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“The mass spectrometer behaves at times in the most capricious and unaccountable
manner… When by good fortune all is well, the arrangement is capable of good
performance. Thus, after a favorable setting of the apparatus, six elements were
successfully analyzed in as many working days. On the other hand, after dismantling
became imperative, and it had to be cleaned and rebuilt, exactly as before as far as one
could tell, no results of any value could be obtained during weeks of work.”
– Francis William Aston
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ABSTRACT

Proteins often include covalently bound chemical groups (post-translational
modifications, PTMs) that alter their biological functions. Attachment of the same PTM
on alternative sites creates isomers with distinct functions, making their separation and
identification critical to full understanding of biochemical processes. While a plethora of
techniques were implemented to solve this problem, it remains a daunting task. A fast
and efficient technology, ion mobility spectrometry (IMS) has emerged to help.
This thesis describes the use of field asymmetric waveform IMS (FAIMS) to
separate an array of modified peptides comprising of four to fifty-two amino acids. The
FAIMS device is simply two parallel plates with a gap of 1.9 mm width, one carrying an
asymmetric bisinusoidal waveform of ~4 kV peak amplitude. The typical carrier gas is a
helium/nitrogen mixture, with helium serving to improve the resolution of separations by
increasing ion mobilities and establishing a non-Blanc effect in gas mixtures. Ions
selected by FAIMS were passed to a linear quadrupole ion trap or Orbitrap mass
spectrometers (Thermo), where fragmentation via collision-induced and/or electron
transfer dissociation was applied as needed. These separations were compared with
linear IMS (based on absolute ion mobility) using the Waters Synapt G2 traveling wave
ion mobility spectrometer and Bruker trapped ion mobility spectrometer.
This FAIMS/MS technique was developed for the identification of the position of a
given post translational modification, as well as the utilization of previously discovered
techniques using a new approach. Nearly all investigated peptides were successfully
resolved regardless of the peptide size and the nature and site of modification.
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CHAPTER 1
INTRODUCTION

1.1

Mass Spectrometry
Mass spectrometry is a very sensitive analytical technique used to detect and

characterize ions in the gas phase. Primary uses of mass spectrometry include the
quantification of the amount of analyte, its elemental composition, and its molecular
structure. Mass spectrometry directly measures the analyte mass to charge ratio.
Fundamentally, mass spectrometry works by first ionizing a given analyte and pushing it
into the gas phase. Ions are then subjected to various manipulations to move them to a
mass analyzer and then to a detector.
1.1.1

Electrospray Ionization
The most ubiquitous form of ionization is ESI. Nearly all commercial instruments

utilize ESI, and all of the work in this thesis was done using ESI as the ionization
source. ESI operates by pushing a liquid sample through a small capillary emitter
tapered on the end. An electrolytic cell is created by a voltage gradient between the
emitter and inlet of the mass spectrometer [1,2,3]. A strong electrical field is essential to
spraying. As shown in Figure 1, charged liquid forms at the tip of the emitter creating a
“Taylor cone” that then spreads to form fine droplets [4]. The electrical field prevents the
droplets from freezing during solvent loss, promoting an electrohydrodynamic
disintegration into smaller droplets. When a droplet’s repulsive forces overcome the
cohesive energy of solvent, the analyte and its charges are solvent free undergoing
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Coulomb fission [5,6]. This phenomenon allows abstracting multiple charging groups
from the solvent.

Figure 1.1. Schematic of the electro spray ionization process [6].
In positive ESI, protons primarily attach to the highest Lewis basicity sites [7].
This reduction occurs near the inlet orifice of the mass spectrometer. As the protons
come from the solvent or another analyte in solution, ESI is heavily solvent-dependent
[8]. Multiply-charged ions are readily produced, making ESI the optimal ionization
method for large molecules such as peptides and proteins that would be out of the mass
range of a detector otherwise [9,10]. It is not uncommon for ions to be produced with
cationic metals such as potassium and sodium. Negative electrospray can be achieved
by reversing the voltages and oxidizing the analytes.
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1.1.2 Tandem Mass Spectrometry
Tandem mass spectrometry involves the dissociation of a selected precursor ion
followed by the mass spectrometric measurement of its fragments. This secondary
mass spectrum will reveal information about the ion of interest. As shown in Figure 2,
peptide’s and protein’s fragmentation sites are well understood and classified by the
Roepstorff nomenclature.

Figure 1.2. Roepstorff nomenclature of peptide fragments [11]
Fragmentation between the alpha carbon and the carbonyl carbon produce ‘a’ and ‘x’
fragments. Fragmentation that occurs between the carbonyl carbon and the amine
produces ‘b’ and ‘y’ fragments, and that between the amine and the alpha-carbon
produces ‘c’ and ‘z’ fragments. The fragment containing the N-terminus of the peptide is
either the ‘a’, ’b’, or ‘c’ fragment with numbering for each amino acid increasing from the
N-terminus. Accordingly, the C-terminal fragments are ‘x’, ‘y’, or ‘z’ fragments with
numbering increasing from the C-terminus for each amino acid.
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Under modern fragmentation conditions, the peptide charge can be retained on
one or both fragments. The fragment information provides the sequence of the
precursor peptide. The fragmentation products can retain more than one charge on
them, or no charges at all. The latter will not be observed in the mass spectrum. By
scanning the entire mass range, one can observe all possible fragments. However,
target analysis may be performed when appropriate. A selected reaction monitoring
scan (SRM) is used to find and identify specific m/z values. Multiple reaction monitoring
scan (MRM) is used to find two or more m/z of interest. These are used to specifically
identify known peptides in a solution. The peptide fragmentation, and MS/MS in general,
can be done in diverse ways. The methods relevant methods to this thesis are
discussed below.
1.1.2.1

Collisional Induced Dissociation

Collisional induced dissociation takes place in three stages: mass selection,
fragmentation, and secondary mass selection. In the first stage a precursor ion is mass
selected (MS1) and transferred to a collision cell (the second stage) and fragmented
into product ions. The product ions are then transferred into a second mass analyzer
(MS2). The second stage is most important, here the ions undergo collisions with high
pressure energized collision gas, commonly nitrogen or helium [12,13]. As the precursor
collides with gas atoms, the released translational energy of those atoms drives the
dissociation of the analyte producing product ions [14,15]. During this energy transfer,
the protons that were attached during ionization can become mobile and move to a
different site along the peptide chain [16, 17, 18]. For singly charged peptides, the
charge remains on the N-terminus (‘b’ fragments) or is transferred to the C-terminus (‘y’
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fragments) [19]. This ergodic process not only migrates protons along the chain, but,
labile PTMs such as phosphorylation can also be moved or removed [20,21].
The produced ‘b’ and ‘y’ ions are sent to the third stage for mass analysis,
creating an array of fragments that identify the sequence of the precursor peptide [22].
Secondary fragmentation may also be observed in this process. Fragmentation that
occurs on the side chain of the peptide is considered a ‘w’ fragment. This fragmentation
is only informative to distinguish isomeric amino acids [23].
While CID is the most widely used fragmentation method for proteomics, and
peptidomics [24,25], it has many shortfalls and may not yield enough data needed for
sufficient proteomic analysis [26]. For example, CID does not cleave all of the bonds
required to obtain a complete primary structure, and over fragmentation creates too
many secondary fragments [27, 28]. Not all ‘b’ and ‘y’ ions are present in the spectra, as
fragments below one third of the parent mass are not observed. [29,30]. As previously
stated, due to collisional heating the charges on amino acids can be destroyed or
relocated. This same phenomenon forces PTMs to be rearranged during CID analysis,
completely negating the possibility of measuring their existence. ETD method (below) is
a non-ergodic method for proteomic analysis, has been implemented to overcome these
difficulties [31-33].
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1.1.2.2

Electron Transfer/Capture Dissociation

The major non-ergodic fragmentation method used in mass spectrometry are ETD and
ECD. They are electron mediated radical-driven dissociations of peptidevia cleavage of
the amine and alpha carbon bonds, eliciting ‘c’ and ‘z’ fragments. The key feature of
ETD/ECD is that it produces highly informative fragments, leaving PTMs attached
[34,35]. ECD was first introduced by F. W. McLafferty at Cornell NY in 1998, and was
used for extensive fragmentation of whole proteins in top-down proteomics [36, 37].
However, ECD required superconducting magnets only available in FTICRMS, limiting
the use of the technique [34-37]. The alternative method of ETD, which was introduced
by D. F. Hunt, is usable on all trapping mass spectrometers [38,39].
The primary use of tandem mass spectrometry in this thesis is ETD. The
mechanisms and physics of ETD resembleare similar to ECD, and only the mechanism
of ETD will be discussed. This is a radical-driven technique where electrons are
transferred to the precursor analyte, and cause a charge reduction that occurs
according to the following equation [38-40]:

[M+nH]n+ + e- →(e- transfer)→ [M+nH](n-1) ˙ → (cleavage) → Fragments.

(1.1)

where M is the molecule of interest, n is the number of hydrogens, and e is an
electron. The reagent ion, an electron donating compound (for Thermo instruments
ETD: Flouranthene) or a radical ion producing compound, interacts with the analyte of
interest [40, 41]. Per the Cornell mechanism (proposed by McLafferty), this interaction
with the reagent ion occurs at the sites of protonation [36]. The captured/transferred
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electrons then cool to their ground state through relaxation, and create a hydrogen
transfer to the amide oxygen to form a carbon-centered aminoketyl radical intermediate.
The charges of the fragments are determined by the residual charges on the precursor
ion without any hydrogen scrambling [36, 41]. The Utah-Washington mechanism
(proposed by Simons and collaborator at UT and WA) proposes a direct electron
transfer to the antibonding orbitals of the amide group forming aminoketyl radicals [42].
In both cases, the N-C alpha bond cleavage rarely produces any ‘b’ and ‘y’ ions [38, 42].
For complete sequence coverage, the precursor ion must have a +3 or greater charge,
otherwise a neutral loss may occur [34-42].
The efficiency of ETD depends on the ion interaction with free electrons and thus
is a function of electron energy and number of electrons [43,44]. The efficiency is
largest for low-energy ETD and decreases with increasing electron energy. At lower
energy the fragmentation is limited and uninformative [44]. When the fragmentation is
the most informative, the efficiency is low due to high neutral losses [45]. An efficient
ETD process takes fifty to two hundred milliseconds to complete fragmentation, while
ECD takes five to twenty milliseconds to achieve dissociation [36, 42-44]. CID on the
other hand is very efficient and takes one to twenty milliseconds to complete
dissociation [46]. Unlike CxD, ExD cannot cleave the N-terminus of proline due to the
cyclic alanine [36, 46]. Because ETD is a non-ergodic fragmentation, labile bonds are
preserved [47-49]. Specifically, PTMs and non-covalent interactions are left intact.
Labile bond retention during fragmentation removes the need for chemical
“capping” to retain PTMs. This allows for the localization of amidation of C-terminus,
oxidation of methionine, phosphorylations, cysteine disulfide linkages, methylations, and
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many other loosely bound proteoforms of proteins [50-53]. This allows for a plethora of
experimental identifications of biological isomers.
1.2

Ion Mobility Spectrometry
Ion mobility spectrometry (IMS) is the propagation of ions through gas by an

electromagnetic force. Separation depends on the ion’s physical properties, namely
mobility (K) while it experiences motion from the electromagnetic force [54-56]. IMS has
been implemented for a wide variety of applications such as; the detection of
explosives, narcotics, structure of small molecules, and more recently biomolecular
isomer separations [57, 58]. By coupling IMS with ESI, one can study the
conformational and structural differences of proteins, peptides, and other biomolecules
[59, 60].
Under the influence of an electric field gradient (E, V cm-1) the mobility of an ion
[K, cm2/(Vs)] is determined by its velocity (vd, cm/s) in gas by the equation [61]:

vd = KE

(1.2)

The time an ion takes to drift through a cell of a given length (d, cm) named td, the
mobility can be expressed as

K = d/tdE.
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(1.3)

The free molecular diffusion of ions is governed by Fick’s 1st law, where the molecular
flux (JM) is a function of the diffusion coefficient that is a molecular characteristics (D)
and the concentration gradient (N), as expressed by the following equation [62]:

JM = -DN

(1.4)

The velocity of diffusion is given by the equation:

vd = -(D/N) N

where N is the number density (number of molecules per unit volume). The value of D is
determined by the equation

1/ 2

3  2k BT 

D  
16   

1
N (1,1)

(1.5)

where kB is the Boltzmann constant, T is temperature, µ is the reduced mass, and Ω is
the binary first-order collision integral (cross section) [61, 62].
The Einstein relationship for the diffusion and mobility of an ion in gas is
expressed as

K = Dq/(kBT)
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(1.6)

where q is the ion charge. Rearranging the above equations yields the Mason-Schamp
equation [63].

1/ 2

3  2 

K  
16  k BT 

ze
N

(1.7)

From this, the mobility of an ion in gas traversed by an electromagnetic force can be
determined. This relationship only holds true in the low-field limit, where E/N is small,
and is the fundamental principle for linear IMS. When E/N exceeds ~20-17 coulomb cm2,
the mobility is no longer constant but is dependent on the field strength. This is the
principle underlying field asymmetric-waveform ion mobility spectrometry (FAIMS) [64].
1.2.1 Drift Tube IMS
The first implementation of IMS was the drift tube IMS (DTIMS). In the simplest
DTIMS design employing static electric field and stationary gas, ions undergo a
temporal dispersion that pushes the ions through an elongated enclosure [65]. This is
depicted in Figure 1.3. The field along the tube is established by a stack of circular
electrodes. The gas is primarily stationary, but a counter flow may be added to remove
neutrals that enter the tube. Ions are created in the ionization region by a variety of
ionization methods, and are moved towards the drift region where a gate pulses them
into the drift tube [66, 67] [Figure 3]. Once in the drift region, ions are subjected to a
uniform weak electrical field where they undergo acceleration to the detector [68]. The
gas in the drift tube is at a constant pressure, typically above 1 Torr [65-68]. The ion in
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the drift tube interact with the gas and undergo many collisions, which perturb the
motion to the detector [65].

Figure 1.3. Scheme of a drift tube ion mobility spectrometer [65].
Ions of higher mobility (lower cross section, Ω), move faster towards the detector
than ions of lower mobility [69]. A range of cross sections in a sample thus creates an
arrival time distribution that, when converted to mobility, is called the mobility spectrum
[70, 71]. Thus the separation of ions based on the shape and size becomes apparent.
The primary detector of ions after the drift tube has been a mass spectrometer.
However, commercial hand-held IMS devices take advantage of alternative methods of
detection [57, 64].
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1.2.2 Synapt G2
The Waters Synapt IMS implements the traveling wave ion mobility spectrometry
(TWIMS) technology coupled to time-of-flight (ToF) mass spectrometry. The TWIMS
device scheme is shown in Figure 1.4. In a TWIMS system ions are propelled through a
stacked-ring guide by pulsed axial DC voltage co-applied with usual radially containing
RF voltage [72, 73].
Figure 1.4. Scheme of a TWIMS device [73].

The DC voltage is applied to a ring electrode for a set duration, then switched to an
adjacent electrode to create a moving electric field, coined as “traveling wave”. The RF
voltage is applied to alternating electrodes in a symmetric oscillation. By raising the
voltages on selected electrodes the speed of the switching electrodes changes the
velocity of the ions in that space. The result is an ion focusing tube that suppresses
diffusion and Coulomb expansion of ions to achieve high transmission [73, 74].
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A key parameter is the ratio of ion drift velocities relative to the wave speed s and
is determined by the following equation:

c = KEmax/s

(1.8)

where K is the ion mobility and Emax is the maximum field in the wave [75]. The
parameter (c) dictates the separation of ions in the ring electrode drift cell. Ions with c
less than 1 undergo a slight displacement when the traveling wave passes underneath,
giving them a velocity lower than s.

Ions
Figure 1.5. Schematic showing relative ion drift velocities (c). Blue ions have lower
mobility (K), and higher cross section (Ω).
Ions with that have a c greater than 1 are showeled in front of the wave. Ions with c
approximately equal to one surf along the top of the wave with velocity close to s. This
is visualized in Figure 1.5.
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The drift velocity of an ion in TWIMS is approximately given by the following
equation:

v = (KE)2/s

(1.9)

where v is the velocity measured of the ion. Unlike the drift velocity in DTIMS (vd)
scaling linearly with K and E, that in TWIMS scales as KE squared [75]. The latest
implementation of commercialized use of this platform is the Synapt G2. This platform
has a relatively high resolving power and efficacy as compared to commercial DTIMS.
1.2.3 Trapped Ion Mobility Spectrometry
The Bruker Trapped IMS (TIMS) ToF is a commercial instrument that combines
the trapped ion mobility spectrometry technique with a time of flight mass spectrometer.
A schematic representation of the TIMS device is shown in Figure 1.6 [76].

Figure 1.6. Schematic of TIMS device [76].
The TIMS device comprises three RF stages: entrance funnel, separation TIMS tunnel,
and exit funnel [76, 77]. The system is differentially pumped on the entrance and exit
funnels. Ions and gas enter the space between the deflection plate and entrance funnel.
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Ions may be deflected into the entrance funnel while the excess gas is pumped out, or
both ions and gas can enter the funnel to be subsequently pumped out at the exit funnel
[77, 78]. Deflection of ions reduces the noise interference of neutral molecules during
the mobility measurement.
Electrodynamic ion funnels were developed to improve ion transmission and thus
sensitivity in MS analyses without the loss of resolution [79-81]. Ring electrodes are
stacked with a progressive decrease in inner diameter. The RF voltage is applied to
alternative electrodes, while an axial DC potential gradient is superimposed along the
stack of electrodes [76, 77]. The RF and DC fields compress the ion cloud into a
focused packet that enters the second stage of the TIMS device.
The second stage of the TIMS device confines ions and separation occurs. The
interplay of retarding axial DC field and forward gas flow separates ions based on Ω/z,
while an RF is applied to confines all ions radially [78]. Ions are eluted from high to low
Ω/z by slowly lowering the voltage gradient. The last stage of the TIMS device acts like
the first stage, and compresses the ion packets to increase sensitivity.
The resolution of TIMS increases when the voltage gradient is dropped slower.
The resolving power scales as K-3/4, with typical values of 100 - 200: the highest for
present commercial systems. This resolving power is unparalleled by either of the
previously mentioned devices. TIMS has been implemented to many successful
applications including the separations of molecular isobars, glycan isomers, peptides
with variant PTM localization, and peptide epimers [76, 77, 82, 83].
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1.2.4 FAIMS
Field asymmetric waveform ion mobility spectrometry (FAIMS) is a non-linear
IMS method that takes advantage of the field dependence of ion mobility at high E/N
[84]. Ions enter the FAIMS device between two electrodes and are transported through
the gap featuring a periodic orthogonal electric field (a conceptual schematic of a
FAIMS device is shown in Figure 1.7) by gas flow.

Figure 1.7. Scheme of a planar FAIMS device [84].
Ions are dispersed orthogonally to the gap by asymmetric waveform [84, 85]. The
trajectories can be deflected by applying a compensation voltage (CV) to one of the
electrodes. A fixed compensation voltage will produce a compensation field (E c) that
can equilibrate a given species out of the device. Scanning CV reveals the spectrum of
present species.
The value of the experimentally measured CV an ion needs to pass through the
FAIMS gap depends on several parameters. One is the time-dependent profile and
intensity of the asymmetric field Ions are exposed to alternating strong and weak
electric fields. These fields are applied by the high frequency waveform with a
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significant difference in the positive and negative polarities [86]. Another is the mean
derivative of K(E/N) - the dependence of ion mobility on the field strength and number
density of gas. Mathematically, we can express:

K(E/N) = K (0) [1+a(E/N)]

(1.10)

where K(0) is the low-field limit and a is the field-dependent part [63]. The variable E/N
is elicited by a time-dependent electric field comprised of short segments of high field
and longer segments of lower field integrating to zero over a period [87]. The ratio of
peak voltage (dispersion voltage, DV) and maximum absolute voltage in the opposite
polarity is an important parameter.
The optimal waveform profile can be determined mathematically by the series of
moments. The waveform profile can be defined as a function of time (t):

F(t) = E(t)/Emax

(1.11)

where F(t) is the functional profile, E(t) is the field strength, and Emax is the field at peak
voltage [87, 88]. The profile can be determined mathematically as a series of moments:

t

F2 n 1

1 c
  F 2 n 1 (t )dt  0
tc 0

(1.12)

where <F1> = 0 and <F3> ≠ 0. These conditions are met by many profiles. An optimum
waveform would provide maximum separation while minimizing the ion loss to
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electrodes [89]. Empirically determined, the best separation and ion focusing are
achieved by a rectangular waveform [89-91]. An exact rectangular profile requires
physically impossible instant switching between high positive and negative voltages.
Hence compromises between performance and engineering practicality must be
adopted, and a common one is bisinusoildal profile made by superimposing two
harmonics (the first two terms of Fourier series for a rectangular waveform):

F(t) = [f sin wt + sin(2wt − π/2)]/(f + 1)

(1.13)

where w is the frequency and f is the harmonics ratio. This waveform was utilized in all
work in this thesis.
The mobility change depends on the field and ion and gas properties. The lowfield mobility is given by Equation 1.7, and that in high field by Equation 1.9 with afunctions tabulated for many systems [92 - 94]. In particular, the ion-molecule
interaction and thus FAIMS CV are temperature-dependent [95]. Per Blanc’s law, the
diffusion constant of a species in a gas mixture is the weighted harmonic mean of
values in each component [94, 96]. That law also applies to mobilities at low field, but
not high field –which is decisive for FAIMS analyses using gas mixtures.
All ions are much more mobile in helium than nitrogen. However, use of pure He
in FAIMS device is prohibited by the electrical breakdown threshold of the gas. At 4 kV,
the breakdown of He/N2helium nitrogen mixtures in a 2 mm gap occurs just above 65%
helium. For optimal resolution the operating parameters of the FAIMS device is upwards
of 65% and is often achieved at or near the top of allowed helium range. Careful
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measurements from 0% helium to 65% helium allows for the separation of a variety of
types of ions in FAIMS.
Ions are typed by the change of mobility as an electric field increases. Figure 1.8
visually show the mobility of ions as a function of field strength.

Ion Mobility

A

B
C
Electric Field

Figure 1.8. The effect of electric field dependent mobility of ions
An ion that’s mobility uniformly increasing at higher field belong to type A. Those with
mobility decreasing at higher field is type C. The mobility for type B ions first increases
at higher field, then decreases as the field increases further. More complex ion types
are now known [96, 97]. The non-Blanc effects in gas mixtures can change the ion type
and increase the observed separation [97].
While all previously described IMS techniques are dispersive [65-68, 73-75, 7781], FAIMS is a filtering method with no timescale that outputs continuous ion beams an
ion species will exit the device based on the CV applied [86] This allows for FAIMS to
act as a filtering device and allow a single species in a sample to be eluted through the
device while removing all other components [50, 58, 59, 82, 83, 98]. This unique filtering
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action allows effective ETD (as well as CID) post separation, whereas DTIMS, TWIMS,
and TIMS allow CID only.
1.3

Proteomics and PTMs
The central dogma of molecular biology is the process of transcription and

translation, where DNA is transcribed into RNA followed by RNA being translated into
proteins. This is visualized in Figure 1.9.

Figure 1.9. Central dogma of molecular biology. Created in ChemDraw.
As defined by N. Leigh Anderson and Norman G. Anderson proteomics is: “the use of
quantitative protein-level measurements of gene expression to characterize biological
processes (e.g., disease process and drug effects) and decipher the mechanisms of
gene expression control” [99]. The term proteomics was coined by Peter James as a
systematic way to study the proteome and classify proteins into functional classes [100].
Since the nineties many technological advancements have shaped the analysis of
proteins, most notably the use of mass spectrometry to identify and sequence proteins.
Three families of proteomic techniques have emerged: Top Down, Middle Out, and
Bottom Up.
As these techniques for identifying and quantifying protein sequences mature,
proteomics is moving towards the characterization of post-translational modifications
(PTMs) and their roles in disease states [101-103]. These post translational
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modifications are enzymatic changes to the protein’s three dimensional structure after
the protein has been translated [101, 102]. A plethora of PTMs are now known to occur,
each with distinct biological function(s). The precise PTM position can govern a specific
cellular function, and many isomeric peptides with variant localizations can coexist in
cells [104-107]. Characterizing these biological isomers is a complex problem that is
core of this thesis.
1.3.1 Top Down, Middle Out, and Bottom Up Proteomics
Top-down proteomics is the measurement and characterization of intact proteins
using MS/MS techniques, particularly ETD/ECD and/or CAD/CID [108, 109].
Characterization of PTMs on intact proteins requires full sequence coverage, and
proper reassembly with software [110]. The techniques and instrumentation were
originally developed by Fred McLafferty’s group (Cornel Universityl) and required the
use of an FTICR for high mass accuracy and ECD. With the advent of ETD and Orbitrap
mass spectrometers, the focus has shifted to these more practical and affordable
platforms by Thermo Scientific [111].
Given a low probability of full sequence coverage for intact proteins and their
generally poor chromatographic separation, two enzymatically driven techniques have
been developed: middle-out and bottom-up proteomics [112, 113]. Middle-out
proteomics involves digestion of intact proteins into ~2 - 7 kDa peptides by microwaveaccelerated enzymatic digestion with the“sparse-cleaver” enzymes: Glu-C and Asp-N
[114, 115]. These peptides assume high charge states, allowing more confident protein
identification and effective ETD fragmentation for PTM characterization [34-42]. These
larger peptides also result in higher confidence protein identification [112, 116-118]. The
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MS step is normally preceded by online chromatographic, and recent advancements
enable separations comparable to bottom-up proteomics [112, 117].
Bottom-up proteomics is the characterization of the proteolytic digested proteins,
usually by trypsin [119-121]. The resulting small peptides are typically ionized by ESI or
matrix-assisted laser desorption ionization (MALDI) [122, 123]. The +1 charge state of
these ions limits the MS/MS approaches to CID, which does not allow identifying labile
PTMs [34-42, 122, 123]. Many separation techniques have been developed for bottom
up proteomics, along with many commercially available software packages for data
processing [124-127]. The most widely used and notable technique is HILIC-ESI-MS,
which separated peptides based on their hydrophilic interactions with an ionic resin
[127].
1.3.2 Tau
In Alzheimer’s disease, the adult human tau protein is converted into protein
aggregates in relation to abnormal phosphorylation at specific sites of the protein [128,
129]. Phosphorylation on the amino acid threonine 231 and serine 235 has been
reported as a diagnostic biomarker for Alzheimer’s disease diagnosis [129, 130]. Tau is
known to exhibit hyper-phosphorylation, which changes its biological regulation. Tau
binds to microtubules in the brain and acts as a nucleus for neurofibrillary tangles and
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plaques [131, 132] via sophisticated networks. (Figure 1.10 shows a model network of
plaque formation from abnormally phosphorylated tau proteins.)

Figure 1.10. Network model of the oxidative stress induced hyperphosphorylation of tau to produce neurodegenerative plaques and tangles [133]
As the phosphorylation sites depict the nature and extent of the disease [128, 129],
accurate diagnosis and possible treatment require exact characterization of the position
and occupancy of phosphorylations.
1.3.3 Histones
All cells of a single organism, with the exception of chimeric organisms, contain
the same DNA sequence. However, histone proteins control the expressed cell-type
specific genes that dictate the morphology and function of the cell. These cell type
specific changes are a direct effect of histones [134, 135]. The availability of these
genes to be expressed correlates with euchromatin, while suppressed genes exist in
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heterochromatin. Histones directly regulate the chromatin structure in a manner
governed by the type and positions of PTMs, and type on the histones themselves
[136].
Specifically, all histones (H1, H2A, H2B, H3, H4) are highly enzymatically
modified by post-translational modifications such as N-methylation (me), N-acetylation
(ac), and O-phosphorylation (p) [137, 138]. These modifications dictate the regulatory
functions such as replication, transcription, DNA repair, and transformation of chromatin
to euchromatin and heterochromatin via a “histone code”. The interpretation of this
PTM-mediated language necessitates analyzing intact histones to preserve the cooccurring multi-site PTM information [139]. The N-terminal domains protruding from the
histone cores are highly enriched in PTMs and can be enzymatically cleaved off by GluC [137, 138].
The high frequency of modifications creates isomeric proteoforms that feature
same PTMs in different locations (localization variants), which are a formidable
challenge to disentangle. The HILIC fractionation can separate histones by me or ac
content, however, many variants still co-elute [140-142]. The MS/MS methods can
characterize individual variants, but is unable to for mixtures of three or more. MS/MS
cannot yield unique fragments for internal PTM positions among localization variants in
a mixture of three or more variants [59, 143]. To solve this problem new separation
techniques are needed. One set of techniques is described in this thesis.
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1.3.4. D-Amino Acid Containing Peptides
It is widely accepted that all naturally occurring amino acids in Eukaryotes are
exclusively L-amino acids. The alpha carbon in an amino acid, with an exception of
glycine, can exist in one of two chiral forms: (L) or (D). The L-stereoisomer is defined
as a clockwise arrangement of the four different groups around the alpha carbon (COOH, NH2, and R); the D-isomer is the mirror image of the L-isomer where the same
four groups are arranged in a counterclockwise fashion. The D-amino acid containing
peptides (DAACPs) undergo an enzymatic modification, where an isomerase enzyme
converts an L-amino acid to a D-form [144].
This isomerization, occurring before or after the incorporation of amino acids into
peptides [144-146], creates a diastereomer of the all L-amino acid peptide. It is
uncertain if this isomerization occurs before or after the incorporation into the peptide
chain [144-146]. There are more than thirty known endogenous DAACPs that have
been reported in a number species of eukaryotes, including mollusks [147], crustaceans
[148], arachnids [149], amphibians [150], and mammals [151], including humans [152].
DAACPs have been reported with few known motifs for the location of the D-amino acid
[144, 145]. Enzymatic conversion primarily occurs at one of the residue near the Nterminus either at the second, third or fourth position. Isomerization does occur near the
C-terminus at either the first or third amino acid.
The DAACPs have crucial biological importance. For example, certain frogs
excrete the tetrapeptide YdRFG (dermorphin) as a defence mechanism. This compound
is also a strong analgesic [153]. Achatin I (GdFAD) is copulatory stimululating peptide in
mollusks [154]. In humans, the DAACP Beta-Amyloid is responsible for spongiforming
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of the brain in Alzheimer’s disease [152]. DAACPs are among the most important and
least understood biological compounds. The extent of the biological relevance of
DAACPs in organisms is poorly understood, as the technologies needed to characterize
in vivo samples are severely lacking. Present research in this thesis shows major
improvements towards complete characterization of endogenous D-amino acid peptides
and proteins.
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1.4

Research Objectives
The primary research goals of the work in this thesis are:
(a)

Use of high-resolution FAIMS to separate modified peptide variants in the
bottom-up and middle-out size ranges.

(b)

Separation and characterization of phosphorylated tau-peptide variants by
FAIMS/ETD.

(c)

Universal separation and identification of complete histone tails with variant
localization of most biologically relevant PTMs (acetylation, phosphorylation,
monomethylation, and trimethylation) using TWIMS, FAIMS, and TIMS.

(d)

Separation of DAACPs from 4 to >40 amino acids by TWIMS, FAIMS, and
TIMS.

(e)

Structural elucidation of DAACP epimers by ETD and CID after FAIMS and
TIMS.
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CHAPTER 2
LOCALIZATION OF POST-TRANSLATIONAL MODIFICATIONS IN PEPTIDE
MIXTURES VIA HIGH-RESOLUTION DIFFERENTIAL ION MOBILITY SEPARATIONS
FOLLOWED BY ELECTRON TRANSFER DISSOCIATION

2.1

Abstract
Precise localization of post-translational modifications (PTMs) on proteins and

peptides is an outstanding challenge in proteomics. While electron transfer dissociation
(ETD) has dramatically advanced PTM analyses, mixtures of localization variants that
commonly coexist in cells often require prior separation. Although differential or field
asymmetric waveform ion mobility spectrometry (FAIMS) achieves broad variant
resolution, the need for standards to identify the features has limited the utility of
approach. Here we demonstrate full a priori characterization of variant mixtures by highresolution FAIMS coupled to ETD and the procedures to systematically extract the
FAIMS spectra for all variants from such data.
2.2

Introduction
Many proteins incorporate post-translational modifications (PTMs) that govern

critical biological functions [101, 102]. For example, the phosphorylation pattern of
human τ protein is thought to control the aggregation of paired helical filaments in
Alzheimer’s disease by influencing the cis/trans ratio of prolyl bonds adjacent to T231
and S235 and thereby the protein conformation [129]. Phosphorylated sites also have
distinct regulatory functions for non-amyloid proteins, such as ERK and CDK family
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members and adapter proteins like SRC and Fak [155]. The same PTMs often attach in
different locations on the backbone, creating localization variants that coexist in vivo
and have different and even opposite biological activities [104–107]. For instance,
demethylation of H3 histone is associated with transcription activation when on the K4
residue but with heterochromatin and repression when on the closest lysine (K9) [105].
As the technologies for identifying and quantifying primary protein sequences
mature, the proteomics frontier is moving to the characterization of PTMs and their roles
in disease states [101, 102, 103]. That advance is hindered by the open-ended diversity
of PTMs (with hundreds discovered to date) and substoichiometric modification [103].
Many PTMs are labile, including perhaps the most biologically consequential—the
phosphorylation considered here [102, 104, 106, 107, 156]. Ergodic methods such as
collision-induced dissociation (CID) usually eject them from the peptide and/or shift
them to another residue before severing the backbone, obliterating or falsifying the
attachment site information [102, 156]. Thus, comprehensive tandem mass
spectrometry (MS/MS) analysis of PTMs requires a direct fragmentation mechanism,
such as the electron capture dissociation (ECD) or electron transfer dissociation (ETD)
that cut the peptide backbone at every residue without abstracting PTMs [102, 104, 143,
157]. However, MS/MS methods are fundamentally unable to distinguish some variants
in a mixture of three or more due to the absence of unique product masses [143]. This
can in theory be overcome by subsequent fragmentations, but (unlike with CID in MSn
protocols) successive ETD application is impractical in view of (1) charge reduction in
the first step, which produces few or no multiply charged ions that could be precursors
for the second step, and (2) low ETD yield into each fragment (normally ~0.1%–1%
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because of limited ETD efficiency and nonspecific dissociation along ~10–100
channels).
Hence, peptide variants generally need to be separated prior to the MS/MS step.
While proteolytic digests are routinely fractionated by liquid chromatography (LC) prior
to MS/MS, it often fails to resolve the localization variants, especially those with nearby
alternatively occupied sites that also produce the most similar fragmentation patterns
[106, 158].
A growing substitute to LC is ion mobility spectrometry (IMS), where ionized
compounds are driven through gas by electric field and fractionated depending on the
transport properties [159]. The original approach of linear IMS is based on the absolute
ion mobility (K) at moderate fields and achieves resolving powers (R) up to ~200 in the
drift tube (DT) [160, 161] and ~50 in the traveling-wave (TW) [74] implementations.
These techniques can partly separate the phospho-peptide and unmodified peptide
domains and resolve some variants [162– 165]. unfortunately, those could not be
assigned using ETD: the extended times needed for a suitable yield of reaction between
the ions and ETD reagent (commonly ~100–300 ms) greatly exceed the temporal peak
width of ion packets upon IMS separation (typically ~0.1–1 ms) and thus implementing
ETD on the fly after dispersive DT or TW IMS separations would obliterate the
established resolution. Whereas the IMS resolving power can be augmented somewhat
using the cyclotron paradigm [165] to pull apart the variants better, that would
counteract matching the IMS peak width and the ETD timescale.
A newer approach of differential or field asymmetric waveform IMS (FAIMS)
leverages the nonlinear ion motion in fields of high intensity (E) to sort ions by the mean
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derivative of K(E) function over a certain range [85, 166]. That quantity is elicited
employing an asymmetric waveform of some amplitude (dispersion voltage, DV) set up
across a gap between two electrodes, through which ions are carried by the gas flow.
Ions injected into the gap are pushed to either electrode, but a given species can be
balanced (and thus pass and be detected) by superposing a particular fixed
compensation voltage (CV) on the waveform. Scanning CV, commonly expressed as
the compensation field (EC) to normalize for the gap width, reveals the spectrum of
species present. As the K(E) derivative is correlated to ion mass substantially weaker
than the mobility itself, FAIMS is much more orthogonal to MS than linear IMS [167–
169]. The gain depends on the analyte nature and is about 4- fold for peptides [170].
Hence, FAIMS tends to resolve isomers finer than linear IMS with equal R metric.
The resolution in FAIMS strongly depends on the gap shape, maximizing in
planar gaps where homogeneous electric field allows equilibrating only one species at a
time [171], and the gas composition. The He/N2 buffers generally work well because of
higher ion mobilities in lighter gases and prominent non-Blanc effect in mixtures of
molecules with disparate masses [166, 172]. The optimized buffers and high-fidelity
waveform generators have recently raised the attainable R up to ~500 for multiply
charged peptides [173]. That performance has allowed fully separating all variants tried
so far for sequences up to ~3 kDa, including those with smaller PTMs such as
acetylation and methylation [174, 175]. Those experiments utilized an ion trap MS
system without ETD capability, and the spectral annotation relied on pure standards.
With real protein digests, synthesizing those for all potentially relevant variants is often
prohibitive.
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Rather, one wishes to identify the features disentangled by FAIMS via ETD. That
has been shown and utilized in proteomic analyses, but the commercial cylindrical-gap
FAIMS device provided only marginal variant separation [143, 176–178]. Here we
describe a new high-resolution FAIMS/ETD platform and deploy it to fully resolve a
mixture of PTM localization variants and assign all a priori.
2.3

Experimental Methods
Our FAIMS/MS platform is an upgrade on the earlier instrument [173]. The

custom planar FAIMS unit stays as reported, with the gap width of 1.88 mm and length
of ~50 mm. The bisinusoidal waveform with the 2:1 harmonics ratio and DV = 4 kV is
delivered by a generator (Heartland Mobility, Bothell, WA, USA) protected from arc
discharge to permit operation near the breakdown threshold without risking equipment
damage. The electrospray (ESI) emitter is biased at ~3 kV above the curtain plate of
FAIMS inlet.
That system is mounted on a Thermo LTQ XL ion trap with ETD capability,
enabling ETD of species filtered by FAIMS. A major present challenge for highresolution
FAIMS/ETD analyses is low sensitivity due to poor ion utilization in both stages. We
have ameliorated that problem by effective FAIMS/MS coupling via an electrodynamic
ion funnel interface preceded by a slit aperture that maximizes the overlap with ion
beams exiting the FAIMS gap [171].
For the ETD stage, the temperatures were 160oC at the source, transfer line,
and restrictor, and 110oC at the reagent (fluoranthene) vial. The pressure of chemical
ionization gas (He) was delivered to the mass spectrometer at 10 PSI. Under those
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conditions, the reagent ion signal was ~106. During ETD, we scanned CV at the rate of
0.5 V/min to acquire the EC spectra or kept it constant to obtain the fragmentation
pattern for a given feature. Most ETD spectra were obtained with the 120–140 ms
reaction time followed by supplemental collisional activation at the potential of 25 V,
which has balanced the sensitivity with coverage. All fragments were singly charged.
The N2 and He/N2 buffers were formulated from UHP components by digital flow
meters (MKS Instruments, Andover, MA, USA) controlled from a PC, purified by an
Agilent filter (RMSHY-4), and delivered at the standard rate of 2 L/min. This pilot study
targets the τ 226–240 segment (VAVVRT231PPKS235PS237S238AK)
monophosphorylated on T231 (1), S235 (2), S237 (3), or S238 (4) with the
monoisotopic mass of m = 1602.9 Da previously separated by FAIMS [31]. Their
equimolar mixtures (~5 μM each) were dissolved in 50:49:1 water/ methanol/acetic acid
and infused to the emitter at ~0.5 uL/ min. This peptide set was chosen for the
inordinate difficulty for differentiation by MS/MS ensuing from the two prolines between
T231 and S235, one proline between S235 and S237, and adjacent S237 and S238
residues. As the C- terminal side of proline is protected from cleavage, the fragments
differ by just two pairs for 1 and 2 and one pair for 2 and 3, or 3 and 4.
2.4

Results and Discussion
These peptides turn into protonated ions with the charge states (z) of 2

(m/z=802.5) and 3 (m/z = 535.3), but both FAIMS separation and ETD tend to work
much better for z = 3 [31]. Possible c- and z-fragments for all four variants (with either z
= 2 or 3) needed to extract the EC spectra were cataloged using Protein Prospector and
compared to identify the unique m/z values (Table 2.1) [179].
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Table 2.1. In Silico generation of m/z values for the ETD fragments of the τ 226 - 240
segment with monophosphorylation sites T231, S235, S237, S238.

We start from the N2 buffer and add He in steps to improve resolution. We first look at a
binary mixture (1 + 2) without the problem of non-unique fragments, then employ FAIMS
to unlock that problem for the quaternary mixture. Crucially, the second step uses no
findings for the binary mixture.
The EC spectrum of (1 + 2) in N2 has two major features, and the ETD pattern of
3+ precursor comprises all unique fragments (UF) for 1 (c8 at m/z of 917.5, c9 at 045.6,
z6 at 560.3, and z7 at 688.4) and 2 (c8 at 837.5, c9 at 965.6, z6 at 640.2, and z7 at
768.3), as well as numerous nondistinguishing products (Figure 2.1a).
All four UF for either variant have identical spectra, but those for 1 and 2 drastically
differ (Figure 2.1b, 2.1c). This illustrates the self-consistency and resolution of our
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procedure to extract the spectra for peptide variants from those for UF. The spectrum
for each precursor is reconstructed by aggregating those for all four fragments (Figure
2.1d): 1 is readily separated from 2, but not vice versa because the higher-EC peak
(features 1 B–D) almost coincides with 2. The sum of two traces matches the measured
total spectrum (that also includes all nondistinguishing fragments), further confirming the
protocol.

Figure 2.1. FAIMS/ETD data (with N2 buffer) for pT231/pS235

35

In He/N2 buffers, the EC spectra for four UF of either 1 or 2 remain close and
their reconstructed traces also sum to the measured spectrum. Upon He addition, the
1D feature rapidly disappears while the minor 1B and 1C grow between the major peaks
1A and 2C (Figure 2.2). The evolution of 2 is simpler: the front ledge (2A and 2B)
vanishes. The variant separation becomes perfect by ~30% He.

Figure 2.2. FAIMS/ETD data (with He/N2 buffer) for pT231/pS235
With the approach validated, we progress to the mixture of all four variants.
Besides all ETD products in Figure 2.1, we see (Figure 2.3a) the distinguishing
fragments at m/z = 1149.7 (c11), 369.1 (z4), and 456.2 (z5). The c12 fragment (m/z =
1236.7) was observed, but swamped by undetermined interference. Therefore, the only
marker for 4 was the weak z4 feature.
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The lack of UF for 2 and 3 can be overcome by accounting for both presence and
absence of specific products at particular FAIMS features and exploiting the
experimental trace to properly scale the EC spectra for various variants and their
combinations elicited from ETD data. [As the yields of different c/z pairs are grossly
unequal (Figure 2.3a), the heights of raw EC spectra correlate with the precursor
abundances only weakly).

Figure 2.3. FAIMS/ETD data (with N2 buffer) for the four-variant mixture
The EC spectrum in N2 contains three major peaks (Figure 2.3). We first use UF
to find the spectrum for 1 (Figure 2.3b), which naturally copies that in Figure 2.1. The
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set 2/3/4 has four UF (c8, c9, z6, z7) that sum to the spectrum overlapping with peaks B
and C, but not A. Hence A must be solely due to 1, and we can scale the trace for 1 to
fit that peak in the measured spectrum (Figure 2.3c). The spectrum for 1/2 obtained
from UF c11 (1229.7) and z4 (376.2) has the dominant peak coinciding with C but little
intensity at B, and the opposite nearly holds for the spectrum for 3/4 derived from
parallel UF at 1149.7 and 456.2 (Figure 2.3b). That allows us to scale the spectrum for
¾ to fit B, then subtract it from the measured trace to scale the spectrum for 1/2 to fit C
(Figure 2.3c). We finally subtract from that the spectrum for 1 to deduce the one for 2.
The normalized spectrum for 4 is extracted from its sole UF (Figure 2.3b). Whereas the
lack of a pronounced feature in the measured trace at its peak position precludes robust
scaling and, thus, subtraction from the spectrum for 3/4, clearly B is due to 3 rather than
4. The sum of spectra for 1, 2, and 3/4 reasonably tracks the measured trace (Figure
2.3c). Overall, FAIMS has fractionated a mixture of four components into A (1), B
(predominately 3 + 4), and C (mostly 1 + 2). This partial separation is nearly enough for
full characterization using ETD, which can deal with binary mixtures as explained
above.
Much higher resolution is available with He/N2 buffers. By 30% He, the three
peaks separate nearly baseline, with B featuring a shoulder B1 on the left and tail B3 on
the right (Figure 2.4a). The trace is interpreted via the outlined process the spectra for 1
and 2/3/4 indicate that A consists exclusively of 1. As the spectrum for 1/2 has a peak at
C but those for 1 and 3/4 do not overlap with C, it must be solely due to 2. Thus, the
spectra for 1 and 1/2 can be accurately scaled, and 2 recovered by subtracting 1 from
1/2. The spectrum for 3/4 again peaks at B and is scaled to it (the spectrum for 1/2
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hardly overlaps with B). The peak for 4 has moved to the low-EC side of B, where it
engenders B1. It can now be scaled by subtracting the spectrum for 1/2/3, obtained
from UF c12 (1316.7) and z3 (289.2) and scaled to fit B, from the trace in the
appropriate region. The spectrum for 3 is derived by subtracting the scaled spectra for 2
and 4 from that for 2/3/4. Within the logic of the above solutions, one can alter the
details. For example, in the last step, one can instead subtract the spectrum for 1/2 from
1/2/3. These variations do not affect the outcome. Again, the spectra for all four variants
add up to the measured trace.
The separation further improves at 40% He (Figure 2.4b). Here, the structures B1
and B3 split into well-defined peaks. Analysis along the above path tells that B1
comprises 4 (which continues transposing to lower EC relative to 3) with some 1, while
B3 is made from 1 and some 2. This conclusion agrees with the results for (1 + 2)
mixture in Figure 2.3.
The fraction of He in FAIMS is limited by electrical breakdown, presently to under
~65% (v/v). However, a common constraint for peptides is that some disappear largely
or completely upon He addition, presumably upon “self-cleaning” where the species that
changed the CV by more than the baseline peak width upon isomerization inside the
gap are filtered out [180]. This can occur in any medium, but is more probable at greater
He concentrations because of both stronger heating and higher resolution that decrease
the magnitude of geometry shift needed for elimination. Accordingly, the best variant
separations were often achieved at He fractions significantly below the breakdown
threshold, such as ~40%–60% [175]. The ion counts required for MS/MS and especially
ETD exceed those for MS detection.
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Figure 2.4. FAIMS/ETD data (with N2 buffer) for the four-variant
This shifts the resolution/ sensitivity balance toward the latter, and the optimum He
fractions for FAIMS/ETD are lower than those for FAIMS/ MS: here ~30%–40%.
Although the specific number will vary depending on the instrument and sample, the
preference for lower fractions of He or H2 in FAIMS/MS/MS relative to FAIMS/MS
analyses of same species would persist.
Multiple features in EC spectra exhibited by most variants, especially with the N2
buffer (Figure 2.3), correspond to 3-D conformers ubiquitous for unmodified peptides of
similar size (e.g., bradykinin or syntide 2) in IMS and FAIMS analyses [181–183]. These
interfere with the variant resolution for modified peptides by competing for finite
separation space. More stringent by self-cleaning at higher He fractions often reduces
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the conformational diversity by eliminating less stable geometries [180] like in overtone
mobility spectrometry [184], which improves the variant separation beyond the
straightforward increase of resolving power due to the expansion of separation space
and narrowing of individual peaks (Figure 2.4).
For maximum signal, all above mass spectra were collected in the turbo mode
with low MS resolving power. That sufficed for the present exemplary mixture, but many
realistic samples require higher MS resolution and mass accuracy. Those can be
reached in the mode resembling multiple reaction monitoring (MRM), where the CV
during ETD is switched between discrete spectral peaks selected from the initial MS
only scan. This permits extended data accumulation at a given EC that compensates for
lower signal (even at the highest He fractions) at least in the normal MS mode (Figure
2.5). For one, that enables baseline resolution of the c12 informative and z12
noninformative fragments partly merged in the turbo mode. Alternatively, this MRM-like
mode lowers the detection limits for all variants.
These peptides are also somewhat separated by FAIMS for z = 2 [173].
However, ETD of the 2+ ions from quaternary mixture produced no fragments below
m/z = 1220 despite the reaction time up to 350 ms (Figure 2.6). This has limited the UF
to c11 and c12 that would not elucidate the picture even had FAIMS resolved all the
variants. Hence, we did not apply FAIMS/ETD to 2+ ions. However, those may help for
other peptides that exhibit more informative fragments (e.g., because of PTMs closer to
either terminus that would turn large-mass ions into UF) and/or better separation in the
2+ state.
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An important concern is the reproducibility of results over time and between
instruments and laboratories. Here, we used the peptide stock solutions made for work
at PNNL [174] and kept since – partly not in a freezer and through multiple freezing/
thawing cycles. Yet present variant separations derived from ETD fragments (Figure
2.4) are close to those obtained using standards in 2011.

Figure 2.5. ETD spectrum measured of Figure 2.4b
Hence, the conformational distinctions between variants responsible for observed
FAIMS resolution are conserved in solution over lengthy storage times and wide
temperature ranges and/or (more likely) immaterial to analyses in the current regime
where unfolding upon strong field heating [180, 185] largely erases the memory of
solution structure. Either way, the consistent outcome after such a long time and on
different FAIMS and MS systems in another lab shows the stability of approach. A
related issue is the influence of solution composition. The EC spectra for present
variants were independent of the solvent pH in the range of ~2–3 relevant to typical LC
conditions, also suggesting the destruction of solution conformations in FAIMS [174].
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Although this work was for singly modified peptides, variants involving multiple
PTMs were resolved by FAIMS equally well [174, 175] and would likewise be subject to
instant approach. Real world mixtures generally involve uneven variant concentrations.
However, the ion signals for present individual standards without FAIMS vastly differed
because of unequal ESI ionization efficiency. In FAIMS/ETD experiments, these
differences were convoluted with those in FAIMS transmission efficiency, total ETD
yield, and fragment partitioning to produce quite different feature intensities for different
variants (e.g., Figure 2.4). However, all variants including 4 with a very weak (unscaled)
peak were confidently identified. With these convolutions, characterizing samples with
unequal variant amounts may be harder or easier, depending on which variant is
enhanced.

Figure 2.6. ETD spectrum of the four-variant mixture (2+)
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2.5

Conclusions
We have integrated the highest-resolution FAIMS system with ETD (on an ion

trap) and demonstrated the ability of a new platform to fully characterize the mixtures of
peptide localization variants not amenable to ETD alone because of the lack of unique
fragments (UF). The key aspects of data interpretation are the (1) summation of counts
for all UF of each variant, (2) scaling of so-reconstructed precursor spectra to the
measured trace, and (3) use of the variant groups that have UF, the information
regarding both present and missing fragments, and signal subtraction to derive the
spectra for each variant. The approach was carefully validated for a benchmark mixture
of four variants (including two with adjacent alternative PTM sites) previously
characterized using standards [174]. However, it is not limited to four peptides given the
facility of ETD to deal with binary mixtures and the flexibility of FAIMS separations
controlled by changing the dispersion voltage and gas composition. Real bioanalyses
would benefit from higher mass resolution and accuracy, and we are working to couple
high-resolution FAIMS to Orbitrap mass spectrometers with ETD capability. The present
combination of high-resolution FAIMS with ETD can also be extended to other MS/MS
methods.
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CHAPTER 3
CHARACTERIZATION OF COMPLETE HISTONE TAIL PROTEOFORMS USING
DIFFERENTIAL ION MOBILITY SPECTROMETRY

3.1

Abstract
Histone proteins are subject to dynamic post-translational modifications (PTMs)

that cooperatively modulate the chromatin structure and function. Nearly all functional
PTMs are found on the N-terminal histone domains (tails) of ~50 residues
protruding from the nucleosome core. Using high-definition differential ion mobility
spectrometry (FAIMS) with electron transfer dissociation, we demonstrate rapid
baseline gas-phase separation and identification of tails involving monomethylation,
trimethylation, acetylation, or phosphorylation in biologically relevant positions. These
are by far the largest variant peptides resolved by any method, some with PTM
contributing just 0.25% to the mass. This opens the door to similar separations for intact
proteins and in top-down proteomics.
3.2

Introduction
Histone proteins (H1, H2A, H2B, H3, H4) are extensively enzymatically modified

by post-translational modifications (PTM) such as N-methylation (me), N-acetylation
(ac), or Ophosphorylation (p) that regulate chromatin structure and function by recruiting
proteins involved in replication, transcription, DNA repair, and chromatin compaction.
Interpreting the PTM-mediated protein language necessitates analyses of intact
histones or their large domains preserving the co-occurring multi-site PTM information
[139]. In particular, the Nterminal domains (tails) protruding from the nucleosome core

45

are strongly enriched in PTMs and can be cleaved off by endoproteinase Glu-C enzyme
[137,138]
The staggering challenge here is disentangling numerous isomeric proteoforms
that feature the same set of PTMs in different positions (PTM localisation variants).
While liquid chromatography (LC) techniques such as WCX-HILIC can fractionate
histones by me or ac content, many variants still co-elute [140–142]. Tandem mass
spectrometry (MS/MS) by any mechanism could characterize the individual variants, but
fails for mixtures of three or more variants, since those with internal PTM positions yield
no unique fragments [59,143].
A growing alternative or complement to LC is ion mobility spectrometry (IMS)
based on gas-phase transport properties. Linear IMS approaches (e.g., drift tube or
traveling-wave) separate ions by mobility (K) at a moderate electric field (E) [186] While
these can resolve many isomers including some localization variants, their power in
conjunction with MS is constrained by the intrinsically tight correlation between the
massto- charge ratio (m/z) and collision cross section within a chemical class [164].
That correlation is much looser for differential or field asymmetric waveform IMS
(FAIMS) that sorts ions by the difference of mobilities at high and low field strength [167,
187, 188].
In FAIMS, a gas flow moves ions through a gap between two electrodes. A
periodic asymmetric field established there (with a short segment of high positive E and
long segment of low negative E) pushes ions toward one of the electrodes, depending
on the difference between the mobilities in the two segments. A fixed compensation
voltage (CV) superposed on the waveform can equilibrate a given species and let it
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through the gap into MS analyser [85,166]. The resolution is maximized by strong
homogeneous field in planar gaps, precise waveforms and He/N2 or H2/N2 buffers
[173, 183, 189]. Another path to higher FAIMS resolution is adding gas modifiers
(usually organic volatiles) that cluster with ions in the low-field segment and desorb
upon collisional heating in the high-field segment. However, this approach was mostly
demonstrated for small singly-charged molecules rather than peptides or proteins
[190,191]. One problem with extending it to multiply-charged ions such as peptides
generated by electrospray ionization (ESI) is the proton transfer to vapor modifiers that
have higher proton affinity than N2, He, or H2 [192]. Some proposed means to mitigate
that would be explored in the future. Here we employ the He/N2 buffers established in
proteomic analyses using FAIMS [193].
The variants separated by any method need to be identified. Assigning the
FAIMS spectral peaks using standards can be realistic in targeted applications, but
global analyses and discovery of novel proteoforms call for peptide identification by
MS/MS. Large multiply-charged modified peptides are optimally sequenced by electron
transfer dissociation (ETD) that severs the backbone but not weaker PTM links,
producing informative c- and z- fragments which enable detailed analyses of complete
histone H3 tails [194-196].
Previous IMS and FAIMS studies focused on the localization variants of peptides
in the bottom-up range, with the largest separated species being methylated or
acetylated H3 and H4 mini-tails with ~20 - 25 residues [175, 197]. The ETD
characterization of FAIMS-resolved variants was limited to even smaller peptides (~1.5
kDa) [59, 143]. Such segments cannot reveal the full PTM information encoded in

47

histones. The position of a single PTM would intuitively affect the 3-D geometries of
larger peptides less, diminishing their resolution by IMS methods. Here we demonstrate
widely applicable FAIMS separation of complete isomeric 5.4 kDa histone tails that
contain nearly all histone PTMs – a major capability for proteomics and epigenetic
research.
3.3

Experimental Section

3.3.1 Materials and reagents.
Reagents were from Sigma except: 2-Cl-(Trt)-Cl resin (GenScript), 9Fluorenylmethyl Carbazate (TCI chemicals), Fmoc - Lys(Me, Boc)-OH (AnaSpec),
Fmoc- Lys(Me)3-OH (GL Biochem), Fmoc-Lys(Ac)-OH, Fmoc-Ser (PO(OBzl)OH)-OH,
Fmoc-Thr(PO(OBzl)OH)-OH and Fmoc- Tyr(PO(OBzl)OH)-OH (Merck) and VA-04
(J&K). The HPLC column was XSelect CSH C18 Prep Column 10 × 250 mm, 130 Å, 5
μm bead diameter (Waters).
3.3.2 Synthesis of histone tail standards.
These standards were obtained by producing two peptides of 25 residues each
via Fmoc SPPS and joining them via native chemical ligation (NCL).28 The Fmoc
hydrazide beads were prepared in-house with 0.49 mmol/g loading. The part I
(ARTKQTARKSTGGKAPRKQLATKA) was synthesized on Fmoc-hydrazine 2CTC
resin, the part II (CRKSAPATGGVKKPHRYRPGTVALR) was produced on Wang resin
with Glu residue attached. The amounts of 10 mole at a time were made on Intavis
ResPep SPPS machine using the program specified in SI. The peptides were detached
from resin by the cleavage solution (80% TFA, 2.5% H2O, 2.5% DTT, 15%
triisopropylsilane) and precipitated by adding 10× volumes of ice-cold diethyl ether. The
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resulting part I contained a hydrazine group at its C-terminus, while the part II started
with Cys. Both parts were purified on the Waters XSelect CSH C18 column using Akta
Purifier 900 (HPLC onditions in SI).
In the NCL step, the Parts I and II were re-suspended at 10 mg in 100 uL of 6 M
GndCl (pH 2.0), with 3.4 mg MPAA added for Part II. The hydrazine in Part I was
converted to an azide by oxidation for 20 min at -15 oC on an acetone-ice bath by
adding 10 μL of 0.5 M NaNO2. The two solutions were then combined and pH adjusted
to 7.0 using 6 M NaOH. After 4 - 6 hours, the reaction was stopped by adding 20 uL of
0.5 M TCEP (pH 7.0) for 20 min. The product was purified on a PDmini trap column
(GE-healthcare) and dried under vacuum. Desulfurization was performed using the Va044 azo initiator [199].
3.3.3 FAIMS operation.
Histone tails standards were analysed employing our FAIMS device with 1.9 mm
gap width, coupled to the Thermo LTQ XL ion trap with electrospray ionization (ESI)
source and electron transfer dissociation (ETD) stage via a slit aperture/ion funnel
interface [59,189]. The waveform amplitude (dispersion voltage) was 4 kV, the CV scan
rate was 0.33 V/min, and the flow of carrier gas (65% He/35% N2) was
2 L/min. Samples were delivered for analysis using 20 μM i.d. glass emitters prepared
by chemical etching [200]. Raw data was processed using MSconvert (Proteowizard
ackage) and a custom R script [201].
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3.3.4. FAIMS/ETD Analyses.
The ETD data were recorded by successively setting the CVs to apexes of major
peaks in FAIMS and fragmenting transmitted ions. The initial FAIMS/ETD work has
involved 2+ and 3+ precursors, which produced the 1+ fragments only, and used single
reaction time (tETD) of 120 ms [59, 149, 176]. Present larger peptides with much higher
z yield multiply-charged fragments with z up to 5. With the limited resolving power of ion
trap, rich ETD MS/MS spectra of large peptides include many mass interferences.
Longer tETD permit more consecutive ETD steps, yielding different fragments with
overall lower z. To disentangle those interferences and raise the informative content of
spectra, all species were fragmented at tETD of 15, 30, and 150 ms. For utmost
specificity, we performed MS/MS in the zoom and ultrazoom modes. As these are less
sensitive than the normal mode, each ETD spectrum was acquired for 10 min. The final
ETD MS/MS spectra are combinations of regions extracted from the spectra with
different tETD.
3.4

Results and Discussion

3.4.1 Variant Separations.
To evaluate FAIMS separation we produced 18 proteoforms of human H3.1 tail
(residues 2 - 51, monoisotopic mass of 5,350 Da) with PTMs in biologically relevant
positions (Table 1) by combination of Fmoc solid phase peptide synthesis and native
chemical ligation using novel hydrazide chemistry [198].
The modified variants (5 μM solutions in water with 0.1% formic acid) were
initially infused individually, and then their FAIMS spectra (plots of signal vs. CV) were
overlaid. To correct for uncontrolled fluctuations of operating parameters (primarily the

50

ambient pressure and temperature), the CV axes of individual FAIMS spectra were
linearly scaled using an internal calibrant - the unmodified tail (1 μM). For transferability
across devices with unequal gap widths, the CV scale is expressed as the
compensation field (EC).
Figure 1 illustrates the experimental concept. Trimethylated tails form charge
states z = 8 - 12 (Figure 1A), each exhibiting a unique FAIMS spectrum (Figure 1 B, C).

Figure 3.1. ESI MS spectrum for a trimethylated histone tail (A) and FAIMS spectra for z
= 10 (B) and 11 (C).
Overall, the 10+ peaks were most intense and permitted maximum discrimination for
monomethylated, acetylated, and phosphorylated variants (Figure. 3.2 A-C). Only five
variants (K4me, K9me, K23me3, K9ac, K27ac) of the 18 total exhibited secondary
features at >20% of the base peak heights at this charge. We baselineresolved all
variants for me, two groups for me3 (K4/K36, K9/K23/K27), three groups for ac (K9,
K14/K27, K18/K36), and four for p (S10, S28/Y41, T3, T6). Since binary variant
mixtures can be fully characterized using ETD, the only case not completely solved by
FAIMS/ETD here at z = 10 is the ternary K9me3/K23me3/K27me3 mixture [59, 143].
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We confirmed the robustness and reproducibility of the experimental procedure by
ensuring that the spectra for binary and ternary variant mixtures matched the
superimposed spectra for individual species (Figure. 3.2 D-F). Me K4, K9, K23 me3 K4,
K9, K23, K27, K36 Ac K9, K14, K18, K27, K36, P T3, T6, S10, S28, Y41
Table 3.1. PTM localizations in H3 tails
(ART3K4QT6ARK9S10TGGK14APRK18QLATK23AARK27S28APATGGVK36KPHRY41RPGT

PTM
Me
me3

VALRE)
Positions
K4, K9, K23
K4, K9, K23, K27, K36

Ac

K9, K14, K18, K27, K36

P

T3, T6, S10, S28, Y41

3.4.2 Orthogonality of separation across charge states.
The separations in different charge states are mutually independent (orthogonal),
hence the variants overlaping at one z are often resolved at another [174, 175, 197]. For
example, the overlaps at z = 10 are fully resolved at other charge states:
K4me3/K36me3 at z = 8, 11, and 12; K9me3/K23me3 and K9me3/K27me3 at z = 11;
K14ac/K27ac at z = 11, 12; K18ac/K36ac and S28p/Y41p at z = 9, 12. The only partly
unresolved binary isomeric pair was K23me3/K27me3, with the best (halfmaximum)
resolution at z = 11 (Figure 3.1C).
As the result, the me3 variants were best separated at z = 11 (Figure 3.1C). To
assess said orthogonality systematically, we tabulated the EC values for tallest peaks of
all variants with trimethylation, acetylation and phosphorylation PTMs in every charge
state and computed their pairwise correlations. For example, the plot of EC for five me3
52

variants at z = 10 vs. those at z = 11 reveals a linear correlation of R2 = 0.01, and the
average R2 for all 30 charge state pairs (10 pairs for every PTM) is 0.25, suggesting no
significant correlation. This conclusion is confirmed by rigorous statistical tests.

Figure 3.2. FAIMS spectra for monomethylated, acetylated, and phosphorylated histone
tails at z = 10 (A - C), same and the spectra for selected tertiary mixtures (D - F). The
spectra for individual variants are normalized in (A - C), vertically scaled to match the
features for the mixture in (D - F). The sums of spectra for all variants are also shown in
(D - F).
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3.4.3 Separation of acetylated and trimethylated peptides.
Attachment of me3 (42.047 Da) and ac (42.011 Da) to lysine residues is mutually
exclusive and has different functional outcomes. For example, (i) H3K9me3 or
H3K27me3 are repressing marks, whereas H3K9ac or H3K27ac activate transcription,
(ii) H3K36me3 occurs predominantly in the coding regions of genes and participates in
transcriptional elongation, whereas H3K36ac is localised in the promoters
and facilitates transcription initiation [202-204]. Baseline MS resolution of the tails with
me3 and ac requires resolving power of ~3×105 (and ~8×105 for whole H3) in theory,
and is commonly precluded by spectral congestion in practice. However, me3 and ac
may well favor distinct 3-D geometries, enabling FAIMS separation. Of our three tail
pairs with me3 or ac on same residue, two (PTM on K27 or K36) were resolved baseline
and one (PTM on K9) nearly so (Figure 3).

Figure 3.3. Normalized FAIMS spectra for the tails trimethylated or acetylated at K27
and their mixture.
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3.4.4 Confirmation by ETD.
The ETD data unequivocally prove the variant resolution seen at the precursor
level. For instance, all fragments observed at high S/N ratio corroborate the separation
of T3p/S10p/Y41p mixture (Figure 4). Parallel results for other representative binary and
tertiary mixtures (K4me1/K9me1/K23me1; K4me3/K27me3; K9ac/K14ac/K36ac;
K9ac/K18ac/K27ac; T6p/S10p/S28p) show the general utility of procedure. For utmost
specificity, we performed MS/MS in the zoom mode. While the ultrazoom mode delivers
yet greater MS resolution, a limited scan range of 100 m/z units and low signal demand
long acquisitions; we obtained one spectrum to prove feasibility.
3.5

Conclusions
We have demonstrated near-universal complete separation of PTM localization

variants (involving methylation, acetylation, and phosphorylation at distinct residues) for
peptides above 5 kDa, where PTMs amount to 0.25 - 1.5% of the pep tide mass. The
maximum EC difference between principal peaks is ~10 - 15% with all PTMs (e.g., for
K4me/K9me at 10+, K4me/36me3 at 9+, K9/K14ac at 11+, or T6p/S10p at 10+) - same
as or only moderately below the values for methylated or acetylated mini-tails (2 - 3
kDa) [175, 197]. Hence the separation space narrows quite gradually (if at all) for longer
peptides, encouraging us to extend this FAIMS approach to yet larger peptides and
intact proteins. In fact, the 5.4 kDa histone tails explored here approach the size of
small proteins (e.g., insulin at 5.8 kDa). In principle, the orthogonality of separations
between charge states expands the overall FAIMS peak capacity for polypeptides in
proportion to the number of charge states (n) output by the ion source. With regular ESI,
n scales roughly as the (peptide mass)1/2 or faster, increasing from 2 - 3 for typical
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tryptic peptides (~1 - 1.5 kDa) to at least 5 for present tails to ~10 - 15 for smaller
proteins (~10 - 20 kDa) [205, 206]. That number can be augmented by generating
higher z via supercharging and lower z via proton stripping [207, 208]. This trend largely
underlies the success of this work and will facilitate the separation of localization
variants for proteins. The main problem here is the ubiquitous conformational multiplicity
(at charge states besides 10+ here), which would be more important for real samples
with unequal variant abundances. We will seek to reduce that multiplicity by optimizing
the ESI and FAIMS conditions.
Biological histone samples exhibit much higher complexity and dynamic range
than the mixtures of standards in this study. The true variant distribution is convoluted in
the analysis with non-uniformities of ionization efficiency, transmission through the
FAIMS gap, and ETD yield in total and for specific informative fragments [59]. This may
facilitate or impede the detection of any variant in the presence of others. These
discrimination effects are generally unequal across charge states, making the
apparently redundant separations in multiple states helpful in practice.
While the filtering mechanism of FAIMS enables adding it to all MS instrument
types, ion trapping platforms that effect extended accumulation and multi-step
fragmentation by ETD and other methods are eminently suitable. Analyses of real
histone samples demand much higher MS peak capacity and mass accuracy provided
by Fourier-Transform (FT) MS instruments in the Orbitrap or FTICR implementations.
However, turbomolecular pumps are less effective for light gases (He or H2) with fast
Brownian motion than all air components (N2, O2, Ar, CO2). That is manageable with
FAIMS stages employing those gases coupled to ion traps operating at ~10−5 Torr, but
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not to Orbitrap MS that needs ultra-high vacuum (10−10 Torr) [209]. We are currently
re-engineering the FAIMS stages and Orbitrap vacuum system to enable addition of
high-resolution FAIMS using helium-rich buffers.
Comprehensive analyses also require an LC step in front to partition histone tails
into fractions with same number of acetyl and methyl PTMs [140]. The challenge for
online LC/FAIMS integration is timescale mismatch: the typical chromatographic peak
width is ~10 s, while a full high-resolution FAIMS scan takes ~10 min. One established
solution is replacing a gradual FAIMS scan by stepping through discrete CVs [210]. This
approach best fits targeted applications, e.g., distinguishing several peptide variants
with known CVs such as present histone tails. In external convolution, the same LC
gradient is repeated with different fixed CVs in a mode resembling selected reaction
monitoring in MS [43, 44]. In internal convolution, the CV is rapidly stepped through
several values (with dwell times of a few s) in a mode resembling multiple reaction
monitoring while LC peak elutes [211-214]. An alternative is offline LC fractionation
followed by direct infusion. We foresee the integration of high-definition FAIMS with 2-D
LC and FTMS to allow unprecedentedly comprehensive characterization of proteomes
and proteoforms.
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Figure 3.4. FAIMS/ETD analysis of tertiary mixture of phosphorylated tails:
FAIMS spectrum (left) and selected ETD spectral windows (from the data at various
tETD) comprising the informative fragments with schematic sequences on top (right).
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CHAPTER 4
FAST AND EFFECTIVE ION MOBILITY- MASS SPECTROMETRY SEPARATION OF
D-AMINO ACID CONTAINING PEPTIDES

4.1 Abstract
Despite often minute concentrations in vivo, D-amino acid containing peptides
(DAACPs) are crucial to many life processes. Standard proteomics protocols fail to
detect them as D/L substitutions do not affect the peptide parent and fragment masses.
The differences in fragment yields are often limited, obstructing the investigations of
important but low abundance epimers in isomeric mixtures. Separation of D/L-peptides
using ion mobility spectrometry (IMS) was impeded by small collision cross section
differences (commonly ~1%). Here, broad baseline separation of DAACPs with up to
~30 residues employing trapped IMS with resolving power up to ~340, followed by timeof-flight mass spectrometry is demonstrated. The D/L-pairs co-eluting in one charge
state were resolved in another, and epimers merged as protonated species were
resolved upon metalation, effectively turning the charge state and cationization mode
into extra separation dimensions. Linear quantification down to 0.25% proved the utility
of high resolution IMS-MS for real samples with large inter-isomeric dynamic range.
Very close relative mobilities found for DAACP pairs using traveling-wave IMS (TWIMS)
with different ion sources and faster IMS separations showed the transferability of
results across IMS platforms. Fragmentation of epimers can enhance their identification
and further improve detection and quantification limits, and we demonstrate the
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advantages of online mobility separated collision-induced dissociation (CID) followed by
high resolution mass spectrometry (TIMS-CID-MS) for epimer analysis.
4.2

Introduction
Nearly all biomolecules have one or more chiral centers (typically on the C

atoms), with geometries often crucial to the life function. In enantiomeric pairs, all
symmetry centers are inverted to form the mirror images. In particular, all α-amino acids
(aa) except glycine have four different groups attached to the α-carbon, which allows
left-handed (L) and right-handed (D) forms. From these, one can assemble peptides of
any length comprising just L- or D- aa (enantiomers) and both forms (diastereomers or
epimers). A species can have only one enantiomer, but numerous diastereomers with
single or multiple D/L-substitutions in different positions.
No natural D-aa containing peptides (DAACPs) or proteins were known (except
in bacterial walls) until the discovery of dermorphin in frog skin in 1981 [215]. Some 40
DAACPs are now found in eukaryotes such as arthropod, molluscan, and vertebrate
[145, 216-225]. These peptides range from four to >50 residues, and are epimers of allL peptides with D-aa often located in the 2nd position from the N-terminus [151, 215,
224-228].
Such species have different conformations, resulting in distinct interactions with
both chiral and non-chiral partners. Hence, DAACPs bind to receptors with different
selectivity and affinity than the L-analogs, dramatically altering the biological function
[148, 153]. For example, NdWFa enhances the heartbeat of sea slugs at 10 −10 M
whereas the L-analog NWFa is inactive even at 10−6 M [148]. Many DAACPs were
discovered by comparing the biological activities of natural and synthetic Lanalog
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peptides. The unnatural stereochemistry of Dresidues commonly renders DAACPs
resistant to proteolytic degradation, making them a promising scaffold for nextgeneration drug design [229-231]. Fundamentally, understanding the prevalence,
substitution patterns, synthesis pathways, properties, and biomedical roles of DAACPs
may help grasping the origin of extraordinary preference for L-aa across biology that is
likely central to the genesis of life on Earth.
The number, abundance, and biomedical importance of DAACPs may be
profoundly underestimated because of the paucity of analytical techniques for their
detection and characterization. Unlike most post-translational modifications (PTMs),
D/L-substitutions cause no mass shift for peptides or their fragments. Therefore, the
standard mass spectrometry (MS) approach to PTM analysis (finding the precursors
with mass shifts and tracking those for dissociation products to locate the PTM site) is
moot for DAACP detection.
While DAACPs and L-analogs yield the same fragments in collision-induced
dissociation (CID), electron capture/transfer dissociation (EC/TD), and radicaldirected
dissociation (RDD), the ratios of the peak intensities (ri,j = ai/aj for species i and j)
generally differ [35, 232-236]. Hence, one can distinguish DAACPs and quantify them in
binary epimer mixtures using standards. The quantification accuracy and fractional
limits of detection (fLOD) and quantification (fLOQ) depend on the chiral recognition factor
RCH (relative difference between ri,j involved). In ergodic CID, ions are first heated to
transition states that typically reduce or obliterate the structural distinctions between
isomers. Direct mechanisms like EC/TD and RDD fragment ions “instantly” from initial
geometries and thus are more sensitive to subtle structural differences. Indeed, typical
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RCH increase from 1 – 18 (mean of 5) in CID to 5 – 30 (mean of 21) in RDD, reducing
fLOD from ~ 5 - 10% to ~ 1 - 2% [236]. Still, RCH and thus fLOD and fLOQ vary across
D/Lpeptide pairs widely and unpredictably, and f LOQ much under 1% is needed to truly
explore the DAACP complement in global proteomes. Exceptional specific activity of
DAACPs necessitates isomer quantification with dynamic range of >10 4 (fLOQ < 0.01%)
impossible by existing MS/MS techniques. The MS/MS methods also cannot
disentangle mixtures of more than two epimers or pinpoint the D-aa position(s).
This situation mandates epimer separations prior to or after the MS step. A complete
separation would mean RCH capped only by the MS dynamic range, now typically ~10 5.
The DAACPs elute differently in non-chiral and chiral liquid chromatography (LC) and
capillary electrophoresis (CE), and were revealed by discrepancy of retention times (t R)
between natural and synthetic peptides [145, 237, 238]. However, those separations are
slow, not always successful, and do not tell the number or location of D-aa (except by
matching tR with exhaustive standard sets).
Condensed-phase separations are now increasingly complemented or replaced
by ion mobility spectrometry (IMS) in gases that gained broad acceptance in proteomics
thanks to speed and unique selectivity. All IMS approaches belong to two groups: linear
(based on the absolute ion-molecule collision cross section or CCS, Ω, at moderate
electric field, E) and non-linear (based on the evolution of Ω at high E). A fundamental
challenge of linear IMS is the degree of orthogonality to MS, which particularly
constrains the isomer resolution. Nonetheless, peptide isomers, including sequence
inversions and PTM localization variants, were resolved by linear IMS using drift tubes
with static uniform electric field [164, 239].
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Another linear IMS method is traveling-wave IMS (TWIMS) with dynamic field,
implemented in Synapt quadrupole/IMS/time-of-flight MS instruments (Waters, Milford,
MA). Even in the latest model (G2), a modest resolving power (R ~ 30 - 50 on the Ω
scale) has permitted only partial (if any) separation of D/L isomers for all pairs reported
[240,241]. While its capability for MS/MS prior to the IMS stage enables localizing D-aa
by IMS of epimeric fragments, the power of that novel strategy was also limited by IMS
resolution [240]. Ionization of peptides at high concentration routinely produces
oligomers. Their morphologies also differ between DAACPs and Lanalogs, potentially
more than those for monomers [241]. While some epimers were easier to distinguish as
multimers, the general utility of that path remains unclear. One can sometimes enhance
IMS resolution using shift reagents that preferentially complex specific chemical groups,
but the similarity of D- and Laa makes that approach unlikely to succeed here [242].
However, metal cationization could improve or worsen separation of epimers by
modifying their geometries in unequal ways [241].
A direct path is raising the resolving power of linear IMS. In the new technique of
trapped IMS (TIMS), a constant electric field component holds ions stationary against a
moving buffer gas (making the effective drift length almost infinite) while a quadrupolar
rf field radially confines them to avoid losses to electrodes [78,243]. The TIMS devices
provide R up to ~400 in a compact form and are readily integrated with various MS
platforms, including time-of-flight (ToF) and Fourier Transform MS [244-248]. The TIMSMS systems have proven useful for rapid separation and structural elucidation of
biomolecules, for example screening and targeted analysis of complex mixtures,
tracking the isomerization kinetics, and characterizing the conformational spaces of
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peptides, DNA, proteins, and macromolecular complexes in native and denatured states
[246, 248-261].
Here, we demonstrate the capability of linear IMS using TIMS to broadly resolve
and identify D/L-peptide epimers, which commonly differ in mobility by just ~1%. The
results are compared to separations of same species using the Synapt G2 platform
under two different regimes.
4.3

Experimental Section

4.3.1 Materials and Reagents
Our study involves 10 epimer pairs with 4 - 29 residues (Table 1). The standards
were selected to represent the relevant mass range while featuring single D-aa at
different residues and locations, and include several cases prominent in biology.
Table 4.1. Presently studied DAACPs. The D/L residues are marked by a lowercase ‘d’
before the amino acid residue
Peptide
Achatin-I
Dermorphin 1-4
Deltorphin I
WKYMVM
LHRH
γ-MSH
Somatostatin-14
Tyr11-Neurotensin
Trp11-Neurotensin
GRF

Sequence
Molecular Weight, Da
GdFAD
408.41
YdRFG
541.60
YdAFDVVG
769.84
WKYMVdM
857.09
pEH(d)W(d)SdYWLRPG
1311.45
YVMGHFRdWDRFG
1570.77
AGCKNFFdWKTFTSC
1637.88
pELYENKPRRPdYIL
1672.92
pELYENKPRRPdWIL
1695.96
YdADAIFTNSYRKVLG
3357.88
QLSARKLLQDIMSR
One pair (LHRH) comprises two DAACPs with one D-aa in different positions,

namely pEHdWSdYDWLRPG and pEHWdSdYWLRPG. The Achatin-I pair was
synthesized by UW Biotechnology Center. Other standards were Dermorphin 1-4,
Deltorphin I, Somatostatin-14, and GRF from American Peptide (Sunnyvale, CA), and
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WKYMVM, LHRH, γ-MSH, and Neurotensins from Bachem (Torrance, CA). The
peptides were dissolved in 50:50 H2O:MeOH (nESI with Synapt or TIMS) and 50:49:1
H2O/MeOH/MeCOOH (ESI/Synapt) to 2 μM (nESI/Synapt), 1 μM (nESI/TIMS), and 0.1
μM (ESI/Synapt). The peptide bradykinin 1-7 (756 Da, from Sigma Aldrich) was added
as internal calibrant in lower concentration. Parts of those solutions were combined into
isomolar binary mixtures. For GRF, we prepared mixtures with 5 μM of D-epimer and
0.012 - 5 μM of Lepimer. The instrument was initially calibrated using the Tuning Mix
from Agilent (Santa Clara, CA) [254].
4.3.2 TIMS-MS Experiments
We employed a custom nESI-TIMS unit coupled to an Impact Q-TOF mass
spectrometer (Bruker, Billerica, MA) [78, 243]. The TIMS unit is run by custom software
in LabView (National Instruments) synchronized with the MS platform controls [243].
Sample aliquots (10 μL) were loaded in a pulled-tip capillary biased at 700-1200 V to
the MS inlet. In TIMS, multiple isomers are trapped simultaneously at unequal
longitudinal field (E) in different positions along the straight tunnel and sequentially
eluted by ramping E down [78]. Ion mobility separation depends on the gas flow velocity
(vg), elution voltage (Velution) and base voltage (Vout) [78, 262]. The mobility, K, is
defined:

K= (vg/E) = (A/(Velutions-Vout)

(4.1)

each isomer emerges at a characteristic voltage (Velution − Vout). The instrument constant
A was determined using known reduced mobilities of Tuning Mix components (K 0 of
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1.013, 0.835, and 0.740 cm2/(V.s) for respective m/z 622, 922, and 1222). The scan
rate (Sr=ΔVramp/tramp), where tramp is the ramp duration, was optimized depending on
the resolution needed for specific targets. The buffer gas was N2 at ambient
temperature (T) with vg set by the pressure difference at funnel entrance (2.6 mbar) and
exit (1.1 mbar). A rf voltage of 200 Vpp at 880 kHz was applied to all electrodes. The
measured mobilities were converted into CCS (Å²) using the Mason-Schamp equation:

1/ 2

3  2 

K  
16  k BT 

ze
N

(4.2)

where q is the ion charge, kB is the Boltzmann constant, N is the gas number density,
m is the ion mass, and M is the gas molecule mass [262].
4.3.3 TWIMS-MS Experiments
We employed two Synapt G2 systems, one with a nESI source and one with high
flow ESI source to probe the stability of peptide conformations and thus their
separations with respect to the source conditions [74, 263]. Samples were infused at
0.03 μL/min (nESI) and 20 μL/min (ESI). The nESI source was operated in the positive
ion mode with capillary at 2.0 KV and sampling cone at 30 V. The gas flows were 0.5
L/min N2 to the source (not heated), 0.18 L/min He to the gate, and 0.09 L/min N2 to
the drift cell (yielding the pressure of 2.6 Torr). The ESI system used similar conditions
with slightly lower pressure (2.2 Torr). The traveling wave had the height of 40 V and
velocity of 600 m/s (nESI) and 650 m/s (ESI), leading to slightly different arrival times
(tA) in the two platforms.
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4.3.4 Data Processing
The IMS spectra from Synapt were aligned by linear scaling (within 1%) using the
internal calibrant (redundant with TIMS given the epimer separation). The IMS peaks
were fitted with Gaussian distributions using OriginPro 8.5. For TIMS, the resolving
power R and resolution r are defined as R = Ω/w and r = 1.18*(Ω2- Ω1)/(w1+w2), where
w is the full peak width at half maximum (FWHM). Same metrics for Synapt were
computed with Ω replaced by tA. As those depend on Ω non-linearly (close to
quadratically), the true R on Ω scale differs from the apparent value (and often is
approximately double that) [75]. However, the key feature resolution remains the same.
4.4

Results and Discussion
As is normal with ESI, we observed singly protonated species for peptides with

up to seven residues and multiply protonated species for longer sequences. We
acquired the IMS spectra for individual L- and D-stereoisomers and confirmed the result
using mixtures. The measured Ω (from TIMS), tA (from Synapt), and R and r metrics for
both are listed.
4.4.1 Synapt and TIMS Separation for Protonated Peptides
The smallest peptides GFAD, YRFG, and YAFDVVG exhibit [M+H]+ ions that
yield a single peak in IMS spectra (Figure 1). With Synapt, the expected apparent R of
~25 allows very little (if any) epimer resolution: the features coincide for GFAD (r < 0.1)
and just slightly differ for YRFG (r = 0.4) and YAFDVVG (r = 0.3) [240]. The two TWIMS
instruments with dissimilar sources yield identical outcomes, showing excellent interlab
reproducibility and pointing to thermalized peptide conformations in the IMS cell. The
separation power of TIMS is drastically higher at any reasonable Sr. With fast scan
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rates [Sr = 0.3 V/ms], we achieved R of ~ 120 - 180 (on average, ~140) for wellresolved
features. This delivers nearly baseline resolution for YRFG (r = 1.1) and partial
separation for GFAD (r = 0.7) and YAFDVVG (r = 0.5).

Figure 4.1. IMS spectra using Synapt (left) and TIMS (right) for small protonated
peptides (a) GFAD, (b) YRFG and (c) YAFDVVG. The epimers are colored in blue (L)
and red (D). The TIMS spectra for mixtures employed different scan rates Sr as marked.
The R and r values are given.
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Slow scan rates [Sr = 0.016 – 0.06 V/ms] led to higher R ~ 180 - 340 (on average,
~230), providing (nearly) baseline resolution (r ~ 1 – 2) for all three pairs (Figure 1)
hence the resolution advantage of TIMS over Synapt is 5 – 10 fold, depending on the Sr
utilized.
Full resolution of epimers permits accurate measurement of their relative (ΔΩr)
and absolute (ΔΩ) mobility differences: 1.1% (2.1 Å²) for GFAD, 1.4% (3.0 Å²) for
YRFG, and 0.6% (1.5 Å²) for YAFDVVG. So TIMS can baseline-resolve the epimers
with ~1.5% difference using fast scan rates and half that with slow scan rates. The Depimer has lower Ω in all cases. This qualitatively matches the results with Synapt, but
ΔΩr was significantly greater for GFAD than YAFDVVG with TIMS and conversely with
Synapt. That must reflect a distinction between time-averaged peptide geometries in
two separations, presumably due to the (i) unequal heating of ions by different rf fields
in TIMS and Synapt cells, and/or (ii) conformational evolution of peptides during much
longer separation in TIMS (~50 - 300 ms) vs. Synapt (~5 - 10 ms) - such transitions on
the ~10 - 300 ms timescale have been noted in ion trap/IMS systems [75 264-266]
The outcomes for larger doubly protonated peptides LHRH, γ-MSH, somatostatin-14,
and both neurotensins, are broadly similar (Figures 2 and S4). The resolving power of
all IMS methods goes up for higher charge states in view of slower diffusion at equal
mobility [75,267]. Indeed, the R values slightly increase for the [M+2H]2+ ions on
average, to ~30 in Synapt and ~160 in TIMS with fast scan rates) while the relative
advantage of TIMS remains at 5 - 6 times. The IMS spectra from two Synapt platforms
stay consistent and show material differences between all epimers, but none suffices for
baseline resolution. At best, r = 0.7 for LHRH allows clean filtering of each isomer near
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its peak apex. The separation for other pairs (incl. the important γ- melanocyte
stimulating hormone-MSH) is much worse [240]. With TIMS, baseline resolution (r = 1.5
- 2.5) is attained in all cases except somatostatin-14 already with the fast scan rate.
While higher R helped, that is mostly due to greater ΔΩ compared to [M+H]+ ions [2.2%
(8.5 Å²) for LHRH, 3.0% (12.3 Å²) for γ-MSH, 1.5% (6.5 Å²) for
Tyr11-neurotensin, and 2.3% (10.3 Å²) for Trp11- neurotensin]: the lowest 1.5%
exceeds the highest for [M+H]+ ions (Figure 1) where Sr = 0.3 V/(ms) provided baseline
separation. The doubling of mean ΔΩr from 1.0% for [M+H]+ ions to 2.2% for [M+2H]2+
ions here probably reflects a greater diversity of folds accessible for larger peptides,
which statistically expands the spread between epimer geometries. However, that
diversity also tends to raise the number of populated conformers, which begin
obstructing epimer resolution by taking up the separation space (Figures 2c and S4 d,
e). This issue is well-known in non-linear IMS [50]. For somatostatin-14, reducing Sr to
0.02 V/(ms) increased R to ~230 and resolution to near-baseline (r = 1.3) with ΔΩr =
0.7% (ΔΩ = 0.9 Å²,). This small shift may ensue from the conformational constraint by
the disulfide link, although ΔΩr is yet smaller for WKYMVM without one (below). With γMSH, the Ω value is much greater for D than L epimer (Figure 2b).
The γ-MSH, somatostatin-14, and neurotensins also exhibit [M+3H]3+ ions.
Since the [M+2H]2+ ions of these epimers were baseline-separated in TIMS, no other
conditions were explored. Under fast scan rates (Sr = 0.3 V/(ms) and R ~ 150), the Ω for
D-epimer of γ-MSH is below that for L-epimer by 0.2% (0.9 Å²), meaning no resolution (r
= 0.2). This order inversion compared to [M+2H]2+ ions matches that found with
Synapt, but there ΔΩr of >2% provides r = 0.5 despite R of only ~30. For somatostatin-
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14, the main epimer peaks coincide, although L-epimer may be filtered out at its minor
peak with Ω lower by 1.7% (7.9 Å²). For neurotensins, both epimers exhibit four – eight
features occupying wide Ω ranges, and the shapes and widths of some indicate further
merged conformers.

Figure 4.2. IMS spectra using Synapt (left) and TIMS (right) for larger [M+2H]2+
peptides (a) LHRH, (b) γ-MSH, (c) Tyr11-neurotensin, for TIMS obtained using fast scan
rates. The epimers are colored in blue (L) and red (D). The R and r values are given.
This peak widening and multiplicity preclude good resolution. Here, lower Ω values
broadly belong to the L-isomers. The spectra from Synapt overall agree with these
finding.
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4.4.2 Enhancing Separations Using Metalation
With WKYMVM, the epimers for [M+H]+ and [M+2H]2+ ions coincide in both
Synapt and TIMS, with r < 0.1 in TIMS even at R = 300 reached at slow scan rates
(Figure 3a). In this sole case, we could not disentangle the protonated epimers. A
possible solution is changing the cationization mode. For one, metalated biomolecules
tend to differ in conformation from protonated analogs as the metal ion is multiply
charged, binds at another site, and/or coordinates differently because of specific
chemistry [268]. If these deviations are unequal for two epimers, metalation can
enhance their resolution [269,270]. We have measured single K+ adducts generated by
spiking the sample with K2CO3 at 70 μM (Figure 3b). While the peak widths barely
change, potassiation increases Ω by 0.9% (2.6 Å²) for the D-epimer but 1.6% (4.8 Å²)
for the L-epimer, enabling their complete resolution (r = 1.0) at slow scan rates.
4.4.3. Evaluating the Dynamic Range and Coupling to MS/MS
The largest peptide examined here (GRF) exhibits multiply protonated species
ranging from [M+3H]3+ to [M+5H]5+. In TIMS, the D/L-epimers are resolved baseline
for the [M+3H]3+ ions [ΔΩr = 2.2% (16.2 Å²) and r = 2.4 with D-isomer at lower Ω], but
coincide for [M+4H]4+ and [M+5H]5+ ions (r < 0.1).
Components can be more difficult to resolve in nonisomolar mixtures of large dynamic
range as the sides of (ideally Gaussian) distributions for intense peaks can subsume
adjacent weaker features, particularly when most of real samples comprise unequal
epimer fractions. To gauge the capability of TIMS in this scenario, we have addressed
mixtures with the D/L-ratio up to 400. Even at the maximum, the L-epimer was clearly
resolved by IMS with s/n = 10 in the MS spectrum (Figure 4 a-c). Good linear
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quantification (r2 = 0.9974) extends down to fLOQ = 0.25% with substantially lower
fLOD. These metrics are much superior to the best benchmarks from MS/MS (fLOD ~ 1
- 10%).
The IMS-resolved epimers could be assigned based on tabulated Ω and/or
fingerprint MS/MS spectra. The latter can also reduce fLOQ and fLOD by quantifying
the isomer ratio at minor peaks partly covered by the wings of major peaks.

Figure 4.3. IMS spectra using Synapt (left) and TIMS (right) for WKYMVM cationized by
(a) protonated and (b) potassiated species. The epimers are colored in blue (L), red (D)
and magenta (merged epimers). The TIMS spectra for mixtures employed different scan
rates as marked. The R and r values are given.
In principle, an RDD analysis with fLOD = 2% after IMS separation with present fLOD <
0.25% would yield total fLOD < 50 ppm (assuming sufficient signal averaging) [236].
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Our current platforms allow no EC/TD or RDD, but can perform CID that provides some
epimer discrimination.
The CID spectra for D- and L-isomers are very close (Figure 4d). Both show the
classic bn and yn fragments, with yn dominant since basic residues in GRF cluster
toward the C-terminus. The only reproducible distinction between two spectra is a bit
lower yield of b3 and b4 (the smallest observed fragments comprising the D/L-Ala2) for
the D-epimer (Figure 4d). This may follow from slightly higher energy required to sever
the backbone in that region for the D-epimer, in line with its lower Ω suggesting a tighter
fold [271]. While the MS/MS spectral difference happens to be marginal here, this
example illustrates the advantages of online mobilityseparated collision-induced
dissociation (CID) followed by high-resolution mass spectrometry (TIMS-CID-MS) for
epimer separation, sequencing, and relative quantification.
4.5

Conclusion
We have demonstrated rapid separation of D/L-peptide epimers using TIMS with

resolving power of ~100 – 340 (typically ~ 200) on an nESI/time-of-flight MS platform.
Nine out of ten tested sequences with 4 - 29 residues (including one with alternate Dresidues) were completely resolved as protonated species based on mobility shifts of
0.6 - 3% with the mean of 1.7%. For larger peptides with multiple charge states,
epimers merged in one state were resolved in another. This shows substantially
orthogonal separations across states (previously noted for PTM localization variants in
differential IMS) [164,50]. This behavior reflects strong dependence of peptide
geometries on the protonation scheme.
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For peptides exhibiting multiple charge states, the lowest ([M+2H]2+ or
[M+3H]3+) always produced better epimer separation. For seven out of eight pairs
involving D/L-substitution, the D-epimer had lower cross section by 0.6 - 2.3% (1.4% on
average), affirming the concept that DAACPs are folded tighter than L-analogs [271].
The exception is γ-MSH where CCS is much larger for the Depimer, and with the
greatest inter-epimer shift found here (3%); this suggests an unusual folding worthy of
further exploration. The shifts for higher charge states ([M+3H]3+, [M+4H]4+or
[M+5H]5+) are much smaller at 0.0 - 0.6% (0.2% on average) - generally too small to
resolve with the present platform. This may reflect a diminished distinction between
epimer geometries upon peptide unfolding driven by Coulomb repulsion (e.g., as has
been shown for bradykinin) [272]. In previous studies (of singly and doubly protonated
peptides), the Ω values for D-epimers were same as those for L-epimers or larger by up
to 1.6% [239,273,274]. By the intrinsic size parameter model for modified peptides, the
epimers should have equal cross sections on average [275]. Hence, at this point the
epimer assignments require standards.
One pair of co-eluting for protonated peptides was separated as K+ adducts,
likely because of epimerspecific conformational changes. Different metal ions rearrange
flexible biomolecules in distinct ways, which suggests trying diverse cations to maximize
resolution [268, 269]. Same protonated epimer pairs were analyzed employing the
widely available Synapt G2 (ESI/traveling-wave IMS/ToF) systems. The results with
nano-flow and highflow sources were near identical. At the resolving power of ~20 – 30,
the epimer spectra often differed significantly but not enough for full separation. The
peak order near-perfectly correlated with that in TIMS, despite dissimilar ion sources.
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Figure 4.4. Separation and CID (70 V) for the [M+3H]3+ ions of the D/L-epimers of GRF
using TIMS: (a) IMS spectra for mixtures with various D/L-ratios obtained using Sr =
0.036 V/(ms), (b) Calibration curve with MS spectra for highest and lowest ratios, (c)
IMS spectrum for the 400 ratio in logarithmic scale, (d) CID spectra at L- and D-peaks
with masses and assignments for significant products (also mapped onto the peptide
sequence)
This observation suggests that we are probably sampling the same minima on the
energy landscape rather than kinetic intermediates. Then the separations found here
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should easily transfer to other linear IMS platforms (e.g., the commercial drift tube
IMS/ToF) [276]. Given the limited number of natural DAACPs, optimizing and cataloging
their separations from L-epimers for broad use seems worthwhile.
Real tissues comprise epimers in (often grossly) unequal amounts, and
characterizing the minor component(s) is more difficult than in 1:1 mixtures. We have
shown TIMS to resolve epimers with linear quantification down to <0.25%, which is
much better than any reported MS/MS method. Fragmentation patterns of resolved
epimers can identify them and further lower the limits of detection and quantification,
and here we illustrate collision-induced dissociation of mobility-resolved epimers. Since
radical-driven MS/MS processes (e.g., ETD not currently enabled on the TIMS-TOF)
provide much better epimer discrimination than collisioninduced dissociation, we
anticipate TIMS - ETD/ECD - MS platforms to advance the global DAACP analyses in
biological systems.
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CHAPTER 5
LINEAR AND DIFFERENTIAL ION MOBILITY SEPARATIONS OF MIDDLE-DOWN
PROTEOFORMS

5.1

Abstract
Comprehensive characterization of proteomes comprising same proteins with

distinct post-translational modifications (PTMs) is a staggering challenge. Many such
proteoforms are isomers (localization variants) that require separation followed by topdown or middle-down mass-spectrometric analyses, but condensed-phase separations
are ineffective in those size ranges. The variants for “middle-down” peptides were
resolved by differential ion mobility spectrometry (FAIMS) relying on the mobility
increment at high electric fields, but not previously by linear IMS based on absolute
mobility. We now use complete histone tails with diverse PTMs on alternative sites to
demonstrate that high-resolution linear IMS, here trapped IMS (TIMS), broadly resolves
the variants of ~50 residues fully or into binary mixtures quantifiable by tandem MS,
largely thanks to orthogonal separations across charge states. Separations using
traveling-wave (TWIMS) and/or involving various timescales and electrospray ionization
source conditions are similar (with lower resolution for TWIMS), showing the
transferability of results across linear IMS instruments. The linear IMS and FAIMS
dimensions are substantially orthogonal, suggesting FAIMS/IMS/MS as a powerful
platform for proteoform analyses.
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5.2

Introduction
As the proteomics tools mature, the frontline moves to characterization of

proteoforms and revealing the activitymodulating impacts of post- translational
modifications (PTMs) [102, 139, 277-279]. Many proteoforms feature different number
or type of PTMs, detectable by mass spectrometry (MS) based on the mass increment
[280]. Others are isomers with identical PTMs on different residues [104, 107, 195].
Such “localization variants” are individually distinguishable by unique fragments in
tandem MS, particularly employing electron transfer dissociation (ETD) that severs the
protein backbone while retaining weaker PTM links [46, 102, 104, 195, 281] The
conundrum is that multiple variants frequently coexist in cells, but MS/MS cannot
disentangle mixtures of more than two as those with PTMs on internal sites yield no
unique fragments [143,59]. This calls for variant separation at least to binary mixtures
before the MS/MS step [50, 59, 143]. Liquid chromatography (LC) could resolve some
variants for peptides in the “bottomup” mass range (<2.5 kDa) usual for tryptic digests,
but not “middle-down” peptides (2.5 - 10 kDa) or intact proteins [158]. Unfortunately,
splitting proteins into peptides using proteases precludes global PTM mapping by
obliterating the proteoform-specific connectivity information between the modified
peptides [195,282].
This problem is most prominent for histones that combine exceptional importance
to life with great diversity of PTM types and sites [105, 114, 138, 195, 196, 282-288].
Histones (H2A, H2B, H3, and H4) consisting of ~100 - 140 residues are nucleosome
core particles – the spools that store the DNA in cell nuclei and regulate chromatin
structure and function through dynamic reversible PTMs including methylation (me),
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trimethylation (me3), acetylation (ac), phosphorylation (p), and others [50, 105, 114,
138, 195, 196, 282-288] Permuting their order and modulating the site occupation levels
in this ”histone code” drastically alters the activity of whole genome, defined chromatin
domains, genomic regions, and/or individual genes. Nearly all PTMs in histones are on
the enzymatically cleavable N-terminal domains (“tails”) protruding from the
nucleosome. The H3 tail of ~50 residues is cleavable by the endoproteinase Glu-C, and
its characterization approaches that of intact histone.
A growing alternative to LC is ion mobility spectrometry (IMS) based on the ion
transport in gases driven by electric field with key benefits of speed and distinct (often
superior) selectivity [159, 166]. Linear IMS measures the absolute ion mobility (K) at low
field strength (E), whereas differential or field asymmetric waveform IMS (FAIMS) relies
on the difference between K at high and low E elicited by an asymmetric waveform.
That ΔK is less correlated to the ion mass (m) than K, rendering FAIMS more
orthogonal to MS than linear IMS is – by about 4-fold for many biomolecular classes
comprising peptides [167-170]. Therefore, FAIMS commonly separates isomers better
than linear IMS of same resolving power (R), including peptides with sequence
inversions and localization variants with diverse PTMs [50,190, 174, 175, 177, 197,
289]. In particular, complete histone tails and their segments involving various PTMs
and sites were resolved.
Linear IMS separations of such variants were limited to phosphopeptides under
~1.5 kDa [163,164]. Expanding this capability to larger peptides and smaller PTMs is
topical as linear IMS platforms can be more sensitive than high-definition FAIMS. They
also determine the collision cross section (Ω) unavailable from FAIMS, which may help
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understanding and predicting the PTM-controlled differences in stability of peptide folds
with implications for activity in vivo [159, 166, 290]. Here we deploy linear IMS in the
commercial traveling wave (TWIMS) and trapped (TIMS) platforms to separate
localization variants for complete histone tails [74, 75, 78, 162, 186, 243-245, 247, 256,
291-293]. The instrumental resolving power of TIMS can exceed 300, far over ~50 with
TWIMS [75,244,294]. However, R for proteins in linear IMS has been capped at ~30 by
peak broadening due to conformational multiplicity [171, 295]. A critical advantage of
TIMS is achieving for some protein conformers same peak width as for small peptides,
like in FAIMS [60, 247].
We utilize the H3 variants investigated by FAIMS to compare performance and
evaluate the orthogonality between two dimensions for middle-down proteoforms [50].
We also inspect the correlation between TWIMS and TIMS to gauge the transferability
across linear IMS platforms.
5.3

Experimental Methods
We probed the 18 H3.1 tails (residues 2 - 51, monoisotopic mass 5,350 Da) with

PTMs (me, me3, ac, and p) in biologically relevant positions (Table 1) [50]. These were
fused by native chemical ligation from two 25-residue peptides assembled by solid-state
synthesis involving modified amino acids [50, 198]. Protonated peptides were generated
by electrospray ionization (ESI). The IMS/MS spectra were acquired for each species
individually, with separations verified using equimolar mixtures of two or more variants.
5.3.1 ESI-TWIMS-MS Instrumentation
In TWIMS, ions “surf” along a stack of addressable electrodes that create an
axial wave with spatial period L and radially confining rf field [74, 75, 162, 186, 291-
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293]. We employed the Synapt G2 system (Waters, Milford, MA), where exiting ions are
injected into an orthogonal reflectron time-of-flight (ToF) stage (resolving power RMS of
20,000) and registered [75]. As isobaric ions have same velocity in vacuum, their
temporal separation at the detector equals the difference of transit times (tT) through
the IMS stage determined by mobility. Unlike with drift-tube (DT) IMS, the tT(K) function
is not reducible to closed form. Hence extracting K (to deduce the ion geometries by
matching calculations or preceding measurements) necessitates a multi-point
calibration using standards and is especially challenging for macromolecules because
variable source conditions and field heating prior to and during IMS separation affect the
geometries of pertinent standards. Still, Synapt has become the prevalent IMS/MS
platform in proteomics and structural biology.
Table 5.1. Sequence of H3 tail and PTM localizations

Sequence

ART3K4Q6ARK9S10
TGGK14APRK18QL
ATK23AARK27S28A
PATGGVK36KPHR
Y41RPGTVALRE

Modifications

Positions

Acetyl

K9, K14, K18, K27, K36

Phospho

T3, T6, S10, S28, Y41

Trimethyl

K4, K9, K23, K27, K36

Monomethyl
K4, K9, K23
Here we look at the variant separations without assigning structures, thus the tT scale
was not converted into Ω terms. However, as in FAIMS, an internal calibrant - a peptide
of similar mass (insulin, 5.8 kDa) was spiked to validate consistency and accurate
spectral comparisons. The spectra were linearly scaled to align the tT for calibrant
peaks.
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The key parameters of TWIMS are peak voltage (U), wave speed (s), and the
buffer gas identity, pressure (P), and temperature (T) [75]. Separations are mainly
governed by the ion drift velocity at wave front relative to its speed:

c = KU/Ls = K0P0TU/(PT0Ls)

(5.1)

where subscripts “0” denote quantities at STP (including the reduced mobility K0). The
resolution is maximized at some c, so the variants with unequal mobility (reflecting
different geometries and/or charge states z involved) may separate best in differing
regimes. However, said maximum is near-flat over c ~ 0.3 - 0.8, allowing ~4-fold
variation of K with little resolution loss. The mobilities of large peptides with z > 3
depend on z weakly as charging induces unfolding (elevating Ω), and the mobility range
for conformers at a given z is limited as well [171,208]. Hence peptides in different
charge states can often be run together. Ions in TWIMS are materially field-heated,
which may isomerize flexible macromolecules with mobility shifting over time [296]. As
reducing c slows the ion transit, that effect may influence the variant resolution for large
peptides apart from its dependence on c for fixed geometries. So we have repeated
analyses over the practical c range using s of 650, 1000, and 1900 m/s at U = 40 V with
N2 gas at P = 2.2 Torr. The gas flows were 0.5 L/min N2 to the source (at 100 C), 0.09
L/min N2 to the (unheated) cell, and 0.18 L/min He to the helium gate in front of it.
The ESI source with a 32-gauge steel emitter was run with the infusion flow rate
of 20 μL/min, capillary at 2.8 kV, and sampling cone at 45 V. The geometries of protein
and peptide ions from ESI may keep the memory of folding in solution and thus depend
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on the solvent, modifying the variant resolution [181, 297]. To assess that, we tested 0.1
μM peptide solutions in (i) default 50:49:1 MeOH/H2O/acetic acid (pH = 3), (ii)
predominantly organic 90:9:1 MeOH/H2O/acetic acid, (iii) extremely acidic 97:3
H2O/formic acid (pH = 1.5), and (iv) 99:1 isopropanol/acetic acid.
The apparent TWIMS resolving power is R = tT/w, where w is the full peak width
at half maximum. The true R is greater by the logarithmic derivative of tT(Ω), which is ~2
over the practical c range where tT(Ω) is near-quadratic [75,294].
5.3.2 nESI-TIMS-MS Instrumentation
In TIMS, ions radially confined by rf field in a straight section of electrodyna- mic
funnel are axially stratified by flowing gas (sucked by MS vacuum) and retarding
longitudinal dc field E [78, 243-245, 247, 256]. As E is ramped down, the flow pushes
ions in order of decreasing mobility to the MS stage - here, an Impact Q-ToF (Bruker,
Billerica, MA) with RMS = 30,000 (at 10 kHz frequency). Separations depend on the gas
flow velocity (vg), trapping voltage (Vramp), base voltage (Vout), and ramp duration (tramp).
Isomers emerge at elution voltages (Velution) given by:

K = vg/E ≈ A/(Velution – Vout)

(5.2)

where A is a constant fit using internal calibrants here the Agilent Tuning Mix
components with K0 of 1.013, 0.835, and 0.740 cm2/(V×s) for respective m/z of 622,
922, and 1222 with Velution for each determined from the analysis time corrected for
delay after elution (using varying ramp times) [245, 247]. All electrode voltages were
managed by custom software synchronized with the MS platform controls.
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Figure 5.1. TWIMS analysis of histone tail variants: spectra for z = 6 - 11 with solvent (i)
using s = 650 m/s].
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The rf amplitude was 250 VPP at 880 kHz frequency. The typical dc voltages were: inlet
capillary at 40 V, funnel entrance at 0 V, Vramp = −(50 - 200) V, and Vout = 60 V. Lower
scan rates (Sr = ΔVramp/tramp) improve the resolving power, we generally adopted Sr =
0.3 V/ms. The overall fill/trap/ramp/wait sequence was 10/10/100-500/50 ms. Summing
100 cycles, the longest acquisition took ~1 min.
The buffer gas was N2, with vg set by the difference between pressures at funnel
entrance (2.6 Torr) and exit (1.0 Torr). Ions were generated by a pulled-tip nESI emitter
(biased at 700 - 1200 V) from 10 μL sample aliquots [0.5 μM in (v) 50:50 MeOH/H2O or
(vi) H2O] and introduced into the TIMS device via an orthogonal unheated metal
capillary. More details on the nESI/TIMS hardware and mobility calibration are in SI.
The measured mobilities were turned into Ω using the Mason-Schamp equation

1/ 2

3  2 

K  
16  k BT 

ze
N

(5.3)

where z is the charge state, e is elementary charge, kB is the Boltzmann constant, and
N and M are the gas number density and molecular mass [262]. The resolving power is
51 R = Ω/w.
5.4

Results and Discussion

5.4.1 TWIMS Separations
Using solvent (i), we observed all variants in z = 5 - 11. This range is lower than z
= 8 - 12 examined in nESI/FAIMS experiments with same solvent,14 which reflects a
different ion source and greater instrumental sensitivity that allows collecting IMS data
for more states (although with low signal at z = 5).
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Most IMS spectra were obtained using the default s = 650 m/s (Figure 1). Each
variant exhibits one defined peak in z = 10 and 11, but up to three (fully or partly
resolved) ones in z = 6 - 9. This suggests a gradual transition from compact conformers
at low z to unfolded ones at high z over several charge states exhibiting rich structural
heterogeneity, ubiquitous for proteins [171,208]. As the scaling of tT as ~Ω2 renders Ω
about proportional to z(tT)1/2 over the practical tT range, we can estimate relative Ω with
no scale anchoring (Figures 2, S1) [75]. The S-shape of these plots with a jump
between two trend lines for all variants confirms unfolding at intermediate charge states.
The apparent R is 29 - 33 for all PTMs (average over variants and charge states) and
30 – 34 in z = 7 and 9 - 11 (average over variants and PTMs). In z = 8, the slightly wider
peaks and lower R = 27 likely reflect unresolved conformers broadening the peaks in
unfolding region. Hence the performance is consistent across PTMs, their locations, and
charge states.
The spectra for variants in many charge states significantly differ, but rarely
enough for satisfactory resolution. The greatest separation is for me3 tails, proven using
the mixtures of two - five variants (Figure S2 a - d). The best resolution is in z = 6, 8, 9:
at the peak apexes, the K23me3 is largely resolved from all but K27me3 as 8+ ions and
all but K36me3 as 9+, K27me3 is largely resolved from all but K23me3 or K36me3 as
8+, and K36me3 is baseline-resolved from others as 6+ and 9+. The K9me3 is filtered
from others in z = 10 and 11 (not at the apex). As MS/MS can fully characterize binary
variant mixtures, this partial resolution helps more than may seem: e.g., one can use
10+ or 11+ to detect and reasonably quantify K9me3, 8+ for K27me3 (in
K27me3/K36me3 mix), and 9+ for K23me3 (in K23me3/ K36me3 mix), while the K4me3
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and K36me3 variants with PTMs on bookend sites need no separation. This strategy
demands no prior knowledge of the IMS spectra for each variant, although that would
accelerate analyses by revealing the optimum drift times and charge states.
This successful separation was limited to the me3 case. For the isobaric
acetylation, no variant is fully resolved in any state. The K9ac and K36ac are filtered in
10+ at the longest and shortest tT respectively (with large signal loss), but separating
those “bookend” variants is not crucial. TheK14ac is enriched at the lesser peak in 9+,
but intense contamination by other variants makes that of little utility. The situation for
phosphorylation is more promising.

Figure 5.2. Relative (approximate) cross sections for K9me3 (dominant peaks). Lines
guide through trends below and above the transition region. Data for K9ac are in Figure
S2.
One can cleanly filter the Y41p variant at its peak apex in 7+ and T3p and S10p (away
from apexes) in respectively 11+ and 10+, and T6p/S28p mix near the apex of S28p in
6+ (the S10p contribution there would not compromise the analysis for T6p and S28p
with occupied external sites). For single methylation with just three variants here, the
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major task is separating K9me with PTM in the middle. That is feasible (a bit off apex) in
10+ and 11+, and the K4me variant can be filtered (away from the apex) in 10+. The
profile for K23me differs from those for K4me and K9me in 8+ and 9+ substantially, but
not enough for clean filtering. The separations for p and me variants are also verified
using selected mixtures (Figure S2 e, f).
The peak pattern in Figure 1 is consistent over the practical wave speed range:
raising s from 650 to 1000 and 1900 m/s increases tT from 4 - 7 to 6 - 10 and 10 - 25 ms
without significantly moving the relative peak positions (Figures 3, S3). To quantify, the
tT sets at s of 650 and 1000 m/s are correlated with r2 (average over all charge states)
of 0.95 for ac and 0.85 for me3 where the transitions between major conformers at
some z interfere with correlation (Figure S4). The respective r2 for pairs at s = 1000 and
1900 m/s decrease to still high 0.90 and 0.79 (excluding one outlier). Hence the ion
geometries are largely conserved between ~5 and ~20 ms. The resolving power is
unchanged at s = 1000 m/s (apparent R of 29 - 35 in z = 7 and 9 - 11 and R = 25 in z =
8 upon averaging over all me3 and ac variants), but drops at s = 1900 m/s (to R = 17 28 in z = 7 and 9 - 11 and R = 14 in z = 8). Thus the variant resolution at s = 1000 m/s is
close to that at s = 650 m/s, but deteriorates at s = 1900 m/s outside the optimum range
[75]. Substitution of ESI solvent has minor effects on IMS spectra in any given charge
state (Figure S5). This agrees with the analyses of unmodified histone tails using
Synapt G2, where the mobilities at fixed z were same with solvent pH of 2 and 6.5 [298].
More acidic or organic media favor higher z as anticipated, and solvents (ii) and (iii)
produced me3 variants in z = 12 observed14 in FAIMS [298, 299]. However, we saw no
significant variant resolution for 12+ ions (Figure S6).
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Hence the variant separations by ESI-TWIMS are independent of the source and
kinetic factors, likely reflecting the equilibrium ion geometries formed in the desolvation
region. Then overcoming insufficient variant resolution requires IMS of higher resolving
power, such as TIMS.

Figure 5.3 TWIMS spectra for K27me3/K36me3 mix (z = 9) measured with solvent (i)
depending on the waveform speed (solid black lines), with fits by scaled individual
traces (colored lines) and their computed sum (dotted lines). Data for other speeds and
mixtures are in Figure S3.
5.4.2 TIMS Separations
We observed z = 6 - 11 for all PTMs (K4me3 and K27me3 were not studied
because of sample shortage). The resolving power for base peaks at Sr = 0.3 V/ms is
~80 - 280, with mean of ~150 - 170 for each PTM. The overall average (R = 167) is >5×
that with TWIMS (R = 32), yielding multiple (up to ~10) substantial peaks for all variants
in each z except 6 and 10 (Figure 4, Table S1). These metrics match those for multiplycharged unmodified peptides [82]. We now note no drop of R in z = 8: instead of peak
broadening, multiple conformers produce rich spectra for all variants. The Ω values
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increase at higher z due to unfolding, and relative Ω match those estimated from
TWIMS data (Figures 2, S1). This validates our approximation to obtain the relative Ω
from raw TWIMS spectra and points to similar ion geometries in the two separations.
With the TIMS residence time of ~40 - 400 ms (depending on tramp), even the
shortest is much beyond the longest in TWIMS. Gas-phase protein conformations may
evolve over time, specifically on the ~5 - 500 ms scale relevant here [265,266]. Present
TIMS experiments employed soft ion injection without activation. However, the IMS
spectra for for all variants and charge states do not significantly depend on tramp or
solvent (v) versus (vi) (Figures 5, S7). So we focus on the data obtained at maximum
resolution (tramp = 500 ms) using solvent (v) that provides higher and more stable ion
signal.
The three me3 variants can be largely separated using z = 6 - 9 and 11 (Figure
4). One can filter K36me3 from K9me3 and K23me3 best at the major peak c in 6+ and
lesser a in 9+, largely K23me3 from others at the major peaks c in 8+ and b in 9+, and
readily K9me3 from K36me3 in z = 6, 8, 9, 11. Resolving K9me3 from K23me3 is
difficult: the best outcome is a ~3× enhancement in 8+ at the major peak d or e.
However, separation to the binary mixtures (by resolving the K9me3/K23me3 mix and
K36me3) is trivial. As seen in DTIMS and FAIMS analyses, the spectra are “quantized”:
most variants exhibit features at discrete Ω bands (labeled in Figure 4) in different
proportions [50, 164]. This suggests a set of energetically competitive folds persisting
across variants, with relative energies and thus populations dependent on the PTM
position.
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Despite many more features, these separations track the order and often the
relative spread of cross sections found in TWIMS (Figure 1): K9me3 ≤ K23me3 <
K36me3 in 6+, similar Ω for leftmost peaks with features c, d for K36me3 and (with
higher Ω) d for K23me3 in 7+, K36me3 < K23me3 < K9me3 for major peaks in 8+, and
K9me3 < K23me3 ≤ K36me3 for those in 11+. The starkest similarity is in 9+: here
K9me3 has one major peak d with feet b and c, K23me3 has three peaks (largest b,
smallest c, and medium d); K36me3 has two intense peaks (a and larger c), and the
overall order is K36a < K23b ~ K9b < K36c ≤ K23c < K9d < K23d. The only difference
is that in 10+ all variants coincide in Figure 4 but K9me3 lies to the left of others in
Figure 1.
The results for other PTMs are similar. With acetylation (Figure 4), there is
modest separation in 6+, but K9ac and K18ac are well-resolved from K14ac and K27ac
(and vice versa) at the peak apexes in 7+. The blow-up of conformational multiplicity in
8+ obstructs separations, but K27ac is filtered from others at f. The 9+ state permits
excellent resolution of K14ac from others at the major peak d and intense e (and vice
versa at the major peaks for others a, b, c), and of K9ac at b from K14ac and K27ac.
Each variant exhibits one major peak in 10+ as with me3 case, but here those are
dispersed enough to resolve K9ac and K36ac from others at the apexes. In 11+, all
variants are similar except K36ac filtered at the major peak a. These properties permit
multiple protocols to quantify all variants in a mixture. The optimum may be to isolate
K9ac in 10+, K14ac in 9+, K27ac in 8+, and K36ac in 10+ or 11+ (not truly necessary for
the bookend K9ac and K36ac). The K18ac is not resolved in any state individually, but
is to binary mixtures (K9ac/K18ac at the peak apex in 7+ and K18ac/K27ac right of the c
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apex in 9+) allowing redundant quantification by ETD. The order of peaks across charge
states also correlates with TWIMS data. For example, that in 10+ is K36ac < K18ac ≤
K27ac < K14ac < K9ac in TIMS and similar K36ac < K27ac ≤ K18ac = K14ac < K9ac in
TWIMS (Figure 1).
With phosphorylation (Figure 4),one can pull out (at apexes) S28p and Y41p in
6+, T3p in 10+ and 11+, and S10p in 10+. As with ac variants, here one (T6p) is not
cleanly resolved in any z, but filtered in T6p/S28p mix at the apex in 6+ and T6p/S10p
mix at the apex in 10+ (best) and peak i in 8+.

Figure 5.4. TIMS analysis of histone tail variants: spectra (cross section scale) for z = 6
- 11 [with solvent (v), tramp = 500 ms].
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Figure 5.5. TIMS spectra for K23me3 8+ measured at (a) tramp = 100 and 500 ms from
solvent (v) and (b) tramp = 500 ms from solvents (v) and (vi). Results for other tramp,
variants and charge states are in Figure S7.
Hence all variants are quantifiable employing ETD. The correlation with TWIMS data is
clear,e.g., the peak order (Figure 1) is consistently Y41p < S10p < T3p < T6p < S28p in
6+ and T3p < T6p < Y41p < S28p < S10p in 10+. As with TWIMS, the separations
projected from individual spectra were confirmed using binary mixtures (Figure S8).
With me variants, the spectra in z = 6 - 8 provide only a limited separation (Figure
4). We can filter K4me at the major peak apex in 10+ and (less cleanly) K23me at peak
a in 9+. The K9me is filtered from K4me right of the apex in z = 10 and (not cleanly)
from K23me on the left of major peaks in 6+ or 11+. Thus each variant can be filtered
individually or as a dominant component of binary mixtures. The correlation with TWIMS
data is seen from the peak order K9me < K4me < K23me in 11+ or intense peaks on
the left for only K23me in 8+ and 9+ (Figure 1).
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5.4.3. Correlations between Separation Dimensions
The analyses of same peptide set in FAIMS and two linear IMS systems allow
exploring pairwise correlations between separations within and between those
dimensions: across charge states in TWIMS and TIMS and for same species in the
TWIMS/TIMS/FAIMS space [50].
Separations of all variants in TWIMS notably differ across charge states. This
may be quantified via pairwise linear correlation between separation parameter
sets.14,34 Here, the mean r2 for tT correlations over z = 5 - 11 (Figure S9) equal 0.23,
0.24, and 0.25 for me3, ac, and p variants respectively (with 21 pairs each). The values
for Ω in TIMS are same: 0.23 (ac variants) and 0.24 (p variants) for z = 6, 7, 10, 11 with
single dominant peaks (Figure S10), and 0.26 and 0.18 respectively if we add z = 8 and
9 using base peaks. The aggregate r2 over all PTMs is 0.24 ± 0.04 std. error (for 63
pairs) with Synapt and same 0.22 ± 0.03 with TIMS, also equal to 0.25 ± 0.05 (for 30
pairs with z = 8 - 12 for me3, ac, and p variants) with FAIMS (Table 2) [50]. This
manifests an essentially perfect orthogonality across charge states, previously
demonstrated in FAIMS but not linear IMS separations of any PTM localization variants
[50, 197].
We can also quantify the correlation between TWIMS and TIMS seen in
comparisons of cross sections (Figure 2) and spectra (Figures 1, 4), best for ac and p
variants with five tT and Ω points. Calculations for z = 8 and 9 are complicated by
multiple intense features in both data sets that need integration, so we restricted the
comparison to z = 6, 7, 10, 11 with at most two major peaks. The resulting r2 (Figure
S11) are 0.7 - 1.0 (mean = 0.76) for ac and 0.9 - 1.0 (mean = 0.95) for p variants (higher
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r2 for the latter reflect a greater variant separation diminishing the relative random error
of peak spacings). These values with aggregate r2 = 0.86 ± 0.05 (Table 2) show strong
correlation, especially as we ignored the smaller features in TIMS spectra and tT is not
proportional to Ω. The accord between TWIMS and TIMS data despite dissimilar ESI
and ion heating regimes and ~50× longer separation in TIMS shows the ion geometries
conserved over ~5 - 300 ms and supports the formation of equilibrium conformers in the
source. Present similarity between TWIMS and TIMS separations mirrors that for
peptides with D/L residue swaps, though just two epimers per peptide there allowed no
r2 values [82].
This orthogonality of separations across charge states, their number generated
by ESI, and impressive resolving power enable TIMS to disentangle all variants tried to
at least the binary mixtures. That said, separation to individual variants would be
beneficial. Also, the histone stoichiometries have up to ~50 known variants,69,70 with
further less abundant likely to be discovered. Fully characterizing such complex
endogenous samples involving spectral congestion requires yet greater peak capacity
(pc) that could come from 2-D FAIMS/IMS separations, depending on the
orthogonality between dimensions.
The complementarity of FAIMS and linear IMS separations of histone tails is
evident from different loci of variant resolution across charge states. For example, that
for me3 variants maximizes for z = 8 and 9 in TWIMS (Figure 1) TIMS (Figure 4) vs. 10
and 11 in FAIMS [50]. Within a given state, some variants resolved by FAIMS may coelute in TIMS and vice versa. For instance, in z = 10, the K18ac and K27ac merged in
TIMS are separated by FAIMS baseline,14 whereas TIMS partly resolves K14ac and
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K27ac merged in FAIMS.14 Broadly, the FAIMS dimension is correlated to
TWIMS/TIMS with mean r2 (over z = 8 - 11) of 0.51/0.42 for ac and 0.53/0.60 for p
variants (Figures 6, S12), with the aggregate of 0.52 ± 0.07 for 16 pairs (Table 2).
Proteomic findings are often validated by negative testing of a priori false suppositions
using decoy databases [301]. Inspired by that, we computed the “decoy correlations” of
FAIMS to TWIMS/TIMS separations for same variants in all wrong charge states (48
pairs, Figure S13). The associated mean r2 of 0.22 ± 0.05 (with TWIMS or TIMS) is
away from the above for correct states, but matches the r2 for correlations across those
in TWIMS or TIMS that apparently make the random baseline (Table 2). Therefore, the
correlation between linear IMS and FAIMS is real, but below 50% upon baseline
subtraction.
Accordingly, the 2-D pc of FAIMS/IMS separations for middle-down peptides
must be over 1/2 of the product of pc for each stage (defined as the occupied
separation space, d, over mean w of peaks). Here in TIMS, the typical d ~ 100 Å and w
~ 10 Å in a “good” charge state yield pc ~ 10 (e.g., 8 for p variants in 6+ and 10+, or 14
and 11 for me3 variants in 8+ and 9+). In FAIMS, the typical pc in one state was ~25
(with d ~ 30 V/cm and w ~ 1.2 V/cm) [50]. Hence the pc of FAIMS/IMS would be >125 in
one state, and easily >500 in all (near-orthogonal) states. The values would be greater
for more complex samples (as the separation space statistically widens) and the
number of available charge states can be augmented (e.g., via supercharging) [207,
302, 303]. Despite much of this pc taken up by the conformers of each variant, it should
still suffice to largely fractionate the known isomeric proteoform sets at least into binary
mixtures [50].
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5.5.

Conclusions
Linear IMS with resolving power >100 (specifically TIMS) can broadly separate

the PTM localization variants of “middle-down” peptides, here histone tails with ~50
residues comprising common PTMs: methylation(s), acetylation, or phosphorylation.
Although only some variants (at best) are resolved in each charge state generated by
ESI, the separations are orthogonal across states and all variants were filtered in some
to at least binary mixtures quantifiable by ETD MS/MS. The serial Bruker timsToF Pro
system featuring another funnel trap prior to the TIMS cell would deliver similar
separations with improved sensitivity due to higher duty cycle.

Figure 5.6. Linear correlations between FAIMS and TIMS separations for ac variants (r2
marked). The plots involving TWIMS and for p variants are in Figure S13.
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Table 5.2. Linear correlations between separations (averaged over all PTMs and charge
states): r2 values with std errors of mean
TWIMS (z1)

TIMS (z1)

FAIMS (z1)

TWIMS (z1)

0.91 ± 0.03a

0.52 ± 0.10e

TWIMS (z2)

0.24 ± 0.04b

0.22 ± 0.05f

TIMS (z1)

0.86 ± 0.05c

0.52 ± 0.11g
0.22 ± 0.03d

TIMS (z2)

0.22 ± 0.04h
0.25 ± 0.05i

FAIMS (z2)
a. In TWIMS at s = 650 vs. 1000 m/s
b. In TWIMS for same peptides in different z
c. For same ion species in TWIMS vs. TIMS
d. In TIMS for same variants in different z
e. For same ion species in TWIMS vs. FAIMS (8 pairs)
f. For 24 variants in TWIMS vs. same with other z in FAIMS
g. For same ion species in TIMS vs. FAIMS (8 pairs)
h. For 24 variants in TIMS vs. same with other z in FAIMS
i. In FAIMS for same variants with different z (30 pairs) [50].

Much lower resolving power of (commercial) TWIMS limits separation to a few variants,
but all relative mobilities reproduce those in TIMS despite dissimilar ESI and IMS
conditions. Separations are also independent of the ESI solvent or IMS residence time
(from ~5 to ~300 ms), though less denaturing solvents and/or conditions may change
that. This suggests that we deal with stable conformers thermalized prior to separation,
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wherein results transfer to other IMS systems including DTIMS.75 This indicates
cataloging the Ω values for all histone proteoforms. However, ETD (with normal
timescale of ~10 - 100 ms) is harder to add after time-dispersive separations that output
transient ion packets (such as DTIMS and TWIMS) than TIMS, where the ramp can be
arbitrarily slow. These findings agree with those for D/L peptides,66 but extend beyond
~3 kDa considered there.
The linear IMS and FAIMS separations for same set of variants are ~50%
orthogonal (as for tryptic peptides) [50, 187]. Hence online FAIMS/IMS based on
existing technology ought to provide a 2-D peak capacity of several hundred across
charge states, enabling separation of most complex known proteoform mixtures.
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CHAPTER 6
DELINEATION OF D/L-AMINO ACID CONTAINING PEPTIDES BY DIFFERENTIAL
ION MOBILITY SPECTROMETRY

6.1

Abstract
The composition of amino acids in a peptide chain determines the chirality of the

molecule. All naturally occurring amino acids, with the exception of glycine, have two
chiral forms named using the sugar enantiomer nomenclature. Living organisms
primarily use L-amino acids, levorotational, in their proteins. Two peptides of the same
sequence may become diastereomers if one of the amino acids is changed into the
dextrorotational arrangements. This structural conversion is known to change the
biological function of these peptides. In bacteria, the cell walls and antibiotic peptides
have been known to be synthesized by a ribosomal-independent manner and contain Damino acids. Recently an enzyme catalyzed epimerization of at least one residue to the
D-amino acid has been discovered in animals. The observation of discrepancies
between endogenous peptides and synthesized peptides in chromatography and
bioassays has led to the discover of these D-amino acid containing peptides (DAACPs).
The L to D post-translational modification has been a struggle to identify by sequence
determination approaches. Fragmentation by MS/MS has been shown to demonstrate
fragment yields differing for these diastereomers. The ratio of peak intensities for CID is
very minimal, while RDD and ETD show a much greater RCH. Ion mobility separation
techniques have been shown to baseline separate these peptides, but the use of ETD
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has been prohibited because of the time dependency of linear IMS. Here we use highresolution differential ion mobility coupled to ETD to separated and identify DAACPs.
6.2

Introduction
It is widely accepted that all naturally occurring amino acids in Eukaryotes are

exclusively L-amino acids. The alpha carbon in an amino acid, with an exception of
glycine, can exist in one of two chiral forms: (L) or (D). The L-stereoisomer is defined as
a clockwise arrangement of the four different groups around the alpha carbon (-COOH,
NH2, and R); the D-isomer is the mirror image of the L-isomer where the same four
groups are arranged in a counterclockwise fashion. D-amino acid containing peptides
(DAACPs) undergo an enzamatic modification in which an L-amino acid is isomerized to
a D-amino acid via an isomerase enzyme [144]. This isomerization creates a
diastereomer of the all L-amino acid peptide.
It is uncertain if this isomerization occurs before or after the incorporation into the
peptide chain [144-146]. There are more than thirty known endogenous DAACPs that
have been reported in a number species of eukaryotes, including mollusks [147, 304317], crustaceans [148, 216, 218], arachnids [149, 313], amphibians [150, 215, 224,
225, 314, 315], and mammals [151, 316], including humans [152]. DAACPs have been
reported with few known motifs for the location of the D-amino acid [144, 145].
Enzymatic conversion primarily occurs at one of the residues near the N-terminus,
either at the second, third or fourth position. Isomerization does occur near the Cterminus at either the first or third amino acid [145].
DAACPs have crucial biological importance. For example, the phyllomedus
sauvagei frog excretes the tetrapeptide YdRFG (dermorphin) as a defense mechanism;
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this compound can also be used as a strong analgesic [215, 224]. Other toxins from
similar species of frogs can also be used as analgesics [225, 314, 315]. Achatin I
(GdFAD) is copulatory stimulating peptide in achatina fulica mollusks that is required for
copulation [226]. In humans the DAACP Beta-Amyloid is proposed as a peptide
responsible for the spongiforming of the brain in Alzheimer’s disease [152].
It has been reported that DAACPs interact with receptors and cause a
physiological response greater than the all L-form of the peptide [153]. The modified
structure of the DAACP is more difficult to be digested by peptidases, thus increasing
their length of activity in the body [216]. This stereoselectivity and increased longevity
has desirable traits for pharmacokinetic, and toxicological profiles for drug
developments and manufacturing [229-231]. The chirality of a peptide-based drug can
affect the rate of metabolism and the efficacy of the drug, leading to a more effective
drug than the counter isomer.
Peptide analysis has been greatly improved, and through bottom up techniques a
majority of the peptidome of a cell can be characterized and mapped [119-123].
However, the zero mass shift of this modifications creates a uniquely difficult problem
for characterization by MS alone. One of the most prominent analytical technique has
been developed by the Sweedler group for the effective characterization of DAACPs in
a non-targeted manner [317]. This technique involves the degradation of endogenous
peptides for up to 24hrs, followed by chiral analysis, and confirmation by synthetic
standards.
In tandem mass spectrometry the D- and L- analogs yield the same fragments.
However, in collisional-induced dissociation (CID), radical-directed dissociation (RDD),
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and electron capture/transfer dissociation (EC/TD) the rations of the fragments peak
intensities can be used to distinguish the presence of a DAACP [35, 232-236]. Using
this, one should be able to distinguish DAACPs in a binary mixture using standards. The
ergotic nature of CID heats up ions and obliterated them, reducing the chiral recognition
factors (RCH) [16-18]. Non-egotic and direct fragmentation, EC/TD and RDD, are more
sensitive to the structural differences and typically have higher RCH [236].
Due to the speed and selectivity of ion mobility spectrometry (IMS), it has been
used as a complementary separation or replacement to tradition condensed phase
separation techniques. IMS can be classified into two groups: linear IMS (where
separation is based on the absolute cross section, Ω, of an ion under a low electric field.
E) and non-linear or differential IMS (where the mobility becomes field dependent at
high E). Linear IMS, such as traveling wave ion mobility spectrometry (TWIMS) and
trapped ion mobility spectrometry (TIMS), cannot use ETD post separation due to the
time dependent separations. Previous IMS/MS/MS studies have explored the use of
CID to distinguish DAACPs [82].
Field asymmetric ion mobility spectrometry (FAIMS), is a non-linear ion mobility
that takes advantage of the field dependent mobility of ions in high E/N field [84]. Ions
enter the FAIMS device between two parallel plates and are transported through a
periodic orthogonal electric field [84, 85]. The field is composed of short segments of
high positive E and long segments of low negative E. This pushes ions towards one of
the two electrodes depending on the mean derivative of the mobilities of the ion in both
the high field and low field. The trajectory of the ion can be distorted by applying a
compensation voltage (cv) to the bottom electrode. A fixed compensation voltage will
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produce a compensation field (Ec) that will equilibrate a given species out of the
device. By scanning the cv a spectrum of the species present is revealed [85, 166].
For linear IMS techniques the dispersion of an ion through the device is time
dependent [65-68, 73-75, 77-81]. However, for FAIMS, an ion species will exit the
device based on the CV applied [86]. This allows for FAIMS to act as a filtering device
and allows a single species in a sample to be eluted through the device while removing
all other components [50, 58, 59, 82, 83, 98]. This unique filtering actions allows for the
use of ETD and CID post separation, whereas drift tube IMS (DTIMS), TWIMS, and
TIMS can only perform CID post separation. A pre separation ETD fragmentation has
been used successfully with DAACPs to provide localization of the D-amino acid [330].
However, the resolution of the IMS used hinders this technique.
Here, we demonstrate the capability of differential IMS coupled to ETD to resolve
and identify D- and L- peptide epimers for peptides ranging from four to forty amino
acids in length.
6.3

Experimental Section

6.3.1 Materials and Methods
This study involved 12 pairs of epimers (one set being a triplet). List of DAACPs
in Table 6.1. These were selected to represent a wide mass range, the known motifs for
the location of the D-amino acid, and a few non-endogenous locations of the D-amino
acid. Luteinizing hormone-releasing hormone (LHRH) does not have an all L-amino acid
form, but rather it has two D-amino acids. Both isoforms contain D-Trp6, while one has
D-Tyr5 and the other D-Ser4. ACTH has two isoforms, one with a D-Lys16 and the other
with a D-Ser1.
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Table 6.1. List of all DAACPs analyzed by FAIMS, including the all L-form. D-residue
marked by a lowercase ‘d’ before the amino acid
Name

Sequence

Achatin-I

GdFAD

409.4213

Achatin-I

GFAD

409.4213

Dermorphin 1-4 D-Arg2

YdRFG

542.6187

Dermorphin 1-4

YRFG

542.6187

Deltorphin I D-Ala2

YdAFDVVG

769

Deltorphin I

YAFDVVG

769

WKYMVMamide D-Met6

WKYMVdM

856.12

WKYMVMamide
Luteinizing hormonereleasing hormone
D-Ser4 D-Trp6
Luteinizing hormonereleasing hormone
D-Tyr5 dW6

WKYMVM

856.12

γ2-MSH D-Trp8
γ2-MSH

YVMGHFRdWDRFG

1570.8

YVMGHFRWDRFG

1570.8

Somatostatin-14
Somatostatin-14
D-Trp8

AGCKNFFWKTFTSC

1637.9

AGCKNFFdWKTFTSC

1637.92

Neurotensin D-Tyr11

Pyr-ELYENKPRRPdYIL

1672.95

Neurotensin Acetate Salt

Pyr-ELYENKPRRPYIL

1672.95

Neurotensin D-Trp11

Pyr-ELYENKPRRPdWIL

1695.99

Neurotensin Trp-11
Adrenocorticotropic
hormone (1-24) (D-Ser1)
Adrenocorticotropic
hormone (1-24) (DLys16)
Adrenocorticotropic
hormone (1-24)
Growth hormonereleasing factor D-Ala2
Growth hormonereleasing factor
Gastric inhibitory
polypeptide (D-Ala2)
(Human) (TFA Salt)

Pyr-ELYENKPRRPWIL
dSYSMEHFRWGKP
VGKKRRPCKCYP

1695.99

Gastric inhibitory
polypeptide (Human)

MW, Da

Pyr-EHWdSYdWLRPG

1311.47

Pyr-EHWSdYdWLRPG

1311.47

SYSMEHFRWGKPVGK
dKRRPCKCYP
SYSMEHFRWGKPV
GKKRRPCKCYP
YdADAIFTNSYRKVLGQ
LSARKLLQDIMSR
YADAIFTNSYRKVLGQL
SARKLLQDIMSR
YdAEGTFISDYSIAMDKI
HQQFVNWLLAQKGKK
NMWKHNITQ
YAEGTFISDYSIAMDKIH
QQFVNWLLAQKGKKN
MWKHNITQ
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2933.48

2933.48
2933.48
3357.93
3357.93

4983.53

4983.6

Two forms of neurotensin were analyzed, one set has a tryptophan in position 11
instead of a tyrosine. Achatin-I was synthesized by UW Biotechnology center. All other
standards: Dermorphin 1-4, Deltorphin-I, WKYMVMamide, LHRH, γ2-MSH,
Somatostatin-14, Neurotensin, Trp-11 Neurotensin, Adrenocorticotropic hormone
(ACTH), Growth hormone-releasing factor (GRF), and Gastric inhibitory polypeptide
(GIP), were purchased from Bachem (Torrance, Ca). All peptides were dissolved at
10µM in 50:49:1 MeOH/H20/MeCOOH. Bradykinin (1-7) was used as an internal
calibrant. Solutions were mixed 1:1 for binary mixtures.
6.3.2 FAIMS Experiments
DAACP standards were analyzed by a FAIMS device (Heartland Mass
Spectrometry, Bothell, Wa, USA) with a 1.88mm gap width, coupled to a Thermo LTQ
XL ion trap with an electrospray ionization (ESI) source and an electron transfer
dissociation (ETD) stage [59, 189,173]. The asymmetric waveform with a 2:1 harmonic
ratio (DV = 4kV) was generated by an arc discharge mitigating generator. The CV scan
rate ranged from 1V/min to 0.33 V/min, depending on the resolution required. The bath
gas (helium/nitrogen mixture, 0-65%He) for the FAIMS was delivered at a flow rate of
2L/min, and down to 800mL/min depending on the sensitivity and resolution required.
Samples were delivered using a 20µM inside diameter chemically etched glass emitter
[200]. Data was processed using Sigmaplot 13.
6.3.3 FAIMS/ETD Analysis
ETD were recorded first with direct infusion without FAIMS, and then again by
setting the CVs to the peaks apex in the FAIMS spectra. ETD reaction times (tETD)
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were 40, 75, 150, 250, 400, and 600 ms. This array of reaction times was used to
carefully measure the structural integrity of the peptide.
6.4

Results and Discussion

6.4.1 Epimer Separation
Despite low resolving power, the smallest peptides, Achatin-I, Dermorphin (1-4),
and Deltorphin-I, exhibit high resolution, and baseline separation (Figure 6.1). All three
pairs of peptides produced +1 charge state ions, and a single peak. For Achatin-I,
separation began at 20% helium, and increased up to 60% helium (Figure 6.1 a). At
65% helium a small drop off of resolution was observed. Due to the breakdown
threshold at a gap width of 1.88mm, no analysis was done above 65% helium.

Figure 6.1. Separation of small DAACPS in FAIMS. Achatin-I (a), Dermorphin (1-4), and
Deltorphin-I from 0% helium to 65% helium. Blue trace is L-epimer, red trace is Depimer, and the black trace is the 1:1 equimolar mixture.
For Dermorphin-I separation was immediate at 0% helium (100% nitrogen), and
increased as the helium percentage increased. Deltorphin-I shows broadening at 20%
helium, and a shoulder begins to form at 30% helium. This separation increased up to
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65% helium where baseline separation was observed. Separations were greater than
previously published using linear IMS [82].
LHRH and WKYMVMamide peptides exhibited [M+H]1+ and [M+2H]2+ ions in the
mass spectra. For both species separation was only observed for the [M+2H]2+ ion,
Figure 6.2. As previously reported, when helium is increased the observed sensitivity
decreases rapidly [50, 59]. D-epimer for LHRH is discriminated highly at 65% helium,
and the red trace in figure one was obtained using a 30µM concentration standard. At
50% helium WKYMVMamide [M+2H]2+ ion is completely lost for both epimers, and no
separation is observed for the concentrations between 00% and 30% helium.

Figure 6.2. WKYMVMamide [M+2H]2+ (left) 40% helium,
and LHRH [M+2H]2+ (right) 65% helium (blue is dY5, red is dS4)
The separation observed for LHRH is zero until 40% helium. Separation for LHRH
parallels what was observed in the previous study, for WKYMVMamide the separation is
greater in FAIMS [82]
γ2-MSH exhibited a single peak for the observed [M+2H]2+ [M+3H]3+ ions, both of
which separate in FAIMS beginning at 00% helium and increase until 50% helium
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(Figure 6.3). Most notably, the epimers for γ2-MSH do not separate in the same way for
[M+2H]2+ and [M+3H]3+ ions. This orthogonality between charge states has been shown
for much larger peptides in FAIMS [50, 174, 175, 197]. For [M+2H]2+ the L-epimer is
observed at lower CV, whereas the L-epimer for the [M+3H]3+ ions are observed at
higher CV (Figure 6.4). Resolution for the separation of γ2-MSH was matched by TIMS
[82].

Figure 6.3. Evolution of separation for γ2-MSH. From left to right 00%, 20%, 30%, 40%
50% helium. [M+3H]3+ top panel, [M+2H]2+ bottom panel.

Figure 6.4. Epimer separation for γ2-MSH at 50% helium.
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Perhaps the most peculiar D- L- epimer pair was with Neurotensin. At 0% helium
both of the observed ions ([M+2H]2+ and [M+3H]3+) for the epimer pairs separate, and as
helium increases the epimers co-elute (Figure 6.5.). This phenomenon has not been
observed before by any FAIMS analysis [50, 58, 59, 82, 83, 98]. This experiment was
repeated over 6 times to confirm this anomaly.

Figure 6.5. FAIMS separation of Neurotensin. Top panel [M+2H]2+, bottom panel
[M+3H]3+. Blue trace in L-epimer, red trace is D-epimer, and the black trace is the 1:1
equimolar mixture. From left to right 00%, 20%, 30%, 40%, 50%, 60% helium.
Structural differences between the D- and L- epimers collapses at 20% helium and no
discerning differentiation between the epimers is observed again. At 40% and 60% a
small side peak is observed for the L-epimer for [M+3H]3+, but this small conformational
difference is not enough to characterize the peptide. [M+2H]2+ and [M+3H]3+ ions both
increase in CV, and the peak widths narrow as helium is increased. This observation in
the FAIMS spectra confirms the accuracy of the experiment [166].
Neurotensin Trp-11 exhibits [M+2H]2+ and [M+3H]3+ ions with single peaks.
However, only the [M+2H]2+ shows any separation (Figure 6.6). At 40% helium the Dand L- epimers being to separate from each other, at 65% helium signal is lost for both
epimers. TIMS analysis shows multiple features, and high overlap for the D/L forms of
Neurotensin Trp-11 [82]. Single features observed are most likely from the self111

cleansing observed in FAIMS [59, 180]. The separation for the pair of Somatostatin-14
epimers begins at 40% helium for the [M+2H]2+ and [M+3H]3+ ions, and increases to
60% helium for the 3+ ion while it falls off for the 2+ ion (Figure 6.7).

Figure 6.6. Separation of Neurotensin Trp 11.
The largest peptides examined here are ACTH, GRF, and GIP with molecular
weights of 2.9kDa, 3.3kDa, and 4.9kDa respectively.

Figure 6.7. Separation of Somatostatin-14. Blue trace is L-epimer, red trace is the Depimer
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ACTH exhibits [M+3H]3+, [M+4H]4+, and [M+5H]5+ ions with single features in all charge
states. Separation in charge states has been shown to be mutually independent where
variants that overlap at one charge state are resolved in another [50, 174, 175, 197].
This type of orthogonality is apparent in the composition of the buffer gas in FAIMS. DSer1 epimer of ACTH is separated from the D-Lys16 epimer at z=5 at 30% helium, but
not from the all L-form (Figure 6.8.). For z=4 the D-Ser1 epimer is separated from both
of its other epimers, but D-Lys16 overlaps with the all L-form. This allows for both
DAACPs to be distinguished from the all L-form.

Figure 6.8. Separation of ACTH’s DAACPs from its all L-form
While GRF was baseline separated by linear IMS (TIMS), FAIMS was unable to
separate the pair of DAACPs for the observed [M+4H]4+, [M+5H]5+ ions [82]. The best
observed separation was at 40% helium for the [M+4H]4+ (Figure 6.9). However, the
separation in TIMS required the [M+3H]3+ ion, which was not collected during this
analysis. Further exploration of this charge state should reveal similar, if not better
separations.
113

The largest peptide measure, Gastric inhibitory polypeptide (Human), exhibited
species ranging from [M+3H]3+ to [M+6H]6+. In FAIMS, the pair of epimers produced
single or binary features for all charge states.

Figure 6.9. FAIMS spectra for GRF [M+4H]4+ at 40% helium
They were also baseline resolved for [M+4H]4+ to [M+6H]6+, with the best resolution
observed at 65% helium (Figure 6.10).

Figure 6.10. FAIMS spectra for GIP. Left [M+4H]4+, middle [M+5H]5+, right [M+6H]6+.
L-epimer in blue, D-epimer in red, and the 1:1 equimolar mixture in black.
6.4.2 ETD Conformation of GIP Enantiomers
The ETD spectra for D- and L-epimers for the [M+6H]6+ gives full sequence
coverage at tETD of 250ms. At tETD of 600ms the ETD spectra for the D- and Lisomers is obviously different at a glance (figure 6.11). The ratio of c7 and z8 are
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completely swapped along with c8, z7 (Table 6.2). This gives a RCH much greater than
previously reported using CID [82].
Table 6.2. Detailed ETD fragment list for GIP. Protein prospector [179]
c

181.0972 252.1343 381.1769 438.1983
1

Y

2

A
42

z

---

3

E
41

539.246 686.3144 799.3985 886.4305 1001.458

4

G
40

5

T
39

4802.391 4731.354 4602.311

38

Y

11

12

S
33

I
32

13

A

M

34

4184.09 4097.058

17

I
27

18

H
26

19

20

Q
25

Q
2795.45

2677.26 2791.303 2977.383 3090.467 3203.551 3274.588 3402.646 3530.741 3587.763

22

F
22

28

35

3982.031 3818.967 3731.935 3618.851 3547.814 3416.774 3301.747 3173.652 3060.568 2923.509

D

29

36

1922.92 2059.979 2188.038 2316.097

16

K

9

D

23

21

30

15

D

37

8

S

24

2431.124 2578.192

31

14

7

I

4545.29 4444.242 4297.174

1164.521 1251.553 1364.637 1435.674 1566.715 1681.741 1809.836
10

6

F

23

V
21

24

N
20

25

W
19

26

L
18

27

L
17

28

A
16

29

Q
15

2667.392 2552.365 2405.296 2306.228 2192.185 2006.106 1893.022 1779.938

14

K

K
11

1395.725

6.5

33

34

N
10

35

D
9

36

W
8

37

K
7

38

H
6

39

N
5

13

4852.43

40

I
4

31

G
12

1708.9 1580.842 1452.747

3715.858 3843.953 3957.996 4073.023 4259.102 4387.197 4524.256 4638.299 4751.383
32

30

K

T
3

---

41

42

Q
2

1

1267.63 1139.535 1025.493 910.4656 724.3862 596.2913 459.2324 345.1894 232.1054 131.0577

Conclusion
We demonstrated full separation of D/L-peptides ranging from four to forty Da on

an ESI/FAIMS/ETD platform. All but one of the twelve pairs of DAACPs were separated,
and only one of the eleven pairs were not baseline resolved. Larger peptides still
exhibited single features, unlike linear IMS [82]. This reduces the complexity of the
spectra allowing for substantially more informative separations. The orthogonality
between charge states and the composition of gas allow for epimers to be resolved in
one charge state or another [50, 164].
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Contrary to TIMS separations, the lowest charge states observed did not provide
the best resolution [82]. GIP produced ions ranging from [M+3H]3+ to [M+6H]6+-, the
[M+3H]3+ did not show any resolved peaks, while [M+5H]5+ provided the best resolution.
For GRF however, this may possibly hold true.

Figure 6.11. FAIMS ETD of GIP (tETD = 600ms). Top panel L-GIP, bottom D-GIP.
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The [M+3H]3+ ion for GRF was overlooked in this experiment. For γ2-MSH,
Somatostatin-14, Neurotensin the highest charged species provided the most resolution
for separation. For the largest peptides GIP and ACTH the separation was best for the
mid-range charge states. This pattern contrary to linear IMS was previously observed
[50].
For Neurotensin the best separation occurred at 00% helium, 100% nitrogen.
This has never been previously documented, and is contrary to the understanding of
FAIMS with respect to the nature of gas [94, 96]. However, rigorous testing has shown
that this separation is not an artifact and is real. For whatever reason, both epimers of
neurotensin collapse into one similar structure when traveling through the FAIMS
device. This is obviously a gas dependent behavior, and further study may lead to more
information on the behavior of ions in FAIMS.
The use of ETD to distinguish the presence of a structural conformation
difference is greater than CID [82]. The ETD spectra showed two prominent pairs of
fragments that convey that a structural parameter is different between the two species
present. The lower charge states of a peptide should give a greater RCH due to the more
compact and uniform structure of the folded peptide [275]. This type of fragmentation
still does not allow for the localization of the epimerization site, nor does it directly tell
you which species is the DAACP. The information obtained is that there are structural
and geometric differences between these two species.
FAIMS has been previously shown to be an orthogonal separation to linear IMS,
it may not be an alternative to previous work, but rather an aid [236, 240].
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CHAPTER 7
CONCLUSIONS
Using custom (FAIMS, Heartland Mass Spectrometry) and commercial (TWIMS,
Waters; TIMS, Bruker) ion mobility spectrometry systems, we have demonstrated nearuniversal complete separation of peptides with variant localization of post-translational
modifications (PTMs) regardless of the PTM mass and peptide size. This includes small
bottom-up peptides with z=1 charge, middle-out peptides with multiple charge states,
and large peptides (up to 5.5 kDa). The PTMs range in mass from zero (D/L
epimerization of one or more amino acids) to 80 Da (phosphorylation).
Separation and identification of these PTMs was confirmed using standards and
tandem mass spectrometry. With ETD, we have completely characterized the
localization of PTMs with non-zero mass shift on phosphorylated tau peptides and
complete H3 histone tails with key biologically relevant PTMs (acetylation,
phosphorylation, monomethylation, and trimethylation). The DAACP epimers with zeromass shifts (ranging from 4 to >40 residues) were identified based on conformational
differences.
We have fully characterized the mixtures of localization variants not amenable to
ETD alone because of the lack of unique fragments. The key aspects of data
interpretation are the summation of counts for all unique fragments of each variant,
scaling of so-reconstructed precursor spectra to the measured trace, use of the variant
groups that have unique fragments, the information regarding both present and missing
fragments, and signal subtraction to derive the spectra for each variant. The approach
was carefully validated for a benchmark mixture of four variants (including two with
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adjacent alternative PTM sites) previously characterized using standards [174].
However, it is not limited to four peptides given the facility of ETD to deal with binary
mixtures and the flexibility of FAIMS separations controlled by changing the dispersion
voltage and gas composition. Real bioanalyses would benefit from higher mass
resolution and accuracy, and we are working to couple high-resolution FAIMS to
Orbitrap mass spectrometers with ETD capability. The present combination of highresolution FAIMS with ETD can also be extended to other MS/MS methods.
We have demonstrated near-universal complete separation of PTM localization
variants (involving methylation, acetylation, and phosphorylation at distinct residues) for
peptides above 5 kDa, where PTMs amount to 0.25 - 1.5% of the peptide mass. The
maximum EC difference between principal peaks is ~10 - 15% with all PTMs (e.g., for
K4me/K9me at 10+, K4me/36me3 at 9+, K9/K14ac at 11+, or T6p/S10p at 10+) - same
as or only moderately below the values for methylated or acetylated mini-tails (2 - 3
kDa) [175, 197]. Hence the separation space narrows quite gradually (if at all) for longer
peptides, encouraging us to extend this FAIMS approach to yet larger peptides and
intact proteins. In fact, the 5.4 kDa histone tails explored here approach the size of
small proteins (e.g., insulin at 5.8 kDa). In principle, the orthogonality of separations
between charge states expands the overall FAIMS peak capacity for polypeptides in
proportion to the number of charge states (n) output by the ion source. With regular ESI,
n scales roughly as the (peptide mass)1/2 or faster, increasing from 2 - 3 for typical
tryptic peptides (~1 - 1.5 kDa) to at least 5 for present tails to ~10 - 15 for smaller
proteins (~10 - 20 kDa) [205, 206]. That number can be augmented by generating
higher z via supercharging and lower z via proton stripping [207, 208]. This trend largely
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underlies the success of this work and will facilitate the separation of localization
variants for proteins. The main problem here is the ubiquitous conformational multiplicity
(at charge states besides 10+ here), which would be more important for real samples
with unequal variant abundances. We will seek to reduce that multiplicity by optimizing
the ESI and FAIMS conditions.
Biological histone samples exhibit much higher complexity and dynamic range
than the mixtures of standards in this study. The true variant distribution is convoluted in
the analysis with non-uniformities of ionization efficiency, transmission through the
FAIMS gap, and ETD yield in total and for specific informative fragments [59]. This may
facilitate or impede the detection of any variant in the presence of others. These
discrimination effects are generally unequal across charge states, making the
apparently redundant separations in multiple states helpful in practice.
While the filtering mechanism of FAIMS enables adding it to all MS instrument
types, ion trapping platforms that effect extended accumulation and multi-step
fragmentation by ETD and other methods are eminently suitable. Analyses of real
histone samples demand much higher MS peak capacity and mass accuracy provided
by Fourier-Transform (FT) MS instruments in the Orbitrap or FTICR implementations.
However, turbomolecular pumps are less effective for light gases (He or H2) with fast
Brownian motion than all air components (N2, O2, Ar, CO2). That is manageable with
FAIMS stages employing those gases coupled to ion traps operating at ~10−5 Torr, but
not to Orbitrap MS that needs ultra-high vacuum (10−10 Torr) [209]. We are currently reengineering the FAIMS stages and Orbitrap vacuum system to enable addition of highresolution FAIMS using helium-rich buffers.
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Comprehensive analyses also require an LC step in front to partition histone tails
into fractions with same number of acetyl and methyl PTMs [140]. The challenge for
online LC/FAIMS integration is timescale mismatch: the typical chromatographic peak
width is ~10 s, while a full high-resolution FAIMS scan takes ~10 min. One established
solution is replacing a gradual FAIMS scan by stepping through discrete CVs [210]. This
approach best fits targeted applications, e.g., distinguishing several peptide variants
with known CVs such as present histone tails. In external convolution, the same LC
gradient is repeated with different fixed CVs in a mode resembling selected reaction
monitoring in MS [43, 44]. In internal convolution, the CV is rapidly stepped through
several values (with dwell times of a few s) in a mode resembling multiple reaction
monitoring while LC peak elutes [211-214]. An alternative is offline LC fractionation
followed by direct infusion. We foresee the integration of high-definition FAIMS with 2-D
LC and FTMS to allow unprecedentedly comprehensive characterization of proteomes
and proteoforms.
We have demonstrated rapid separation of D/L-peptide epimers using TIMS with
resolving power of ~100 – 340 (typically ~ 200) on an nESI/time-of-flight MS platform.
Nine out of ten tested sequences with 4 - 29 residues (including one with alternate Dresidues) were completely resolved as protonated species based on mobility shifts of
0.6 - 3% with the mean of 1.7%. For larger peptides with multiple charge states,
epimers merged in one state were resolved in another. This shows substantially
orthogonal separations across states (previously noted for PTM localization variants in
differential IMS) [164,50]. This behavior reflects strong dependence of peptide
geometries on the protonation scheme.
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For peptides exhibiting multiple charge states, the lowest ([M+2H]2+ or [M+3H]3+)
always produced better epimer separation. For seven out of eight pairs involving D/Lsubstitution, the D-epimer had lower cross section by 0.6 - 2.3% (1.4% on average),
affirming the concept that DAACPs are folded tighter than L-analogs [271]. The
exception is γ-MSH where CCS is much larger for the D-epimer, and with the greatest
inter-epimer shift found here (3%); this suggests an unusual folding worthy of further
exploration. The shifts for higher charge states ([M+3H]3+, [M+4H]4+ or [M+5H]5+) are
much smaller at 0.0 - 0.6% (0.2% on average) - generally too small to resolve with the
present platform. This may reflect a diminished distinction between epimer geometries
upon peptide unfolding driven by Coulomb repulsion (e.g., as has been shown for
bradykinin) [272]. In previous studies (of singly and doubly protonated peptides), the Ω
values for D-epimers were same as those for L-epimers or larger by up to 1.6%
[239,273,274]. By the intrinsic size parameter model for modified peptides, the epimers
should have equal cross sections on average [275]. Hence, at this point the epimer
assignments require standards.
One pair co-eluting for protonated peptides was separated as K+ adducts, likely
because of epimer-specific conformational changes. Different metal ions rearrange
flexible biomolecules in distinct ways, which suggests trying diverse cations to maximize
resolution [268, 269]. Same protonated epimer pairs were analyzed employing the
widely available Synapt G2 (ESI/TWIMS/ToF) systems. The results with nano-flow and
high-flow sources were near identical. At the resolving power of ~20 - 30, the epimer
spectra often differed significantly but not enough for full separation. The peak order
near-perfectly correlated with that in TIMS, despite dissimilar ion sources and ~100×
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shorter separation. This observation suggests that we are probably sampling the same
minima on the energy landscape rather than kinetic intermediates. Then the separations
found here should easily transfer to other linear IMS platforms (e.g., the commercial drift
tube IMS/ToF) [276]. Given the limited number of natural DAACPs, optimizing and
cataloging their separations from L-epimers for broad use seems worthwhile.
Real tissues comprise epimers in (often grossly) unequal amounts, and
characterizing the minor component(s) is harder than in 1:1 mixtures. We have shown
TIMS to resolve epimers with linear quantification down to <0.25%, which is much better
than any reported MS/MS method. Fragmentation patterns of resolved epimers can
identify them and further lower the limits of detection and quantification, and here we
illustrate collision-induced dissociation of mobility-resolved epimers. Since radical-driven
MS/MS processes (e.g., ETD not currently enabled on the TIMS-TOF) provide much
better epimer discrimination than collision-induced dissociation, we anticipate TIMS ETD/ECD - MS platforms to advance the global DAACP analyses in biological systems.
Linear IMS with resolving power >100 (specifically TIMS) can broadly separate
the PTM localization variants of “middle-down” peptides, here histone tails with ~50
residues comprising common PTMs: methylation(s), acetylation, or phosphorylation.
Although only some variants (at best) are resolved in each charge state generated by
ESI, the separations are orthogonal across states and all variants were filtered in some
to at least binary mixtures quantifiable by ETD. The serial Bruker TIMS/ToF Pro system
featuring another funnel trap prior to the TIMS cell would deliver similar separations with
improved sensitivity due to higher duty cycle. Much lower resolving power of
(commercial) TWIMS limits separation to a few variants, but all relative mobilities
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reproduce those in TIMS despite dissimilar ESI and IMS conditions. Separations are
also independent of the ESI solvent or IMS residence time (from ~5 to ~300 ms), though
less denaturing solvents and/or conditions may change that. This suggests that we deal
with stable conformers thermalized prior to separation, wherein results transfer to other
IMS systems including DTIMS [75] This indicates cataloging the Ω values for all histone
proteoforms. However, ETD (with normal timescale of ~10 - 100 ms) is harder to add
after time-dispersive separations that output transient ion packets (such as DTIMS and
TWIMS) than TIMS, where the ramp can be arbitrarily slow. These findings agree with
those for D/L peptides [66], but extend beyond ~3 kDa considered there.
The linear IMS and FAIMS separations for same set of variants are ~50%
orthogonal (as for tryptic peptides) [50, 187]. Hence online FAIMS/IMS based on
existing technology ought to provide a 2-D peak capacity of several hundred across
charge states, enabling separation of most complex known proteoform mixtures.
We demonstrated full separation of D/L peptides ranging from four to >40 residues on
an ESI/FAIMS/ETD platform. Of the 12 DAACP pairs studied, 10 were separated
baseline and one in part. Larger peptides still exhibit single features, unlike with linear
IMS [82]. This reduces the spectral complexity, allowing substantially more useful
separations. The orthogonality between charge states and dependence of separations
on the He fraction provide substantial flexibility to optimize epimer resolution [50, 164].
Unlike with TIMS, the lowest charge states observed did not provide the best
resolution in FAIMS [82]. For example, GIP produced ions ranging from [M+3H]3+ to
[M+6H]6+, and [M+5H]5+ provided the best resolution versus none for [M+5H]3+. The
highest states also maximized resolution for γ2-MSH, Somatostatin-14, and
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Neurotensin. For the largest peptides (GIP and ACTH), the best separation was for
intermediate states. This pattern, contrary to linear IMS, was previously observed [50].
For Neurotensin, the best epimer separation was achieved using pure N2. This
has not previously been documented and does not fit the standard IMS theory [94, 96].
These epimers apparently merge into similar structures upon heating promoted by He
addition.
As a non-ergodic approach, ETD distinguishes conformational differences more
effectively than CID [82]. The ETD spectra for GIP in several charge states exhibit two
major fragment pairs with substantially different relative intensities between the epimers
that define chiral discrimination (RCH). The lower charge states with more “native” fold
should generally maximize the 3-D geometry difference between the epimers and thus
RCH [275]. Even with great discrimination, these analyses do not tell the epimerization
site or which species is the DAACP – that would have to come from other experiments.
The FAIMS dimension has been shown substantially orthogonal to linear IMS for
various species, and our present comparisons with TIMS expand that understanding to
“middle-out” peptides.
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APPENDIX A
Localization of Post-Translational Modifications in Peptide Mixtures via
High-Resolution Differential Ion Mobility Separations Followed by Electron
Transfer Dissociation
Matthew Baird, Alexandre A. Shvartsburg
Department of Chemistry, Wichita State University, Wichita, Kansas 67260-0051

Figures S1 - S4
Figures show the detailed results of FAIMS/ETD scans at 30% and 40% He and the
analysis of fragments for spectral reconstruction.

Procedures for spectral processing
Raw EC traces for fragment m/z (including the isotopic distribution) were extracted
using the operating software of Thermo instrument (Excalibur), downloaded as
unformatted text files into Sigma Plot 11.0, and converted to the V/cm scale by custom
transforms. They were smoothed in the negative exponential mode with the polynomial
degree of 2 and the sampling proportion and number of intervals varied depending on
the ion signal and s/n ratio to eliminate most noise but retain the real features. However,
we forced identical parameters on the spectra for different fragments from same
acquisition to permit accurate point-by-point scaling and addition or subtraction.
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Reconstruction of FAIMS spectra for the four variants at 30% He from the ETD fragments of
equimolar precursor mixture: (a) normalized spectra for the precursors or their groups derived
by summing the spectra for all distinguishing fragments, (b) measured trace (line) with the
scaled spectra for individual species derived from above data, and the mixture spectrum
obtained by adding the two (dotted line).
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Fig. S4
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Same as Fig. S3 at 40% He.
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APPENDIX B
Characterization of Complete Histone Tail Proteoforms Using Differential Ion Mobility
Spectrometry
Pavel V. Shliaha,1 Matthew A. Baird,2 Mogens M. Nielsen,1 Vladimir Gorshkov,1 Andrew
P. Bowman,2 Julia L. Kaszycki,2 Ole N. Jensen,1*# Alexandre A. Shvartsburg2#
1. Department

of Biochemistry and Molecular Biology, VILLUM Center for Bioanalytical
Sciences, and Center for Epigenetics, University of Southern Denmark, DK-5230
Odense M, Denmark
2. Department of Chemistry, Wichita State University, 1845 Fairmount, Wichita, KS
67260, USA
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Statistical Evaluation of the Orthogonality of Separations Across Charge States
To assess the orthogonality of separations across charge states, we found the EC
values at maximum signal intensity for trimethylated, acetylated, and phosphorylated
variants in each (Table S1) and statistically tested their pairwise linear correlation
between every charge state and all others. The analysis has utilized the R stats
package, with the cor.test() function at default settings using the statistics based on
Pearson's product moment correlation coefficient (Table S2). Of the 30 charge state
pairs, only two exhibited significant correlations (p < 0.05): me3 tails at z = 9 and 12 and
p tails at z = 8 and 10. The adjustment for multiple testing (using the BenjaminiHochbeck method implemented in p.adjust() function) has produced the final answer of
no significant correlation.
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Figure S2. Validation of FAIMS separation by comparison of the spectra measured for
individual variants and their computed additions with the spectra for variant mixtures.
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Figure S4A. The FAIMS separations of me3 variants at z = 10 and 11 are uncorrelated.
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Figure S4B. Overall lack of correlation between FAIMS separations of m3, ac, and p
variants across charge states.
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Figure S5. Normalized FAIMS spectra for the tails trimethylated or acetylated at the
same K position and their mixtures.
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Validation of FAIMS separation of representative binary and ternary variant mixtures by
ETD MS/MS (zoom mode):

A.

K4me1/K9me1/K23me1

B.

K4me3/K27me3

C.

K9ac/K14ac/K36ac

D.

K9ac/K18ac/K27ac

E.

T6p/S10p/S28P

172

Fig. S7. Validation of FAIMS separation for the T3p/S10p/Y41p variant mixture by ETD
MS/MS in the ultrazoom mode.
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Values of EC (V/cm) for tallest FAIMS spectral peaks: all variants and charge states.
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Statistics of correlations between separations in all charge state pairs for trimethylated,
acetylated, and phosphorylated variants.
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APPENDIX C
Fast and Effective Ion Mobility – Mass Spectrometry Separation of D-Amino Acid
Containing Peptides
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APPENDIX D
Linear and Differential Ion Mobility Separations of Middle-Down Proteoforms
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APPENDIX E

Delineation of D/L-Amino Acid Containing Peptides by Differential Ion Mobility
Spectrometry
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Null separation of enantiomeric tri-alanine with FAIMS

210

FAIMS separation of ACTH at 00% helium.

211

FAIMS separation of ACTH at 20% helium.

212

FAIMS separation of ACTH at 30% helium

213

FAIMS separation of ACTH at 40% helium

214

FAIMS separation of ACTH at 50% helium

215

FAIMS separation of ACTH at 50% helium

216

FAIMS separation of ACTH at 65% helium
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FAIMS Separation of GIP at 00% helium

218

FAIMS separation of GIP at 20% helium

219

FAIMS separation of GIP at 30% helium

220

FAIMS separation of GIP at 40% helium

221

FAIMS separation of GIP at 50% helium

222

FAIMS separation of GIP at 60% helium

223

FAIMS separation of GIP at 65% helium
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FAIMS separation of GRF at 40% helium

225

FAIMS separation of GRF at 50% helium

226

FAIMS separation of GRF at 60% helium

227

FAIMS separation of LHRH at 00%, and 20% helium

228

FAIMS separation of LHRH at 30%, and 40% helium

229

FAIMS separation of LHRH at 50%, and 60% helium

230

FAIMS separation of LHRH at 65% helium
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