using TopTip C-18 desalting columns (Glygen, Columbia, MD, U.S.A.) per

the manufacturer’s instructions.

4.2.4 lon/lon Mass Spectrometry

All ion/ion reaction experiments were performed on a TripleT OF 5600 quadrupole/time-
of-flight mass spectrometer (SCIEX, Concord, ON, Canada) with modifications for ion/ion
reactions and dipolar direct current (DDC) collisiona activation analogous to those previously
described.**>0 Alternately pulsed nanoelectrospray ionization (nESI) alows for the sequential
injection of cations and radical anions.>* Triply protonated peptide cations, [M + 3H]®", were
isolated in Q1 and transferred to g2. The sulfate radical anion, [SO4] ™", was isolated in Q1 and
transferred to g2 where the two ion populations were mutually stored for 10 ms resulting in the
formation of the [M + 3H + SO4]?"" complex. Beam-type collision-induced dissociation (CID) of
theisolated complex from Q1 to g2 or DDC collisional activationin g2 both lead to the consecutive
losses of H2S04 and *SCH2CONH> (90 Da), in either order, generating [M + H — 90]?*. The[M +
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H - 90]%" ion was back transferred to Q1, isolated, and transferred to ¢2. lon trap CID was

performed in g2 at aq value of 0.2. Product ions were mass analyzed viatime of flight.

425 LC-MS/MSAnalysis

The reduction, alkylation, and Glu-C digestion of the complex fraction has been described.*®
For collisional activation experiments, approximately 1 ug of acidified reduced/alkylated/glu-C
digested V. inconspicua sample was injected onto a nano-L C-ESI-MS/M S platform consisting of
a NanoAcquity (Waters, Milford, MA, U.S.A.) coupled to a TripleTOF5600 MS (AB Sciex,
Framingham, MA). Front-end UPLC separation of peptides was achieved on an HSS T3C18
column (100 A, 1.8 ym, 75 pm x 250 mm, Waters), after passing a Symmetry C18 trap column
(100 A, 5 pm, 180 pm x 20 mm, Waters), with aflow rate of 0.3 uL/min and a 30 min linear ramp
of 5%-50% B (mobile phase A, 1% formic acid in water; mobile phase B, 1% formic acid in
acetonitrile). The TripleT OF5600 M S was operated in positive-ion, high-sensitivity mode with the
MS survey spectrum using a mass range of 350-1600 Da in 250 ms. Targeted CID MS/MS data
was acquired for 3319 Da using reduced/alkylated and Glu-C digested samples and a collision
energy (CE) of 40.

For electron transfer dissociation (ETD) experiments, the material was analyzed using a
Dionex UltiMate 3000 RSL C Nano system (Thermo Fisher Scientific, Odense, Denmark) coupled
online to an ETD-enabled Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, U.S.A.). Reversed-phase peptide separation was accomplished using atrap column
(300 mmi.d. x 5 mm) packed with 5 mm 100 A PepMap C18 medium coupled to a50 cm long x
75 pm inner diameter analytical column packed with 2 pm 100 A PepMap C18 silica (Thermo
Fisher Scientific). The column temperature was maintained at 50 °C. Mobile phase solvent A
consisted of purified water and 0.1% formic acid (FA), and mobile phase solvent B consisted of
80% acetonitrile and 0.1% FA. Sample was loaded to the trap column in a loading buffer (3%
acetonitrile, 0.1% FA) at a flow rate of 5 yL/min for 5 min and eluted from the analytical column
at aflow rate of 300 nL/min using 290 min LC gradient asfollows: linear gradient of 6.5-27% of
solvent B in 55 min, 27-40% of B in the next 8 min, 40—-100% of B in 7 min, at which point the
gradient was held at 100% of B for 5 min before reverting back to 2% of B. The mobile phase
gradient was held at 2% of B for the next 15 min for column equilibration. All data were acquired

in the Orbitrap mass analyzer, and data were collected using an EThcD fragmentation scheme. For
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MS scans, the scan range was from m/z 350 to 1600 at a resolution of 120 000, the automatic gain
control (AGC) target was set at 4 x 10°, maximum injection time was 50 ms, dynamic exclusion
was 30 s, and intensity threshold was 5.0 x 10*. MS data were acquired in data-dependent mode
with cycle time of 5 g/scan. For ddMS?, the EThCD method was used with parallelizable time
activation checked, Orbitrap resolution set at 60 000, the AGC target set at 2 x 10° the ETD
reaction time set at 50 ms, and the HCD-normalized collision energy set at 15%. Targeted EThcD
MS/MS spectrawere also acquired for nVz 922.3968, 922.6982, 922.8982, and 922.1483.

4.3 Resultsand Discussion
4.3.1 Generation of Dehydroalaninevia lon/lon Reaction

The odd-electron side-chain losses of radical-containing polypeptides and polypeptide
fragment ions, z»™, have been extensively studied.>?% For several amino acids, this odd-electron
loss results in the generation of dehydroalanine.® In this report, we first generate cyclotide radical
cations via ion/ion reaction with the sulfate radical anion, [SO4]~". Then, dehydroalanine was
generated via odd-electron side-chain losses upon collisiona activation of the cyclotide radical
cation, [M + H]?*". Theincorporation of dehydroalanineinto cyclotides provides afacile gas-phase
linearization pathway, the utility of which is demonstrated with extensive sequence coverage of
cyclotides with both known and unknown sequences. This methodology isfirst demonstrated with
the cyclotide cyl4 (Figure 4.2).

lon/ion reaction between triply protonated reduced and alkylated cyl4 and [SO4] ™" results
in the formation of the [M + 3H + SO4]?>"" complex ion and, to a lesser extent, the [M + 3H +
2S04]*** product ion (Figure 4.2a). lons were transferred back into Q1, where [M + 3H + SO4**
was isolated. Beam-type CID from Q1 to g2 generates a spectrum that shows the major
fragmentation pathway to be the loss of sulfuric acid forming the [M + H]?** radical cation (Figure
4.2b). Isolation and ion trap CID of [M + H]?** shows abundant small-molecule loss as well asthe
gjection of *SCH2CONH: from a carbamidomethy! side chain,>”*® generating dehydroalanine at
one of the six cysteine residues (Figure 4.2c). DDC-CID can be used to generate the product ion
of interest, [M + H — 90]%*, ultimately eliminating the need for multiple back-transfer and isolation
steps (Figure 4.2d). Interestingly, we also observe that DDC-CID reduces the extent of water and

ammonialoss.
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Figure 4.2. lon/ion reaction between triply protonated cyl4 and sulfate radical anion: a) post
ion/ion reaction spectrum, b) beam-type CID of [M + 3H + SO4]?*", ¢) ion trap CID of [M +
H]?**, and d) DDC-CID of the ion/ion reaction products of panel a.

It isworth noting that collisional activation aso resultsin the odd-electron side-chain losses
from leucine, asparagine, lysine, and glutamic acid residues as minor products (<10% relative
abundance). Probing these lower level fragment ions could produce asimpler product ion spectrum
(i.e., ring opening at one leucine residue, or three asparagine residues, or three lysine residues, or
one glutamic acid residue vs the six cysteine residues). However, for this method to be applicable
to sequencing low-abundance cyclotides, the loss of *SCH>CONH: to introduce dehydroalanine
was solely explored as this fragmentation pathway was always observed to be the most abundant
odd-electron side-chain loss.

4.3.2 Opening Cyl4 at Dehydroalanine

As cyclotides are head-to-tail cyclic peptides, two backbone cleavages are needed to
observe a change in m/z in MS" workflows. An initid c/z cleavage N-termina to the
dehydroalanine generates alinear peptide with an alkyne at the N-terminus and aprimary ketimine
at the C-terminus. A second backbone cleavage would generate sequence-informative fragment
ions. The observed loss of 90 Da from [M + H]?* signifies dehydroalanine formation at a single

carbamidomethyl cysteineresidue. That isto say, theloss of 90 Dagenerates six structural isomers
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of identical mass in which the side chain can be lost from any of the six cysteines. Activation of
[M + H - 90]?" represents a strategy to selectively open the cyclotide at dehydroalanine from any
of the isomers.

The product ion spectrum from collisional activation of [M + H — 90]%* derived from
ion/ion reaction and subsequent DDC collisiona activation is shown to contain high-abundance
small molecule losses and numerous low-abundance fragment ions (Figure 4.3). The
preponderance of the latter corresponds to band y-type fragment ions from ring opening at
dehydroaanine and are indicated with colored circles (Figure 4.3). Fragment ions originating from
ring opening at dehydroalanine formed at the first, second, third, fourth, fifth, and sixth cysteine
are highlighted in black, red, green, blue, orange, and purple, respectively (Figure 4.3, Figure 4.4,
and Table 4.1). Please note that a series of product ions originating from aninitial b/y cleavage N-
termina to prolineis also observed.

A
A 4
F 3
Y

16x

16x

100 4

Relative Abundance (%)
tn
=

500 1000 1500 2000 2500 3000 3500
mz

cyst [} cys2 [ cyss [l cys4 [ cyss [ cyss I

Figure 4.3. Product ion spectrum from the collisional activation of dehydroalanine containing
cyl4, [M + H - 90]%". The lightning bolt corresponds to the species CID.
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Figure 4.4. 500 mvz wide zoomed views from the collisional activation of cyl4 [M + H — 90]%*. a)
m/z 500-1000, b) n/z 1000-1500, ¢) mVz 1500-2000, d) m/z 2000-2500, €) m/z 2500-3000, and f)
Mz 3000-3500. The lightning bolt corresponds to the species subjected to CID.

Table 4.1. List of assignments, measured isotopic masses, theoretical isotopic masses, and mass
differences for the cyl4 data of Figure 4.4.

Assignment | Theoretical Observed Mass Difference Mass Error (ppm)

b7 846.35867 846.35686 -0.00181 -2.14
b8 933.39070 933.36685 -0.02385 -25.55
b9 1004.42781 | 1004.39077 -0.03704 -36.88
b10 1091.45984 | 1091.44600 -0.01384 -12.68
b13 1421.59437 | 1421.60974 0.01537 10.81
b18 2073.85663 | 2073.83695 -0.01968 -9.49
b19 2201.95160 | 2201.93060 -0.02099 -9.53
b20 2301.02001 | 2300.99350 -0.02651 -11.52
b21 2461.04901 | 2461.01206 -0.03695 -15.01
b22 2562.09668 | 2562.07709 -0.01959 -7.65
b23 2675.18075 | 2675.15432 -0.02643 -9.88

124



Table 4.1 Continued

Assignment | Theoretical Observed Mass Difference Mass Error (ppm)

b24 2789.22369 | 2789.18203 -0.04166 -14.93
b25 2960.28808 | 2960.25684 -0.03124 -10.55
y5 536.21002 536.20212 -0.00790 -14.74
y7 690.28425 690.27917 -0.00508 -7.37
y8 804.32719 804.32175 -0.00544 -6.76
y9 861.34865 861.34192 -0.00673 -7.81
y10 975.39158 975.38399 -0.00759 -7.78
yll 1088.47565 | 1088.46785 -0.00780 -7.17
y12 1189.52333 | 1189.50486 -0.01847 -15.53
y13 1349.55233 | 1349.54452 -0.00781 -5.78
yl4 1448.62074 | 1448.61094 -0.00980 -6.77
y18 1981.91694 | 1981.83700 -0.07993 -40.33
y22 2446.02842 | 2446.00144 -0.02698 -11.03
y23 2559.11249 | 2559.08910 -0.02339 -9.14
y24 2646.14452 | 2646.10343 -0.04109 -15.53
b1l 1152.40518 1152.50780 0.10262 89.05
b12 1280.50015 | 1280.49139 -0.00876 -6.84
b13 1443.56348 | 1443.54907 -0.01441 -9.98
b14 1571.65845 1571.64600 -0.01245 -7.92
b15 1670.72686 | 1670.71208 -0.01478 -8.85
b18 2044.88761 | 2044.86538 -0.02223 -10.87
b19 2158.93054 | 2158.90288 -0.02766 -12.81
b20 2215.95200 | 2215.92744 -0.02456 -11.08
b21 2329.99493 | 2329.96849 -0.02644 -11.35
b23 2484.06916 | 2484.03893 -0.03023 -12.17
b24 2555.10627 | 2555.07307 -0.03320 -13.00
b27 2901.19933 | 2901.17373 -0.02560 -8.82
b29 3162.27601 | 3162.22588 -0.05013 -15.85
b30 3261.34442 | 3261.30995 -0.03447 -10.57
y5 648.32533 648.32282 -0.00251 -3.87
y6 749.37300 749.36664 -0.00636 -8.49
y8 935.43706 935.42784 -0.00922 -9.86
y9 1095.46606 | 1095.45937 -0.00669 -6.11
y10 1166.50317 | 1166.48879 -0.01438 -12.33
y12 1320.57740 | 1320.56817 -0.00923 -6.99
y13 1434.62033 | 1434.60748 -0.01285 -8.96
y14 1491.64180 1491.63028 -0.01152 -7.72
y15 1605.68473 | 1605.67022 -0.01451 -9.04
y18 1979.84547 | 1979.82790 -0.01757 -8.88
y19 2078.91389 | 2078.89765 -0.01624 -7.81
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Table 4.1 Continued

Assignment | Theoretical Observed Mass Difference Mass Error (ppm)

y24 2772.23908 | 2772.11802 -0.12106 -43.67
b5 542.20112 542.19728 -0.00384 -7.07
b6 705.26445 705.26029 -0.00416 -5.90
b7 833.35941 833.35196 -0.00745 -8.94
o] 932.42783 932.41736 -0.01047 -11.23
b9 1092.45682 | 1092.44841 -0.00841 -7.70
b10 1193.50450 | 1193.49600 -0.00850 -7.12
b1l 1306.58857 | 1306.57130 -0.01727 -13.22
b12 1420.63150 1420.61567 -0.01583 -11.15
b13 1477.65297 1477.63145 -0.02152 -14.56
b14 1591.69590 | 1591.67952 -0.01638 -10.29
b18 1976.83624 1976.81161 -0.02463 -12.46
b20 2162.90030 | 2162.89153 -0.00877 -4.05
b23 2523.04539 | 2523.00658 -0.03881 -15.38
b24 2709.12470 | 2709.09528 -0.02941 -10.86
b26 2894.24112 | 2894.21091 -0.03021 -10.44
y7 756.33121 756.33219 0.00098 1.29
y9 941.44764 941.43975 -0.00789 -8.38
y10 1127.52695 1127.51563 -0.01132 -10.04
yll 1226.59536 | 1226.58633 -0.00903 -7.36
y12 1386.62436 | 1386.61723 -0.00713 -5.14
y13 1487.67204 | 1487.65389 -0.01815 -12.20
y14 1616.71464 1616.67431 -0.04032 -24.94
y15 1673.73610 1673.71473 -0.02137 -12.77
y19 2058.87644 | 2058.85995 -0.01649 -8.01
y21 2229.94083 | 2229.92303 -0.01780 -7.98
y22 2343.98376 | 2343.96240 -0.02136 -9.11
y25 2718.14451 | 2718.12905 -0.01546 -5.69
y26 2817.21292 | 2817.18647 -0.02645 -9.39
b5 586.298386 586.29359 -0.00480 -8.18
b6 685.3668 685.35962 -0.00718 -10.48
b7 845.395797 845.38696 -0.00884 -10.45
b8 946.443475 946.43344 -0.01004 -10.60
b9 1059.527545 1059.5178 -0.00975 -9.20
b10 1173.570477 | 1173.55788 -0.01260 -10.73
b1l 1230.59194 | 1230.57734 -0.01460 -11.86
b12 1344.634872 | 1344.62029 -0.01458 -10.84
b16 1729.77521 | 1729.75367 -0.02154 -12.45
b18 1915.83927 | 1915.82007 -0.01920 -10.02
b21 2275.984359 | 2275.96138 -0.02298 -10.10
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Table 4.1 Continued

Assignment | Theoretical Observed Mass Difference Mass Error (ppm)

b22 2462.063668 | 2462.03359 -0.03008 -12.22
b24 2647.180096 | 2647.14073 -0.03937 -14.87
b26 2970.272426 | 2970.22687 -0.04556 -15.34
y5 522.230768 522.23902 0.00825 15.80
y7 680.299909 680.29464 -0.00527 -7.75
y8 843.363242 843.35479 -0.00845 -10.02
y9 1003.392239 | 1003.38569 -0.00655 -6.53
y10 1131.487204 | 1131.47984 -0.00736 -6.51
yll 1188.508667 | 1188.50056 -0.00811 -6.82
y12 1374.587976 | 1374.57547 -0.01251 -9.10
y13 1473.65639 | 1473.64402 -0.01237 -8.39
yl4 1633.685387 | 1633.67288 -0.01251 -7.66
y15 1734.733065 | 1734.72279 -0.01028 -5.92
y17 1920.797125 | 1920.78023 -0.01689 -8.80
y21 2305.937463 | 2305.91893 -0.01853 -8.04
y22 2419.980395 | 2419.95709 -0.02331 -9.63
y23 2477.001858 | 2476.98031 -0.02155 -8.70
y24 2591.04479 | 2591.01911 -0.02568 -9.91
y26 2805.176538 | 2805.15737 -0.01917 -6.83
h22 2335.94796 | 2335.94117 -0.00679 -2.91
y4 536.35386 536.35280 -0.00106 -1.97
y9 1114.50827 | 1114.49866 -0.00961 -8.63
y10 1227.59234 | 1227.58632 -0.00602 -4.91
y1l 1314.62437 1314.61179 -0.01258 -9.57
y13 1472.69352 1472.65733 -0.03618 -24.57
yl4 1635.75685 1635.67551 -0.08134 -49.72
y17 1980.90227 1980.83443 -0.06784 -34.25
b9 970.40708 970.39888 -0.00820 -8.45
b10 1130.43607 | 1130.42227 -0.01380 -12.21
b12 1380.53144 | 1380.51374 -0.01770 -12.82
b20 2229.83907 | 2229.92303 0.08396 37.65
b23 2649.09233 | 2649.12006 0.02773 10.47
b24 2748.16074 | 2748.13013 -0.03061 -11.14
b25 2908.18974 | 2908.18065 -0.00909 -3.13
b27 3122.32149 | 3122.28725 -0.03424 -10.97
y6 528.25085 528.24728 -0.00357 -6.75
y7 641.33492 641.33055 -0.00437 -6.81
y8 742.38259 742.37804 -0.00455 -6.13
y9 902.41159 902.40438 -0.00721 -7.99
y10 1001.48001 | 1001.47287 -0.00714 -7.12
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Table 4.1 Continued

Assignment | Theoretical Observed Mass Difference Mass Error (ppm)

yll 1129.57497 1129.56297 -0.01200 -10.62
y12 1292.63830 | 1292.62800 -0.01030 -7.97
y13 1420.73327 1420.71462 -0.01865 -13.13
y18 1998.88769 | 1998.86991 -0.01778 -8.89
y21 2270.04090 | 2270.00526 -0.03564 -15.70
y23 2520.13626 | 2520.15664 0.02038 8.09
y25 2808.26022 | 2808.16871 -0.09151 -32.59

As mentioned above, the [M + H — 90]?* precursor ion is composed of six isomers differing
only in the position of dehydroalanine. Product ions derived from the linearization of each isomer
are observed (Figure 4.5a—f). Four of the six peptides show greater than 50% sequence coverage
— ring opening at the first, second, third, and fourth cysteine results in 53.1%, 53.1%, 56.3%, and
59.4% sequence coverage, respectively. Individually, no single location of ring opening generated
sufficient fragmentation to completely sequence cyl4. Cumulatively, however, cleavage at 31 of
33 amide linkages (93.9%) is observed, only lacking fragment ions from the Gly-Cys and Pro-Gly

bonds (Figure 4.59).
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The cumulative sequence coverage is attributed to the complementary sequence
information on individual locations of linearization. Examination of the fragmentation maps
depicted in Figure 4.5 reveals that fragmentation is generally localized to the interior of the

linearized peptide. As cysteine residues in cyclotides are spaced by as little as one amino acid and
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as many as 10 amino acids, interior fragment ions of the linear peptides can sequence unique
portions of the cyclotide (Figure 4.6). Cysteines in close proximity to one another display severa

common fragment ions, while distant cysteines share few, if any, common fragments. Additionally,
Cysl, Cys2, Cys3, Cys4, and Cysb al show unique fragment ions, where cysteine residues are
labeled in sequential order in the Glu-C linearized peptide,
TCVWGKCY SASIGCSCNKY KVCTLNGNPGACGE. The combination of overlapped regions
and unique regions is a characteristic of selectively opening cyclotides at cysteine residues and
aids in the de novo sequencing of unknown cyclotides, which will be demonstrated below.

Cys 5
Total: 8

Cys 3
Total: 28

Cys 2

Total: 26, Cys 4

A Total: 30

Cys 6
Total: 20

Figure 4.6. Venn diagram showing the unique and overlapping fragment ions from activation of
thecyl4 [M + H - 90]*" ion.

4.3.3 Sequencing Known Cyclotidesin a Complex Fraction

Positive nESI of the wild-type complex fraction from V. inconspicua shows triply charged
peaks at m/z1037.1236, 1076.1441, and 1087.4729 corresponding to the known cyclotidesviball,
cyO8, and cyl2 (Figure 4.7a). CyO8 is observed to be the base peak, cyl2 is observed at
approximately 65% relative abundance, and viball is observed at approximately 15% relative
abundance. Their identities as cyclotides are confirmed by the mass shift of 348.2 Da upon
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reduction with DTT and alkylation with iodoacetamide (Figure 4.7b). The three peptides were
selected for further interrogation through the gas-phase linearization as described with cyl4.
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Figure 4.7. Positive nESI of a) wild type early LC fraction and b) reduced and akylated early LC
fraction.

Cy08, cyl2, and viball were subjected to the same ion/ion reaction workflow described
above. Briefly, ion/ion reaction of the triply protonated species with the sulfate radical anion
produces the [M + 3H + S04]?" complex. DDC of the ion/ion reaction products results in
successive losses of H2SO4 and «SCH2CONH_. Subsequent activation of [M + H — 90]?* for each
of the aforementioned cyclotides generates the product ion spectra with greater than 96% total
sequence coverage (Figures 4.8 — 4.11). Similar to cyl4, there are regions of fragment ion overlap
as well as fragment ions unique to specific ring-opening sites. In the case of viball, the fewest
number of fragment ions corresponding to ring opening induced by dehydroalanine was observed
when compared to cyl4, cyO8, and cyl2. Thisis likely due, in part, to viball being the lowest
abundance of the four cyclotides examined and the smallest cyclotide examined, with 29 amino
acids versus the 31 amino acids of cyO8 and cyl2 and the 33 amino acids of cyl4. Nonetheless,

extensive sequence coverage was still observed.
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Figure 4.10. 500 myz wide zoomed views from the collisional activation of cyl2 [M + H — 90]2+.
a) m/z 500-1000, b) m/z 1000-1500, c) m/z 1500-2000, d) mVz 2000-2500, and €) m/z 2500- 3000.
The lightning bolt corresponds to the species subjected to CID.

134



20 -
£ 10
3
=
[1+]
=)
_ : 14l __ 2 / /
500 600 700 800 900 1000 < 1000 1100 1200 1300 1400 1500
£ 20 1 220 1 i
3 & |d) i
g @
(1]
2 o
3 10 Y1g 30 P20 Y2
ﬁ b.g b1 £ Y S Yo bag y b By
2 i k?my g b-_,mz1 il
© s v ¢
& 0 : '
1500 1600 1700 1800 1900 2000 2000 2100 2200 2300 2400 2500
20 - m

®) Cys1 . Cys4 .
e t: b{zabw\‘ cys2 | cyss |

s Yaa

| ‘ L."'-fi'; B l o cyss [ cyss [l

2500 2600 2700 2800 2900 3000
m/iz

Figure 4.11. 500 m/z wide zoomed views from the collisional activation of viball [M + H —
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3000. The lightning bolt corresponds to the species subjected to CID.

4.3.4 Partial de Novo Sequencing of an Unknown Cyclotide

Inspection of the MS! spectrum of the complex mixture reveals a putative cyclotide
(3319.3445 Da) indicated by the 348.2 Damass shift (Figure 4.7). To our knowledge, thiscyclotide
represents an unknown that has not been previously sequenced. Dehydroalanine was introduced at
asingle cysteineresidue, and the [M + H — 90]?" was subjected to collisional activation. Analogous
to the known sequences above, activation of this species resultsin the selective ring opening at the
dehydroaanine. The resulting product ion spectrum shows numerous fragment ions of ample
signal-to-noise ratio that can be used for de novo sequencing. Specificaly, the region between m/z
400 and m/z 1700 shows well-resolved fragment ions with little chemical noise.

The de novo sequencing was performed according to the general procedure provided in
Figure 4.12. To summarize, first, a product ion of low m/zis selected, and then the peak-to-peak
masses for each amino acid are calculated. That isto say, from the chosen product ion new masses
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are calculated by the addition of the 20 different amino acid residue masses. Next, product ions
with an appropriate mass error (less than 100 ppm) and the appropriate isotopic distribution are
identified. If there is a peak that corresponds to the addition of an amino acid, this process is
repeated until no additional amino acid residues can be identified, generating a partial primary
sequence. If no product ions corresponding to an amino acid residue are identified, anew initiating
product ion of low my/z isidentified, and the process is repeated. This partial sequence generation
process is repeated with all potential initiating product ions of low m/z until no initiating ions
remain. Here, thisworkflow was performed viamanual datainterpretation. Y et, one could imagine

this process could be automated if alarge number of product ion spectrawere to be analyzed.

Chooszg a Potential Initiating Peak
{Low m/z First)

[ Peak to Peak Mass Differences ]

m[ Does Difference Correspond to AA? ]
l Yes
—D[ Peak ta Peak Mass Differences ]

- Difference : ?
‘E[ Does Difference Correspond to AA? ]

* No
[ Generate Partial Sequence J
4 ¢ R
Any Remaining Potential Initiating
Peaks? Yes
. #
* No
' '
Piece Together Full Sequence from
Partial Sequences
b v

Figure 4.12. General procedure for de novo sequencing.

Manual interpretation of the product ion spectrum revealed 10 distinct partial sequences,
referred to here as ion series (Figures 4.13-4.23). The aligned partial sequences are displayed in
Figure 4.24. As mentioned previously, the sequence information from different locations of
linearization is complementary. This characteristic is reinforced in Figure 4.24 where each ion

series overlaps with at least one other ion series. In many cases, the overlap serves as an “anchor”
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point to which the sequence of one ion series can be extended with the sequence of another ion
series. For example, the sixth ion series overlaps with the seventh ion series at the glycine and
asparagine residues. In the sixth series, six additional residues are identified, while in the seventh
series, seven additiona residues are identified. The combined information results in the partial
cyclotide sequence of YKV CT(I/L)NGNPGACGE.
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Figure 4.13. De novo sequencing of ion series 1.
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Figure 4.14. De novo sequencing of ion series 2.
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Figure 4.17. De novo sequencing of ion series 5.
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139



L

K+G

C*

1500

1300

1100

800

< Ity
w3 o
(94) Sauepunqy anleley

700

e
o

1500
1600

1300
1400

m/z
1100
m/z
1200

1000
m'z

800

Figure 4.21. De novo sequencing of ion series 9.
Figure 4.22. De novo sequencing of ion series 10.

700

500

400

<
78]

(o) souepuNgy snleey (%) BoUEPUNGY AAlRISY

Figure 4.23. All identified ion series overlaid in one spectrum. lon series are stacked in

chronological order, with lon Series 1 on the bottom and Ion Series 10 on the top.

140



1 2 3 4 5 ]
1-- - —------—---------—-- VC_I/LNGHN-=-- - - - -
2 - - /LW GHE = = == === == === == == - = = = = = = = = =
T I N . B SRR E
4 swwmm g g — Dow Dow nE AT RN D RS @ am OO RS ONE D s e oem @ mm s B b owh w
5 oZ/L WG
6 WP CACSE
7 - - - - - - - - - - - - - - - - VX VCII/LNGH - - - - - -
8 °C - -~ - == == === == == === - - - --NPGACSZE
9 - - JLWGALD - === === =~~~ - T
10 RS 12 I T T T T TR T YT YT e T T TR,

T C /LWGERCYS A SK-2VC_I/LNGNPGRARZCGSEF

Figure 4.24. Aligned sequences for the ten ion series identified during de novo sequencing.

The process of extending the sequence of the unknown cyclotide can be repeated with all 10
ion series, yielding a partial sequence of TC(I/L)WGKCYSA - - - — - SKYKVCT(I/L)-
GNPGA CGE. The dashesindicate unknown amino acid residues of the cyclotide that could not be
sequenced based on peak-to-peak mass differences. However, the identities of the unknown amino
acids can be deduced. For the seventh ion series, using the overlap between the fourth ion series
and the seventh ion series, theidentity of the two amino acids N-terminal to thetyrosine are lysine
and serine. Additionally, this workflow selectively opens the cyclotide from a c/z cleavage at
dehydroalanine, forming a linear peptide with an alkyne as the new N-terminus.**~4" Subtraction
of the alkyne moiety (51.9949 Da), lysine (128.0950 Da), serine (87.0320 Da), and an ionizing
proton (1.007276 Da) from the initiating peak of the seventh series at m/z 515.1336 accounts for
al but 247.0644 Da. The remaining mass suggests two or three amino acids are missing. An
analysis of all possible two/three amino acid combinations reveals only two sequences +0.1 Da of
247.0644 Da, an akylated cysteine and serine, in either order. This analysis suggests a sequence
of CSC with aserineinloop 4. Thisis consistent with the fact that 73% of the cyclotidesin CyBase
contain a Ser in loop 4. Additionally, the deduction of serine in this position suggests the seventh
ion series originates from ring opening at Cys3. The theoretical bs product ion mass is calculated
to be m/z 515.1902, and the first product ion of the seventh series is observed experimentally at
Mz 515.1936 (6.5 ppm).

The provisional assignment of serine above now generates a partial cyclotide sequence of
TC(/L)WGKCY SA - - CSCSKYKVCT(I/L)NGNPGACGE, where, again, the dashes indicate
unknown amino acid residues. The mass of the partial sequence is 3121.2683 Da, accounting for

al but 198.0762 Da from the intact unknown. Again, the remaining mass suggests two or three
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amino acids are missing. An analysis of al possible two/three amino acid combinations reveal
only three sequences £0.1 Daof 198.0762 Da- PT, TP, and VV. Assignment of |eucine/isoleucine
based on homology, while not ideal, has been used within the cyclotide community in cases where
chymotrypsin digestion cannot be performed due to an adjacent proline residue or in cases where
the amount of isolated protein isinsufficient for amino acid analysis.>® 5! On the basis of sequence
homology to other known cyclotides from the same plant species, the two amino acidswould likely
be VV.* However, based on mass, the identity of the unknown residues are likely TP or PT rather
than VV (compare 198.1004 to 198.1368 Da). The ETD product ion spectrum, as shown in Figure
4.25b, of the Glu-C digested unknown suggests TP rather than PT as c10 and c12 ions are observed.
Given that ETD does not result in an observable fragment ion N-terminal to proline, no cio ion
would be observed if the order of these amino acids were PT.

To summarize, the direct evidence from the de novo sequencing using the ring-opening
approach described here results in TC(I/L)WGKCYSA - - - - - SKYKVCT(I/L)-
NGNPGACGE, accounting for all but five residues. The identities of the remaining residues can
be inferred on the basis of mass, as demonstrated above, resulting in a provisiona assignment of
TC(I/L)WGKCY SA(T/P)(PIT)CSCSKYKVCT(I/L)YNGNPGACGE. It is noted here that we
cannot distinguish between the isomeric leucine and isoleucine. Additionally, while the mass
analysis suggests a threonine and proline at the end of loop 3, there is insufficient evidence in the
product ion spectrum to distinguish between TP or PT. The observed experimental mass of the
unknown (3319.3445 Da) is in good agreement with the theoretical mass of the provisional
sequence (3319.3687 Da) showing a mass accuracy of 7.3 ppm.

To validate the utility of the described approach to sequencing cyclotides, we compare the
results of the gas-phase ring opening at dehydroalanine to the conventional condensed-phase
approach. CID and ETD of the Glu-C digested [M + 4H]*" generates the product ion spectrashown
in Figure 4.25, parts a and b, respectively. For CID, 21 fragment ions are assigned with high
confidence, accounting for cleavages at 17 of 31 amide linkages (54.8%). For ETD, 28 fragment
ions are assigned with high confidence, accounting for cleavages at 19 of 31 amide linkages
(61.3%). Thefragmentation mapsare overlaid in Figure 4.25c. Cumulatively, CID and ETD results
in 77.4% sequence coverage. Particularly noteworthy isthe stretch of five amino acids, KVCT(I/L)
were no fragment ions are observed. Comparison of the two approaches (i.e., ring opening in the

gas phase vs ring opening in the condensed phase) demonstrates a situation where both approaches
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can sequence all but five residues. With the conventional digestion approach, however, CID and
ETD were needed to generate extensive coverage of the unknown. Additionally, while many
cyclotides are abundant enough to be fully sequenced with digestion-based methods, many low-
abundance cyclotides remain uncharacterized. Here, the ability to reduce sample loss with the gas-
phase linearization is demonstrated by eliminating the need for proteolytic digestion.

100 1 @ 2

Ye*

g
1]
o
=
(1]
o
=
3
< 400 - b) 2 A ox 3+ 2x 2+ 2
2 -+ >« /- > —
©
@
i 2*52 Lo .';
50 - gt b ,
i +s | ey C,
. €s* \Z47% 2% . !;6
C2 i Ca Cg" Y 15 |
D T L l| l[l ‘rT . T L I T i - s ¥ a 4 "
0 200 400 600 800 1000 1200 1400 1600 1800 2000
m/z
c)
cP

) le:IxLzsz=|:"|_»\=|c-|r=|_: |:=|_1 plElsIC]lS]k Y]k v ¢ T (1/L }-l_q L‘—l—N—LP I_Fl_‘:\:l_r‘—lfl_E ,2

Figure 4.25. LC-MS/MS analysis of reduced and alkylated Glu-C digested [unknown + 4H]**
using a) targeted CID or b) targeted EThcD as an activation method. ¢) The combined
fragmentation maps of panelsaand b.

44 Conclusions

In thiswork, we demonstrated the site-sel ective ring opening of cyclotides at dehydroalanine
residues formed via gas-phase ion/ ion reaction. Transformation of a single carbamidomethyl
cysteine residue to a dehydroalanine residue occurs through the odd-electron loss of
*SCH>CONH>. Dehydroalanine can be formed at any of the six alkylated cysteine residues,
generating six isomers of identical mass. Collisional activation of [M + H — 90]* leadsto aninitial

c/z cleavage N-terminal to dehydroal anine and a second backbone cleavage to produce fragment
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ions indicative the cyclotide sequence. Linearization from ring opening at all cysteine residuesis
observed, with sequence coverages of up to 58% observed for individual linearization sites. The
fragmentation from each ring opening is highly complementary, which enables extensive sequence
coverage to be obtained. For the four known cyclotide sequences examined, cumulative sequence
coverages of no less than 93% was observed. This complementarity proved extremely important
in the de novo sequencing of an unknown cyclotide from V. inconspicua. Using this novel
approach, a partial sequence of TC(I/L)WGKCYSA - - - - - SKYKVCT(I/L)NGNPGACGE is
obtained. Interestingly, MS/MS of Glu-C digested unknown resulted in much lower sequence
coverage, using solely CID or EThcD, demonstrating further the utility of the described gas-phase
sequencing approach.
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CHAPTER 5. MAXIMIZING SELECTIVE CLEAVAGESAT
ASPARTIC ACID AND PROLINE RESIDUESFOR THE
IDENTIFICATION OF INTACT PROTEINS

Adapted by permission from Springer Nature: Journal of the American Society for Mass
Spectrometry, Foreman, D. J.; Dziekonski, E. T.; McLuckey, S. A. J. Am. Soc. Mass Spectrom.
2018, 30, 34-44. Copyright 2018.

5.1 Introduction

The notion of using collision-induced dissociation (CID) to elucidate the primary structure
of intact proteins was first presented in 1990,! and formed the basis for the development of “top-
down” tandem mass spectrometry of proteins. Today, collisiona activation remains one of the
most common techniques for the identification of proteins in top-down workflows.?® Other
dissociation approaches, such as electron capture dissociation,’ electron transfer dissociation,® and
UV photodissociation (UVPD)® have subsequently been applied to whole protein ions with a
common objective of maximizing the number of sequence informative products. With this
objective in mind, it is desirable that fragmentation be non-selective. However, as the number of
different product ions increase, the overall product ion signa is dispersed among the many
fragmentation channels.!® There is merit, therefore, in having the option to maximize selective
cleavages that tend to concentrate product ion signal into fewer channels. Scenarios that might
benefit from this capability include, for example, the identification of low level proteinsin cases
when the dispersal of product ion signal among many channels limits dynamic range and in single
(or multiple) reaction monitoring workflows. We note here a distinction between “identification”
of a protein or “proteoform”!! and complete “characterization.” Maximizing the number of
cleavages is a priority for the latter objective in spite of the fact that this might limit detection
limits and dynamic range.

The generation of ailmost exclusively b- and y-type fragment ions upon CID of multiply
protonated proteins is commonly observed and is consistent with the mobile proton model. 214
Collisional activation of a peptide or protein leads to mobilization of the excess protons along the
polypeptide backbone that can initiate a charge-directed fragmentation process to produce b- and
y-fragment ions.®®> While a number of non-specific fragmentation pathways are observed when
using collisional activation, particularly at intermediate charge states, severa site-specific

150



fragmentation pathways have been reported.’29 Specifically, under favorable conditions,
cleavages at aspartic acid residues and proline residues have been shown to be the dominant
pathways.161921-24 Despite both fragmentation pathways resulting in highly selective cleavages,
the underlying mechanism regarding both cleavages differs. The higher basicity of the proline
amide bond, relative to those of other amino acids, leadsto preferential |ocalization of amobilized
proton at the proline amide bond, initiating the charge-directed fragmentation N-terminal to the
prolineresidue. The favorable cleavage at aspartic acid residues C-terminal to the acidic sidechain
does not require a mobile proton and can become prominent when the ionizing protons are
sequestered by arginine residues.®®

Numerous studies have been performed to characterize the gas-phase fragmentation
behavior of intact proteins,®®-32 revealing that the information obtained in a CID experiment is
highly dependent on the charge state subjected to activation aswell asthe number of basic residues
present in the protein sequence.33* Fragmentation patterns can be rationalized on the basis of three
major precursor ion types: high charge states, intermediate charge states, and low charge states.
Activation of high charge states, where the large intramolecular Coulomb field tends to minimize
proton mobilization, leads to fragmentation patterns that are difficult to predict apriori. Activation
of intermediate charge statestypically resultsin ahigh degree of sequence coverage and extensive
non-specific fragmentation due to maximum proton mobility. Collisional activation of low charge
state proteins, where protein mobility is hindered by solvation of a proton by multiple basic
residues or where protons are sequestered onto mostly arginine residues, generates prominent
small molecule loss and cleavage C-terminal to aspartic acid residues.

Recently, in recognition of the differences observed between the product ion spectra of
protein ions generated under denaturing conditions versus those generated under native
conditions,?>-2%3° the K elleher group examined the gas-phase fragmentation propensities of native
intact proteins.® In this study, a statistical analysis of 5311 matched fragments from 165 different
experimentsreveal ed striking differencesin fragmentation propensities for native conditions when
compared to denatured conditions. Most notably, under native conditions, fragmentation C-
termina to aspartic acid residues and N-termina to proline residues showed significant
enhancement in fragmentation tendency when compared to their denatured counterparts. This
observation suggests that the CID of protein ions generated under native conditions could

constitute a strategy for maximizing selective fragmentation at aspartic acid and proline residues.
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However, protein ion signals tend to be less intense using native conditions relative to denaturing
conditions (e.g., low pH and, perhaps, some fraction of organic solvent) and the extent of sodium
and potassium ion adduction tends to be greater due to differences in ionization mechanism.*’

Here, we present a methodology for the identification of intact proteins that maximizes the
selective cleavages at aspartic acid and proline residues while retaining the advantages in signal
levels and lower metal ion adduction afforded by generating ions under denaturing conditions.>®
41 A drawback associated with protein ionization under denaturing conditions is that the precursor
ion signa is divided among many relatively high charge states. We therefore use a sequence of
proton transfer ion/ion reactions within the mass spectrometer to, first, concentrate the precursor
ion charge state distribution largely into one charge state prior to ion isolation and, second, to move
the precursor ion charges into arange (i.e., m/z 1500- 2500) that is most likely to lead to selective
cleavages. This methodology is demonstrated here with four standard proteins often used by the
National Resource for Trandlational and Developmental Proteomics in optimizing top-down
workflows: ubiquitin (8.6 kDa), myoglobin (16.9 kDa), trypsinogen (24.0 kDa), and carbonic
anhydrase (29.0 kDa).*?

5.2 Experimental
5.2.1 Sample Preparation

Ubiquitin from bovine erythrocytes, myoglobin from equine skeletal muscle, trypsinogen
from bovine pancreas, carbonic anhydrase from bovine erythrocytes, 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-
pentadecafluoro-1-octanol (PFO), ammonium bicarbonate, dithiothreitol (DTT), iodoacetamide,
and formic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Optima-grade
acetonitrile, HPL C-grade methanol, and Optima L C/M S-grade water were purchased from Fisher
Scientific (Fair Lawn, NJ, USA). Chloroform was purchased from Mallinckrodt (Phillipsburg, NJ,
USA) and urea was purchased from Pierce Chemical (Rockford, IL, USA). PFO was made at a
concentration of 200 uM in a methanol solution containing 2% ammonium hydroxide.

Stock solutions of ubiquitin, myoglobin, and carbonic anhydrase were prepared at
approximately 2 mg/mL in water. Fifty microliters of the ubiquitin stock, 80 pL of the myoglobin
stock, and 80 pL of the carbonic anhydrase stock were combined and precipitated using 1:1:4:3

protein/chloroform/methanol /water.*® The dried precipitated protein mixture was reconstituted in
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100 pL of mobile phase A. The proteins were then separated via reverse-phase HPLC using an
Agilent 1200 series with manual injector (Palo Alto, CA, USA) using an Agilent Zorbax 300SB-
C3 4.6 x 150 mm, 5 ym (Palo Alto, CA, USA) analytical HPLC column. The HPLC method
consisted of alinear gradient from 5% mobile phase B to 50% mobile phase B over 60 min (mobile
phase A: 95% water, 5% acetonitrile, and 0.2% formic acid, mobile phase B: 5% water, 95%
acetonitrile, 0.2% formic acid) at flow rate of 1 mL/min and a detection wavelength of 215 nM.
A total of four 20 pL injections were made. For each injection, each protein was collected
into a separate Eppendorf tube for atotal of four fractions for each protein. The first three fractions
were dried under vacuum and reconstituted in the fourth sample. The concentrations of the working
samples are approximately 9, 8, and 4 uM for ubiquitin, myoglobin, and carbonic anhydrase,

respectively.

5.2.2 Reduction and Alkylation of Trypsinogen

Approximately 2 mg of trypsinogen was dissolved in 1 mL of reduction buffer (100 mM
ammonium bicarbonate, 7 M urea). DTT was added from a 500 mM stock to afinal concentration
of 5mM and was incubated for 45 min at 55 °C. The solution was cooled to room temperature and
centrifuged briefly. lodoacetamide was added to afina concentration of 14 mM, from a 500 mM
freshly prepared stock solution. The solution was incubated at room temperature in the dark for 30
min. Unreacted iodoacetamide was quenched with addition of another 5mM of DTT and incubated
at room temperature for 15 min in the dark. One hundred microliters of the reduced and alkylated
trypsinogen was subjected to the precipitation and HPL C procedures as described above. Thefinal

trypsinogen concentration is estimated to be approximately 6 pM.

5.2.3 Mass Spectrometry

All datawere collected using a modified TripleT OF 5600 quadrupole/time-of-flight mass
spectrometer (SCIEX, Concord, ON, Canada), modified to perform ion/ion reactions.*
Alternatively pulsed nano-electrospray (nESI) ionization allows for sequential injection of
multiply protonated proteins and singly deprotonated pentadecafluoro-1-octanol dimer (PFO).*
Analyte cations were injected into the mass spectrometer and trapped in O followed immediately

by injection of the reagent anions. Instrument parameters were tuned such that PFO dimer was
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injected and transmitted through g0 while still trapping protein cations, resulting in consecutive
proton transfer ion/ion reactions.*®4’ During the reaction, the period which anions are passing
through g0, an excitation voltage was applied at a slightly higher frequency than the desired ion’s
fundamental frequency.*® This process is referred to asion parking. Application of the excitation
voltage slows the ion/ion reaction rate of a specific mass-to-charge, allowing concentration of
signal into asingle, lower charge state. lon parking was performed at the charge state immediately
prior to m/z 1500. Reaction times varied from 100 to 300 ms.

Next, the charge reduced protein was isolated in Q1 and transferred to g2. PFO dimer was
once again generated via negative nES| and transferred to g2. The ions were mutually stored for a
reaction time optimized to generate a distribution of charge states between m/z 1500 and nvz 2500
(10-30 ms).*® Application of two high amplitude frequency sweeps were used to gject any low m/z
ions (< m/z 1500) and any high m/zions (> myz 2500). All charge states between mv/z 1500 and
2500 were isolated and subjected to dipolar direct current (DDC) collisional activation.®® Mass
analysis was performed using time of flight (TOF).

5.2.4 Database Search

Database searches were performed using a program written in MATLAB (MathWorks®,
Natick, MA, USA). All entries of the SWISS-PROT database (556,197 entries) were processed to
create separate entries for the cleavage of the N-terminal initiator methionine residue and cleavage
into individual protein chains.®! The processing of the SWISS-PROT entries resulted in a database
of 624,084 entries across all species.

Uninterpreted MS/IMS spectra were processed using a zero-charge THRASH
deconvolution algorithm written in MATLAB, using a S/N threshold of three.>> The output
contained a list of monoisotopic zero-charge masses as well the total area under each fragment’s
isotopic distribution. Theoretical zero-charge b- and y-fragment masses for each protein, within a
+ 100 Dawindow of the experimentally derived protein mass, were compared to the masses of the
deconvoluted peak list with a fragmentation tolerance of + 15 ppm. A McLuckey Score, with
modified coefficients for native-like protein charge states, was calculated for each protein within
the 200-Da mass window as shown below,

Score=(5xnND XY Da) + (3xnPxY Py) +(NX XY X4) (5.1)
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where n and Z are, respectively, the number of matched fragments and summation of fragment
area (where the smallest areais normalized to an area of 1) for either D (aspartic acid), P
(proline), or X (non-specific) cleavages.® These coefficients are based qualitatively off our
understanding of the well-known aspartic acid effect and the fragmentation propensities of native
intact proteins as determined by Kelleher and coworkers.® This scoring system accounts for the

preferential cleavage at aspartic acid and proline observed with native-like protein charge states.

5.3 Resultsand Discussion
5.3.1 Experimental Design and Rationale

The approach to intact protein analysis as described here exploits the highly selective
cleavages C-terminal to aspartic acid residues and N-terminal to proline residues upon collisiona
activation, resulting in fewer, more abundant fragment ions, when compared to conventional top-
down protocols where complete sequence coverage is desirable. Using a 27-residue polypeptide
represented schematically in Figure 5.1 as an example, cleavage at every residue would result in a
minimum of 26 fragmentsions, inherently dispersing the precursor ion intensity across 26 different
fragmentation channels. Readlistically, the resulting tandem mass spectrum will likely contain more
than 26 fragment ions as both complementary fragments from a single cleavage often appear in
the spectrum, as do products from small molecule losses, amino acid side chain losses, and from
multiple backbone cleavages (i.e., interna fragment ions). As an alternative to complete sequence
coverage, one could manipulate the protein charge state distribution to produce abundant aspartic
acid cleavages. As shown in Figure 5.1, cleavage at aspartic acid residues, as represented by the
red amino acids, generates six fragment ions. Consequently, the precursor ion intensity is divided
into only six fragments of higher abundance. In principle, this approach can lead to an extension

of the lower limit of the dynamic range for top-down protein analysis.
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Figure 5.1. Illustration of selective cleavages upon collisional activation.

The influence of precursor ion charge state on the gas-phase fragmentation behavior of
multiply charged proteins is illustrated by ubiquitin (Figure 5.2). The ion trap CID product ion
spectra of [M + 8H]®", [M + 7H]"™*, [M + 6H]®*, and [M + 5H]°>" precursor ions show drastic
differencesin both fragment ion identities and abundances. At intermediate charge states, as shown
in Figure 5.2a, b, extensive nonspecific cleavage was observed. For lower charge states,
fragmentation at aspartic acid residues becomes more prominent. Activation of the [M + 6H]®"
ion, the spectrum of which isshown in Figure 5.2c¢, shows abase peak corresponding to the doubly
charged yis fragment (aspartic acid channel), and activation of the [M + 5H]°" ion (Figure 5.2d)
produces almost exclusively cleavages at aspartic acid residues. These results are consistent with
fragmentation characterization studies of ubiquitin and are consistent with the mobile proton
mode! for peptide and protein dissociation.?®32 For ubiquitin, a small protein containing four
arginine residues, the number of ionizing protons for the [M + 6H]%* and [M + 5H]>* ions begins
to approach the number of arginine residues. The arginine residues, which have the highest gas-

phase basicity of any amino acid,>** sequester the protons allowing for processes that do not
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require proton mobilization (e.g., cleavage at aspartic acid residues and small molecule loss) to
dominate the spectrum. These processes are al so observed for the [M + 4H]** precursor ions, where
the number of ionizing protons is equal to the number of arginine residues. The ion trap CID
spectrum, as shown in Figure 5.3, shows a dominant water loss as well as cleavages C-terminal to

aspartic acid residues.
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Figure 5.2. lon trap CID spectrum of ubiquitin for a) [M + 8H]®*, b) [M + 7H]™*, ¢) [M + 6H]°%",

and d) [M + 5H]>" precursor ions. Cleavages C-terminal to aspartic acid residues are labeled in

red, cleavages N-terminal to proline residues are labeled in blue, and non-specific cleavages are
labeled in black.
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Figure 5.3. lon trap CID spectrum of ubiquitin [M + 4H]**. Cleavages C-terminal to aspartic acid
residues are labeled in red, cleavages N-terminal to proline residues are labeled in blue, and non-
specific cleavages are labeled in black.

Based on the assumption that proton mobility in protein ionsisinhibited when the number
of excess protonsis roughly equal to the number of arginine residues in the protein, we sought to
determine the nV/z range within which most protein ions with limited proton mobility are likely to
fall. A program written in MATLAB was used to count the number of arginine residues and
calculate the mass of each protein < 250,000 Da in the SWISS-PROT database. Linear regression
of mass versus arginine count was used to predict the number of arginine residues for each entry
(Figure 5.4a). Next, the true count, the actual number of arginine residues present in the protein
sequence, was compared to the predicted count, the number of arginine residues predicted by the
linear model. For any sequence * 3 arginine residues to the true count, seven mass-to-charge ratios
were generated from [M + ner-3H]™ to [M + ner + 3H]™, where PR is the number of predicted
arginine residues. Inspection of the histogram plot of these mass-to-charge ratios provided in
Figure 5.4b revedl s that greater than 75% of the charge states fall between nvz 1500 and m/z 2500.
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Figure 5.4. a) Scatter plot of arginine count versus protein mass. b) Histogram of mass-to-charge
ratios calculated using £ 3 the predicted number of arginine residues.

5.3.2 Protocol Demonstration Using Reduced and Alkylated Trypsinogen

Positive nESI of the reduced and alkylated trypsinogen sample under acidic denaturing
conditions generates a broad and bi-modal distribution of charge states (Figure 5.5a) with the
highest and lowest observable charge states being the [M + 33H]**" and [M + 9H]®" species,
respectively. Much of the protein signal at the highest charge states was concentrated into asingle
lower charge state, [M + 17H]*™, via a series of g0 transmission mode proton transfer ion/ion
reactions and ion parking (Figure 5.5¢). Signal enhancement is evidenced by the ion abundance of
the [M + 17H]*"™* species (compare Figure 5.5¢ to Figure 5.5a, b). Figure 5.5b demonstrates that
thereis no signal enhancement in the absence of ion parking, as no auxiliary excitation voltage is
applied to inhibit the ion/ion reaction of the [M + 17H]*"* species in that experiment.

The concentrated [M + 17H]*"* ion wasisolated in Q1 (Figure 5.5d) and transferred to g2
where it was subjected to a second set of proton transfer ion/ion reactions. Reaction conditions
were tuned such that the reduced charge states fell largely into the m/z 1500-2500 window. This
region is highlighted in green in Figure 5.5e. Two high amplitude frequency sweeps were applied
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to g2, one using a frequency to gect ions lower in m/z than 1500, and one using a frequency to

gject ions higher in m/z than 2500. The resulting spectrum is shown in Figure 5.5e.
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Figure 5.5. @) Nano-€lectrospray mass spectrum of reduced and alkylated trypsinogen. b) Post
ion/ion spectrum from reaction of awith PFO dimer. ¢) g0 ion parking of the [M + 17H]"* ion
under the same reaction conditions as b. d) Q1 isolation of c). €) Post ion/ion spectrum and
isolation of m/z 1500 to nvVz 2500 from the reaction of d) with PFO dimer. 2a, b, and ¢ are plotted
on the same absol ute intensity scale while °d and e are plotted on a scale of percent relative
abundance.

In the case of reduced and alkylated trypsinogen, myz 1500 to myz 2500 contains seven
charge states, ranging from the [M + 16H]*¢* ion to the [M + 10H]°* ion. These charge states were
subjected to broadband DDC collisional activation, maximizing the chances of observing the
preferential cleavage at aspartic acid and proline residues. The MS/IM'S spectrum is provided in
Figure 5.6. Only b- and y-type fragment ions, matched within a+ 15 ppm tolerance, are labeled.
As summarized in Table 5.1, atotal of 12 fragments were identified, 6 coinciding with selective
fragmentation, 3 at aspartic acid, and 3 at proline. Visually, it is evident proline fragment ions are
among the most abundant peaks in the spectrum.
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Figure 5.6. Simultaneous activation of the [M + 16H] %" to [M + 10H]®* charge states of reduced
and alkylated trypsinogen viaDDC collisiona activation. Only peaks matched to + 15 ppm of
theoretical b- and y-fragment ions are label ed.

Table 5.1. Summary of Database Search Results.

Observed M ass (M onoi sotopic)
Theoretical Mass (M onoisotopic)
Mass Difference (ppm)

[dentity

Species

Sequence

Matches

McL uckey Score
P-Score

Matched Fragments

8559.72

8559.62

12.08

Ubiquitin

Various
MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIP
PDQQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRL

RGG
22 of 100 (22 of 100)?

100719.97 (76750.99)"

3.86-29 (3.8-29)°

b7, bs, Do, b11, b13, D16, D18, D21, b32, b3s, 39, bs2, Yo, Y12, Y13,
Y16, Y18, Y24, Y25, Y37, Y55

Observed M ass (M onoi sotopic)
Theoretical Mass (M onoisotopic)
Mass Difference (ppm)

[dentity

Species

16941.02

16940.96

3.27

Myoglobin

Equus caballus (Horse)
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Table 5.1 Continued

Sequence

Matches

McL uckey Score
P-Score

Matched Fragments

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFT
GHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVL
TALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLE
FISDAIIHVLHSKHPGDFGADAQGAMTKALELFRND
IAAKYKELGFQG

24 of 45 (11 of 45)2

36787.9 (5729.11)°

6.1e-34 (9.9e-13)°

20, a1, Daa, a7, De3, brs, b79, bos, D118, b122, Y7, Vs, Y9, Y10,
Y11, Y12, Y13, Y27, Y31, Y34, Y44, Y74, Y90

Observed M ass (M onoi sotopic)
Theoretical Mass (M onoisotopic)

Mass Difference (ppm)
[dentity
Species

Sequence

Matches

McL uckey Score
P-Score

Matched Fragments

24662.18

24661.82

14.43

Trypsinogen

Bos taurus (Bovine)
VDDDDKIVGGYTCGANTVPYQVSLNSGYHFCGGS
LINSQWVVSAAHCYKSGIQVRLGEDNINVVEGNEQ
FISASKSIVHPSYNSNTLNNDIMLIKLKSAASLNSRV
ASISLPTSCASAGTQCLISGWGNTKSSGTSYPDVLK
CLKAPILSDSSCKSAYPGQITSNMFCAGYLEGGKDS
CQGDSGGPVVCSGKLQGIVSWGSGCAQKNKPGVY
TKVCNYVSWIKQTIASN

12 of 143 (2 of 143)2

129384.11 (12828.84)°

3.7e-10 (0.24)°

b4, bs, bs, b1o, b11, b12, b1g, bsg, b79, D111, Y10, Y23

Observed Mass (Average)
Theoretical Mass (Average)
Mass Difference (ppm)
Identity

Species

Sequence

29024.55

29024.63

-2.83

Carbonic anhydrase 2

Bos taurus (Bovine)

Ac-SHHWGY GKHNGPEHWHKDFPIANGERQSPVD
IDTKAVVQDPALKPLALVYGEATSRRMVNNGHSFN
VEYDDSQDKAVLKDGPLTGTYRLVQFHFHWGSSD
DQGSEHTVDRKKYAAELHLVHWNTKYGDFGTAA
QQPDGLAVVGVFLKVGDANPALQKVLDALDSIKT
KGKSTDFPNFDPGSLLPNVLDYWTYPGSLTTPPLLE
SVTWIVLKEPISVSSQOMLKFRTLNFNAEGEPELLM
LANWRPAQPLKNRQVRGFPK
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Table 5.1 Continued

Matches 21 of 69 (2 of 69)?

McL uckey Score 183239.01 (12439.74)°

P-Score 1.6e-28 (0.047)°

Matched Fragments b3, be, Ds, D17, D18, D31, D33, b3g, bao, Dao, b70, Y17, Y27, Y47, Yas,
Ye1, Y62, Y63, Y64, Y67, Yes

5.3.3 Identification of Modd Proteins

For each protein, database searching was initiated by retrieval of al proteins within the
user-defined precursor tolerance. In al cases, this tolerance was set to £ 100 Da of the
experimentally derived precursor mass, obtained from deconvolution based on Bayesian statistics
within the PeakView Software (SCIEX, Concord, ON, Canada). Theoretical b- and y-fragment
zero-charge masses were calculated for each protein in the retrieved list and compared to the
experimental zero-charge masses. Proteins were ranked according to their McLuckey Score.

In the case of ubiquitin, 2350 proteins were retrieved and scored in the database search.
The top 153 scores were identical and, upon inspection, al 153 were correctly identified as
ubiquitin. Thisisan artifact of the database creation as there are several parent proteins, across all
species, in the SWISS-PROT database containing ubiquitin chains. Of the 100 fragment masses
obtained by the THRASH deconvolution algorithm, 22 corresponded to b- and y-fragments of
ubiquitin. The results of the top scoring protein are summarized in Table 5.1. By concentrating the
precursor signal via proton transfer ion/ion reaction in conjunction with ion parking, and moving
the charge state distribution to aregion which maximizes selective cleavages, we observed greater
than 90% of the matched fragment ion signal corresponding to cleavage at aspartic acid and proline
residues. Specifically, 86.4% of the total matched fragment area was contained in seven unique

aspartic acid fragments and 5.5% was contained in two proline fragment ions (Figure 5.7).
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Ubiquitin Apomyoglobin
8.1%

52.4%

2.2%

Trypsinogen Carbonic Anhydrase

16.5%

gb. 7%

B Asp Pro B Non-Specific

Figure 5.7. Percentage of the total matched fragment area for (red) cleavages C-terminal to
aspartic acid residues, (blue) cleavages N-terminal to proline residues, or (green) nonspecific
cleavages.

ProSight Lite was used to calculate a P-Score for each of the top five ranked proteins.®®
While the output of the database search ranked according to the McLuckey Score does not
necessarily coincide with ranking based on P-Score, in the case of ubiquitin, the top five unique
protein sequences based on P-Score were identical to the top five unique protein sequences ranked
according to their McLuckey Score. As shown in Table 5.1 and Table 5.2, the top two ranked
proteins each matched 22 fragment masses of the 100 experimental fragment masses, resulting in
equivalent P-Scores.%” In our approach, three specific aspartic acid fragments, bsz, ya7, and yss,
provided sufficient information to distinguish between ubiquitin and ubiquitin-related proteins
(Table 5.3). These results demonstrate the utility of using a scoring system that is weighted both
by abundance and cleavage site as the conventional approach was unable to distinguish between

ubiquitin and the ubiquitin-related protein.
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Table 5.2. Summary of the Top Five Proteins Ranked According to P-Score for Ubiquitin

MS/MS Data.
[dentity Species P-Score  Matches
1 Ubiquitin Various 3.8e-29 22 of 100
2 Ubiquitin-related Various 3.8e-29 22 of 100
3 Ubiquitin-related Equus caballus (Horse) 3.3e-24 19 of 100
4 Ubiquitin-related 1 Cricetulus griseus (Chinese hamster) 1.3e-22 18 of 100
5 Ubiquitin-related 1  Dictyostelium discoideum (Slime mold)  5.2e-21 17 of 100

For apomyoglobin, the database search returned 2446 results. The highest scoring protein
was correctly identified as myoglobin from Equus caballus, while the second and third scoring
proteins, as shown in supplementary Table 5.4, were found to be myoglobin from different species.
Here, greater than 50% of the matched fragment areais comprised of seven aspartic acid fragments
(Figure 5.7). While equine myoglobin contains only two arginine residues, there are 19 lysine
residues and 11 histidine residues in addition to the N-terminus, for a total of 33 nominal basic
sites. When the charge state distribution is moved to the nvz 1500 to mvz 2500 region, [M + 11H]***
to [M + 7H]", the ionizing protons may well be solvated by multiple basic residues, thereby
reducing the proton mobility and thereby allowing for prominent cleavage at the aspartic acid

residues
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Table 5.3. Summary of the top five ranked proteins of the ubiquitin MS/M S database search.

Theoretical Mass Mass Difference

| dentity Species (M onoisotopic) (ppm) Score Matches
1 Ubiquitin Various 8559.62 12.08 100719.97 22 of 100
2  Ubiquitin-related Various 8559.62 12.08 76750.99 22 of 100
3 Ubiquitin-related Eq“(“:;r"{;‘;" lus 8593.60 39425 52363.35 19 of 100
4 Ubiquitin-related1  Cricetulusariseus 8558.63 127.06 4777416 18 0f 100
(Chinese hamster)
Dictyostelium
5 Ubiquitin-related 1 discoideum (Slime 8562.59 -335.31 32432.08 17 of 100

Table 5.4. Summary of the top five ranked proteins of the apomyoglobin MS/M S database search.

mold)

5

50S ribosomal protein L15

Lipopolysaccharide-induced
tumor necrosis factor-alpha

| dentity
Myoglobin
Myoglobin

Myoglobin

factor homolog

Species

Equus caballus
(Horse)

L agostomus maximus

(Plains viscacha)
Tupaiaglis(Tree
shrew)

M ethanopyrus
kandleri

Mus musculus
(Mouse)

Theoretical Mass Mass Difference

(Monoisotopic)

16940.96
16868.93
16959.97

17030.04

16934.06

(ppm)

3.27
4273.5

-940.58

-5227.2

410.81

Score

36787.9

5729.11

5729.11

3851.36

912.79

M atches

24 of 45

11 of 45

11 of 45

1 of 45

3of 45



Like equine myoglobin, trypsinogen is another protein containing only two arginine
residues. The database search, which included carbamidomethylation (+ 57.0198 Da) of cysteine
residues, successfully identified trypsinogen, matching only 12 fragment masses (Table 5.5).
Despite the lowest number of matched fragments, there remains afactor 10 difference in the score
between trypsinogen and the second ranking protein (Table 5.1). Unlike apomyoglobin, where the
majority of information was comprised of aspartic acid fragment ions, activation of trypsinogen
resulted in cleavage at three proline residues, accounting for 86.7% of the matched fragment area
(Figure 5.7). The differences between the two systems arise from the total number of basic
residues. Trypsinogen contains only 20 basic residues compared to myoglobin’s 32. As previously
stated, the nvz region subjected to DDC excitation for trypsinogen contains the [M + 16H]%* to
[M + 10H]*%* charge states. While some protons may be solvated by two basic residues, asufficient
number of mobile protons remain to initiate cleavage at proline residues.

Lastly, two database searches for carbonic anhydrase were performed. The first search was
performed with no N-terminal modifications while the second accounted for N-terminal
acetylation (+ 42.0095 Da). The results of the former are summarized in supplementary Table 5.6.
As shown in Table 5.6, the top two proteins exhibit the same score and the same number of
matched fragments. The two sequences were identified as bovine carbonic anhydrase |1, where the
sequences differ only by the cleavage of the initiator methionine residue. In both cases, the 10
matched fragments were identical (y-type fragments). It was observed that the experimentally
derived average mass of the precursor was 89 Da lower in mass than carbonic anhydrase with the
N-terminal methionine, whereas the average mass of the precursor was 42 Da greater in mass than

the sequence lacking the initiator methionine.
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Table 5.5. Summary of the top five ranked proteins of the trypsinogen MS/M S database search.

[ —

ol

[dentity

Trypsinogen
Vesicle-associated
protein 2-1
Deoxyribose-
phosphate aldolase
Elongation factor
1-delta
Interleukin-37

Species

Bos taurus (Bovine)
Arabidopsis thaliana
(Mouse-ear cress)

Aeropyrum pernix

Betavulgaris (Sugar

beet)

Homo sapiens (Human)

24628.30

24587.33
24566.99

Theoretical Mass MassDifference
(Monoisotopic)
24661.82

24707.83

(Ppm)
14.43

-1847.6
1375.7

3044.3
3874.7

Score M atches
129384.11 12 of 143

12828.84  2of 143
9525.58 1 of 143
9525.58 1 of 143
9525.58 1 of 143

Table 5.6. Summary of the top five ranked proteins for carbonic anhydrase without N-terminal acetylation.

Theoretical Mass Mass Difference

| dentity Species (M onoisotopic) (ppm) Score Matches
Carbonic anfydrase 2 poq vy s (Boving) ~ 29113.78 30649  108768.64 10 0f 69
(with methionine)
Carbonic anhydrase 2. g 1) 1 s (Bovine) 2898259 1447.8 108768.64 10 of 69
(without methionine)
2,3,4,5
tetrahydropyridine- :
2 6-dicarboxylate Aeropyrum pernix 29108.13 -2871.4 1671359  3of 69
N-succinyltransferase
Uncharacterized Betavulgaris
orotain UL 10 (Sugar beet) 20023.47 37.2 1579058 2 of 69
4-hydroxy- Homo sapiens
tetrahydrodipicolinate Ho rﬁ’n ) 28955.85 2372.6 1048154 20f 69

reductase



While it is possible to deduce the correct sequence based on mass, a second search was
performed with N-terminal acetylation. Here, the top scoring protein was, again, correctly
identified as carbonic anhydrase |1 lacking the initiator methionine with N-terminal acetylation.
Note that the results of the top five proteins, as shown in Table 5.7, do not include carbonic
anhydrase |1 with the initiator methionine since addition of the N-terminal modification puts this
sequence outside of the + 100-Daretrieval window. When comparing the two searches, N-terminal
acetylation matched 11 additional fragments (b-type fragments), for a total of 21 matched
fragments (Table 5.1). Despite being the largest protein examined in this study, selective cleavages
are still observed, with 56.9% of the total matched fragment area held in aspartic acid and proline
cleavages (Figure 5.7).
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Table 5.7. Summary of the top five ranked proteins for carbonic anhydrase with N-terminal acetylation.

w

SN

[dentity

Carbonic anhydrase 2
4-hydroxy-
tetrahydrodipicolinate
reductase
4-hydroxy-
tetrahydrodipicolinate
reductase
Uncharacterized protein
UL10

ATP synthase subunit a

Species
Bos taurus (Bovine)
M ethanococcus
vannielii
Synechococcus sp.

Human
cytomegalovirus
Pseudarthrobacter
chlorophenolicus

Theoretical Mass Mass Difference

(Monoisotopic)
29024.63

29028.36
28997.89

29065.51

29008.84

(ppm)
-2.83

-131.12

919.45

-1409.2

941.41

Score M atches
183239.01 21 of 69

12439.74 2 of 69

10481.54 2 of 69

10481.54 2 of 69

10236.76 2 of 69



5.4 Conclusions

Proof-of-concept is presented here for a protein top-down tandem mass spectrometry
methodology that exploits the advantages of ionization under denaturing conditions while also
maximizing the likelihood for selective cleavages at aspartic acid and proline residues. The
generation of precursor ions under denaturing conditions and the relatively short reaction timesare
amenable to an online LC-MS workflow, though demonstration of an online LC-MS workflow
was outside the scope of the present work. lon/ion reactions are used both to concentrate ions of
interest into a single charge state for ion isolation and to generate subsequently precursor ions
within a mass-to-charge range most likely to yield selective cleavages under collisional activation
conditions. The objective is to generate sufficient fragmentation for identification while
concentrating product ion signals into a relatively limited number of channels. This approach is
not intended to compete with strategies that maximize the number of backbone cleavages for
characterization purposes. Rather, it is a complementary approach that is effective in protein
identification that offers advantages in dynamic range and quantitation via single- or multiple-
reaction monitoring due to the fact that product ion signal is not distributed among alarge number
of product channels.

Broadband collisional activation using DDC of precursor ions within the targeted nvz
window for all proteins studied here resulted in greater than 50% of the total matched fragment
area arising from aspartic acid and proline cleavages (up to 91.9% for ubiquitin). While the
conventional scoring system based on matching predicted and observed product masses can be
used with this approach yielding respectabl e P-Scores, a scoring system that weights most heavily
C-terminal aspartic acid and N-terminal proline cleavages can add discriminatory power to an
approach like this that is intended to maximize such cleavages. The combination of the ion
processing workflow described here with an abundance-weighted scoring system lead to the
successful identification of four model proteins, ranging in mass from 8.5 to 29.0 kDa. In the case
of trypsinogen, successful identification was achieved with only 12 matched fragments (3 aspartic
acid, 3 proline, and 6 non-specific cleavages), demonstrating the utility of maximizing selective
fragmentation pathways. Interestingly, two of the selected model proteins contain an unusually
low number of arginine residues. Nevertheless, selective cleavage at either proline or aspartic acid
residues was noted. In addition to the application of intact protein identification, it standsto reason
this workflow may be useful in multiple-reaction monitoring, particularly of low level proteins.
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CHAPTER 6. VALET PARKING FOR PROTEIN ION CHARGE
STATE CONCENTRATION: ION/MOLECULE REACTIONSIN LINEAR
ION TRAPS

6.1 Introduction

Electrospray ionization (ESI) is asoft ionization technique capable of generating large intact
bio-ion and bio-ion complexes.>? AsESI generatesionsdirectly from solution, it isreadily coupled
to liquid chromatography and is compatible with all commonly used mass analyzers due to its
propensity for generating a distribution of multiply charged ionsin amodest and relatively narrow
mass-to-charge range. For these and other reasons, ESI has become widely used in bioanalytical
mass spectrometry. While the multiplicity of charge states can be beneficial for accurate mass
measurement and for generating arange of precursor ions to be subjected to various fragmentation
techniques, there are several scenarios in which it is desirable to manipulate the precursor ion
distribution. Such scenarios include the generation of charge states not directly formed under
normal operating conditions, reduction in spectral complexity, the concentration of ion signal into
asingle charge state, or a combination of the latter two for increased sensitivity.

Changes in charge state distributions in an electrospray mass spectrum resulting from
changes in solution conditions can be dramatic, particularly when the conformational states of the
analytes are atered.®> However, precise control over charge states via ateration in solution
conditionsisgeneraly limited. Both gas-phaseion/ion and gas-phaseion/molecul e proton transfer
reactions, on the other hand, can be used to precisely manipulateion charge. These approaches are
relatively mature in terms of their analytical utility. Some examples of early work involving gas-
phase proton transfer reactionsinclude, but are not limited to, the improved mass determination of
protein ions,*° the determination of product ion charge,%® and charge state purification.>° In
recent years, there has been an extension of proton transfer ion/ion reactions to higher resolution
instruments,** due, in part, to an increase in the complexity of protein mixtures subjected to
analysis and to an increase in the number of instruments equipped to perform such experiments.
On the other hand, proton transfer ion/molecule reactions are less widespread in modern
workflows. Rather, functional group specific reactions constitute the majority of recent literature
in the field of analytical ion/molecule reactions.®>” Nonetheless, proton transfer ion/molecule

reactions are easy to implement across multiple instrument platforms as they require only the
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controlled admission of a gaseous reagent into a reaction region. In most cases, this can be
accomplished by tapping the existing bath gas line.

Previous work from our group involving ion/ion reactions has demonstrated that the kinetics,
and the extent of reactant ion population overlap, can be affected to impede the progress of the
reaction in a process referred to as “ion parking.”*8 Thisis accomplished by the application of an
auxiliary RF signal at the secular frequency of an ion/ion reaction product ion. Application of
auxiliary RF servesto exciteions of a particular mass-to-charge ratio such that the velocity of the
ions is increased and, consequently, the ion/ion capture cross section is decreased. Additionally,
the excitation leads to a dlight decrease in ion cloud overlap as one population of ionsis excited
away from the center of the trap while the other is retained in the center of the trap. This decrease
incrosssection and inion cloud overlap isthe basisfor ion parking. In this approach, only anarrow
band of myz values are affected. Similarly, a broad range of frequencies can be applied to park a
broad range of m/z values in “parallel ion parking.”1%%

To our knowledge, there is no equivalent technique to mass selectively inhibit ion/molecule
reactions. Thisreport demonstrates the mass sel ective inhibition of ion/molecul e reactions denoted,
herein, as “valet parking.” Valet parking uses mass selective axial ejection, MSAE,? to axialy
gject ion/molecule product ions, asthey are formed, into a separate region of the mass spectrometer
where no further ion/molecule reaction products are formed. Proof-of-concept data is presented
for three model proteins, ubiquitin, cytochrome ¢, and myoglobin. Additionaly, valet parking has
been applied to a simple two component mixture of cytochrome ¢ and myoglobin.

6.2 Experimental
6.2.1 Materialsand Sample Preparation

Ubiquitin from bovine erythrocytes, cytochrome ¢ from equine heart, and myoglobin from
equine heart were purchased from Sigma-Aldrich (St. Louis, MO, USA). Trimethylamine was
purchased from EMD Chemicals (Gibbstown, NJ, USA). HPL C-grade methanol and Optima LC/
M S-grade water were purchased from Fisher Scientific (Fair Lawn, NJ, USA), and acetic acid was
purchased from Mallinckrodt (Phillipsburg, NJ, USA). Protein stock solutions were prepared at a
concentration of approximately 1 mg/mL. Stocks were diluted to a concentration of 1 uM, 2 uM,
and 2 uM for ubiquitin, cytochrome ¢, and myoglobin, respectively, in 49.5/49.5/1, by volume,
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water/methanol/acetic acid. A simple protein mixture of 1uM cytochrome ¢ and 1 uM myoglobin

was prepared in 49.5/49.5/1, by volume, water/methanol/acetic acid.

6.2.2 Mass Spectrometry

All  experiments were performed on a modified QTRAP 4000 hybrid triple
guadrupole/linear ion trap mass spectrometer (Sciex, Concord, ON, Canada). The ion path is
depicted in Figure 6.1. The major components of the ion path relevant to valet parking include a
QStar collision cell (g2) equipped with a LINAC (LN) followed by an RF/DC quadrupole array
(Q3). The callision cell has an inscribed radius of 4.17 millimeters and is enclosed by 1Q2 and
Q3. The RF used to drive g2 was transferred from the 816 kHz Q3 power supply through a
capacitive coupling network at 58%.

|_ Q2 NZ,‘ReafentIn 1Q3
gfgh;—-—ﬁ"ﬁ'—
|| PE— )|| 9] |Q>,
g2
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|1

1]
58 %
Figure 6.1. lon optics and essential elements of the QTRAP 4000 ion path.

The bath gas supply line of g2 was modified ex-vacuo with an external reagent mixing
manifold similar to those described by Gronert and Kenttamaa (Figure 6.2).222% The supply line
was split using atee connector with the mixing manifold on one side and a pure nitrogen gas supply
on the other. To perform ion/molecule reactions, the needle valve of the pure nitrogen gas supply
line was closed, and the needle valve of the manifold was opened. Initiadly, the variable leak valve
(Granville-Phillips, Series 203, Boulder, CO, USA) wasfully closed; the valve was slowly opened
until the pressure in the main vacuum chamber was approximately 3.5 x 10 Torr, corresponding
to a pressure of approximately 6.67 mTorr in g2. The neutral regent (trimethylamine) was
introduced into the nitrogen flow by opening the ultra-high precision leak valve (Kurt J. Lesker,
VZLVMZ263R, Jefferson Hills, PA, USA). For all experiments, admittance of trimethylamine into
g2 did not result in a change in the ion gauge reading, and, therefore, the exact concentration of

trimethylamine is unknown. However, based on the sensitivity of the ion gauge, the concentration
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of neutral reagent can be deduced as less than 0.3% of the total pressure. The instrument was

allowed to equilibrate for approximately 20 minutes prior to data collection.
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Figure 6.2. Schematic of the external manifold used to introduce reagent in g2 for ion/molecule
reactions.

During valet parking experiments, g2 and Q3 were both operated as linear ion traps.
Analyte cations were generated via el ectrospray ionization and injected into g2. During injection,
the LINAC voltage was set to 20 V and the ions were trapped axially in g2 by DC barriers applied
to 1Q2 and 1Q3. After injection, the DC voltage of 1Q3 was lowered and ions were bunched in g2
near the fringing-field of 1Q3 using a LINAC voltage of 200 V. The amplitude of the RF applied
to Q3 was adjusted to place the desired ion/molecule product ion a g = 0.4 in g2. The ions were
allowed to react with the neutral reagent for up to 900 ms, during which, an auxiliary sinusoidal
waveform was applied to g2 in adipolar fashion at g = 0.4 (calculated). The auxiliary waveform
was generated using the buffered and amplified output of an Agilent 33220A waveform generator
which was monitored using an oscilloscope (Tektronix, TDS 2014C, Beaverton, OR, USA). The
frequency of the auxiliary waveform was tuned to be on resonance with the secular frequency of
the desired ion/molecule product ion. After the reaction period, the auxiliary waveform was
switched off and any product ions that were transferred into Q3 during valet parking were mass
analyzed via MSAE. After detection, the voltages of the ion path were adjusted to gect the
remaining ionsin g2.
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6.3 Resultsand Discussion
6.3.1 Valet Parking Premiseand Theory

Unlike ion/ion reactions, where the reaction rates follow a v dependence, the reaction
rates for ion/molecule reactions under accessible conditions are not strongly dependent upon ion
velocity. Therefore, ion/molecule reaction rates cannot be significantly affected by simply
applying auxiliary RF to excite the product ion of interest. Rather, to halt ion/molecule reactions,
product ions must be transferred from the reaction cell to a region of the instrument where no
further reactive ion/molecule collisions occur. Here, the inhibition of ion/molecule reactions via
the shuttling of areaction product of interest to a location where no reactions occur is referred to
here as “valet parking”. The premise for valet parking is the physical separation of product ions
from the neutral reagent, which can be accomplished via M SAE.

With MSAE, ions can be axialy gjected from alinear ion trap in a mass selective fashion
as a consequence of the electric fields near the fringing region. In the fringing region, thereis a
diminishing quadrupolar potential where an ion’s radial motion is coupled to axia motion.
Superposition of a repulsive DC potential of the endcap lens with the diminishing quadrupolar
potential generates a cone of reflection.?! The cone of reflection is a conical shaped barrier that
separates aregion of reflection and aregion of gection (i.e. ionsinside the cone are reflected back
into the quadrupole while ions outside of the cone are axialy gected). In the absence of an
auxiliary signal, ions will remain trapped. The ions, however, can be selectively excited on the
basis of mass-to-charge.

The mass dependent frequencies of ion motion are described by the equations:

2n+fB, Q
(.On’u: T (61)

o

where u represents the x- or y-dimension, n is an integer, Q is the angular frequency of the drive

RF, and a and g parameters are the Mathieu dimensionless parameters given by:

CqieU

= mrlggz (6.3)
CoeV

0= 2 (6.4)
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where C1 and C2 are constants that vary depending on the operating mode of theion trap, U isthe
amplitude of DC, V isthe amplitude of RF used to trap theions, r, is the radius of the quadrupole
array, m is the mass of theion, and e is the charge of the ion. In the special case where nis equal

to zero, we obtain the ion’s fundamental frequency written as:

= B0

(*)O,u_ 5 (65)

Equation 6.5 contains 3, which, as shown in Equation 6.2 is dependent on ay and qu. As the cone
of reflection is only present in the fringing regions, ions can be bunched into the fringing region
using the LINAC. Application of auxiliary RF at the fundamental frequency increases the radial
displacement of the desired product ion. Once the ion’s radial displacement passes the cone of

reflection barrier, theion is axially gjected into Q3.

6.3.2 Demonstration of Valet Parking

For valet parking to effectively inhibit ion/molecul e reactions, ions must be transferred to
a region of the mass spectrometer where no further ion/molecule reaction occurs. Figure 6.3
establishes the fact that the number density of neutral reagent in Q3 is sufficiently low such that
there is no observable ion/molecule reaction over an extended period. Electrospray ionization of
ubiquitin prior to introduction of trimethylamine generates the mass spectrum shown in Figure
6.3a. The abundance weighted average charge state was calculated to be 10.48 and is shown in
red. After a 400 ms reaction with trimethylamine in g2, the abundance weighted average charge
states shiftsto 5.58 (Figure 6.3b). Conversely, when the ubiquitin ions are injected through g2 and
trapped in Q3 for 400 ms, the abundance weighted average charge state is identical to that of the

pre ion/molecul e reaction spectrum (Figure 6.3c).
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Figure 6.3. Positive electrospray mass spectrum of ubiquitin with a) no additional storagetimein
g2 or Q3, b) 400 ms storage in g2 (i.e. 400 msion/molecule reaction), and c) 400 ms storage in
Q3 prior to mass analysis. The abundance weighted average charge state is represented with the

colored dashed line.

Valet parking isfirst demonstrated using ubiquitin ions. Figure 6.4ashows the el ectrospray
mass spectrum of ubiquitin under denaturing conditions. Here, ubiquitin ions were transmitted
through g2, trapped and stored in Q3 for 900 ms, and subsequently mass analyzed. Akin to a
normal electrospray mass spectrum with no neutral admitted into g2, the spectrum shows abimodal
distribution spanning the 13+ to the 6+ charge states (compare Figure 6.3ato Figure 6.4a). Figure
6.4b shows the mass spectrum after the ubiquitin cations were stored in g2, with trimethylamine,
for 900 ms prior to being transferred to Q3 and subsequently mass analyzed. Under these
conditions, the ubiquitin distribution shifts to lower charge states. The base peak in the post

ion/molecule reaction spectrum is the 6+.
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Figure 6.4. Positive electrospray mass spectrum of ubiquitin @) pre-ion/molecul e reaction, b) post
ion/molecule reaction, and c¢) valet parking of the 8+ charge state. The ion/molecule reaction
time is 900 ms, the IQ3 barrier was set to 1.5 V, and avalet parking waveform of 1.9V at
114.367 kHz was used.

Figure 6.4c displays the resulting mass spectrum after valet parking, where the reagent
concentration and the ion/molecul e reaction duration isidentical to Figure 6.4b. In this experiment,
however, the Q3 low mass cut off (LMCO) was set to m/z 876.5, which places the 8+ charge state
of ubiquitin at approximately g = 0.4 in g2. Additionally, during the reaction period, a 1.9 V
auxiliary signal was applied to g2 at afrequency of 114.367 kHz. By applying adipolar sine wave
at afrequency corresponding to g = 0.4, and by judiciously lowering the IQ3 barrier to 1.5V, any
ions a g = 0.4 will be axialy transferred from g2 to Q3 as a consequence of their radial
displacement in response to the auxiliary signal.

The progression of the ion/molecule proton transfer reaction is significantly affected in the

valet parking experiment as evidenced by the abundance of 8+ ion in Figure 6.4c relative to that
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depicted in Figure 6.4b. Transferring the 8+ ions to Q3 as they are formed halts the reactions and
concentratestheion signal into largely the 8+ charge state. In fact, when comparing the area of the
parked 8+ to the area of the 8+ in the pre ion/molecul e spectrum, thereisa 16x increase in signal.
Additionally, the efficiency of vaet parking can be quantified as a percentage of the summed
charge state area for al charge states prior to, and including, the 8+ from the pre ion/molecule
spectrum. In the case of ubiquitin 8+, valet parking showed an efficiency of 39%. In other words,
39% of the signal preceding, and including ubiquitin 8+, in the pre ion/molecule spectrum was
concentrated into ubiquitin 8+ during valet parking.

Valet parking was a so successfully demonstrated with cytochrome ¢ and myoglobin with
efficiencies ranging from 27% to 32% (Figures 6.5 and 6.6, respectively). In the case of
cytochrome c, separate valet parking experiments were performed on three charge states during a
900 ms ion/molecule reaction. The Q3 LMCO was set to m/z 843.8, 919.8, and 1011.4 to place
cytochrome ¢ 12+, 11+, and 10+, respectively, at g = 0.4. For parking, the IQ3 barrier was set to
1.8V and a1.8 V resonance excitation waveform at 114.367 kHz was applied to g2. Similarly, for
myoglobin, valet parking was performed on the 16+, 15+, and 14+ charge states using an 1Q3
barrier of 2.0 V and a 2.0 V sine wave at 114.367 kHz. In all cases, the progression of the
ion/molecule reaction is largely inhibited in a mass selective fashion. There is, however, a small
degree of undesired charge states that are also transferred to Q3 during valet parking that are likely
due to limitations of the current apparatus, as discussed further below.
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Figure 6.5. Positive el ectrospray mass spectrum of cytochrome c a) pre-ion/molecule reaction, b)
post ion/molecule reaction, and valet parking of the c) 12+, d) 11+, or €) 10+ charge state. The
ion/molecule reaction time is 900 ms, the IQ3 barrier was set to 1.8 V, and avalet parking
waveform of 1.8V at 114.367 kHz was used.
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Figure 6.6. Positive el ectrospray mass spectrum of myoglobin @) pre-ion/molecule reaction, b)
post ion/molecul e reaction, and valet parking of the ¢) 16+, d) 15+, or €) 14+ charge state. The
ion/molecule reaction time is 600 ms, the 1Q3 barrier was set to 2.0 V, and avalet parking
waveform of 2.0V at 114.367 kHz was used.
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6.3.3 Valet Parking of a Simple Mixture

The utility of using ion parking during ion/ion reactions has been demonstrated with
applications that have included precursor ion charge state concentration,?*?® enhancements in
selectivity during protein quantitation,”® and gas-phase charge state purification.8?’ Similar
applications for valet parking can be envisioned. Perhaps the simplest application of valet parking
is the charge state purification of a simple two protein mixture. This scenario is demonstrated in
Figure 6.7.
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Figure 6.7. Positive el ectrospray mass spectrum of a cytochrome ¢ and myoglobin mixture a)
pre-ion/molecule reaction, b) post ion/molecul e reaction, and c) valet parking of the myoglobin
13+ charge state. The ion/molecule reaction time is 900 ms, the 1Q3 barrier was set to 2.0V, and
avalet parking waveform of 2.0V at 114.367 kHz was used.

Figure 6.7a shows the electrospray mass spectrum from a mixture of ions derived from
cytochrome c and myoglobin. There are several cases where cytochrome ¢ and myoglobinionsare
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close in m/z. For example, the most abundant charge state of myoglobin, [M + 19H]%*, is only 2
units higher in nominal m/z than a sodium adducted cytochrome c ion at m/z 892. A 900 ms
ion/molecule reaction results in the spectrum shown in Figure 6.7b. Here, the majority of charge
states are well resolved. A valet parking experiment alows for the concentration of one protein
component while discriminating against the other component as demonstrated in the comparison
of Figures 6.7b and 6.77c. Figure 6.7c shows the post ion/molecule reaction spectrum using the
same conditions as Figure 6.7b except a valet parking waveform (114.367 kHz, 2.0 V) was used
to park myoglobin 13+. Much of the myoglobin population is concentrated into the 13+, showing

an efficiency of 46% while most of the cytochrome c ionsremain in g2 for subsequent removal.

6.3.4 Potential Improvements

As mentioned above, during valet parking in this work, some undesired charge states are
also admitted into Q3. Additionally, less than half of the potential signal is actually concentrated.
While the degrees of selectivity and concentration can be maximized, to some extent, by tuning
the 1Q3 barrier and auxiliary waveform parameters (i.e. amplitude and frequency), these figures of
merit arelargely limited by the g-value at which valet parking is performed. With the current setup,
g2 is capacitively coupled to Q3 at 58%, which limits the g-value in g2 to q = 0.4 before the mass
of the desired ion becomes lower in Nz than the Q3 LMCO. For example, a Q3 LMCO of m/z
843.2 is needed to place the 12+ charge state of cytochrome ¢ (mVz 1031) at q = 0.4 in g2 whilea
Q3 LMCO of m/z 1054.0 is needed to place the sameion at q = 0.5in g2. It is clear that if valet
parking were performed at q = 0.5 the desired ion would be transferred to but not trapped in Q3
on the basis of m/z.

Londry and Hager have demonstrated that the sensitivity and resolution of MSAE increases
asafunction of g-value.?2?8% Theincreaseinion signa (i.e. sensitivity) is due to the changesin
the shape of the cone of reflection; at higher g-values, the cone of reflection penetrates further into
the quadrupole and, consequently, increases the volume in which axial gection can occur.
Therefore, it is expected that if g2 and Q3 were decoupled, valet parking could be performed at a
higher g-value with greater efficiency resulting in higher percentages of concentration.

Increasing the g-value for MSAE is also expected to improve the valet parking selectivity.
Figure 6.8 shows the calculated secular frequency dispersion between three consecutive charge

states of cytochrome c. When cytochrome ¢ 12+ isplaced at g = 0.4, thereisa10.74 kHz difference
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between the 13+ and 12+ ions and a 10.50 kHz difference between the 12+ and 11+ ions. Y,
when cytochrome ¢ 12+ is placed at g = 0.8, there is a 48.72 kHz difference between the 13+ and
12+ ions and a 35.47 kHz difference between the 12+ and 11+ ions. Additionally, since ions at
higher q requirelessradial displacement to overcometherepulsive barrier of the cone of reflection,
lower amplitude waveforms can be used for resonance excitation leading to less off-resonance
power absorption by ions of nearby m/z. When combining the increased frequency spacing
between consecutive charges states with the ability to use lower amplitude auxiliary signals, the
resolution of the MSAE, and hence the selectivity of valet parking, should increase. Further

improvements to valet parking may be accomplished with phase synchronous RF applied to 1Q3.%°
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Figure 6.8. Calculated ion frequencies and ion frequency dispersion for consecutive charge states
of cytochrome c when cytochrome c 12+ isplaced at @) q= 0.4 and b) g =0.8.
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6.4 Conclusions

Proof-of-concept data is presented for protein ion charge state concentration via
ion/molecule reactions. lons of a selected mass-to-charge ratio are transferred from the reaction
cell to aregion of the mass spectrometer where no ion/molecule reaction is observed. We have
demonstrated valet parking on a hybrid triple quadrupole/linear ion trap mass spectrometer using
MSAE, yet one could envision the technique to be implemented on other ion trapping instruments
with consecutive trapping regions. For instance, valet parking could be implemented using a 3D
ion trap using resonance gection, provided that ions could be transferred and trapped in another
trapping device. Additionally, valet parking could be coupled to higher resolution mass analysis
techniques. Valet parking efficiencies up to 46% were demonstrated here, though the RF coupling
between quadrupoles in the platform used here limited performance. The gas-phase purification
and concentration of a simple protein mixture demonstrates one application of valet parking.
Implementation of valet parking is attractive for several applications and offers ameansto impede

ion/molecul e reaction progression in a mass selective fashion.
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