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ABSTRACT 

This dissertation mainly focuses on analytical method development for characterization 

of proteins, glycoproteins and glycans using the recently developed ion mobility 

spectrometry (IMS) techniques and various electron activated dissociation (ExD) tandem 

mass spectrometry methods. IMS and ExD have become important techniques in 

structure analysis of biomolecules. IMS is a gas-phase separation method orthogonal to 

liquid chromatography (LC) fractionation. ExD is capable of producing a large number of 

structurally informative fragment ions for elucidation of structural details, 

complementary to collision-induced dissociation (CID).  

 

We first applied the selected accumulation-trapped IMS (SA-TIMS)-electronic excitation 

dissociation (EED) method to analyze various mixtures of glycan isomers. Glycan 

linkage isomers with linear or branched structure were successfully separated and 

subsequently identified. Theoretical modeling was also performed to gain a better 

understanding of isomer separation. The calculated collisional cross section (CCS) values 



 

 x 

match well with the experimentally measured ones, and suggested that the choice of 

metal charge carrier and charge state is critical for successful IMS separation of isomeric 

glycans. In addition, a SA-TIMS-electron capture dissociation (ECD) approach was 

employed to study gas-phase protein conformation, as the ECD fragmentation pattern is 

influenced by both the charge distribution and the presence of various non-covalent 

interactions. We demonstrated that different conformations of protein ions in a single 

charge state could produce distinct fragmentation pattern, presumably because of their 

differences in tertiary structures and/or proton locations. 

 

The second part describes characterization of glycoproteins using LC-hot ECD. To 

improve the cleavage coverage of glycopeptides, hot ECD, a fragmentation method 

utilizing the irradiation of high-energy electrons, was optimized for both middle-down 

and bottom-up analyses of glycopeptides, including peptides with multiple glycosylation 

sites. Hot ECD was shown to be an effective fragmentation technique for sequencing of 

glycopeptides, even for ions in lower charge states. In addition, the online LC-hot ECD 

approach was applied to characterize extensively modified glycoproteins from biological 

sources in which all glycosylation sites could be unambiguously determined. 

 

This study expands the applications of IMS, CID and ExD to structural analysis of 

various biomolecules, and explores the analytical potential of combining them for 

investigation of complex biological systems, in particular, enzyme mechanisms. 
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Chapter 1 Introduction 

1.1 Biomolecular structure analysis by mass spectrometry 

Mass spectrometry (MS) has become an indispensable tool for biomolecule structural 

analysis, owing to its high sensitivity, great efficiency, and capability to provide accurate 

sequence information for biopolymers.1 In particular, it has been widely used for 

proteomics,2 glycomics,3 genomics,4 and lipidomics5 studies in biochemistry, 

pharmaceuticals, biotechnology, and many other related fields. 

 

For biological samples, fractionation and purification are often necessary prior to MS 

analysis. Various kinds of chromatography techniques have been employed for 

biomolecule separation. The recently developed ion mobility spectrometry (IMS) 

techniques6 provide orthogonal gas-phase separation after ionization. Here, we apply 

different IMS, chromatography and tandem MS techniques to structural analysis of a 

variety of biomolecules, including proteins, glycoproteins, and glycans. Our goals are to 

expand their applications and to explore the analytical potential of combining them for 

biomolecule characterization.  

 

1.2 Mass spectrometry 

The general principle of MS includes generating ions from their neutral species, 

separating the resultant ions by their mass-to-charge ratio (m/z), and detecting them by 

their respective m/z and abundance.7 A mass spectrometer consists of three major 

components: an ion source, a mass analyzer, and an ion detector. To determine structural 
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details, the initially formed ions may be broken down and their fragments subjected to 

further mass analysis (Figure 1.1).  

 

 

Figure 1.1 Major components for a mass spectrometer. 

 

1.2.1 Ionization 

The conventional ionization methods, such as electron impact ionization (EI) and 

chemical ionization (CI), are mainly used to ionize small organic or inorganic molecules. 

In EI, a weakly bound electron is knocked out of the molecule to form an ion, upon 

bombardment with highly energetic electrons. In CI, a proton/electron or cation/anion is 

transferred to the molecule by colliding it with a pre-ionized species such as ionized 

methane. However, these two methods are not useful for biomolecules which are large, 

non-volatile, and thermally unstable, since the energy input during the volatilization 

and/or ionization process(es) often leads to severe decomposition or extensive 

fragmentation. Soft ionization techniques, e.g., fast atom bombardment (FAB),8 matrix-
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assisted laser desorption/ionization (MALDI),9-10 and electrospray ionization (ESI),11 

have been introduced for biomolecule analysis. At present, MALDI and ESI are the two 

most common methods for biomolecule ionization. 

 

1.2.1.1 Matrix-assisted laser desorption/ionization 

The technique of laser desorption/ionization (LDI),12-13 mainly used for low-mass and 

light absorbing organic molecules, was reported in the late 1960s. As its name indicates, 

the solid sample itself absorbs laser light and is ionized. MALDI was first introduced in 

1985 by Karas and co-workers coupling it with a time-of-flight (TOF) mass analyzer.9 

The basic idea is co-crystallization of (non-light-absorbing) analytes with light-absorbing 

organic molecules (matrix). Within a few years, the same group applied this method to a 

variety of non-volatile compounds,10 and successfully produced mass spectra of proteins 

with high molecular masses.14-15 Since then, MALDI has become a useful and widespread 

method for the formation of intact gaseous ions from various compounds. 

 

A MALDI experiment involves two steps. First, a solution containing a matrix, which has 

strong absorption at the laser wavelength, is mixed with a solution of the analyte(s). On a 

target plate, the mixture is dried, forming matrix crystals doped with analytes. The most 

widely used MALDI matrices include 2,5-dihydroxybenzoic acid (DHB), α-cyano-4-

hydroxycinnamic acid (CHCA), sinapinic aicd (SA) and 1,5-diaminonaphthalene (1,5-

DAN). The choice of a matrix is crucial for the quality of MALDI spectra. Second, the 

target plate is transferred into the ion source of a mass spectrometer. Intense laser beam 
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irradiates a portion of the crystals for a short duration, resulting in the formation and 

desorption of intact analyte ions. Lasers commonly used for MALDI include Nitrogen 

(337 nm), Nd:YAG ω3 (355 nm), Nd:YAG ω4 (266 nm), Er:YAG (2.94 μm) and CO2 

(10.6 μm). The exact mechanism of the MALDI process is still under investigation.16-17 

Several possible explanations for the ion formation in MALDI have been proposed.18-20 

Generally, when irradiated by a high-intensity laser, the matrix molecules absorb photons 

and accumulate energy. Sublimation of the crystals is induced by the rapid heating, 

forming a hot matrix plume containing intact analyte molecules. During this process, 

ionization could happen at any time. 

 

MALDI is characterized by straightforward sample preparation, minimal analyte 

decomposition, and moderate tolerance to contamination by salts, detergents, and buffers. 

Moreover, typical MALDI mass spectra contain mainly singly charged ions, and thus 

require only simple data interpretation. 

   

1.2.1.2 Electrospray ionization 

Among atmospheric pressure ionization (API) methods, ESI is the most prevalent. ESI 

facilitated coupling of liquid chromatography (LC) and MS, opening a new era of LC-

MS. Papers on ESI were published by the Fenn group in 1989.11, 21 Parallel development 

took place in Russia, but communication to the West was poor at that time. 
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For a typical ESI source, a strong electric field is applied under atmospheric pressure to a 

solution of the analyte that is passing through a capillary tube with a small orifice at its 

end. The ideal ESI solution composition depends on the analytes and application.22 

Nonetheless, an important characteristic of the ESI solution is that its surface tension is 

within the range that can maintain a stable spray. Most frequently, a mixture of water and 

organic solvent, such as acetonitrile or methanol, is combined with a low level of formic, 

acetic, or propionic acid to promote protonation. In the positive mode, the charge carrier 

can also be a cation, such as sodium or ammonium. In practice, a few kilovolts potential 

difference is applied between the capillary and the inlet of the mass spectrometer, 

generating an electric field that causes charge separation in the electrolytic solution and 

finally formation of a spray cone, known as the Taylor cone.23-24 A fine jet of liquid, 

carrying an excess of ions of the same polarity, starts being ejected from its apex, and 

subsequently breaks up into small droplets. Solvent evaporation and coulombic repulsion 

divide these droplets further, generating a fine spray of individual ions.25-26 Unlike 

MALDI, ESI predominantly generates multiply charged ions from large molecules with 

multiple ionizable sites. Therefore, deconvolution of the peaks in ESI spectra is typically 

necessary before data interpretation. To increase the sensitivity and ionization efficiency 

of ESI,  the Mann group introduced nanoESI in 1994.27 

 

1.2.2 Mass analyzers 

Once gaseous ions have been produced in an ionization source, they are guided to a mass 

analyzer, where their m/z value is determined. As separation of ions based on their m/z 
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can be achieved on the basis of different principles, various types of mass analyzers have 

been developed, using static or dynamic electric and/or magnetic fields. Generally, the 

performance of a mass analyzer is evaluated by its mass accuracy, resolving power, 

dynamic range, detection limit and scan rate.  

 

Mass accuracy is normally expressed as relative mass accuracy in parts-per-million 

(ppm) and is determined through equation 1.1 (Eqn 1.1): 

 

mass accuracy (in ppm) =  (experimental 𝑚/𝑧−calculated 𝑚/𝑧)
𝑚/𝑧

 ×  106 Eqn 1.1 

 

Mass resolving power or simply resolving power is the ability of an instrument to 

separate neighboring peaks. Usually two peaks are deemed to be resolved if the valley 

between them is less than 50% of the height of the lower peak. If Δm is the smallest mass 

difference that can be separated for a given mass, m, the resolving power R can be 

calculated via equation 1.2 (Eqn 1.2). For this definition, the two neighboring peaks are 

assumed to have the same height. 

 

𝑅 = 𝑚
∆𝑚

= 𝑚 𝑧⁄
∆(𝑚 𝑧)⁄  Eqn 1.2 

 

A higher resolving power means an increased capability to distinguish peaks with a 

smaller mass difference. Alternatively, resolving power can also be calculated with an 
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isolated peak. In this case, often the peak width Δm at full width at half maximum 

(FWHM) is used to define resolving power. 

 

Dynamic range stands for the signal intensity span that can be measured accurately. 

Detection limit reflects the sensitivity of a mass analyzer. It is determined by the smallest 

amount of sample needed to produce a signal that can be distinguished from background 

noise. Scan repetition rate typically refers to the frequency of mass spectral acquisition. It 

is limited by the time required to record a spectrum over the defined m/z range. The mass 

accuracy depends on the resolving power, scan rate, scanning method, signal-to-noise 

ratio and so on. 

 

Mass analyzers now used for bio-organic mass spectrometry include TOF, quadrupole 

(Q), ion trap (IT), Fourier transform ion cyclotron resonance (FTICR), and orbitrap. 

 

1.2.2.1 Time-of-flight mass analyzer 

Conceptually, TOF28-29 may be the simplest mass analyzer, where the m/z values are 

calculated based on the flight time of the ions. Ions are expelled from the source by an 

electric field, and then fly through a field-free drift tube. This type of analyzer separates 

the ions according to their different velocities after the initial acceleration. If an ion with 

mass m and total change Q is accelerated out of the source by an electric potential Us, the 

kinetic energy Ek is equal to the electric potential energy Eel (Eqn 1.3, Eqn 1.4 and Eqn 

1.5): 
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𝐸𝑘 = 1
2
𝑚𝑣2 = 𝐸𝑒𝑒 = 𝑄𝑈𝑠 = 𝑧𝑧𝑈𝑠 Eqn 1.3 

𝑣 = �2𝑒𝑈𝑠
𝑚 𝑧⁄

 Eqn 1.4 

𝑡 = 𝐿
𝑣

= 𝐿
�2𝑒𝑈𝑠

(𝑚 𝑧⁄ )1 2⁄  Eqn 1.5 

 

where m, v, z, e, t and L correspond to the mass of the ion, the ion velocity in the drift 

tube, the number of charges the ion carries, the elementary electric charge, the drift time, 

and the length of the drift tube, respectively. 

 

If L is fixed and Us is held unchanged, the drift time is proportional to the square root of 

m/z.  The resolving power of a TOF mass analyzer is limited by the drift tube length, as 

well as the ion spatial, temporal and kinetic energy distributions. A reflectron30 and/or 

delayed extraction31 are usually employed to improve the resolving power. As TOF MS 

generally requires a pulsed ion source, MALDI-TOF coupling is the most straightforward 

combination.28 However, via orthogonal ion injection, TOF can also be coupled to an ESI 

source.32-33 

  

1.2.2.2 Quadrupole mass analyzer 

As its name indicates, a linear quadrupole mass analyzer34 consists of four hyperbolically 

or cylindrically shaped rod electrodes. The two pairs of opposite rods have the same 

electrical potential with both direct current (DC) and alternating current (AC) 
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components, but with different polarities. If the DC potential is U and the radiofrequency 

(RF) amplitude is V with the angular frequency ω, the total potential Φ0 is calculated by 

Eqn 1.6. 

 

𝛷0 = 𝑈 − 𝑉 cos𝜔𝜔 Eqn 1.6 

 

where t is time. 

 

Under the combination of DC and RF electric fields, ions with a stable trajectory can pass 

through the quadrupole without hitting the rods, and thus be detected. Such stability 

conditions can be derived from the Mathieu equations by defining the Mathieu 

parameters au and qu as a function of the DC potential and RF amplitude, respectively 

(Eqn 1.7 and Eqn 1.8).35  

 

𝑎𝑢 = 8𝑒𝑒
(𝑚/𝑧)𝜔2𝑟02

 Eqn 1.7 

𝑞𝑢 = 4𝑒𝑒
(𝑚/𝑧)𝜔2𝑟02

 Eqn 1.8 

 

where r0 represents the quadrupole dimension (half of the distance between the opposing 

rods).  Generally, mass analysis in a quadrupole is achieved by scanning U and V across 

the tip of the stability regions, while keeping their ratio constant. For higher resolution, a 

steeper U/V line is applied, as long as it still goes through the stability areas. 
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A quadrupole mass analyzer is fast, sensitive and low-cost, but it has limited resolving 

power. Thus, it is often coupled with a high resolution mass analyzer such as TOF, 

FTICR or orbitrap in commercial MS instruments, serving as a mass filter or a 

collision/reaction cell.36  

 

1.2.2.3 Ion trap mass analyzer 

A quadrupole ion trap mass analyzer is closely related to the linear quadrupole mass 

analyzer discussed above. There are two types: 3-D quadrupole ion trap (QIT)35, 37 and 2-

D QIT or linear ion trap (LIT).38 Unlike a quadrupole mass analyzer which consists of 

four hyperbolic or cylindrical rods, a 3-D QIT employs a pair of opposing hyperbolic 

electrodes as end caps along with a hyperbolic ring electrode. The stability regions can 

also be calculated from the Mathieu Equations. A QIT can work in different modes by 

adjusting the operating parameters. These ion traps have the capability to perform 

sequential tandem MS analysis (MSn).39-40 In LIT, ion trapping is achieved by a 

combination of RF potential on quadrupole rods to trap ions radially and DC potential on 

the ends of the sectioned quadrupoles to trap ions axially. This gives the LIT a much 

higher ion storage capacity than the QIT because it reduces the limitation from space 

charge effects. Like a quadrupole mass analyzer, ion trap analyzers can operate with fast 

scan rates and have high sensitivity. They can be used alone or in combination with other 

mass analyzers. 

 



 

 

11 

1.2.2.4 Fourier transform ion cyclotron resonance mass analyzer 

Modern FTICR mass spectrometers provide ultrahigh resolving power and the highest 

mass accuracy.41-42 In 1932, it was demonstrated that in ion cyclotron resonance, the 

angular frequency of the circularly moving ions is not dependent of the radius of their 

travel.43 This principle was the key for construction of an ICR mass spectrometer. M. B. 

Comisarow and A. G. Marshall took advantage of transient recorders that had become 

available to support NMR spectrometry and introduced FTICR MS in 1974.44 The 

performance of FTICR instruments has improved steadily since then, and increasingly 

faster Fourier transform of complex spectra has made the instruments more practical.45 

 

A typical FTICR mass analyzer consists of a permanent or superconducting magnet, and 

an ICR cell. Better performance can be achieved with higher field magnets. The cubic 

ICR cell was the first design used for FTICR MS. It includes two excitation plates and 

two detection plates parallel to the magnetic field, and two trapping plates perpendicular 

to the magnetic field. Other types of ICR cells, for example, the open-ended cylindrical 

cell, have also been developed. The cylindrical cell is composed of electrodes that 

perform the same functions as those of the cubic one. A cylindrical cell fits more easily 

into the magnet gap. The open-ended design facilitates introduction of ions, electrons or 

laser beams into the cell, and improves pumping efficiency. 
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Due to the Lorentz force (F) an ion with a velocity of v experienced inside a uniform 

magnetic field B, it moves on a circular path. The radius r is determined by Eqn 1.9 and 

Eqn 1.10: 

 

𝑭 = 𝑚𝒂 = 𝑚 𝒗2

𝑟
= 𝑞(𝒗⊗𝑩) Eqn 1.9 

𝑟 = 𝑚𝑚
𝑞𝑞

 Eqn 1.10 

   

where a stands for acceleration. Upon substitution with cyclotron angular frequency ω = 

v/r and cyclotron frequency fc = ω/2π, Eqn 1.10 becomes 

 

𝑓𝑐 = 𝑞𝑞
2𝜋𝜋

 Eqn 1.11 

 

Thus the cyclotron frequency of an ion is proportional to its charge and the strength of the 

magnetic field, and inversely proportional to its mass. 

 

Ion excitation and detection in an ICR cell is generally obtained by applying a dipolar 

electric field to accelerate the ions at their respective cyclotron frequencies. The radius of 

the ion orbit increases during the acceleration. Unlike the destructive detection that 

occurs upon discharging the ions onto a detector, nondestructive detection is used for ions 

in an ICR cell. After ion excitation, the image current induced by the ion motion on the 

detection plates is measured. This image current is recorded as the time domain transient. 
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It can be amplified and processed by applying a Fourier transform to obtain the frequency 

components of the signal. In FTICR, the mass resolving power is directly proportional to 

the duration of the transient and the ion cyclotron frequency (Eqn 1.12):  

 

𝑅 = 𝑓𝑐𝑇
2

 Eqn 1.12 

 

where R is resolving power and T is the length of the transient. Collisions between the 

ions and background gases in the ICR cell leads to the decay of the transient signal. 

Therefore, an ICR analyzer usually works at ultra-high vacuum to reduce the frequency 

of collisions. 

 

An FTICR instrument is expensive but has performance superior to other types of mass 

spectrometers. In addition to its high mass resolution and high mass accuracy, FTICR has 

the capability to perform a variety of tandem mass spectrometry experiments, including 

electron activated dissociation (ExD).46-48 

 

1.2.2.5 Orbitrap mass analyzer 

The orbitrap mass analyzer is an electrostatic ion trap that also uses the Fourier transform 

approach to achieve mass analysis.49 It is less expensive and considerably more compact 

than an FTICR instrument. This type of analyzer was recently developed into a practical 

high performance mass spectrometer according to the design developed by A. Makarov, 

who continues to refine these systems.50-51  
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Typically, the orbitrap consists of an outer electrode that has the shape of a barrel 

separated into two equal parts with a small gap, and an inner spindle-shaped electrode. A 

DC potential applied to the inner electrode generates an electrostatic field with a quadro-

logarithmic potential distribution, causing the injected ions to oscillate axially and 

radially inside the orbitrap, while spiraling around the central electrode. There are three 

characteristic frequencies for ion motion in the orbitrap, frequency of rotation, frequency 

of radial oscillation and frequency of axial oscillation. The m/z is calculated based on the 

axial frequency ω (Eqn 1.13): 

 

𝜔 = � 𝑘
𝑚 𝑧⁄

 Eqn 1.13 

 

where k is the field curvature. The axial frequency of an ion in the Orbitrap is 

proportional to the square root of its m/z value. An orbitrap is a fast mass analyzer with 

performance superior to many other types of mass analyzers,52 It is less expensive than an 

FTICR instrument, but more limited in its range of tandem MS capabilities. 

 

1.2.3 Tandem mass spectrometry 

Tandem mass spectrometry, abbreviated as MS/MS or MSn, refers to any mass 

spectrometric method involving at least two stages of mass analysis. It is widely used for 

elucidation of biomolecule sequences and structure determinations. Typically, ions of 
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interest, parent (precursor) ions, are isolated, activated, and fragmented and the products 

are characterized during an MS/MS analysis. In tandem mass spectrometry, the two 

stages of MS analysis may be performed in two distinct mass analyzers. Such tandem-in-

space analysis can be carried out in triple quadruple (QqQ), Q-TOF, and TOF-TOF 

instruments. In contrast, tandem-in-time analysis consists of a sequence of events, 

including fragmentation, in the same region of the mass analyzer, which is normally a 

type of ion trap. 

 

There are several ion activation methods53 for MS/MS (Table 1.1); these fall into two 

categories: vibrational and electronic.54 Vibrational ion activation can be achieved either 

by colliding the ions with neutral gas or solid surface, or by irradiating them with an 

infrared (IR)55 or an ultraviolet (UV) laser beam.56 
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Ion interaction Name Abbreviation 

Ion-neutral gas collision-induced dissociation CID 

Ion-solid surface surface-induced dissociation SID 

Ion-photon infrared multiphoton dissociation IRMPD 

ultraviolet photodissociation UVPD 

Ion-ion electron transfer dissociation ETD 

Ion-electron electron capture dissociation ECD 

electronic excitation dissociation EED 

electron detachment dissociation EDD 

Table 1.1 Ion activation methods. 

 

1.2.3.1 Nomenclature of fragment ions 

This dissertation mainly focuses on the analysis of proteins and glycans, therefore, 

nomenclature of protein/peptide fragment ions and glycan fragment ions are introduced 

here. 

 

For peptide fragmentation (Figure 1.2),57 if the fragment ion contains the N terminus, the 

ion is categorized as an a-, b- or c-type ion, depending on the cleavage position. 

Similarly, if the fragment ion contains the C terminus, the ion type is assigned as x, y or 

z. The subscript of a fragment ion indicates the number of residues in the fragment, 

counting from either the N or C terminus, based on the ion type. 
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H2N C C N C C N C C N C COOH

O O OR1 R2 R3 R4

H HH H H H H

a1

x3

b3a3c2c1 b2b1 a2 c3

y2x2z3y3 z2 x1 y1 z1

 

Figure 1.2 Nomenclature of peptide fragmentation.57 

 

The nomenclature of glycan fragmentation (Figure 1.3) was introduced by B. Domon and 

C. E. Costello in 198858 to unambiguously describe rich glycan fragment ions observed in 

MS/MS spectra. Generally speaking, there are two categories of fragment ions, from 

either glycosidic bond cleavage or cross-ring cleavage, as indicated in Figure 1.3. If the 

fragment ion contains the non-reducing end, the ion is classified as an A-, B-, or C-type 

ion. If the fragment ion contains the reducing end, the ion type is assigned as X, Y or Z. 

The subscript of a fragment ion indicates the position number, which, for A-, B-, and C-

type ions, is counted from the non-reducing end, while for X-, Y- and Z-type ions is 

counted from the reducing end. The bonds on the monosaccharide residue in its pyranose 

ring form are numbered from 0 to 5, beginning from the O-C1 bond. The cross-ring 

fragment ions include additional left superscripts, which indicate the cleavage positions 

of cross-ring fragmentation. For more complex branched glycans, additional subscripts 
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are employed. Greek Letters (α, β, γ) are used to designate the branch (or called antenna). 

The letter α refers to the largest one; β and γ are used in the decreasing order of size. If 

further branches are attached to the primary antennae, subscript primes are employed for 

the secondary branches, such as α’, α’’ and β’, β’’, where α’ and β’ are in higher order 

over α’’ and β’’, respectively. 
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Figure 1.3 Nomenclature of glycan fragmentation.58 

 

1.2.3.2 Collision-induced dissociation 

Collision-induced dissociation (CID), also known as collisionally activated dissociation 

(CAD), is one of the earliest and still most commonly used fragmentation methods.59 The 

precursor ions undergo repeated collisions with gas molecules, usually nitrogen, helium, 

or argon, before fragmentation. As an ergodic process, CID typically breaks the weakest 

bonds in the molecule. For peptides and proteins, fragment ions primarily are b- and y-

types from backbone cleavage at the amide bonds.60-61 For glycans, CID mostly yields 
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glycosidic bond cleavages.62-63 These characteristics make CID an effective tool for 

obtaining sequence information. 

 

Increasing the collision energy can result in additional fragment ions. In most currently 

available mass spectrometers, the collision energy used for CID is less than 100 eV, and 

is classified as low-energy CID. When collision energy up to 1 keV or 1-10 keV is 

applied, in TOF/TOF or double focusing sector instruments, respectively, high-energy 

CID generates many more fragments due to elimination of, or cleavages within, the 

amino acid side chains. It should be noted that, for higher-energy collisional dissociation 

(HCD) of the orbitrap mass analyzer, in spite of its name, the collision energy is typically 

less than 100 eV, in the range of low-energy CID.  

 

1.2.3.3 Electron activated dissociation 

The recently developed electron activated dissociation methods have shown great 

promise in the structural analysis of biomolecules.64-76 These methods include electron 

transfer dissociation (ETD), electron capture dissociation (ECD), hot ECD (hECD), 

negative ETD (NETD), electronic excitation dissociation (EED), electron ionization 

dissociation (EID), and electron detachment dissociation (EDD). 

 

In ETD, an excess of radical anions is first produced in a negative chemical ionization 

(NCI) source and these anions are transferred to a region where multiply charged 

precursor cations have been trapped. Fluoranthene and anthracene are commonly used as 
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reagents for generation of radical anions by electron capture with methane gas. The 

radical anions transfer electrons to the precursor cations, leading to formation of charge-

reduced analyte cations and producing fragment ions via recombinative dissociation. 

 

During ECD, low-energy electrons (< 1 eV kinetic energy) are directed into the region 

where the analytes are located and are captured by multiply charged precursor cations, 

resulting in their fragmentation. It was proposed that ECD is a non-ergodic process which 

cleaves N-Cα bonds.77 

 

Both ETD and ECD mainly produce c- and z-types of fragment ions for proteins and 

peptides. They generally can preserve labile modifications, and thus are widely used for 

identification of post-translational modifications (PTMs). Both methods can also be used 

for differentiation of aspartyl and isoaspartyl residues, the latter of which results from 

either deamidation of asparaginyl or isomerization of aspartyl residue, because each 

produces characteristic fragment ions upon Cα-Cβ bond cleavage.78-79 

 

Currently, ECD is usually performed in FTICR mass spectrometers, as a magnetic field is 

usually required for efficient electron beam confinement and prolonged interaction with 

analyte cations. However, an rf-ECD cell80 and an electromagnetostatic cell81-85 have 

been developed with capabilities for performing ECD with less expensive ion trap and Q-

TOF instruments. In contrast, ETD can be performed in an ion trap or a collision cell 

(quadrupole or hexapole), because radical cation ETD reagent, unlike electrons, can be 
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effectively trapped by an rf electric field. In ETD, part of the recombination energy is 

offset by the energy consumed to detach the electron from the radical anions. In addition, 

because ETD is performed at relatively high pressure where efficient collisional cooling 

can take place, it is typically softer than ECD. 

 

If the electron energy is increased by a few eV, the precursor ions can undergo 

vibrational activation in addition to electronic activation. Thus, b- and y-types of 

fragment ions can be observed in addition to c- and z-ions. This process is termed hot 

ECD.86-87 Hot ECD can induce secondary cleavages of the peptide side chain, and may be 

employed for differentiation of leucine and isoleucine residues.88 

 

At still higher electron energy, EED can take place.68, 89 It was suggested that electronic 

excitation is a two-step process: electron detachment followed by electron recapture, with 

a di-radical intermediate.90 Because of this, EED does not lead to charge reduction. It can 

be used for the analysis of both singly charged ions as well as multiply charged species, 

since the singly charged ions that would be reduced to neutrals by ETD or ECD still 

retain a charge in EED. Thus, EED can be an attractive alternative fragmentation method 

to ECD and ETD, as multiply charged ions may not be easily formed for some molecules.  

 

1.3 Separation techniques prior to mass spectrometry 

Biomolecules are normally present in a multicomponent complex system. In order to 

obtain high-quality mass spectra, they often need to be purified and fractionated to ensure 



 

 

22 

compatibility and feasibility with MS analysis, and a final, on-line separation is 

advantageous as the mode of introduction into the mass spectrometer. Various 

chromatography approaches, especially LC methods have been developed for 

biomolecule separation.91-93 Capillary electrophoresis (CE) is another powerful separation 

tool because of its high sensitivity and speed.94-95 Separation may also be achieved post-

ionization. The recently developed IMS techniques6, 96-101 separate gaseous ions 

according to their different gas-phase properties, for example, size-to-charge ratios.  

 

1.3.1 Ion mobility spectrometry 

Unlike CE or LC, ion mobility spectrometry is a post-ionization, gas-phase separation 

technique. Therefore, it provides orthogonal analyte separation to LC fractionation. 

Several ion mobility techniques have been developed, including conventional drift-tube 

ion mobility spectrometry (DT-IMS), traveling wave ion mobility spectrometry 

(TWIMS), trapped ion mobility spectrometry (TIMS), and high-field asymmetric 

waveform ion mobility spectrometry (FAIMS). They can be categorized into three main 

types: time-dispersive, space-dispersive, and ion trapping followed by selective release. 

 

1.3.1.1 Drift-tube ion mobility spectrometry 

In DT-IMS,99, 101-104 ions are separated based on their mobility through an inert buffer 

gas-filled drift tube, driven by a uniform electric field E. Ions travel at a constant drift 

velocity v under the influence of the electric field and the buffer gas (Figure 1.4). The 
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mobility of the ion K is defined as the ratio of its drift velocity and the electric field 

applied (Eqn 1.14). 

 

𝐾 = 𝑣 𝐸⁄  Eqn 1.14 

 

 

Figure 1.4 Illustration of drift tube ion mobility separation. 

 

The reduced mobility K0 is used more often, to compare results obtained from different 

experimental parameters (Eqn 1.15): 

 

𝐾0 = 𝐿2

𝑡𝑡
× 273.15

𝑇
× 𝑃

760
 Eqn 1.15 
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where the variables L, t, V, T, and P are the length of the drift tube, the ion drift time, the 

voltage difference across the drift tube, the temperature of the buffer gas, and the pressure 

of the buffer gas, respectively. 

 

The measured mobility of an ion can be used to calculate its collisional cross section 

(CCS) (Eqn 1.16), 

 

𝛺 = 3𝑄
16𝑁0𝐾0

� 2𝜋
𝑘𝑏𝑇

�𝑚+𝑀
𝑚𝑚

 Eqn 1.16 

 

where Ω is the CCS of an ion, Q is the ion charge, N0 is the neutral number density at 

standard pressure and temperature, m is the mass of the drift gas molecule, M is the mass 

of the ion, and kb is the Boltzmann constant. Experimental CCS values can be compared 

with the CCS values of standards from a database or from theoretical modeling to 

facilitate analyte identification. 

 

Similar to mass resolving power defined by peak width at FWHM, the mobility resolving 

power, R, is defined as the drift time, td, divided by the peak width at half-height, w (Eqn 

1.17).  

 

𝑅 = 𝑡𝑑
𝑤

 Eqn 1.17 
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For other types of IMS instruments, the resolving power is calculated in a similar way, 

employing the parameter that is used to determine mobilities (instead of drift time). Most 

DT-IMS instruments have a resolving power of around 50-60.101, 105-106 However, some 

home-built instruments can have a resolving power exceeding 100.104, 107-109  

 

1.3.1.2 Traveling wave ion mobility spectrometry 

Typically, a TWIMS device includes an RF-only stacked ring ion guide, which consists 

of a series of ring electrodes.110 The RF voltages applied to adjacent ring electrodes have 

opposite phases. This results in a repeating wave pattern of voltages for each pair of ring 

electrodes, termed a traveling wave (T-Wave). Under a constant pressure of an inert 

buffer gas, T-Wave creates a transient electric field to move ions through the ion guide. 

Higher mobility ions can keep up with the wave (i.e., they roll over less frequently) and 

elute through the cell in a shorter time, while lower mobility ions fall over the peak of the 

wave (roll over more often) and take longer to traverse the device. In addition to the wave 

voltage used to propel ions through the device, another RF voltage is applied to each 

electrode for radial confinement of the ions.111 The typical resolving power of TWIMS is 

currently about 40.112-113   
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1.3.1.3 Trapped ion mobility spectrometry 

The recently developed trapped ion mobility spectrometry (TIMS) provides a method to 

achieve high-resolution, mobility-based, axial ion separation.114-119 Figure 1.5a shows the 

schematic of a TIMS funnel, and its operating principle is illustrated in Figure 1.5b. In 

TIMS, a carrier gas pushes the ions forward through the analyzer section, in the presence 

of an axially variable retarding electric field. An ion with a mobility of K is trapped in a 

region where the retarding electric field strength, E, is such that the ion drift velocity 

(KE) equals the carrier gas flow velocity, vg (Eqn 1.18): 

 

𝑣𝑖𝑖𝑖 = 𝐾𝐾 + 𝑣𝑔 = 0 Eqn 1.18 

 

where vion is the velocity of the ion. 

 



 

 

27 

 

Figure 1.5 a) Schematic of a TIMS funnel. b) The operating principle of TIMS. c) The operating 
principle of selected accumulation TIMS.120-121 

 

Following the ion trapping event, the retarding electric field strength E is gradually 

reduced by decreasing the analytical ramp voltage, ΔV, which is defined as the potential 

difference between the exit and entrance lenses of the analyzer. This leads to sequential 

elution of trapped ions, from low-mobility to high-mobility species. In principle, the 

ramping rate of ΔV can be adjusted to allow study of TIMS-separated ions by a variety of 

analysis methods. In practice, however, because ions of a given mobility are trapped only 
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in a narrow section of the TIMS analyzer, their abundance is generally insufficient for 

analysis methods that demand a high precursor ion count, such as ExD and MSn. 

 

Thus, another mode of operation, known as the selected accumulation TIMS (SA-TIMS) 

has been developed to solve this issue.120 In SA-TIMS mode, the resistors within the 

TIMS analyzer are reconfigured to create an axial potential that varies linearly over its 

center section. The resulting retarding electric field along the ion path (Figure 1.5c) 

contains a plateau, where selective trapping of ions with the desired mobility takes place, 

followed by a small barrier. During the trapping event in the SA-TIMS mode, ions with 

higher mobility are blocked by the steep ramp near the analyzer entrance, and ions with 

lower mobility are not retained by the small barrier near the analyzer exit. A much larger 

volume of the mobility analyzer is utilized for storage of ions with the desired mobility, 

thus overcoming the space charge limit encountered in the regular TIMS operating mode. 

 

In a typical SA-TIMS analysis, at the end of the ion accumulation event, the polarity of 

the deflector potential is switched to the opposite of the ion polarity to stop ion 

transmission into the TIMS funnel. A brief storage period follows to ensure elimination 

of ions with incorrect mobilities, before the retarding electric field is reduced to force ion 

elution. An ion mobiligram is produced by scanning ΔV. The mobility resolution of SA-

TIMS is determined by the barrier height near the analyzer exit and the bath gas pressure, 

provided that sufficient data points are acquired within each mobility peak. The typical 
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resolving power of SA-TIMS is around 100; the resolving power of TIMS can exceed 

250.115-116 

 

1.3.1.4 High-field asymmetric waveform ion mobility spectrometry 

Conventional DT-IMS applies a uniform electric field in a low-field regime. The drift 

velocity is proportional to the applied electric field (Eqn 1.14) but the mobility is 

independent of the electric field strength.122 However, at higher electric fields, the 

mobility is dependent on the applied electric field. Both low and high electric field 

regimes are utilized for FAIMS.123-124 

 

In FAIMS, an electric field produced by a pair of electrodes is applied perpendicularly to 

the flow of carrier gas, and this results in the axial travel of ions through the ion mobility 

cell. An asymmetric waveform is applied to one of the electrodes, while the other is kept 

at the ground potential. The asymmetric waveform consists of high-voltage and low-

voltage components of opposite polarity. The high voltage is applied for a period of time 

shorter than the low voltage period. The peak voltage of the waveform is termed as the 

dispersion voltage. For most ions, the mobility in high field differs from that in the low 

field, and there is a net transversal displacement of the ion relative to its initial starting 

position. A compensation DC voltage can be applied to the electrodes to offset the 

transversal ion movement and prevents its migration toward one of the electrodes. For 

each ionic species, the ratio of its mobility in the high field to that in the low field is 

unique. Consequently, in order to successfully transmit ions through the FAIMS device, 
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different compensation voltages are needed for different components in the mixture. 

Compounds with incorrect compensation voltage values will drift toward one of the 

electrodes and be neutralized. Therefore, a FAIMS mobility spectrum is acquired by 

scanning the compensation voltage. The ion separation in FAIMS is achieved by the 

mobility difference between the high-field and low-field characteristics of each ion. 

Clearly, the FAIMS device can be used as an ion filter to selectively transmit ions with 

specific differential mobility by fixing the compensation voltage. A mobility resolving 

power that exceeds 400 has been reported using a planar FAIMS device.125     

 

1.3.2 Liquid chromatography 

Many types of chromatography techniques91-93, 126-130 have been developed to separate 

and purify a variety of biomolecules, based on the differences in their specific properties, 

as shown in Table 1.2.  

 

Technique Property 

Reversed phase chromatography/Hydrophobic 

interaction chromatography 

Hydrophobicity 

Ion exchange chromatography Charge 

Size exclusion chromatography/Gel filtration Size 

Hydrophilic interaction chromatography Hydrophilicity 

Affinity chromatography Biorecognition/ligand specificity 

Table 1.2 Common chromatography techniques. 
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Reversed phase chromatography (RPC) is one of the most frequently used techniques for 

separation and purification of proteins, peptides, permethylated glycans and lipids. Both 

RPC and hydrophobic interaction chromatography (HIC) are based on interactions 

between the hydrophobic surfaces of a chromatography stationary phase and hydrophobic 

groups on the surface of biomolecules. RPC applies a medium that is usually more 

hydrophobic than that of a HIC medium, leading to stronger interactions. Therefore, for 

successful elution, RPC normally requires high proportion of non-polar organic solvents, 

for example, acetonitrile. HIC allows a more polar and less denaturing elution condition. 

 

Ion exchange chromatography (IEX) plays an important role in the separation and 

purification of charged biomolecules, with high separation resolution, high loading 

capacity and capacity for group separations. The separation principle of IEX is based on 

differences in the net surface charge of analytes. The net surface charge is highly 

dependent on the pH value of the local environment; a protein has no net charge at the pH 

that is equal to its isoelectric point (pI). Generally, an IEX separation is achieved by 

controlling reversible interactions between charged biomolecules and oppositely charged 

media to bind or elute specific molecules. Therefore, at a pH above its pI, a protein will 

bind to a positively charged medium (anion exchange), while at a pH below its pI, the 

same protein will bind to a negatively charged medium (cation exchange). 
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Size exclusion chromatography (SEC), also known as gel filtration, separates molecules 

based on their size difference. Depending on the separation resolution, it can be used in 

two ways, either to achieve group separations or to allow high resolution fractionation. In 

group separations, the components of a mixture are separated into major groups based on 

their size range. It is typically applied for desalting, buffer exchange, and removal of 

contaminants with distinct size. High resolution fractionation is used normally for 

separation, isolation or enrichment of one or more components or for molecular weight 

distribution analysis. 

 

Hydrophilic interaction liquid chromatography (HILIC)92 offers an alternative method to 

separate polar compounds on polar media. HILIC utilizes conventional polar stationary 

phases like normal phase liquid chromatography, but employs a mobile phase gradient 

that is similar to RPC, except that it starts with a less polar solvent and elutes the 

separated components by increasing the aqueous content. HILIC also can be used for 

analysis of charged molecules.  

 

Graphitized carbon chromatography (GCC) is useful for the separation of both native and 

derivatized glycans, as well as glycopeptides that contain short peptide moieties. It has 

been reported that both hydrophobic and polar interactions occur between graphitized 

carbon and oligosaccharides, but additional investigations will be required to achieve a 

real understanding of the phenomena involved.129 Graphitized carbon black is available in 

both non-porous and porous forms. 
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Affinity chromatography separation and purification are based on a reversible interaction 

between a specific ligand that has been attached to a chromatography medium and an 

analyte or stably associated group of analytes. Thus it can provide high selectivity for 

protein(s) of interest, if a suitable ligand is available. The interactions between ligand and 

target biomolecule can be hydrophobic or electrostatic, hydrogen bonding and/or van der 

Waals forces. Several means can be used to elute the analyte of interest from the affinity 

matrix, including using a competitive ligand, or changing the pH, polarity or ionic 

strength. The availability of a ligand with specific biorecognition properties and capacity 

to be coupled to a chromatography medium, is usually a key for successful affinity 

purification. Antibodies, lectins, enzymes and metal ions are frequently used as ligands in 

affinity chromatography. 

 

1.3.3 Electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a very 

frequently used method for separation of proteins. Isoelectric focusing (IEF) is often 

performed as the first dimension, prior to SDS-PAGE, and this technique is called 2-D 

gel electrophoresis. It is a widely used and powerful approach for the analysis of complex 

protein mixtures, since it offers separation based on two different properties.  

 

In CE, electrophoretic separation is conducted in a very thin capillary that has a small 

inner diameter.95 Ions separate based on their electrophoretic mobility, which is related to 
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the charge states, sizes and viscosity of the ions, and the temperature of the overall 

system. It has been successfully used for the separation and analysis of diverse 

biomolecules, and has been coupled with mass spectrometry (CE-MS). However, online 

CE-MS remains challenging for some biomolecules, as the buffer additives needed for 

optimal CE separation can reduce MS performance.94-95 

 

1.4 Dissertation overview 

This dissertation concentrates on the applications of ion mobility spectrometry and 

electron activated dissociation tandem mass spectrometry to the structural analysis of 

glycans (Chapter 2), proteins (Chapter 3), and glycoproteins (Chapter 4). 

 

Chapter 2 describes the application of the SA-TIMS and EED techniques to separation 

and identification of isomeric glycans. First, EED fragmentation of glycans is presented. 

SA-TIMS separation of linkage glycan isomers with different metal cations and/or charge 

states is then described, followed by the discussion of results achieved for the SA-TIMS-

EED analyses of various isomeric glycans. The next section discusses and compares the 

CCS values obtained by SA-TIMS and conventional DT-IMS then presents the related 

theoretical modeling. 

 

Chapter 3 focuses on a study of protein conformation by SA-TIMS-ECD tandem mass 

spectrometry. It describes the separation of gas-phase protein conformers in different 
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charge states, using both SA-TIMS and DT-IMS and discusses the detailed structural 

characterization of each conformer by ECD tandem mass spectrometry. 

 

Chapter 4 describes hot ECD and its application to the characterization of glycoproteins. 

First, it presents the optimization of hot ECD using glycoprotein standards. The next 

section compares the fragmentation behaviors of glycopeptides under CID, ETD, ECD 

and hot ECD conditions. The last section covers the development of a nanoLC-hot ECD 

data-dependent acquisition (DDA) method and its application to analysis of 

multicomponent biological samples. 

 

Chapter 5 focuses on mass spectrometric study of metalloenzymes, in particular, iron-

sulfur cluster-containing enzyme systems. Characterization and analysis of non-heme 

iron enzyme FtmOx1 using LC-HCD, to reveal the mechanism of endoperoxide 

formation in fumitremorgin B, will be discussed first. Investigation of the regulation 

network of the enzymes IspG and IspH by MS-based proteomics will be presented next. 

 

Chapter 6 concludes the dissertation with a summary and future perspectives. 

 

Both IMS and MS/MS are powerful techniques for characterization of biomolecules. The 

research presented in this thesis aims to expand their applications and explore the 

analytical potential of combining them to investigate complex biological systems. 
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Chapter 2 Separation and identification of isomeric glycans by selected 

accumulation-trapped ion mobility spectrometry-electron activated dissociation 

tandem mass spectrometry 

2.1 Introduction 

Glycans are ubiquitously present in all eukaryotic cells, participating in a variety of 

cellular processes.131-132 Unlike the assembly of proteins or nucleic acids, glycan 

biosynthesis is not template-driven but, rather, driven by the concerted action of glycan 

processing enzymes, with its outcome modulated by the local enzyme expression and 

monosaccharide nucleotide donor levels. Consequently, a glycome often comprises a 

repertoire of closely related structures, many of which are structural isomers. This, 

together with the complexity of glycan structures and the lack of a glycan amplification 

mechanism, presents analytical challenges to the field of glycomics. 

 

Monosaccharides are the building blocks of glycans. Figure 2.1 lists the common 

monosaccharides found in mammalian glycoconjugates, with their chemical structures, 

abbreviations, and recommended symbols for representation.133-135 Glucose (Glc), 

galactose (Gal), mannose (Man) and fucose (Fuc) are neutral monosaccharides with six 

carbon atoms; the first three have hydroxyl groups at the 2, 3, 4 and 6 positions, while 

Fuc lacks a hydroxyl group at the C-6 position. Xylose (Xyl) is of aldopentose type as it 

contains five carbon atoms. N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine 

(GalNAc) are hexoses that have an acetylated amine group instead of a hydroxyl group at 
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the C-2 position. Glucuronic acid (GlcA), iduronic acid (IdoA) and N-acetylneuraminic 

acid (NeuAc) are acidic monosaccharides. 

  

 

Figure 2.1 Common monosaccharides found in mammalian glycoconjugates.136 

 

As glycans play critical roles in bio-activities and bio-functions, various methods have 

been developed to fully characterize glycan structures in order to achieve a better 

understanding of their unique roles and functions.91, 137-138 Specific glycan isomers are 

key determinants for many crucial biological activities. For example, the subtle 

difference in the cell receptors between humans and birds (i.e., for α2-6 linked vs. α2-3 

linked sialic acid moieties), prevents avian influenza viruses from infecting humans 

easily.139 The components of the blood group system differ in their content of the Lewis 

antigens, which areisomeric oligosaccharide substructures.140-141 Of the Sialyl Lewisa 
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(SLea) and Sialyl Lewisx (SLex) isomeric oligosaccharides, only SLex is reported to 

mediate human sperm-egg binding.142 In order to enable the structure elucidation of 

individual glycans, the separation of glycan isomers has significant importance.  

 

Mass spectrometry (MS) has recently emerged as an indispensable tool for structural 

characterization of glycans.143-146 In particular, detailed glycan structural information can 

be obtained by tandem MS analysis using a variety of fragmentation methods. Collision-

induced dissociation (CID) normally generates an abundance of glycosidic fragments 

which are key to the elucidation of the glycan sequence and branching pattern.147-151 

Linkage configuration can be established on the basis of cross-ring fragments which are 

more readily produced by electron activated dissociation (ExD) methods or by multi-

stage tandem MS.40, 152 Permethylation is a common sample preparation step which 

improves the glycan ionization efficiency and increases their thermal stability.153-154 It 

also facilitates differentiation of terminal and internal fragments, an important task in de 

novo glycan sequencing. Metal-adduction is often used to promote cross-ring cleavages 

and to minimize proton-induced structural rearrangements.155-156 

 

Due to the presence of multiple glycoforms, including isomeric glycans, separation or 

fractionation prior to MS analysis is often required for characterization of complex 

glycan mixtures. Various liquid chromatography (LC) methods have been employed and 

developed for glycan separation, including high-pH anion exchange chromatography, 

hydrophilic interaction liquid chromatography (HILIC), reversed phase liquid 
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chromatography (RP-LC), and graphitized carbon chromatography (GCC).91, 157-162 With 

the exception of RP-LC, these LC methods generally achieve their best performance on 

native or reducing-end derivatized glycans. Among them, GCC offers the best isomer 

separation power, but its chromatographic resolution is significantly reduced for 

permethylated glycans. Moreover, efficient post-column metal-adduction is difficult, 

particularly in nano-LC systems, thus limiting on-line LC-MS analysis to protonated 

species, or ammonium and, occasionally, sodium adducts.157 Capillary electrophoresis 

(CE) is a powerful tool for glycan separation owing to its high sensitivity and speed, as 

well as its superior peak capacity and isomer resolution. However, the sample size is 

limited in CE. In addition, the buffer additives used for optimal CE separation are not 

always compatible with MS.94-95 

 

Direct infusion electrospray ionization (ESI) or nanoESI-, or matrix-assisted laser 

desorption/ionization (MALDI)-ion mobility spectrometry (IMS) allows easy adduction 

of metal cations (as compared with sample introduction via LC separation) and provides 

separation for both native and permethylated glycans. However, conventional drift-tube 

ion mobility spectrometry (DT-IMS) separation occurs on the millisecond time scale, 

largely restricting its implementation to fast time-of-flight (TOF) analyzers, which have 

limited tandem MS capabilities and often lack the resolving power needed to resolve 

isobaric fragments. Successful IMS coupling to slower mass analyzers or analysis 

techniques commonly requires selective transfer/accumulation of ions with a specific 

mobility. Hill group and Clemmer group achieved this by employing dual gate ion 
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filtration and multiple analyzer fills.99, 163-164 Alternatively, mobility selection can be 

realized by spatial ion dispersion techniques, such as high-field asymmetric waveform 

ion mobility spectrometry (FAIMS) or differential mobility spectrometry (DMS),124, 165-

167 whereby ions are displaced laterally based on their differential mobilities in high- and 

low-electric fields as they move into a mobility region in the presence of an asymmetric 

alternating potential perpendicular to the direction of the ion motion. A direct current 

(DC) potential can be used to compensate the lateral ion drift, allowing continuous 

passage of ions with a given differential mobility. The analytical potential of FAIMS 

coupled to slower scanning but high-performance mass spectrometers, such as the 

Orbitrap and the Fourier transform ion cyclotron resonance (FTICR) instruments was 

recently demonstrated.165-166 Despite its promise, FAIMS has limited peak capacity, and 

does not provide ion collisional cross section (CCS) values. 

 

IMS-MS analysis of isomeric glycans has been reported by a number of groups.99, 166, 168-

176 The majority of these studies relied on DT-IMS or traveling wave ion mobility 

spectrometry (TWIMS) separation coupled with TOF analyzers, and employed CID as 

the fragmentation method for tandem MS analysis. However, a recent study highlighted 

the need for using alternative fragmentation methods, such as vacuum ultraviolet 

photodissociation (UVPD), for identification of IMS-separated glycans, as CID failed to 

sufficiently differentiate glycan isomers.172 In another study, Amster and co-workers 

showed that even epimeric glycan isomers can be separated by FAIMS and subsequently 

differentiated by electron detachment dissociation (EDD)-FTICR analysis.166 
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In this chapter, we explore the analytical potential of combining selected accumulation-

trapped ion mobility spectrometry (SA-TIMS) separation with ExD-FTICR-MS for 

characterization of isomeric glycan mixtures, and compare its performance to the DT-

IMS-CID-TOF MS method.121  

 

2.2 Methods and experiments 

2.2.1 Sample preparation 

2.2.1.1 Materials 

SLea, SLex, lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) were obtained from 

the Dextra Laboratories (Reading, UK). Mannohexaose was purchased from Megazyme 

(Wicklow, Ireland). Isomaltohexaose was obtained from United States Biological Corp. 

(Swampscott, MA). Maltohexaose, sodium hydroxide (NaOH), methyl iodide (CH3I), 2-

aminopyridine, acetic acid (AcOH), anhydrous methanol (MeOH), sodium acetate 

(NaOAc), lithium acetate (LiOAc), magnesium acetate (Mg(OAc)2), calcium acetate 

(Ca(OAc)2), cesium acetate (CsOAc), and chloroform (CHCl3) were purchased from 

Sigma-Aldrich (St. Louis, MO, US). Dimethyl sulfoxide (DMSO) was obtained from 

Honeywell Burdick & Jackson (Muskegon, MI, US). 18O-isotope labeled water (H2
18O, 

99%) was purchased from Cambridge Isotope Laboratories (Andover, MA). LC/MS-

grade water (H2O), methanol and formic acid (FA) were purchased from Fisher Scientific 

(Pittsburgh, PA, US). All reagents and solvents were used as supplied. Reversed-phase 
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C18 ZipTip® tips were obtained from Millipore (Billerica, MA, US). UltraMicroSpin 

C18 columns were purchased from the Nest Group (Southborough, MA, US). 

 

2.2.1.1 Reducing end 18O-labeling 

The reducing end 18O-isotope labeling was performed based on the method reported by 

Viseux and co-workers with slight modification.148 The dried native glycan (10 μg) was 

dissolved in 20 µL of H2
18O with 1 µL of AcOH and 2 µL of catalyst solution, which was 

prepared by dissolving 2.7 mg of 2-aminopyridine in 1 mL of anhydrous MeOH. The 

reaction mixture was incubated at 65 °C for 10 hours. The modified glycan was then 

dried in a SpeedVac™ concentrator prior to permethylation.  

 

2.2.1.2 Permethylation 

Permethylation was performed based on the method developed by Ciucanu, Kerek and 

Costello.154, 177 The native glycan (10 μg) was dissolved in 100 µL of the NaOH/DMSO 

suspension (0.2 g/mL) and kept at room temperature for 1 hour with vortexing. CH3I (50 

µL) was then added and the reaction was allowed to proceed with vortexing for an 

additional 1 hour. A solution of NaOH/DMSO (100 µL) and CH3I (50 µL) were mixed 

and the reaction was vortexed for a minimum of one hour prior to adding chloroform 

(300 µL) and water (400 µL). After the mixture was vortexed for 30 seconds and 

centrifuged at 3000 x g, the upper aqueous layer was removed, while the organic phase 

was retained. This washing step was repeated until the pH value of the aqueous layer was 
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neutral. The permethylated glycan was then dried by a SpeedVac™ concentrator and 

purified with the use of either C18 ZipTip® Tips or UltraMicroSpin C18 Columns. 

 

2.2.2 Instrumentation 

All mass spectra were acquired on either a 12-T solariX™ hybrid Qh-FTICR mass 

spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a trapped ion mobility 

spectrometry (TIMS) device, or a 6560 IMS-quadrupole Q-TOF mass spectrometer 

(Agilent Technologies, Santa Clara, CA). Permethylated glycans were dissolved in 1:1 

methanol:water at a concentration of 1-3 μM. Sodium hydroxide or other metal salts 

mentioned above (10 μM) were added to the electrospray solution as charge carriers. 

Samples were directly infused into the mass spectrometer via a Triversa Nanomate 

system (Advion Biosystems, Inc., NY) or a nano-electrospray ionization (nanoESI) 

source using glass capillary tips (1 µm orifice diameter) prepared by a micropipette puller 

(model P-97, Sutter Instruments Co., Novato, CA). 

 

For SA-TIMS-FTICR experiments, the drift gas (nitrogen) pressure was 2.52 mbar. The 

analytical ramp voltage, ΔV, was adjusted by varying the analyzer entrance lens potential, 

Vtunnel, while keeping the analyzer exit lens potential constant at 30 V. SA-TIMS ion 

selection consisted of four events: ion accumulation, ion storage, ion extraction, and 

analyzer quench. The deflector voltage was set to 160 V during ion accumulation (~500 

ms) to allow ion transmission into the TIMS device. During the 40-ms ion storage period 

immediately after the ion accumulation event, the deflector potential was set to -160 V to 
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ensure elimination of lower-mobility ions from the TIMS device. Vtunnel was then raised 

by 1 to 2 V and the potential of the split lens (the lens before the mass filtering 

quadrupole) was dropped to -75 V to allow extraction of ions with the desired mobility 

from the TIMS funnel into the collision cell. Finally, the split lens voltage was switched 

back to 75 V during the analyzer quench to block ion transmission into the collision cell 

while all ions inside the TIMS device were eliminated in preparation for the next ion 

selection cycle. Typically, a survey scan was first performed by ramping Vtunnel to 

generate an IMS-mass spectrum that could be used to determine the elution potential of 

each species. Vtunnel was then set to a potential to allow selective accumulation and elution 

of the ions of interest for ExD tandem MS analysis, in which SA-TIMS-isolated ions (up 

to 16 collision cell fills per spectrum) were irradiated with 16.0-eV electrons for up to 1 s 

for EED, or with 1.5-eV electrons for 100 ms for ECD. The cathode (HeatWave Labs, 

Inc., Watsonville, CA, with a 2.5-mm hole through the center) heating current was set to 

1.50 A, and the bias of the extraction lens voltage was set at -16.0 V for EED or at 10 V 

for ECD. Each ExD spectrum shown was the result of the summation of 20-100 

transients, with each transient lasting 0.57 s. 

 

For DT-IMS-Q-TOF experiments, the drift gas (nitrogen) pressure was 5.43 mbar and the 

electric field was 18.58 V/cm. The drift tube is about 80 cm in length, and it was operated 

at a temperature of 28.5-33.5 °C. For CID tandem MS analysis, the instrument was 

operated in the “All Ions Fragmentation” mode with the collision energy set to 50 eV. 
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The DT-IMS data shown in this chapter were acquired with the help of Dr. Rebecca S. 

Glaskin in the Center for Biomedical Mass Spectrometry, Boston University. 

 

2.2.3 Data analysis 

The nomenclature used for carbohydrate fragmentations was introduced by Domon and 

Costello.58 The ExD MS/MS spectra were internally calibrated with at least five fragment 

ions assigned with high confidence, providing a mass accuracy within 2 ppm or better. 

Lists of deconvoluted mass values were generated by the Sophisticated Numerical 

Annotation Procedure (SNAP™)178 algorithm using the DataAnalysis™ software (Bruker 

Daltonics) and manually verified. A custom Python program and the GlycoWorkBench 

software179 were used for peak assignments. DT-IMS data was processed using the 

MassHunter™ Workstation (Agilent). 

 

2.3 Results and discussion 

2.3.1 ExD of glycan isomers 

Identification of glycan isomers remains a challenging task. It is important to note that 

successful differentiation of glycan structural isomers by conventional CID is not always 

possible, as CID often fails to produce a sufficient number of cross-ring fragments that 

are crucial for linkage determination. Our previous results show that ExD has potential 

for isomer differentiation.68 Figures 2.2 and 2.3 are the ECD and EED spectra of 

permethylated linear hexaose isomers (maltohexaose, isomaltohexaose, and 
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mannohexaose) with Na+ or Li+ as charge carriers, respectively. The structures of these 

three isomers are listed in Scheme 2.1. Maltohexaose and isomaltohexaose are linkage 

isomers. Maltohexaose is α1→4 linked between Glc residues, while isomaltohexaose is 

α1→6 linked. Mannohexaose is β1→4 linked with Man residues as building blocks. 

 

 

Figure 2.2 EED spectra of permethylated maltohexaose (top), mannohexaose (middle), and 
isomaltohexaose (bottom), [M+Na]+, m/z 1293.6297. Highlighted areas indicate the diagnostics peaks 
for isomaltohexaose. 
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Figure 2.3 ECD spectra of permethylated maltohexaose (top), and mannohexaose (bottom), 
[M+2Li]2+, m/z 642.3357. Highlighted areas indicate the diagnostics peaks for mannohexaose. 
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Scheme 2.1 Structures of maltohexaose (Glcα1→4, top), isomaltohexaose (Glcα1→6, middle), and 
mannohexaose (Manβ1→4, bottom). 

 

EED could distinguish isomaltohexaose from the other two linkage isomers. A series of 

0,4An (n = 3 - 6) fragments were observed in the isomaltohexaose spectrum, but not in the 

other EED spectra. The two 1→4 linked isomers, mannohexaose and maltohexaose, 

could be differentiated by ECD, which generated a series of peaks, that matched internal 

fragments, Cn/2,5X5 (n = 3 - 5) for mannohexaose only. 
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2.3.2 Separation of glycan isomers using IMS 

The linear hexaose isomers were also used as model systems to explore the effect of 

charge carriers on IMS separation of glycans. SA-TIMS-FTICR MS analysis of a mixture 

of permethylated maltohexaose, isomaltohexaose and mannohexaose with sodium as the 

charge carrier produced the extracted ion mobiligram (EIM) at m/z 1293.6297 ([M + 

Na]+) containing only two partially resolved peaks (Figure 2.4). 

 

 

Figure 2.4 SA-TIMS EIMs of hexaose isomers ([M+Na]+, m/z 1293.6297). ΔV was scanned from 175 V 
to 205 V over 120 steps. The gas pressure inside the TIMS funnel was kept at 2.52 mbar. 

 

Meanwhile, baseline-resolved mobility separation for these three hexaose isomers was 

observed in the EIM at m/z 658.3095 ([M + 2Na]2+) (Figure 2.5). 
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Figure 2.5 SA-TIMS EIMs of hexaose isomers ([M+2Na]2+, m/z 658.3095). ΔV was scanned from 105 
V to 135 V over 120 steps. The gas pressure inside the TIMS funnel was kept at 2.52 mbar. 

 

When doped with lithium (Figure 2.6 and Figure 2.7), cesium (Figure 2.8), magnesium 

(Figure 2.9) or calcium (Figure 2.10) salts, the mixture of hexaoses could only be 

partially separated.  
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Figure 2.6 SA-TIMS EIMs of hexaose isomers ([M+Li]+, m/z 1277.6560). ΔV was scanned from 175 V 
to 205 V over 120 steps. The gas pressure inside the TIMS funnel was kept at 2.52 mbar. 

 



 

 

52 

 

Figure 2.7 SA-TIMS EIMs of hexaose isomers ([M+2Li]2+, m/z 642.3357). ΔV was scanned from 105 V 
to 135 V over 120 steps. The gas pressure inside the TIMS funnel was kept at 2.52 mbar. 
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Figure 2.8 SA-TIMS EIMs of hexaose isomers ([M+Cs]+, m/z 1403.5454). ΔV was scanned from 170 V 
to 200 V over 120 steps. The gas pressure inside the TIMS funnel was kept at 2.52 mbar. 
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Figure 2.9 SA-TIMS EIMs of hexaose isomers ([M+Mg]2+, m/z 647.3125). ΔV was scanned from 100 V 
to 120 V over 80 steps. The gas pressure inside the TIMS funnel was kept at 2.52 mbar. 
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Figure 2.10 SA-TIMS EIMs of hexaose isomers ([M+Ca]2+, m/z 655.3013). ΔV was scanned from 100 
V to 120 V over 80 steps. The gas pressure inside the TIMS funnel was kept at 2.52 mbar. 

 

As suggested by these results, the choice of metal charge carrier and charge state is 

critical for successful IMS separation of glycans. Multiple peaks or broad peaks may 

appear for a single glycan with some metal salts. The presence of multiple peaks could be 

introduced by anomeric isomers or different conformations of glycans. In some cases, 

distinct MS/MS spectra were observed for different glycan anomers/conformers.  

 

2.3.3 Calculation of collisional cross section using SA-TIMS 

In conventional DT-IMS, the CCS value of an ion can be calculated based on its drift 

time. For SA-TIMS, according to Eqn 1.17, we have: 
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𝐸 = 𝑣𝑔
𝐾

 Eqn 2.1 

 

where E is proportional to the voltage difference between the entrance and exit lenses of 

the analyzer section, ΔV (Eqn 2.2). 

 

𝐸 ∝ ∆𝑉 Eqn 2.2 

 

Because E scales with ΔV, K0 should be inversely proportional to ΔV (Eqn 2.3). 

 

𝐾0 ∝
1
∆𝑉

 Eqn 2.3 

 

Thus, mobility calibration curve can be constructed by measuring ΔV of ions with known 

K0. Agilent Calibrant Mixes are normally used for this purpose (Table 2.1). With the 

calibration curve (Figure 2.11, with three replicates), the K0 of an unknown ion can be 

obtained by fitting its measured ΔV value into the calibration curve. Based on Eqn 1.16, 

the CCS of an ion can also be calculated in a straightforward way using K0 and other 

instrument parameters.  
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m/z ([M+H]+) Molecular formula K0 (V•s•cm-2) CCS (Å2) 

322.04812 C6H18N3O6P3 1.362 153.85 

622.02896 C12H18F12N3O6P3 1.010 203.42 

922.00980 C18H18F24N3O6P3 0.828 246.40 

1221.99064 C24H18F36N3O6P3 0.713 285.08 

1521.97148 C30H18F48N3O6P3 0.633 320.15 

1821.95231 C36H18F60N3O6P3 0.573 353.65 

2121.93315 C42H18F72N3O6P3 0.525 385.08 

2421.91399 C48H18F84N3O6P3 0.488 414.25 

2721.89483 C54H18F96N3O6P3 0.456 442.45 

Table 2.1 K0 and CCS values of Agilent Calibrants. 
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Figure 2.11 a) EIMs of five polyfluoroalkyl phosphazine calibrants in the Agilent Tunemix from a 
SA-TIMS-FTICR MS measurement. ΔV was scanned from 210 V to 110 V over 200 steps. The m/z 
and the mobility resolving power are listed by each peak. b) The calibration curve (with three 
replicates) for calculation of K0 of unknowns. The gas pressure inside the TIMS funnel was kept at 
2.52 mbar. 
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2.3.4 Theoretical modeling 

Even with the relatively high mobility resolving power provided by SA-TIMS, complete 

separation of singly sodiated hexaose isomers could not be achieved, while doubly 

sodiated species were presented as distinct peaks. In order to better understand the IMS 

separation of glycans, molecular dynamics (MD) simulation was performed to investigate 

metal-coordinated glycan isomers by Dr. Yiqun Huang in the Center for Biomedical 

Mass Spectrometry, Boston University. 

 

The conformational space of the singly and doubly sodiated permethylated maltohexaose 

and mannohexaose were explored, and the corresponding theoretical CCS values of the 

low-energy conformers were obtained using the trajectory approach with helium as the 

collisional gas. For singly charged species (Figure 2.12), both permethylated 

maltohexaose and mannohexaose tend to form compact cage-like structures in order to 

maximize the metal-oxygen coordination number. Thus they have very close CCS values, 

and this makes their separation difficult using IMS techniques. 
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Figure 2.12 Typical low-energy conformation of singly sodiated and permethylated maltohexaose 
(left) and mannohexaose (right). 

 

Figure 2.13 shows the typical low-energy conformers of doubly sodiated permethylated 

maltohexaose and mannohexaose. In this case, permethylated mannohexaose tends to 

adopt more extended structures, because the electrostatic repulsion between the two 

sodium cations and the relative inflexibility of β1→4 linkages prevents the formation of 

compact structures. On the other hand, the α1→4 linkages in permethylated 

maltohexaose provide some measure of structure flexibility, allowing formation of 

compact structures in spite of stronger charge-charge repulsion. Consequently, doubly 

sodiated permethylated maltohexaose has a smaller average CCS than that of 

permethylated mannohexaose. Therefore, the doubly sodiated species of these two glycan 

isomers can be separated by IMS. 
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Figure 2.13 Typical low-energy conformation of doubly sodiated and permethylated maltohexaose 
(left) and mannohexaose (right). 

 

2.3.5 Separation and identification of glycan isomers using SA-TIMS-ExD 

A pair of permethylated linear milk tetrasaccharide isomers, lacto-N-tetraose (LNT, 

Galβ1 → 3GlcNAcβ1 → 3Galβ1 → 4Glc) and lacto-N-neotetraose (LNnT, Galβ1 →

4GlcNAcβ1→3Galβ1→4Glc) was mixed at ~ 1:1 ratio, and was first subjected to 

analysis using conventional DT-IMS (Figure 2.14, top trace). Permethylated LNT and 

LNnT standards were then individually infused in a similar fashion (Figure 2.14, middle 

and bottom traces). The arrival time distribution (ATD) of the mixture, with a single 

sodium cation as the charge carrier, showed two partially resolved peaks, indicating that 

mobility resolution was insufficient to fully separate the glycan isomers.  
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Figure 2.14 ATD of a mixture of permethylated LNT and LNnT (top trace) and the ATDs of 
individually infused permethylated LNnT (middle trace) and LNT standards (bottom trace) obtained 
on the DT-IMS-QTOF instrument. All ions were detected in the singly sodiated form, ([M+Na]+, m/z 
926.4567). 

 

When the same mixture was infused into the SA-TIMS system, baseline separation of the 

glycan mixture was achieved with a mobility resolving power of 77 (Figure 2.15). 

 



 

 

63 

 

Figure 2.15 SA-TIMS EIM of a mixture of permethylated LNT and LNnT ([M+Na]+, m/z 926.4567, 
top), and their corresponding mass spectra (bottom panels). ΔV was scanned from 175 V to 145 V 
over 120 steps. The gas pressure inside the TIMS funnel was kept at 2.52 mbar. 

 

For isomer identification, tandem MS analysis is necessary. CID is the mode provided on 

the commercial DT-IMS-Q-TOF instrument. The CID spectrum of LNT (Figure 2.16, 

top) contains a high-intensity peak at m/z 690.3307 that results from glycosidic bond 

cleavage between the non-reducing end Gal and GlcNAc residues, a feature that is not 

observed in the CID spectrum of LNnT (Figure 2.16, bottom), as facile loss of the C-3 

substituent is characteristic of the 1→3 linkage to a GlcNAc residue.62, 148, 180-181 Since 

the Z3 and B3 ions have the same compositions, reducing end 18O-labeling was performed 

to verify the assignment (Figure 2.16, inset). 
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Figure 2.16 CID spectra of permethylated LNT (top) and LNnT (bottom), [M+Na]+, m/z 926.4567. 

 

When the DT-IMS-Q-TOF instrument was operated in the All Ions Fragmentation mode, 

IMS and fragmentation data could be recorded simultaneously (Figure 2.17). The Y2 and 

B2 ions are fragments common to the two isomers, so they have ATD profiles similar to 

that of the precursor ion. Since the Z3 ion is unique for LNT, its ATD revealed that the 

first half of the overlapped peak corresponds to LNT. 
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Figure 2.17 ATDs of the precursor ion and several fragment ions of a mixture of permethylated LNT 
and LNnT when the IMS-Q-TOF instrument was operated in the “All Ions Fragmentation” mode 
with the collision energy set at 50 V. 

 

However, CID failed to provide informative cross-ring fragments sufficient for definitive 

linkage determination. As the two glycan isomers differ only by the linkage between the 

non-reducing end Gal and GlcNAc residues (1→3 for LNT and 1→4 for LNnT, Scheme 

2.2). They may be differentiated by tandem MS based on their respective linkage-specific 

cross-ring fragments: 1,3A2 or 1,3X2 for LNT, and 3,5A2 or 3,5X2 for LNnT. 
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Scheme 2.2 Structures of LNT (Galβ1→3 GlcNAcβ1→3Galβ1→4Glc, top) and LNnT (Galβ1→
4GlcNAcβ1→3 Galβ1→4Glc, bottom). The 1,3A2/1,3X2 ion is unique to LNT, and the 3,5A2/3,5X2 ion is 
unique to LNnT. 

 

In the SA-TIMS system, the ramp voltage could be adjusted to allow selective 

accumulation and elution of each glycan isomer for EED tandem MS analysis. Although 

these two isomers displayed similar EED fragmentation patterns (Figure 2.18), each 

spectrum contains a diagnostic cross-ring fragment ion that can be used to identify isomer 

1 as LNnT and isomer 2 as LNT. 
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Figure 2.18 EED spectra of the SA-TIMS-isolated isomer 1 (top) and isomer 2 (bottom). The insets 
show zoomed-in views of diagnostic peaks (1,3A2 ion for LNT and 3,5A2 ion for LNnT). ΔV was fixed at 
168.0 V for isomer 1 and at 162.5 V for isomer 2. The gas pressure inside the TIMS funnel was kept 
at 2.52 mbar. 

 

Scanning the analytical ramp voltage while operating the instrument under the SA-TIMS-

EED-MS/MS mode produced EIMs for diagnostic fragment ions of each isomer that 

matched the EIMs of their respective precursors (Figure 2.19). 
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Figure 2.19 EIMs of the precursor (top) and diagnostic fragment (bottom) ions during a SA-TIMS-
EED MS/MS analysis. 

 

Another pair of isomeric tumor antigens, SLea and SLex, with branched structures 

(Scheme 2.3), was also investigated using the SA-TIMS-EED method.  
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Scheme 2.3 Structures of SLea (NeuAcα1→3Galβ1→3(Fucβ1→4)GlcNAc, top) and SLex (NeuAcα1→
3Galβ1→4(Fucβ1→3)GlcNAc, bottom). The 1,3A3/1,3X3 ion is unique to SLea, and the 3,5A3/3,5X3 ion is 
unique to SLex. 

 

Three distinct peaks were observed from the EIM of a mixture of permethylated SLea and 

SLex with sodium as the charge carrier (Figure 2.20a). EED spectra of the SA-TIMS-

isolated isomers (Figure 2.20b) revealed that the peak at 175.5 V contained the cross-ring 

fragment (3,5A3) unique to SLex, while the peaks at both 179.5 V and 183.0 V contained 

the 1,3A3 ion that is unique to SLea. Permethylated SLea and SLex standards were then 
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individually infused and fragmented in a similar fashion. The elution voltage (Figure 

2.20c) and EED fragmentation patterns of these two glycan standards confirmed the 

above assignment. 
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Figure 2.20 a) EIM of a mixture of permethylated SLea and SLex ([M+Na]+, m/z 1053.5201). ΔV was 
scanned from 160 V to 220 V over 60 steps. b) EED spectra of the SA-TIMS-isolated isomer 1 (top) 
and isomer 2 (bottom). The insets show zoomed-in views of diagnostic peaks (1,3A2 ion for SLea and 
3,5A2 ion for SLex). ΔV was fixed at 179.5 V for isomer 1 and at 175.5 V for isomer 2. c) EIMs of 
individually infused permethylated SLea (top) and SLex standards (bottom), [M+Na]+, m/z 1053.5201. ΔV 
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was scanned from 160 V to 220 V over 60 steps. For all analyses, the gas pressure inside the TIMS 
funnel was kept at 2.52 mbar. 

 

The measured CCS values, using both SA-TIMS and DT-IMS, for all the permethylated 

glycans discussed above are lised in Table 2.2. These CCS values measured using the two 

systems are consistent, though DT-IMS could not resolve the hexaose isomers.   

 

Oligosaccharides 

(Permethylated) 

m/z 

([M+Na]+) 

SA-TIMS DT-IMS 

 ΔV (V) 
CCS 

(Å2) 
t (ms) 

CCS 

(Å2) 

LNnT 
926.4567 

167.75 299.95 38.05 305.14 

LNT 162.75 290.59 37.42 300.08 

Sialyl-Lewisa 
1053.5201 

180.00 321.59 41.59 332.94 

Sialyl-Lewisx 176.50 315.74 40.60 325.02 

Maltohexaose 

1293.6297 

192.00 336.30 42.92 342.77 

Isomaltohexaose 194.00 339.79 42.92 342.77 

Mannohexaose 192.75 338.05 42.92 342.77 

Table 2.2 CCS values of permethylated glycans measured by SA-TIMS and DT-IMS. 
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2.4 Conclusions 

In summary, the coupling of SA-TIMS and FTICR MS provides an analytical platform 

for generating spectra with high mobility resolution, high mass resolution, and high mass 

accuracy, as well as the ability to perform ExD tandem MS analysis on mobility-selected 

ions for confident identification. The analyte CCS values obtained by SA-TIMS agree 

well with those measured by the conventional DT-IMS. The SA-TIMS-ExD-FTICR MS 

approach shows great promise in the separation and identification of isomeric glycans, 

and should also find more applications in the characterization of other classes of 

biomolecules.
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Chapter 3 Protein conformational study by ion mobility spectrometry and electron 

capture dissociation tandem mass spectrometry 

3.1 Introduction 

The study of protein conformation is still a challenging task.182-186 Crystallography,187-188 

nuclear magnetic resonance (NMR) spectroscopy,189-194 and mass spectrometry (MS)195-

198 based methods have been developed for protein conformation analysis in solution. 

Inevitably, the effects of solvent on protein folding make the analysis more complex. The 

investigation of gaseous structures of protein ions, in the absence of solvent, could 

improve the understanding of protein folding and intramolecular interaction. Recently ion 

mobility spectrometry (IMS) has become a common tool for gas-phase protein 

conformational studies. A number of groups have reported IMS-MS-analysis of protein 

conformation.184, 186, 195, 199-202  

 

Despite its utility for conformer separation, IMS measurements can only provide the ion 

collision cross section (CCS) values, and detailed structural characterization of each 

conformer requires additional analysis by complementary methods, such as ion action 

spectroscopy,203 hydrogen/deuterium (H/D) exchange mass spectrometry,204-206 and 

tandem mass spectrometry, employing either collision-induced dissociation (CID)207-209 

or electron capture dissociation (ECD) as the fragmentation method.77, 210-213  

 

Among these techniques, ECD tandem mass spectrometry has frequently been employed 

in the study of protein conformation and folding in the gas phase as the ECD 
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fragmentation pattern is influenced by both the charge distribution and the presence of 

various non-covalent interactions. However, inferring the protein conformation from its 

ECD pattern is often confounded by the presence of multiple conformers, even for ions in 

a single charge state. 

 

As discussed in Chapter 2, the recently developed SA-TIMS provides an alternative tool 

for isomer- and conformation-based separation that is compatible with slower analysis 

methods (as compared with conventional CID), such as ECD. In this chapter, we show 

that SA-TIMS-ECD can provide unprecedented details on the structures of various 

protein conformers. 

 

3.2 Methods and experiments 

3.2.1 Sample preparation 

3.2.1.1 Materials 

Ubiquitin (human), cytochrome c (equine), myoglobin (equine) were purchased from 

Sigma-Aldrich (St. Louis, MO, US). Liquid chromatography (LC)/MS-grade water 

(H2O), acetonitrile and formic acid (FA) were purchased from Fisher Scientific 

(Pittsburgh, PA, US). All reagents and solvents were used as supplied. 
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3.2.2 Instrumentation 

All mass spectra were acquired on either a 12-T solariX™ hybrid Qh-Fourier transform 

ion cyclotron resonance (FTICR) mass spectrometer (Bruker Daltonics, Bremen, 

Germany) equipped with a TIMS device, or an Agilent 6560 IMS-quadrupole time-of-

flight (Q-TOF) mass spectrometer (Agilent Technologies, Santa Clara, CA). Native 

proteins were dissolved either in 50% acetonitrile or in pure water to a concentration of 

0.5-2 μM, with formic acid (1%, v/v) added as the charge carrier. Samples were directly 

infused into the mass spectrometer via a Triversa Nanomate system (Advion Biosystems, 

Inc., NY) or a nano-electrospray ionization (nanoESI) source using glass capillary tips (1 

µm orifice diameter) prepared by a micropipette puller (model P-97, Sutter Instruments 

Co., Novato, CA). 

 

For SA-TIMS-Fourier transform ion cyclotron resonance (FTICR) experiments, the drift 

gas (nitrogen) pressure was 2.52 mbar. The analytical ramp voltage, ΔV, was adjusted by 

varying the analyzer entrance lens potential, Vtunnel, while keeping the analyzer exit lens 

potential constant at 30 V. SA-TIMS ion selection consisted of four events: ion 

accumulation, ion storage, ion extraction, and analyzer quench. The deflector voltage was 

set to 160 V during ion accumulation (~500 ms) to allow ion transmission into the TIMS 

device. During the 40-ms ion storage period immediately after the ion accumulation 

event, the deflector potential was set to -160 V to ensure elimination of lower-mobility 

ions from the TIMS device. Vtunnel was then raised by 1 to 2 V and the potential of the 

split lens (the lens before the mass filtering quadrupole) was dropped to -75 V to allow 
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extraction of ions with the desired mobility from the TIMS funnel into the collision cell. 

Finally, the split lens voltage was switched back to 75 V during the analyzer quench to 

block ion transmission into the collision cell while all ions inside the TIMS device were 

discharged in preparation for the next ion selection cycle. Typically, a survey scan was 

performed first by ramping Vtunnel to generate an IMS-mass spectrum that could be used 

to determine the elution potential of each species. Vtunnel was then set to a potential that 

would allow selective accumulation and elution of the ions of interest for ECD tandem 

MS analysis, in which SA-TIMS-isolated ions (up to 16 collision cell fills per spectrum) 

were irradiated with 1.5 eV electrons for up to 100 ms. The cathode (HeatWave Labs, 

Inc., Watsonville, CA) heating current was set to 1.50 A, and the bias of the extraction 

lens voltage was set at 10 V. Each ECD spectrum shown was the result of the summation 

of 20-100 transients, with each transient lasting 0.57 s. 

 

For DT-IMS-Q-TOF experiments, the drift gas (nitrogen) pressure was 5.43 mbar and the 

electric field was 18.58 V/cm. The drift tube is about 80 cm in length, and it was operated 

at a temperature between 28.5 and 33.5 °C. The DT-IMS data shown in this chapter were 

acquired with the help of Dr. Rebecca S. Glaskin in the Center for Biomedical Mass 

Spectrometry, Boston University. 

 

3.2.3 Data analysis 

The nomenclature used for protein/peptide fragmentations was first introduced by P. 

Roepstorff and subsequently modified by K. Biemann and co-workers.57, 214 The ECD 
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MS/MS spectra were internally calibrated with at least five fragment ions assigned with 

high confidence, providing a mass accuracy within 2 ppm or better. Lists of deconvoluted 

mass values were generated by the Sophisticated Numerical Annotation Procedure 

(SNAP™)178 algorithm using the DataAnalysis™ software (Bruker Daltonics) and 

manually verified. A custom Python program was used for peak assignments, and a 

custom R program was used for figure plotting. DT-IMS data were processed using the 

MassHunter™ Workstation (Agilent). 

 

3.3 Results and discussion 

3.3.1 Separation of protein conformers using IMS 

Electrospray of a ubiquitin solution produced protonated ubiquitin ions in several charge 

states (7+ to 13+), many of which existed in multiple conformations, as revealed by SA-

TIMS-FTICR-MS (Figure 3.1) and DT-IMS-Q-TOF MS (Figure 3.2) analyses. 
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Figure 3.1 Extracted ion mobiligrams (EIMs) of protonated ubiquitin in different charge states ([M + 
13H]13+, m/z 659.4393; [M + 12H]12+, m/z 714.3087; [M + 11H]11+, m/z 779.1543; [M + 10H]10+, m/z 
856.9689; [M + 9H]9+, m/z 952.0758; [M + 8H]8+, m/z 1070.9594). ΔV was scanned from 100 V to 150 V 
over 200 steps. The gas pressure inside the TIMS funnel was kept at 2.56 mbar. 
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Figure 3.2 Arrival time distributions (ATDs) of protonated ubiquitin in different charge states 
obtained on the DT-IMS-Q-TOF instrument. 

 

Generally, DT-IMS generated more compact structures, as compared with the results of 

SA-TIMS, largely because SA-TIMS analysis involves ion trapping and selective release. 

Thereby, there could be more heating of the ions during SA-TIMS operation, possibly 

favoring conversion of the compact conformation to a more elongated form. 

 

Raising the radio frequency (RF) amplitude in DT-IMS analysis can also lead to ion 

heating. Figure 3.3 and Figure 3.4 show the ATDs of high charge state gaseous 
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cytochrome c ions and myoglobin ions at two different RF amplitudes. Clearly, with RF 

heating, most compact conformers were converted to elongated ones.  

 

Figure 3.3 ATDs of gaseous cytochrome c ions ([M + 13H]13+, m/z 951.1857; [M + 14H]14+, m/z 
883.3158; [M + 15H]15+, m/z 824.4953) at two RF amplitudes, acquired on a DT-IMS-Q-TOF mass 
spectrometer. 
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Figure 3.4 ATDs of gaseous myoglobin ions ([M + 18H]18+, m/z 942.1720; [M + 19H]19+, m/z 892.6370; 
[M + 20H]20+, m/z 848.0555) at two different RF amplitudes, acquired on a DT-IMS-Q-TOF mass 
spectrometer.  

 

Each charge state of ubiquitin ions was also analyzed at different RF amplitudes (Figures 

3.5-3.10). Except for the 13+ (m/z 659.4393) species, most charge states were presented 

as multiple conformers at lower RF amplitudes. At moderate RF amplitude, most 

compact conformers of ubiquitin ions were converted to elongated forms, while the 12+ 

ions remained as a mixture of compact and elongated conformers at about a 1:1 ratio, 

even at an RF amplitude of 200 Vpp. 
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Figure 3.5 ATDs of gaseous ubiquitin 8+ ions ([M + 8H]8+, m/z 1070.9594) at different RF amplitudes, 
acquired on a DT-IMS-Q-TOF mass spectrometer. 
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Figure 3.6 ATDs of gaseous ubiquitin 9+ ions ([M + 9H]9+, m/z 952.0758) at different RF amplitudes, 
acquired on a DT-IMS-Q-TOF mass spectrometer. 
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Figure 3.7 ATDs of gaseous ubiquitin 10+ ions ([M + 10H]10+, m/z 856.9689) at different RF 
amplitudes, acquired on a DT-IMS-Q-TOF mass spectrometer. 

 

 

 



 

 

86 

 

Figure 3.8 ATDs of gaseous ubiquitin 11+ ions ([M + 11H]11+, m/z 779.1543) at different RF 
amplitudes, acquired on a DT-IMS-Q-TOF mass spectrometer. 
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Figure 3.9 ATDs of gaseous ubiquitin 12+ ions ([M + 12H]12+, m/z 714.3087) at different RF 
amplitudes, acquired on a DT-IMS-Q-TOF mass spectrometer. 
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Figure 3.10 ATDs of gaseous ubiquitin 13+ ions ([M + 13H]13+, m/z 659.4393) at different RF 
amplitudes, acquired on a DT-IMS-Q-TOF mass spectrometer. 

 

3.3.2 Protein conformational study using SA-TIMS-ECD 

Previously reported ECD analysis of ubiquitin212-213 revealed that increasing charge states 

can lead to unfolding and disruption of the tertiary structures, consistent with IMS 

measurements. However, multiple conformers in a single charge state could confound the 

data interpretation. 

 

With the SA-TIMS-ECD approach, the two conformers of the ubiquitin 12+ ions were 

analyzed separately. Both conformers produced abundant fragment ions with high 
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sequence coverage, but the two conformers exhibited obviously different ECD patterns 

(Figure 3.11 and Figure 3.12). 

 

 

Figure 3.11 ECD spectra (m/z 900-1100) of the SA-TIMS-isolated compact conformer (top) and 
elongated conformer (bottom) of the ubiquitin 12+ ions ([M + 12H]12+, m/z 714.3087). ECD of both 
conformers in the 12+ charge state generated abundant fragment ions with high sequence coverage. 
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Figure 3.12 ECD spectra (m/z 1100-1600) of the SA-TIMS-isolated compact conformer (top) and 
elongated conformer (bottom) of the ubiquitin 12+ ions ([M + 12H]12+, m/z 714.3087). ECD of both 
conformers in the 12+ charge state generated abundant fragment ions with high sequence coverage. 

  

In this case, peak assignment alone could not accurately reflect the differences between 

the two conformers. Thus, the abundance of each fragment ion was normalized based on 

Eqn 3.1, and these values were plotted along the protein sequence (Figure 3.13), to obtain 

information on the charge locations and the presence of non-covalent interactions in each 

conformer. 

 

𝐴% = ∑𝐴(𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡 𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖)
∑𝐴(𝑡𝑡𝑡𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖)

 Eqn 3.1 
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Because the peak intensity reported by the SNAP algorithm is the one for the most 

abundant isotope based on the theoretical isotopic distribution pattern, this value needs to 

be converted to a sum of the intensity of all isotope peaks before calculating the ion 

abundance of a specific fragment. In addition, the image current induced by an ion, and 

consequently its peak intensity measured in an ICR analysis, is proportional to the 

number of charges it carries, Thus, the ion abundance, A, may be calculated as 𝐴 =

𝐼/(𝑘 × 𝑧), where I and z correspond to the SNAP-reported peak intensity and the charge 

state of the ion, respectively, and k is the percentage of the most abundant isotopic peak 

in the isotopic cluster. The scaling factor, k, is composition dependent. However, for 

fragment ions of a protein, k may be estimated using the polyaveragine215-216 

approximation based on the fragment ion mass alone. 
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Figure 3.13 Plot of the normalized abundances of the ECD fragments of ubiquitin 11+ to 13+ ions 
versus the cleavage site. The ECD spectrum of the compact conformer of the 12+ ions (top) 
resembled that of the 13+ species in the C-terminal region, whereas the N-terminal region was 
similar to that of the 11+ ions. It is particularly notable that the ECD spectrum of the elongated 12+ 
conformer (bottom) resembled that of the 11+ species in the C-terminal region, while the N-terminal 
region was like that of 13+ ions. 

 

The ECD spectra of the two conformers of the 12+ ions showed substantial differences in 

the patterns of peak intensities, particularly in the regions of residues 7-12, 45-48 and 56-

65. The ECD fragmentation pattern of the compact conformer of the 12+ ions resembled 

that of the 13+ species in the C-terminal region, and was similar to that of the 11+ ions in 

the N-terminal region, whereas the ECD fragmentation pattern of the elongated 12+ 
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conformer resembled that of the 11+ species in the C-terminal region, and was similar to 

that of the 13+ ions in the N-terminal region. 

 

 

Figure 3.14 Plot of the normalized abundances of the ECD fragments of ubiquitin 12+ ions (compact, 
top; elongated, bottom) versus the cleavage site with weighted charge states. Red segments stand for 
c ions and blue segments refer to z ions. Orange curve (c ions) and blue curve (z ions) represent 
weighted charge states for the compact conformer of the 12+ ions (top), whereas red curve (c ions) 
and green curve (z ions) for the elongated 12+ conformer ions (bottom). 

 

The weighted charge state is calculated based on Eqn 3.2: 

 

𝑍𝑤 = ∑𝑧𝑖 ∙ 𝐴𝑖% Eqn 3.2 
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where zi refers to all charge states observed for same fragment sequence, Ai% represents 

ion abundance percentage of each charge state. The weighted charge states observed for 

each fragment ion are plotted in Figure 3.14. For z-type ions, the weighted charge states 

of the compact conformer (blue curve) were generally higher than those of the elongated 

conformer after the residue 15, whereas, for c-type ions, before the residue 52, the 

weighted charge states of the elongated conformer (red curve) were normally higher than 

those of the compact conformer. 

  

According to the results discussed above, such differences in the ECD fragmentation 

pattern of the ubiquitin 12+ conformers likely resulted from their differences in the 

location of protons, as non-covalent interactions are not expected to play a major role in 

ECD of these higher-charge-state protein ions.212-213 When another proton is added to an 

11+ ion, its location in the resulting 12+ ion may be at one of two possible sites (Figure 

3.15), and thus two charge-location conformers are generated. For 13+ ions, these two 

sites are both protonated. 
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Figure 3.15 The ECD fragmentation pattern is influenced by the location of protons. Compared with 
the 11+ ions, the additional proton in the 12+ ions can reside in one of the two possible sites (marked 
in red and green), leading to the formation of two charge location conformers. For 13+ ions, these 
two sites are both protonated. 

 

3.4 Conclusions 

In summary, we have compared the evidence for conformational heterogeneity in IMS 

separations on an IMS-Q-TOF MS with results generated by SA-TIMS FTMS and have 

demonstrated the potential increase in information that can be achieved by combining the 

SA-TIMS and ECD techniques for study of protein conformations. Unlike other gaseous 

protein ions studied here, 12+ ions of ubiquitin were found to exist as a mixture of 

compact and elongated conformers, at about a 1:1 ratio, even with RF heating. SA-TIMS-

ECD results indicated that the possibility for two conformations could be caused by a 

difference in the location of protons.  

 

To date, with SA-TIMS-ECD, our main focus has been investigation of protein 

conformations in higher charge states, due to the limitation of the SA-TIMS device in 
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transmitting higher m/z (i.e., lower charge state) ions. Our Bruker collaborators are 

reconfiguring our SA-TIMS device for adoption of a new ion mobility selection scheme, 

so that it can transfer higher m/z ions, while also introducing less heating. With this 

upgrade, we should be able to carry out the studies of lower charge state protein 

conformations that should have more tertiary structures. 
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Chapter 4 Characterization of glycoproteins by liquid chromatography-hot electron 

capture dissociation 

4.1 Introduction 

Protein glycosylation is a common post-translational modification (PTM) that plays 

important roles in cell-cell recognition, immune response, intercellular signaling and 

protein regulation.131-132 It provides greater structural diversity than other PTMs, due to 

the many possible combinations of differences in site occupancy and glycan 

heterogeneity at each site. Thus, it is a challenging task to elucidate complete 

glycosylated structures of most glycoproteins. 

 

In eukaryotes, glycans are normally covalently attached to proteins by either N-glycosidic 

or O-glycosidic bonds. In N-linked glycans, the N-acetylglucosamine (GlcNAc) residue is 

attached to the amide nitrogen atom on the side chain of an asparagine (Asn, N) residue 

in the sequence Asn-X-Ser or Asn-X-Thr (sequon), where Ser stands for serine residue 

(S), Thr refers to threonine residue (T), and X is any amino acid except proline (Pro, P). 

O-linked glycans are attached to the oxygen atom on a Ser or Thr residue. The most 

common O-glycosylation involves the disaccharide core galactosyl (Gal)-β1→3-N- 

acetylgalactosamine (GalNAc) (Figure 4.1). 
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Figure 4.1 N-linked glycosylation and O-linked glycosylation. 

 

The N-linked glycans can be divided into three major categories: high-mannose, 

complex, and hybrid-type. As shown in Figure 4.2, all N-linked glycans have a common 

pentasaccharide core with three mannosyl (Man) and two GlcNAc residues. In high-

mannose glycans, only Man residues are attached to the core structure. For complex-type 

glycans, antennary structures are initiated by GlcNAc residues from the core. Hybrid-

type glycans combine the features of the previous two groups. 
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Figure 4.2 Common N-linked glycan structures. 

 

Enzymatic deglycosylation has been used for determination of N-glycosylation sites. The 

conversion from Asn to aspartic acid (Asp, D) residue marks a previously occupied N-

glycosylation site.217 Performing the Peptide-N-Glycosidase F (PNGase F) digestion in 

H2
18O can minimize false positives caused by in vivo Asn deamidation (Scheme 4.1), but 

cannot entirely eliminate false positives because a low level of in vitro Asn deamidation 
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may occur and an 18O atom may be incorporated into C-termini of digested peptides 

during the deglycosylation step.218 The presence of the N,N’-diacetylchitobiose core is 

required for deglycosylation with PNGase F or Endoglycosidase H (Endo H); the action 

of the latter enzyme is limited to high mannose glycans. 

 

 

Scheme 4.1 N-glycosylation site determination by enzymatic deglycosylation with PNGase F. The 
conversion from Asn to Asp indicates a previously occupied N-glycosylation site. 

 

A variety of MS/MS methods have been applied to study glycopeptides without 

enzymatic deglycosylation.87, 160, 219-224 Conventional collision-induced dissociation (CID) 

can easily cause glycan loss during tandem mass spectrometry analysis, making it 

difficult to determine the glycosylation site.160 Retention of the glycan on the protein or 

peptide backbone can be achieved using electron capture dissociation (ECD) and electron 

transfer dissociation (ETD), allowing localization and definition of the modification.220-

221 However, since most glycan modifications have lower proton affinity than the peptide 

backbone and basic amino acid side chain groups, glycopeptides are often observed in 
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lower charge states than non-glycosylated peptides of similar mass. ECD and ETD often 

produce only a limited number of fragment ions for low charge state glycopeptides, 

probably because the bulky glycan moiety may shield the backbone amide from 

electron/radical transfer.225 In addition, the presence of extensive glycan-peptide 

interactions may prevent fragment ion separation. Higher-charge states tend to form more 

unfolded conformations, exposing the backbone amide groups for electron/radical attack, 

and stronger Coulomb repulsion in higher-charge states may assist in product ion 

separation after dissociation. Moreover, the electron capture and transfer cross sections 

have a quadratic dependence on the precursor ion charge state. 

 

It is possible to improve the ECD/ETD cleavage coverage by activation of the precursor 

ions.87 However, ion activation by collision or infrared irradiation can result in partial or 

complete loss of glycan. In this chapter, we report on characterization of glycopeptides 

by hot ECD, fragmentation by irradiation with higher-energy electrons, using a Fourier 

transform ion cyclotron resonance (FTICR) mass spectrometer. In order to analyze 

multicomponent biological samples, methods for nano-liquid chromatography (LC)-hot 

ECD data-dependent acquisition are optimized and applied to analyze the surface 

glycoproteins from the archaea Methanosarcina mazei (M. mazei)226 and Archaeoglobus 

fulgidus (A. fulgidus).227-228  

 

Furthermore, in order to define mature glycoproteins that are structurally distinct because 

of glycoform heterogeneity at two or more sites, investigation of relationships among 
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different glycosites requires the analysis of glycopeptides containing more than one 

glycosylation site. Bottom-up analysis normally can only provide site-specific 

information on glycosylation; in this chapter, middle-down tandem mass spectrometry of 

multiply glycosylated peptides is also employed to generate simultaneous information 

about different glycosylation sites. 

 

4.2 Methods and experiments 

4.2.1 Sample preparation 

4.2.1.1 Materials 

Human transferrin, human α-1-acid glycoprotein, ammonium formate, ammonium 

bicarbonate, 2,2,2-trifluoroethanol, and dithiothreitol (DTT) were purchased from Sigma-

Aldrich (St. Louis, MO, US). Iodoacetamide (IAA) was obtained from Bio-Rad 

Laboratories, Inc. (Hercules, CA, US). Sequencing grade trypsin and Asp-N were 

purchased from Promega Corp. (Madison, WI, US). The glycosidase α2-3,6,8 

neuraminidase was obtained from New England BioLabs (Ipswich, MA, US). 

ProteoExtract® Glycopeptide Enrichment Kit and reversed-phase C18 ZipTip® tips were 

purchased from Merck Millipore (Billerica, MA, US). LC/MS-grade water (H2O), 

acetonitrile (ACN), formic acid (FA) and Pierce C18 spin columns were purchased from 

Fisher Scientific (Pittsburgh, PA, US). All reagents and solvents were used as supplied. 

The Superdex 75 size exclusion chromatography (SEC) column was purchased from GE 
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Healthcare (Little Chalfont, UK). Reversed-phase (RP) C18 Vydac® TP HPLC columns 

were purchased from Grace (Columbia, MD, US). 

 

4.2.1.2 Glycoprotein digestion and enrichment 

Glycoprotein standards (100 μg) were reduced and alkylated using DTT (5 mM) and IAA 

(15 mM), and then were digested using the endoproteinases trypsin (1:50, w/w) or AspN 

(1:50, w/w) overnight in the presence of 2,2,2-trifluoroethanol (5%, v/v) as denaturing 

reagent in ammonium bicarbonate (100 mM) buffer. Enrichment of glycopeptides was 

accomplished by using either ProteoExtract® Glycopeptide Enrichment Kit (hydrophilic 

interaction ZIC® Glycocapture Resin) or SEC (Superdex 75 3.2/30, with isocratic elution 

buffer, 25 mM ammonium formate, 5% ACN, pH 4.5), prior to offline fractionation with 

C18 RP chromatography (Vydac® TP218, with mobile phase A, 99:1 water:ACN with 

0.1% FA, and mobile phase B, 99:1 ACN:water with 0.1% FA). Surface glycoproteins 

from M. mazei were enriched by concanavalin A lectin affinity chromatography before 

trypsin digestion. The resultant glycopeptides were enriched by preparative hydrophilic 

interaction liquid chromatography (HILIC)/weak anion exchange (WAX) microcolumns 

and fractionated by C18 RP chromatography. The sample preparation of glycoprotein 

standards was performed with Kshitij Khatri in the Center for Biomedical Mass 

Spectrometry, Boston University; Dr. Deborah R. Leon in the Center for Biomedical 

Mass Spectrometry, Boston University conducted the sample preparation of surface 

glycoproteins from the archaea. 
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4.2.2 Instrumentation 

All mass spectra were acquired on a 12-T solariX™ hybrid Qh-FTICR mass spectrometer 

(Bruker Daltonics, Bremen, Germany) equipped with a Triversa Nanomate system 

(Advion Biosystems, Inc., Ithaca, NY), and a nanoACQUITY UPLC (Waters 

Corporation, Milford, MA) with C18 reversed phase trap (2G-V/MTrap 5 μm Symmetry 

C18 180 μm × 20 mm) and analytical (1.7 μm BEH130 C18 150 μm × 100 mm) columns. 

Mobile phase A consisted of 98:2 water:ACN with 0.1% FA and mobile phase B 

contained 98:2 ACN:water with 0.1% FA. Samples were either directly infused into the 

mass spectrometer via the Triversa Nanomate system, or analyzed by LC-tandem mass 

spectrometry (MS/MS) as described above. 

 

Target ions were isolated by a front-end quadruple and accumulated for 100 to 1000 ms 

in the collision cell before MS/MS analyses. For hot ECD, the precursor ions were 

irradiated with 12- to 14-eV electrons for up to 1 s. The cathode (HeatWave Labs, Inc., 

Watsonville, CA) heating current was set to 1.50 A, and the bias of the extraction lens 

voltage ranged from -12 to -14 V. A 0.57-s transient was acquired for each spectrum. For 

direct infusion, each spectrum was the result of the summation of 20-80 transients, in 

order to improve the signal-to-noise ratio. For online-nanoLC-MS/MS analysis, data 

dependent top-1 or targeted inclusion list acquisition was employed and each spectrum 

was derived from 1 transient. 
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4.2.3 Data analysis 

The MS/MS spectra were either internally or externally calibrated, provided a mass 

accuracy within 2 ppm or better. Lists of deconvoluted mass values were generated by 

the Sophisticated Numerical Annotation Procedure (SNAP™)178 algorithm using the 

DataAnalysis™ software (Bruker Daltonics) and manually verified. Custom Python 

programs were used for peak assignments. Data processing was completed with Professor 

Cheng Lin (Center for Biomedical Mass Spectrometry, Boston University), Kshitij 

Khatri, and Dr. Deborah R. Leon. 

 

4.3 Results and discussion 

4.3.1 Electron capture/transfer dissociation of glycopeptides 

The facile loss of glycans during CID of glycopeptides, makes determination of the 

modification site a difficult task (Figure 4.3, top). ECD/ETD may preserve the 

glycosylation. However, under normal ESI conditions, glycopeptides tend to produce 

ions in lower charge states (with higher m/z values) than their non-glycosylated 

counterparts, presumably because most glycans have lower proton affinities than basic 

amino acid sidechain groups and the peptide backbone. Thus, glycopeptide ions, having 

lower charge density, often exhibit inefficient fragmentation under ECD/ETD conditions 

(Figure 4.3, middle and bottom). In addition, backbone amides may be shielded by the 

bulky glycan, and protected from electron- and radical-induced fragmentation.225 

Extensive non-covalent interactions between the glycan moiety and the peptide can also 
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prevent fragment separation (ECnoD/ETnoD),73, 229 further inhibiting product ion 

detection (Scheme 4.2).  

 

 

 

Figure 4.3 CID, ETD, and ECD spectra of a tryptic digested transferrin glycopeptide carrying a 
biantennary glycan ([M + 3H]3+, m/z 1573.9704). 
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Scheme 4.2 Pathways for formation of ECnoD/ETnoD ions due to intramolecular non-covalent 
interactions, as well as (or instead of) c and z• fragments. 

 

One possible way to improve the glycopeptide ECD fragmentation efficiency is to 

increase its charge state. Figure 4.3 (bottom) and Figure 4.4 showed ECD spectra of a 

tryptic glycopeptide from transferrin carrying a biantennary glycan in two charge states. 

ECD of the 3+ ions (Figure 4.3) generated primarily charge-reduced species, whereas 

ECD of the 4+ species (Figure 4.4) resulted in extensive backbone fragmentation and 

produced many fragments with intact glycans. However, it is not always possible to 

produce glycopeptide ions in higher charge states because of their inherent tendency to be 

undercharged, as discussed above. 
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Figure 4.4 ECD spectrum and cleavage map of a tryptic digested transferrin glycopeptide carrying a 
biantennary glycan ([M + 4H]4+, m/z 1180.7296). 

 

4.3.2 Hot electron capture dissociation of glycopeptides 

Ion activation before ECD/ETD is another approach that can improve ECD/ETD 

fragmentation, as ion activation may facilitate the separation of fragment ions, 

minimizing ECnoD/ETnoD. In addition, ion activation may increase conformational 

heterogeneity, resulting in increased sequence coverage. Ion activation is usually 

achieved by collision or infrared (IR) laser irradiation. However, unfolding of larger 

glycopeptides often demands longer IR irradiation and this can lead to extensive glycan 

fragmentation. 
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Figure 4.5 showed that irradiation of the 3+ tryptic transferrin glycopeptide ions by high-

energy (14 eV) electrons could lead to extensive peptide backbone fragmentation with 

fragments containing the glycan moiety. Besides c- and z-type ions, hot ECD also 

produced b- and y-type fragment ions, indicating some degrees of vibrational excitation 

of precursor ions. Mormann and co-workers reported that b-type ions were produced by 

vibrationally excited even-electron species, and y-type ions were generated from even-

electron species or charged-reduced species.219  

 

 

Figure 4.5 Hot ECD spectrum and cleavage map of a tryptic digested transferrin glycopeptide 
carrying a biantennary glycan ([M + 3H]3+, m/z 1573.9704). 

 

The presence of sialic acids normally reduces peptide backbone dissociation of 

glycopeptides. Sakamoto and co-workers reported that this might result from the 
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formation of non-covalent interactions between the sialic acid residue(s) and the basic 

amino acid side chain(s).87 The presence of the sialic acid groups also increases the 

number of possible glycoforms due to microheterogeneity, thus lowering the intensities 

of glycopeptide precursors. Upon removal of sialic acid groups using α2-3,6,8 

neuraminidase, the cleavage coverage of the 3+ transferrin glycopeptide was improved 

with more fragment ions carrying the entire glycan moiety (Figure 4.6). 

 

 

Figure 4.6 Hot ECD spectrum and cleavage map of a tryptic digested transferrin glycopeptide 
carrying a biantennary glycan with sialic acid groups removed by α2-3,6,8 neuraminidase ([M + 
3H]3+, m/z 1379.9068). “-Cys”: -S•CH2CONH2. 
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Enhanced secondary fragmentation is characteristic of the hot ECD process. Partial loss 

of the cysteine side chain and w-type ions were commonly observed. Similar secondary 

fragmentations have been reported for ECD and ETD.230-231 For z• fragment ions, the 

radical formed on the α-carbon may induce partial loss of the amino acid side chain at or 

remote from the cleavage site. Scheme 4.3 shows the proposed mechanisms for the 

formation of the z5 - Cys ion and w3 ion observed in the Figure 4.6. 

 

 

 

Scheme 4.3 Proposed mechanisms for partial losses of side chains from z• ions observed in hot ECD 
either at a remote site (top panel) or via direct α-cleavage (bottom panel, forming w ions).230-231 
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In an effort to develop the middle-down approach to investigate relationships between 

glycosylation at different sites, the human α-1-acid glycoprotein, which contains five N-

glycosylation sequons, was digested using the endoproteinase Asp-N to generate peptides 

containing more than one N-glycosylation site. 

 

A few α-1-acid glycoprotein peptides that contained two N-glycans, with neutral masses 

around 8000 Da, were subjected to hot ECD fragmentation. The MS/MS data showed a 

series of peptide backbone fragment ions, including those occurring between the two 

sequons with glycosylation preserved. Figure 4.7 shows the hot ECD spectrum of a 

glycopeptide with different glycans attached to the two glycosylation sites. In this case, it 

is critical to perform middle-down analysis to determine precisely the position occupied 

by each glycan, as bottom-up sequencing normally can only provide overall glycosylation 

information. The c15 and z21 ions formed by hot ECD cleavage between the two 

glycosylation sites can be used to deduce the glycan composition at each glycosylation 

site. 
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Figure 4.7 Hot ECD spectrum and cleavage map of an Asp-N digested glycopeptide carrying two 
different glycans from α-1-acid glycoprotein after removal of sialic acid groups by treatment with α2-
3,6,8 neuraminidase ([M + 6H]6+, m/z 1437.4571). 

 

In summary, glycopeptide ions in lower charge states showed minimal fragmentation 

under ECD/ETD, and underwent glycan losses during CID. Upon irradiation with high-

energy electrons, the glycopeptides of interest produced high quality tandem mass spectra 

that provided good sequence coverage for the peptide backbone cleavage and included 

fragments containing intact glycans that allowed determination of the glycoform present 

at each occupied site. 
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4.3.3 LC-hot ECD analysis of glycopeptides 

Because biological samples most often occur as complex multicomponent mixtures, LC 

separation is usually necessary before MS/MS analysis. Thus, methods for nanoLC-hot 

ECD data-dependent acquisition (DDA) were optimized. 

 

Figure 4.8 shows the results of an online LC-MS/MS analysis of the tryptic digest of 

transferrin, which used a C18 column. The base peak chromatogram (BPC) and the 

extracted ion chromatogram (EIC) for Hex-HexNAc oxonium ions are shown in Figure 

4.8a, with a single-scan hot ECD spectrum of a tryptic glycopeptide carrying a 

biantennary glycan shown in Figure 4.8b. Formation of oxonium ions generates signals 

that are useful for detection of glycopeptides in LC-MS/MS chromatograms. The single-

scan hot ECD spectrum produced high quality fragment ions with informative sequence 

coverage. This result demonstrates the feasibility of employing hot ECD as the 

fragmentation method for online LC-MS/MS analysis of glycopeptide mixtures, even 

though hot ECD is a relatively slow process, as compared with CID or higher-energy 

collisional dissociation (HCD).   
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Figure 4.8 a) BPC and EIC of tryptic glycopeptides from transferrin from which sialic acid groups 
were removed by α2-3,6,8 neuraminidase, acquired during a nanoLC-MS/MS analysis with a C18 
column. b) The single-scan hot ECD spectrum (recorded at 34 minutes) and cleavage map of a tryptic 
glycopeptide carrying a biantennary glycan ([M + 3H]3+, m/z 1379.9068). 
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4.3.4 Application to biological systems 

The prokaryote M. mazei, an archaeon, is a major methane contributor to the biosphere. It 

produces methane from three different pathways.226 Another archaeon, A. fulgidus, is a 

hyperthermophilic, sulfate-reducing strict anaerobe which is present in sulfur-rich 

environments such as hot springs and oil wells, and is responsible for the corrosion of 

steel and iron in oil processing machinery.227-228 At present, little is known about 

glycosylation for the archaea. Our group has studied the surface glycoproteome of the 

organisms using chromatographic separation and advanced mass spectrometry, and found 

that the glycan compositions of the glycoproteins from these organisms differ 

substantially from those of the mammalian origin. In this second section of the chapter, 

online nanoLC-hot ECD MS/MS analysis is applied to study the surface glycoproteins of 

these two archaea via de novo glycopeptide sequencing.  

 

Hot ECD spectra with informative fragment ions were acquired for both N-linked and O-

linked glycopeptides, after C18 nanoLC separation. Numerous fragments with glycans 

attached were observed and subsequently used for unambiguous assignment of the 

glycosylation site. Figure 4.9 shows the BPC, total ion chromatogram (TIC), EIC of a 

nanoLC-DDA-hot ECD analysis of tryptic digested A. fulgidus HILIC-enriched fraction 

for glycosylation site determination. A typical hot ECD spectrum of an N-linked 

glycopeptide is shown in Figure 4.10a, acquired at 46 minutes in the plots of Figure 4.9. 

A clear fragmentation pattern was observed and the assignment of the glycan to a single 

amino acid residue revealed the unusual N-linked glycosylation, consisted of only hexose 
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(Hex) residues. A comparison between the hot ECD and the ECD spectra of the same 

precursor ion is presented in Figure 4.10b. The nanoLC-ECD analysis does not produce 

enough fragment ions for de novo sequence and unambiguous glycosylation site 

determination. 

 

 

Figure 4.9 BPC, TIC and EIC of tryptic digested glycopeptides from A. fulgidus HILIC-enriched 
fraction, acquired during a nanoLC-MS/MS analysis with a C18 column. 
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Figure 4.10 a) The single-scan hot ECD spectrum (recorded at 46 minutes) and cleavage map of a 
tryptic digested glycopeptide from A. fulgidus HILIC enriched fraction ([M + 2H]2+, m/z 1237.0306), 
acquired during a nanoLC-MS/MS analysis with a C18 column. b) Zoomed-in views of key peaks 
that unambiguously assign the single glycosylation site to the Asn residue. The nanoLC-ECD analysis 
of the same sample does not generate enough fragment ions for de novo sequencing and glycosylation 
site determination. 

 

A few extensively modified unusual O-link glycopeptides are also present. Figure 4.11 

shows an example, where at least four threonine (Thr) sites are modified by hexose 
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residues. The single-scan hot ECD method could unambiguously identify glycan 

modifications localized to Thr residues in the middle of the glycopeptide. The location of 

other glycan modification(s) (3Hex) can be narrowed down to the first three Thr sites.   

 

 

Figure 4.11 The single-scan hot ECD spectrum and cleavage map of a tryptic digested O-linked 
glycopeptide from A. fulgidus ([M + 2H]2+, m/z 1520.1452), acquired during a nanoLC-MS/MS 
analysis with a C18 column. 

 

In summary, for all the archaea glycoproteins identified in this study, the glycans consist 

of primarily hexose monosaccharide units, with their sizes ranging from six to sixteen 

residues. These glycans are attached to the protein backbones via either N-linked 

(asparagine, Asn) or O-linked (Thr) glycosylation. The N-linked glycans lack a 

chitobiose core, and this prevents the use of enzymatic deglycosylation for glycosylation 
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site determination. In total, thirty-nine unique glycopeptides are identified and elucidated 

using the LC-hot ECD approach. 

 

4.4 Conclusions 

Glycoprotein standards and surface glycoproteins from the archaea were studied using 

the hot ECD technique. Hot ECD turns out to be an effective fragmentation technique for 

sequencing of glycopeptides, including peptides in lower charge states and/or with 

multiple glycosylation sites (middle-down analysis). The unusual N-linked and O-linked 

glycosylation for the surface glycoproteomes of archaea, M. mazei and A. fulgidus, can 

be elucidated using hot ECD MS/MS.  
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Chapter 5 Characterization and analysis of metalloenzymes using mass 

spectrometry 

5.1 Introduction 

Metal ions participate in a variety of biological processes. Approximately one quarter to 

one third of all proteins require metals, either for functional or structural purposes.232 

Among these, metalloenzymes carry metal cofactors,  either directly bound to the enzyme 

or bound to nonprotein components that are attached to the enzyme.233 

 

Metalloenzymes can catalyze a series of challenging reactions by using metal centers 

within the enzyme active sites.233-239 Many metalloenzymes of interest contain naturally 

abundant metals, such as iron,234, 237-245 copper,246 manganese,247 nickel,248 and zinc.249 

Thus, it would be of great significance if we could elucidate the mechanisms of the 

transformations catalyzed by metalloenzymes and potentially utilize inexpensive and/or 

readily available small molecule catalysts to accelerate these reactions. 

 

This chapter focuses on studies of iron-containing enzymes. Such enzymes catalyze a 

wide range of important biosynthetic processes,245, 250 including endoperoxide 

formation,251 oxidative ring cyclization,252 aliphatic desaturation,245 and oxidative carbon-

sulfur bond formation.243-244 However, the mechanisms of most of the relevant 

biosyntheses are still not well understood. 
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Mass spectrometry (MS) has been widely used for investigation of sequence variations 

and post-translational modifications (PTMs) in proteins.251, 253-255 In order to understand 

the mechanisms of the enzyme-catalyzed reactions, it is crucial to determine the exact 

sequence of the enzyme, including its PTMs, during the transformations. MS-based 

proteomics2, 256 can be applied to study more complex systems involving multiple 

proteins. The bottom-up proteomic approach, where the proteins are enzymatically 

digested into peptides, is most widely used. In brief, proteins are digested with a protease 

and the resulting peptides are subjected to online liquid chromatography (LC) separation 

and tandem MS analyses, using fragmentation modes such as collision-induced 

dissociation (CID), higher-energy collisional dissociation (HCD), electron transfer 

dissociation (ETD), and electron capture dissociation (ECD). The experimental tandem 

MS data are then compared with the theoretical fragmentation patterns of peptides 

predicted on the basis of the chosen protease, using a protein database and the established 

properties of the chosen protease and dissociation mode. Database search algorithms 

developed for the automated assignment of peptides and proteins according to their 

tandem MS data include MASCOT,257-259 SEQUEST,260 Byonic,261-262 OMSSA,263 

PEAKS DB (Bioinformatics Solutions Inc., Waterloo, ON Canada), X!Tandem,264-266 and 

MaxQuant.267 MS-based quantitative proteomics has also been developed, and several 

techniques based on protein/peptide labeling are now widely used, such as stable isotope 

labeling by amino acids in cell culture (SILAC),268-270 isotope-coded affinity tag 

(ICAT),271 isobaric tag for relative and absolute quantitation (iTRAQ),272 and tandem 

mass tag (TMT).273-278 Label-free approaches are frequently used for relative 
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quantification of biomolecules among different samples.257, 279 Reproducibility and 

stability of instrumentation is critical to the accuracy of label-free quantification. 

Normally, multiple biological and/or technical replicates are required to ensure 

reasonable reproducibility. Peak alignment for different LC results and statistical 

evaluation are therefore crucial during data processing.  

  

5.2 Methods and experiments 

5.2.1 Sample preparation 

5.2.1.1 Materials 

Ammonium bicarbonate, dithiothreitol (DTT), ANTI-FLAG® M2 affinity gel, and 

FLAG® peptides were purchased from Sigma-Aldrich (St. Louis, MO, US). 

Iodoacetamide (IAA) was obtained from Bio-Rad Laboratories, Inc. (Hercules, CA, US). 

Sequencing grade trypsin was purchased from Promega Corp. (Madison, WI, US). 

LC/MS-grade water (H2O), acetonitrile (ACN), formic acid (FA), Coomassie GelCode 

blue, Lonza ProSieve™ color protein markers, and Pierce C18 spin columns were 

purchased from Fisher Scientific (Pittsburgh, PA, US). All reagents and solvents were 

used as supplied. Reversed-phase C18 ZipTip® tips were purchased from Merck 

Millipore (Billerica, MA, US). Reversed-phase (RP) C18 and C4 Vydac® TP HPLC 

columns were purchased from Grace (Columbia, MD, US). 
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5.2.1.2 Protein digestion and purification 

The protein samples (1.5 nmole) were dissolved in 50 mM ammonium bicarbonate buffer 

(pH 8.0), to make a 50 µL solution. After reduction and alkylation using DTT (5 mM) 

and IAA (15 mM), trypsin was added to these solutions in a 1:50 (w/w) ratio and the 

proteins were digested for 18 h at 37 °C. C18 Ziptips® were then used to desalt the 

resulting peptide mixtures. The sample preparation was performed with Cheng-Hsuan 

Wu in the Department of Chemistry, Boston University. 

 

5.2.2 Instrumentation 

An aliquot of each digested sample (100 to 500 fmol) was injected and analyzed by LC-

MS/MS on either an LTQ-Orbitrap XL mass spectrometer or a Q Exactive Plus Hybrid 

Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA) that 

was coupled with a Triversa Nanomate system (Advion Biosystems, Inc., Ithaca, NY), to 

a nanoACQUITY UPLC (Waters, Milford, MA) equipped with sequential C18 reversed 

phase trap (2G-V/MTrap 5μm Symmetry® C18 180 μm×20 mm) and analytical (1.7-μm 

BEH130 C18 150 μm×100 mm) columns. Mobile Phase A consisted of 98:2 water/ACN 

with 0.1% FA, and mobile Phase B contained 98:2 ACN/water with 0.1% FA. Peptide 

samples were loaded into the trap column at 2% B with a flow rate of 4.0 μL/min for 4 

minutes, and then transferred to the analytical column at 0.5 μL/min. The gradient was 

increased to 40% B over 40 min. For tandem MS analyses, data dependent top-3-HCD or 

top-10-HCD mass spectra were acquired in the Orbitrap mass analyzers. 
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5.2.3 Data analysis 

Xcalibur, Proteome Discoverer (Thermo Fisher Scientific, version 1.3.0.399) and PEAKS 

(Bioinformatics Solutions Inc., Waterloo, ON Canada, version 7.5) were used for data 

analysis. The mass spectra were examined manually to verify the assignments. For 

proteomic database searches, generally the following parameters were used: protease, 

trypsin; modifications: reduction (DTT), alkylation (IAA); missed cleavages allowed, 2; 

parent ion mass tolerance, 5 ppm; fragment ion mass tolerance, 0.05 Da.  

 

5.3 Results and discussion 

5.3.1 Characterization and analysis of non-heme iron enzymes 

In this section, we investigated endoperoxide formation in fumitremorgin B (Scheme 

5.1), catalyzed by the non-heme iron enzyme, fumitremorgin B endoperoxidase 

(FtmOx1), because many peroxy-containing secondary metabolites have been shown to 

provide effects beneficial to human health.280-281 

 

 

Scheme 5.1 Formation of endoperoxide catalyzed by FtmOx1. 

 



 

 

126 

FtmOx1 is an α-ketoglutarate (α-KG)-dependent mononuclear non-heme iron enzyme.282 

Therefore, using anaerobically purified and Fe2+-reconstituted FtmOx1 (FtmOx1-FeII), 

we first characterized the FtmOx1-α-KG complex. Previous reports have indicated that, 

for α-KG-dependent enzymes, the active-site residue can undergo self-hydroxylation and 

mechanistic pathways have been proposed.283-284  

 

Under anaerobic conditions, a pink species formed when the enzyme was mixed with α-

KG. Upon exposure of the solution to oxygen, in the absence of the substrate 

fumitremorgin B, the color changed from pink to blue within 30 minutes. HCD analysis 

of the blue species provided evidence for oxidation of the tyrosine residue (Y224) of 

FtmOx1, forming a dihydroxyphenylalanine (DOPA) residue (Figure 5.1). 
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Figure 5.1 HCD spectrum and cleavage map of a tryptic digested peptide (residue 219-237, [M + 
3H]3+, m/z 773.7426) from FtmOx1, upon exposure of FtmOx1-α-KG complex to O2 in the absence 
substrate fumitremorgin B, acquired during a nanoLC-MS/MS analysis with a C18 column. 

 

The wild-type FtmOx1 was analyzed using the same platform. Figure 5.2 shows the HCD 

result for the same peptide from the wild-type FtmOx1. The formation of DOPA224 from 

Y224 in the blue species was likely the result of a self-hydroxylation reaction, as 

observed in other mononuclear non-heme enzymes. The presence of the substrate 

fumitremorgin B could inhibit the self-hydroxylation. 
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Figure 5.2 HCD spectrum and cleavage map of a tryptic digested peptide (residue 219-237, [M + 
3H]3+, m/z 768.4109) from wild-type FtmOx1, acquired during a nanoLC-MS/MS analysis with a C18 
column. 

 

When Y224 was replaced with alanine (A) (Figure 5.3) or phenylalanine (F) (Figure 5.4), 

endoperoxides accounted for only 15% and 35%, respectively, of the total products, 

indicating that Y224 played a key role in activating molecular oxygen toward 

endoperoxide formation catalyzed by FtmOx1. 
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Figure 5.3 HCD spectrum and cleavage map of a tryptic digested peptide (residue 219-237, [M + 
3H]3+, m/z 737.7355) from Y224A-substituted FtmOx1, acquired during a nanoLC-MS/MS analysis 
with a C18 column. 
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Figure 5.4 HCD spectrum and cleavage map of a tryptic digested peptide (residue 219-237, [M + 
3H]3+, m/z 763.0793) from Y224F-substituted FtmOx1, acquired during a nanoLC-MS/MS analysis 
with a C18 column. 

 

For the FtmOx1(Y224F)-FeII-α-KG complex in the absence of the substrate 

fumitremorgin B, a slow color change to blue was observed upon exposure to oxygen, 

indicating the formation of DOPA. Initial tandem mass spectrometry data indicated that 

DOPA could be formed by two sequential hydroxylation steps (F224→Y224 and 

Y224→DOPA224). Figure 5.5 shows HCD spectrum of the peptide from the 

FtmOx1(Y224F)-FeII-α-KG complex after exposure to one equivalent of O2 in the 

absence of the substrate fumitremorgin B, and Figure 5.6 shows the HCD spectrum of the 

peptide for DOPA formed upon exposure of the FtmOx1(Y224F)-FeII-α-KG complex to 

air in the absence of the substrate fumitremorgin B for 2 hours. These results are 

consistent with X-ray crystal structures and optical absorption spectroscopy data.251 
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Figure 5.5 HCD spectrum and cleavage map of a tryptic digested peptide (residue 219-237, [M + 
3H]3+, m/z 768.4109) from Y224F-substituted FtmOx1 upon exposure of the FtmOx1(Y224F)-α-KG 
complex to one equivalent O2 in the absence substrate fumitremorgin B, acquired during a nanoLC-
MS/MS analysis with a C18 column. 
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Figure 5.6 HCD spectrum and cleavage map of a tryptic digested peptide (residue 219-237, [M + 
3H]3+, m/z 773.7426) for DOPA formed upon exposure of FtmOx1(Y224F)-α-KG complex to air for 2 
hours in the absence substrate fumitremorgin B, acquired during a nanoLC-MS/MS analysis with a 
C18 column. 

 

5.3.2 Investigation of IspG regulation networks using proteomics 

Isoprenoids are a large and structurally diverse class of natural products with more than 

55,000 members, and each decade the number of identified isoprenoid compounds almost 

doubles.285 The 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway is a non-

mevalonate pathway of isoprenoid biosynthesis (Scheme 5.2.), also known as 1-deoxy-D-

xylulose 5-phosphate pathway (DOXP or DXP)286-287, which is absent in animals but 

present in most pathogenic bacteria,288 in the apicomplexan parasites and in plant 

plastids.289 It is a target for development of broad-spectrum antimicrobial drugs, 

antimalarials and herbicides. 
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The IspG and IspH proteins are two key enzymes in the last two steps of the MEP 

pathway that leads to the formation of isopentenyl pyrophosphate (IPP) and dimethylallyl 

pyrophosphate (DMAPP), which are precursors of isoprenoids.290 In this section, we are 

trying to determine the partner proteins of IspG and IspH in Escherichia coli (E. coli), 

which could be involved in the iron-sulfur cluster maturation system and the IspG/IspH 

reduction system in vivo.291 

 

 

Scheme 5.2 MEP pathway in prokaryotes. 
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Constructions of the IspG-FLAG/IspH-FLAG fusion strains and subsequent anaerobic 

FLAG pull-down assays were accomplished with Dr. Wen Hu in the Department of 

Chemistry, Boston University based on technical protocols provided by vendors. Briefly, 

a FLAG tag coding sequence was genetically fused with IspG or IspH in BL21(DE3) E. 

coli cells. The ANTI-FLAG M2 affinity resin was then used for FLAG pull-down assays 

to reduce nonspecific binding. The eluted proteins were subjected to one-dimensional 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separation 

(Figure 5.7) and Western blot for initial analysis. 

 

The first lane G on SDS-PAGE is the FLAG-pull-down proteins from the cell culture of 

BL21(DE3)IspG-FLAG strain. The lane C is FLAG-pull-down samples from the cell 

culture of wild type BL21(DE3), used as a negative control. The lane GCL is the cell 

lysates of BL21(DE3)IspG. The lane M is the protein standards as the markers, 

containing seven proteins with approximate masses of 20, 25, 40, 50, 80, 125, and 190 

kDa. Similar naming rules were used for IspH-related samples. 

 

Identification of the proteins was achieved by bottom-up MS analysis after proteolytic 

digestion with trypsin. In-gel digestion was followed by matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) peptide mass 

fingerprinting performed on an UltrafleXtreme MALDI-TOF/TOF mass spectrometer, 

and reversed-phase liquid chromatography (RPLC)-tandem MS analysis on an LTQ-
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Orbitrap XL hybrid mass spectrometer using a C18 analytical column. The product 

mixture resulting from in-solution digestion of eluted proteins was directly analyzed by 

the LTQ-Orbitrap XL hybrid mass spectrometer with C18 RPLC. Both in-gel and in-

solution results were taken into consideration for protein identification. 

 

 

Figure 5.7 SDS-PAGE of the eluted proteins after ANTI-FLAG pull-down assays with control 
samples and protein standard markers, stained by Coomassie GelCode blue. Lane G: FLAG-pull-
down samples from the cell culture of BL21(DE3)IspG; Lane C: FLAG-pull-down samples from the 
cell culture of wild type BL21(DE3), as a negative control; Lane GCL: Cell lysates of BL21(DE3)IspG; 
Lane M: The ProSieve™ Color Protein Marker contains seven proteins with approximate masses of 
20, 25, 40, 50, 80, 125, and 190 kDa; Lane HCL: Cell lysates of BL21(DE3)IspH; Lane H: FLAG-pull-
down samples from the cell culture of BL21(DE3)IspH. 
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Figure 5.8 and Figure 5.9 show MALDI-TOF mass spectra of in-gel tryptic digested 

peptides obtained for IspG and IspH spots labeled in Figure 5.7. Sequence coverages 

indicated in the figures were confirmed by LC-MS/MS analysis using orbitrap mass 

spectrometry. These results suggested the success of anaerobic FLAG pull-down assays 

of IspG and IspH proteins. 

 

 

Figure 5.8 MALDI-TOF mass spectrum and sequence coverage from the in-gel tryptic digested 
peptides obtained for the IspG spot labeled in Figure 5.7. 
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Figure 5.9 MALDI-TOF mass spectrum and sequence coverage from the in-gel tryptic digested 
peptides obtained for the IspH spot labeled in Figure 5.7. 

 

Table 5.1 summarizes the major pull-down proteins identified from the IspG and IspH 

mixtures, using a Mascot database search. Among the identified proteins, Chaperone 

protein dnaK (dnaK), 60 kDa chaperonin (groL1), Glyceraldehyde-3-phosphate 

dehydrogenaseA (gapA), tRNA-modifying protein ygfZ (ygfZ), and Fructose-

bisphosphate aldolase class 2 (FbaA) have potential biological significance. 
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Proteins IspG Control IspH 
4-hydroxy-3-methylbut-2-en-1-yl diphosphatesynthase,IspG + - - 
4-hydroxy-3-methylbut-2-enyl diphosphatereductase,IspH - - + 
Pyruvate dehydrogenase E1 component, aceE + + + 
Dihydrolipoyl dehydrogenase, lpdA and lpd + + + 
Dihydrolipoyllysine-residue acetyltransferase component of 
pyruvate dehydrogenase complex, aceF 

+ + + 

Lysozyme C, LYZ + + + 
60 kDa chaperonin, groL1 + - + 
Chaperone protein dnaK, dnaK + - + 
2-oxoglutarate dehydrogenaseE1 component, sucA - - + 
Tryptophanase, tnaA + + + 
Elongation factor Tu, tufA + - + 
Allantoate amidohydrolase, allC + + + 
Glycine dehydrogenase [decarboxylating], gcvP - - + 
Dihydrolipoyllysine-residue asuccinyltransferase component of 2-
oxoglutarate dehydrogenase complex, sucB 

- - + 

Transcription termination factor rho, rho - - + 
Fructose-bisphosphate aldolase class 2, fbaA + - + 
30S ribosomal protein S1, rpsA - - + 
30S ribosomal protein S4, rpsD - - + 
30S ribosomal protein S13, rpsM - - + 
50S ribosomal protein L2, rplA - - + 
50S ribosomal protein L1, rplB - - + 
50S ribosomal protein L7/L12, rplL - - + 
Fumarate hydratase class I, aerobic, fumA - - + 
tRNA-modifying protein ygfZ, ygfZ + - - 

DNA protection during starvation protein, dps + - + 
UPF0304 protein yfbU, yfbU - + + 
Malate dehydrogenase, mdh + - - 
Alkyl hydroperoxide reductase subunit C, ahpC + - - 
Citrate synthase, gltA + - + 
Enolase, eno + - - 
Glyceraldehyde-3-phosphate dehydrogenaseA, gapA + - - 

Table 5.1 Major pull-down proteins identified from the IspG and ispH mixtures.  
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Both IspG and IspH are [4Fe-4S] cluster-containing proteins, and the [4Fe-4S] cluster is 

crucial for their activities.291 However, the iron-sulfur cluster is oxygen-labile. Its 

synthesis, assembly, and repair have attracted much attention, especially with regard to 

devising means by which to protect or recover the iron-sulfur cluster from oxidizing 

damage. The ygfZ protein, identified above associating with IspG, has been reported to 

play a key role in iron-sulfur synthesis or repair during oxidative stress.292 In addition, 

according to the bacterial two hybrid assay, groL1 takes part in the third step of the dnaK 

reaction cycle for protein refolding;293 dnaK may function as a sensor to detect the non-

native IspG, and then the non-native IspG is transferred to groL1 for its further repairing. 

 

5.4 Conclusions 

Initial tandem mass spectrometry data indicated that Y224 plays a key role in activating 

molecular oxygen toward the endoperoxide formation catalyzed by FtmOx1. In 

combination with other analytical techniques, results from the mass spectrometry 

analyses used for the structural and biochemical characterization of FtmOx1 deepened 

the understanding of mononuclear non-heme iron enzymes and the related chemical 

transformations. In addition, through a combination of genetic technologies, biochemical 

technologies and mass spectrometry, the IspG regulation network has been studied. It is 

now understood that IspG is not just a key enzyme functional in the synthesis of 

isoprenoid precursors in the MEP pathway, but it also functions as a central hub in 

response to oxidative stress. 
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Chapter 6 Conclusions and future perspectives 

6.1 Conclusions 

Ion mobility spectrometry (IMS) and tandem mass spectrometry (MS/MS) have become 

important techniques for biomolecule structural characterization and analysis. IMS 

provides gas-phase separation orthogonal to liquid chromatography (LC) fractionation. 

Detailed structural information can be obtained by MS/MS. In this dissertation, with the 

aims of expanding the applications of IMS, collision-induced dissociation (CID), and 

electron activated dissociation (ExD) to structural analysis of various biomolecules, we 

applied different IMS and LC methods for separation and purification of proteins, 

glycoproteins, and glycans, prior to mass spectrometry analysis, including drift-tube IMS 

(DT-IMS), selected accumulation trapped IMS (SA-TIMS), reversed phase 

chromatography (RPC), size exclusion chromatography (SEC), hydrophilic interaction 

liquid chromatography (HILIC) and various affinity chromatography. CID, higher-energy 

collisional dissociation (HCD), electron transfer dissociation (ETD), electron capture 

dissociation (ECD), hot ECD, electronic excitation dissociation (EED) were employed 

for MS/MS, to investigate a variety of biomolecules, including those from biological 

systems, for identification, conformational studies, de novo sequencing, characterization 

(of post translational modifications, PTMs) and proteomics. 

 

In Chapter 2, the initial data on application of SA-TIMS-ExD-Fourier transform ion 

cyclotron resonance (FTICR) MS to separation and identification of glycan linkage 

isomers were presented. With high mobility resolving power provided by SA-TIMS, the 
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glycan isomers could be baseline separated with different metal cations as the charge 

carriers. EED showed great promise in identifying mobility-separated glycan isomers, as 

it could produce extensive fragmentation and offer detailed linkage and topology 

information, making possible the confident identification of the glycan isomers. 

Collisional cross section (CCS) values could be calculated in a straightforward way based 

on the trapping voltage value at peak elution and other known instrument parameters. The 

CCS values measured by SA-TIMS were consistent with those measured by DT-IMS. 

Theoretical modeling was performed to gain better understanding of the IMS separation. 

The results made it clear that IMS separation of glycan isomers with metal-adduction 

depends on their metal-binding characters. For this reason, the choice of metal charge 

carrier and charge state is critical for successful IMS separation of isomeric glycans. 

 

In addition to exploitation of its power for isomer separation, IMS has been frequently 

used for protein conformation studies, since CCS can provide direct evidence for gas-

phase conformation distribution. ECD tandem mass spectrometry, on the other hand, can 

reveal information on protein folding and unfolding, because the ECD fragmentation 

pattern is influenced by both charge locations and the presence of non-covalent bonds. As 

a combination of these two techniques, the SA-TIMS-ECD approach offers a powerful 

tool for conformation studies. By studying gaseous ubiquitin, we demonstrated that 

different conformations of protein ions in a single charge state produce distinct ECD 

fragmentation patterns, presumably due to their differences in tertiary structures and/or 

proton locations. Heating by increasing radio frequency (RF) amplitude disrupted the 
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tertiary structures and non-covalent interactions, leading to an elongation of the protein 

conformation. Conformers caused by different charge sites exhibit lower effects upon 

heating. 

 

A variety of MS/MS methods were used to characterize glycoproteins in Chapter 4. 

Glycan losses could easily occur upon vibrational activation, for example, during CID. 

On the other hand, although ECD/ETD could preserve the glycan on the protein or 

peptide backbone, the glycopeptide ions in lower charge states showed minimal 

fragmentation under ECD/ETD. We determined that hot ECD could generate extensive 

fragmentation of the peptide backbone, including fragments containing intact glycans that 

can be used for determination of glycosylation sites and the glycan composition at each 

site, even for ions in lower charge states. With online LC-hot ECD, both glycoprotein 

standards and glycoproteins from biological sources were investigated. Because hot ECD 

could provide unambiguous assignment of the glycan to a single amino acid residue, the 

unusual N-linked and O-linked glycosylations on the surface glycoproteins of archaea 

were elucidated via de novo sequencing.  

 

This dissertation also described the mass spectrometric studies of metalloenzymes, 

focusing on iron-containing enzymes.  Characterization of PTMs and MS-based 

proteomics were employed as different approaches to investigate various enzyme 

systems, to understand the mechanisms of transformations or explore enzyme regulation 

networks. In combination with other analytical techniques, the MS results provided 
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insights into the important transformations catalyzed by these enzymes and biological 

functions of related proteins. 

 

In conclusion, the work presented in this dissertation suggests the analytical potential of 

combining different separation methods and fragmentation techniques, and these 

approaches show great promise in the structural analysis of proteins, glycoproteins and 

glycans.  

 

6.2 Future perspectives 

The continuing development of IMS techniques has led to the achievement of higher and 

higher mobility resolving powers. Thus, more glycan isomers with small CCS value 

differences could be separated for downstream MS analyses, for example, the high 

mannose-7 isomers from bovine ribonuclease B. If a sufficiently high resolving power 

can be obtained, the specific CCS value of a compound can be used to assist in its 

identification. A high resolution CCS database294 could be established and used with m/z 

value acquired by MS to identify unknowns. Besides glycan isomer separation, IMS also 

has the capability to resolve different gaseous glycan conformers within the same charge 

state. The different glycan conformations sometimes show distinct MS/MS patterns. 

Additional studies are necessary to further understand the glycan conformation 

distributions, and to reveal the fragmentation mechanisms of various MS/MS dissociation 

conditions on glycan conformers. For high-throughput analysis of glycans, it is also 
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critical to develop a bioinformatics approach to perform structural determination of 

glycans in an automated manner (topology, then linkage configurations). 

 

For protein conformational studies using the SA-TIMS-ECD approach, to date, our 

investigations have mainly focused on the protein conformations in the higher charge 

states, because of the present limitation of the SA-TIMS device with regard to 

transmission of higher m/z ions. Reconfiguration of the TIMS unit is currently underway, 

so that it can transfer higher m/z ions. With this new version, it would be possible to carry 

out studies of lower charge state protein conformations that should have more tertiary 

structure and thus a closer approximation to in vivo systems, to enhance our 

understanding of protein conformation and folding in the gas phase, as well as the 

mechanisms underlying their ECD behavior. Meanwhile, molecular dynamic simulations 

are needed to establish theoretical modeling for better comprehension of experimental 

results. Another goal is minimizing heating effects during IMS analysis of native protein 

conformation. 

 

Regarding glycoprotein studies, the hot ECD spectra of glycopeptides are much more 

complex than their CID and ECD spectra. Additional work is needed to develop 

bioinformatics tools for spectral interpretation, for a better understanding of the hot ECD 

fragmentation behaviors and mechanisms of glycopeptides. It would be interesting to 

extend the LC-hot ECD method to SA-TIMS-hot ECD following LC fractionation, 
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introducing additional separation to study relatively complex systems, such as glycan 

heterogeneity of antibodies. 

 

Finally, in other iron-containing enzyme systems, such as Fe2+/2-KG-dependent 

dioxygenase, EasH, iron-dependent oxygenase, EgtB and phytanoyl coenzyme A 

hydroxylase, PhyH, mechanistic details of the chemical transformations are still under 

investigation. Modification characterization using MS and mutation experiments are 

needed to understand their intriguing chemistry. Furthermore, quantification of target 

proteins or quantitative proteomics would be the next steps to gain increased 

understanding of the biological functions of IspG and IspH. 

 

In closing, MS and related methods have become essential tools for studies of various 

biomolecules. It is anticipated that more MS-related techniques will be developed, and 

they will provide new opportunities for future research in development of advanced 

methods and their applications for bioanalytical characterization.   
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