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ABSTRACT 

With the advent of two “soft” ionization techniques in the late 1980s－electrospray 

ionization (ESI) and matrix assisted laser desorption/ionization (MALDI) for the routine and 

general formation of intact molecular ions－ and continuing effort in the instrumentation 

development directed toward improving two key parameters of mass spectrometric performance－

mass resolving power and mass accuracy, mass spectrometry has been an indispensable analytical 

technique for chemical and biochemical sample analysis, especially for highly complex mixture 

systems, e.g., proteomics, petroleomics, lipidomics, metabolomics, etc. The introduction of ESI 

and MALDI ionization techniques has extended the accessibility of mass spectrometry-based 

analysis from small volatile molecules to large non-volatile molecules, whereas mass accuracy 

and mass resolving power directly determine the usefulness of mass spectrometric experiments.  

Among the high resolution mass analyzers such as reflectron/multipass time of flight 

(TOF), orbitrap, and Fourier transform ion cyclotron resonance (FT-ICR), FT-ICR MS provides 

ten-fold higher mass resolution and mass measurement accuracy than other mass analyzers and 

has become the most powerful techniques that can deal with the complexity of various samples, 

e.g., it is possible to routinely achieve high mass resolving power of 400,000 (m/∆m50% ≈ 

400,000, in which m is molecular mass and ∆m50% is the mass spectral peak width at half-

maximum peak height) and mass accuracy (~ 100 ppb) up to 800 Da from high-field (≥9.4 T) FT-

ICR MS, thus resolving > 40,000 different elemental compositions in a single mass spectrum and 

providing their unambiguous molecular formulas. Chapter 1 introduces the concept of mass 

resolving power, mass resolution and mass measurement accuracy, the principle of the FT-ICR 

instrument for mass measurement, ionization methods, factors that control the mass measurement 

accuracy of FT-ICR MS and utility of high mass accuracy for analysis of biological samples and 

complex mixtures. 

Chapter 2 describes the application of high mass accuracy for distinction of N-terminal 

and C-terminal electron capture dissociation/electron transfer dissociation (ECD/ETD) product 

ions of c and z
●
 based on their number of hydrogen plus nitrogen atoms determined by accurate 

mass measurement, and forms a basis for de novo peptide sequencing. The effect of mass 

accuracy (0.1-1 ppm error) on c/z● overlap and unique elemental composition overlap is evaluated 

for a database of c/z
●
 product ions each based on all possible amino acid combinations and four 



 

 

xiii

subset databases containing the same c ions but with z
●
 ions determined by in silico digestion with 

trypsin, Glu-C, Lys-C, or chymotrypsin. High mass accuracy reduces both c/z● overlap and unique 

elemental composition overlap. Of the four proteases, trypsin offers slightly better discrimination 

between N- and C-terminal ECD/ETD peptides. Interestingly, unique elemental composition 

overlap curves for c/c and z●/z● peptide ions exhibit discontinuities at certain nominal masses for 

0.1-1.0 ppm mass error. Also, the number of ECD/ETD product ion amino acid compositions as a 

function of nominal mass increases exponentially with mass, but with a superimposed modulation 

due to higher prevalence of certain elemental compositions. 

Chapter 3 presents an idea that at sufficiently high mass accuracy, it is possible to 

distinguish phosphorylated from unmodified peptides by mass measurement alone. We examine 

the feasibility of that idea, tested against a library of all possible in silico tryptic digest peptides 

from the human proteome database. The overlaps between in silico tryptic digest phosphopeptides 

generated from known phosphorylated proteins (1-12 sites) and all possible unmodified human 

peptides are considered for assumed mass error ranges of ±10, ±50, ±100, ±1,000, and ±10,000 

ppb. We find that for mass error ±50 ppb, 95% of all phosphorylated human tryptic peptides can 

be distinguished from nonmodified peptides by accurate mass alone through the entire nominal 

mass range. We discuss the prospect of on-line LC MS/MS to identify phosphopeptide precursor 

ions in MS1 for selected dissociation in MS2 to identify the peptide and site(s) of 

phosphorylation. 

ETD and ECD are two similar fragmentation approaches, producing extensive and 

nonspecific fragmentation (c/z● ions formed by cleavage of N-Cα backbone bond) while retaining 

thermally labile post-translational modifications. In chapter 4, we implemented dual electrospray 

ionization ETD on a custom-built 9.4 T FT-ICR MS. Two separate electrospray emitters are 

automatically switched for injection of positive (analyte) and negative (reagent) ions. 

Decarboxylated 2-(fluoranthene-8-carbonyl) benzoic acid is the ETD reagent anion. A linear 

octopole ion trap is the ETD ion/ion reaction chamber, and an RF voltage is applied to the front 

and back ion trap electrodes to confine both cations and reagent anions for ETD, after which the c- 

and z- type product ions are passed to the ICR cell for high resolution and mass accuracy analysis. 

Comparison of ETD and ECD spectra of standard peptides shows that ETD provides similiar 

sequence coverage and fragmentation pattern to ECD. 



 

 

xiv

Chapter 5 describes a calibration procedure in which accurate masses of spacings from any 

two same type neighboring fragment ions differing by one amino acid residue are used to calibrate 

ECD and collision activated dissociation (CAD) MS/MS spectra of standard peptides with 

different molecular weights and charge states. High mass accuracy of tandem mass spectra is 

crucial for confident extraction and identification of spacings. FT-ICR mass spectrometry provides 

ultrahigh mass accuracy and resolving power and acquired MS/MS spectra with ppm mass 

accuracy level are routinely obtained when combined with external calibration by substance P 

fragments. Calibration by accurate masses of extracted spacings shows up to ~ 30% further 

reduction of rms mass error of MS/MS spectra on average compared with substance P MS/MS 

external calibration. ~ 25% improvement of c/z
●
 ion unambiguous distinction from ECD spectra 

based on valence parity rule increases the confidence of peptide sequencing.  

FT-ICR MS with ultrahigh resolving power and mass accuracy is essential to resolve and 

uniquely identify elemental compositions of thousands of components in complex organic 

mixtures, e.g., petroleum crude oils. To study how much resolving power and mass accuracy is 

necessary, in chapter 6 all possible closest mass doublets (0<∆m<45 mDa, ∆m is the mass 

difference of mass doublet) were counted for both electrospray ionization (ESI) and atmospheric 

pressure photoionization (APPI) absorption-mode spectra automatically by use of the algorithm 

written in LabWindows/CVI. As many as thousands of mass doublets with the mass difference 

less than 10 mDa (as low as ~ 0.70 mDa) were observed in APPI and ESI absorption-mode 

broadband mass spectra. Histograms of mass doublet distribution for APPI and ESI were plotted. 

In chapter 7 the effect of mass error (10 – 500 ppb) on elemental composition overlap is evaluated 

for ESI and APPI databases containing all possible elemental compositions with proper 

constraints, CcHhNnOoSs
13

Ccc
34

Sss, c, h unlimited, 0≤n<5, 0≤o<10, 0≤s≤3, 0≤cc<3 and 0≤ss<2 for 

even-electron ions (M+H)
+
 (or (M-H)

-
) in ESI and for both M

+●
 and (M+H)

+
 (or M

-●
 and (M-H)

-
) 

in APPI with nominal mass of 200-1200 Da. Number of element compositions of all possible 

components in complex mixtures is reduced by ~ 1100 on average for each class after applying 

90% rule. High mass accuracy reduces elemental composition overlap and facilitates the unique 

identification of elemental compositions for components up to 1200 Da at mass errors of 200 ppb 

in ESI and 100 ppb in APPI. All possible theoretical mass doublets which may occur in petroleum 

crude oils are calculated based on elemental compositions of all possible components from ESI 

and APPI databases. Mass doublets with mass difference as low as 0.20 mDa, even smaller than 
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mass of electron (0.548 mDa) and NO2
13

C vs. C2H3S (0.71 mDa) (the smallest one currently 

observed in 9.4 T broadband absorption-mode ESI/APPI FT-ICR MS) are calculated and can only 

be resolved with higher-field FT-ICR MS (e.g., absorption-mode 21T). 

FTICR mass spectrometer coupled with ECD/ETD offers ultrahigh broadband mass 

resolving power (>10
5
) and mass accuracy (<1 ppm) for detection of accurate precursor mass as 

well as the vast amount of isotopically resolved fragment ions required for protein identification 

and has become an increasing useful tool for top-down analysis. In chapter 8 we perform top-

down ECD FT-ICR MS for structural analysis of an intact monoclonal antibody (IgG1-kappa (κ) 

isotype, ~148 kDa). Simultaneous ECD for all charge states (42+ to 58+) generates more 

extensive cleavages than ECD for an isolated single charge state. The cleavages are mainly 

localized in the variable domains of both heavy and light chains, the respective regions between 

the variable and constant domains in both chains, the region between heavy chain constant 

domains CH2 and CH3, and the disulfide bond (S-S) linked heavy chain constant domain CH3. The 

light chain yields mainly N-terminal fragment ions due to the protection of the inter-chain 

disulfide bond between light and heavy chain, and limited cleavage sites are observed in the 

variable domains for each chain where the S-S spans the polypeptide backbone. Only a few 

cleavages in the S-S linked light chain constant domain, hinge region, and heavy chain constant 

domains CH1 and CH2 are observed, leaving glycosylation uncharacterized. Top-down ECD with a 

custom-built 9.4 T FT-ICR MS for structural characterization of IgG1κ provides more extensive 

sequence coverage than top-down collision induced dissociation (CID) and ETD with time-of-

flight but comparable sequence coverage with top-down ETD with orbitrap MS. 
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CHAPTER ONE 

HIGH MASS ACCURACY FOURIER TRANSFORM ION 

CYCLOTRON RESONANCE MASS SPECTROMETRY 

Mass accuracy, mass resolution and mass resolving power 

Mass accuracy (or mass error) is defined as the difference (Δm) between the measured 

mass (mi) and calculated mass (ma) from elemental composition (e.g. CcHhNnOoSsPp) of an ion or 

molecule where Δm could be positive or negative and expressed in different units such as (mi-ma) 

in Da, (mi-ma) ×10
3
 in mDa and (mi-ma) /ma ×10

6
 in ppm. For multiple species present in a single 

mass spectrum, mass measurement accuracy (MMA) or root mean square (RMS) error is 

commonly used to describe the average of mass accuracies of all components in the spectrum 

(MMA= nm
i

i /)(∑Δ ; RMS= nm
i

i /)( 2∑Δ ); Δmi, mass accuracy of each component i; n, 

number of components).
1
 Mass resolution represents the capability to separate two closely 

spaced spectral peaks corresponding ions with different elemental compositions and typically 

defined as minimum mass difference (m2-m1) in Daltons between two peaks such that the valley 

between the sum of the peaks is equal to the height of the smaller individual peak. There are two 

common definitions for resolution 50% valley definition in which two peaks with equal 

magnitude are separated by exactly the full width at half-maximum height (FWHM) of either 

peak, then the mass resolution (m2-m1)=Δm50% (∆m50% is the mass spectral peak width at half-

maximum peak height) and 10% valley definition. As for 10% valley definition, resolution is the 

smallest mass difference (m2-m1)=Δm10% between two peaks having an overlay of 10% and each 

peak contributes 5% to the height of the valley. Mass resolving power (R) is typically defined as 

R=m/Δm50% for single spectral peak or R = m2/(m2-m1), m2-m1=Δm50% for two equal-magnitude 

peaks based on 50 % valley definition (∆m50%, mass spectral peak width at half-maximum peak 

height; m1 and m2, mass or m/z of two different elemental compositions).
2, 3

 Greater resolving 

power is required to resolve two peaks with unequal magnitude. For example, if two peaks differ 

in height by a factor of 100, then resolving power must be ~ 10 times higher than two peaks with 

the same height.
4
 Here, m can be replaced by m/z for multiply charged ions in mass accuracy, 

mass resolution and resolving power definitions. 
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The need for high mass accuracy and high resolving power 

Mass accuracy and mass resolving power are related and the relationship of mass accuracy 

in the form of parts per million (ppm) and mass resolving power on a given mass or m/z value can 

be expressed by: 

mi −ma

ma

×106 ∝ 1

R S
 

where S is the ion signal level (assuming only ion counting noise).
5
 Sufficient precision for 

accurate mass assignment needs high resolving power as a prerequisite. High resolving power 

assures that the m/z value of an ion is of a single isotope or elemental composition instead of the 

weighted average of multiple isotopes or elemental compositions and determines the precision of 

centroid measurement of the spectral peak. 
6
 This is because the centroid of a peak can be 

significantly affected by even a minor underlying component of a slightly different m/z value. 

Moreover, High resolving power ensures that charge state of multiply charged ions can be 

determined from their isotopic spacing and signal-to-noise ratio can be improved owing to 

grouping ions into narrow peaks (increasing the peak height).
7
 High resolving power improves 

the performance of instruments provided that sensitivity is not compromised. Once the centroid 

positions of spectral peaks have been precisely established, high mass measurement accuracy of 

spectra can be obtained after internal or external calibration (see below) of spectra. Note that in 

the absence of systematic error, mass accuracy is the same as mass precision.
8
 Since every 

isotope of each element in the elemental composition of CcHhNnOoSs has a different mass defect, 

which is defined as the difference between exact mass and the nearest-integer (nominal) mass, 

e.g., 0 Da for 
12

C, 0.003354838 Da for 
13

C, 0.007825032 Da for 
1
H, 0.003074005 Da for 

14
N, -

0.005085378 Da for 
16

O, -0.027929310 Da for 
32

S, etc., every CcHhNnOoSs is unique and can be 

determined uniquely from its mass alone under sufficiently high mass measurement accuracy.
9
 

High mass resolving power and mass accuracy thus guarantee the confidence and uniqueness of 

component identification especially in complex mixtures (e.g., petroleum crude oils), limiting the 

number of possible solutions to the elemental composition of the measured mass (or m/z). It was 

reported in the early days that a mass accuracy corresponding to 5 ppm mass error would be 

accurate enough for high confidence elemental composition determination.
5
 Therefore, the 

(1-1) 
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Journal of Organic Chemistry requires that acceptable error limits should be within ± 5 ppm for 

high-resolution mass spectral data to prove identity of synthesized compounds.
10

 

 

External calibration, internal calibration and post-acquisition calibration 

The error in a measured mass is composed of two components: the systematic error (the 

accuracy of the measurement) and the statistical or random error (the precision of the 

measurement).
6
 Systematic component is caused by factors such as space charge effect from 

Columbic repulsion between ions, time-dependent fluctuation of magnetic and electric field, 

thermal expansion of instrument and thermal instability of electric power supply, etc.
11-13

 These 

factors produce a systematic shift in the measured m/z of peaks in mass spectra and degrade the 

mass measurement accuracy. Methods developed for eliminating systematic shift in m/z of peaks 

include internal calibration, external calibration, and post-acquisition calibration, corresponding 

to calibration processes before, during and after the measurement.
14

 In external calibration, 

calibrant and analyte ions are introduced into mass spectrometers separately in different 

experiments. The corrections to calibrant mass are stored by the instrument and then applied 

automatically to analyte mass spectra. However, temporal drift of m/z measurement and different 

total ion population between external calibrant experiment and analyte experiment especially 

when we are running LC-MS in which the ion population can even fluctuate by two or three 

orders of magnitude make the external calibration less accurate. Those problems could be 

overcome by internal calibration, in which analyte mass spectra are calibrated during acquisition 

by use of “lock masses” introduced either before (e.g., dissolved in the sample solution) or during 

(e.g., infused from a separate ionization source) the ionization process to mix with analytes.
2, 15-19

 

Internal calibration provides better mass measurement accuracy then external calibration (usually 

2-3× fold improvement) because both analyte and internal calibrant undergo the same experiment 

conditions and are subject to the same amount of systematic shift in measured m/z, but suffers 

from other disadvantages such as ion suppression from “lock masses”, chemical interferences 

between lock masses and analytes, etc. In post-acquisition calibration, without applying “lock 

masses” during acquisition analyte mass spectra are recalibrated by use of some confidently 

identified peaks under the external calibration (e.g., a series of homologous alkylation species 

used for recalibration of other peaks in petroleum crude oil spectra) or features of mass spectra 

(e.g., deconvolution of Coulombic affected linearity (DeCAL) and calibration optimization on 
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fragment ions (COFI) approaches used for recalibration of electron capture dissociation (ECD) 

and collision-induced dissociation (CID) tandem mass spectra).
9, 20, 21

 This approach is alternative 

to internal calibration and can obtain better mass accuracy measurement than with external 

calibration. 

 

Fourier transform ion cyclotron resonance mass spectrometry 

Theory. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has 

been proved to be a powerful analytical tool since the first introduction of Fourier transformation 

to ICR by Melvin B. Comisarow and Alan G. Marshall in 1974 due to its unparalleled advantages 

compared to other mass spectrometers such as ultrahigh mass resolving power and accurate mass 

measurement, high mass range, tandem (MS/MS) and multistage (MS
n
) experiments and 

simultaneous detection of ions of widely distributed mass-to-charge ratios with Fellgett 

advantage, etc.
6, 12, 22

 Many of those independent FT-ICR performance parameters improve 

dramatically e.g. linearly (data acquisition speed, upper mass limit for peak coalescence, 

resolving power) or quadratically (upper mass limit due to trapping potential, maximum number 

of trapped ions, ion trapping time) with the increase of magnetic field strength B. In our National 

High Magnetic Field Laboratory (NHMFL), we have already had a home-built passively shielded 

9.4 T FT-ICR MS and a commercial hybrid actively shielded 14.5 T LTQ-FT-ICR MS, also a 

new 21 T state-of-the-art FT-ICR MS is under the construction. Passive shielding uses the 

magnetic material around the magnet to “short-circuit” the magnetic field lines, whereas active 

shielding uses the extra superconducting coils outside the main coil to generate a magnetic field 

in the opposite direction to counteract the stray field of the main coil but also reduces the main 

magnetic field.  

Here, a schematic diagram of our home-built 9.4 T FT-ICR instrument is shown in Figure 

1.1.
23

 Ions generated externally from a micro-electrospray source traverses to the first stage of 

vacuum pumping into a skimmer region through the heated metal capillary. The skimmer provides 

a conductance limit to the second stage of differential pressure where ions enter and accumulate in 

the first rf-only octopole, and then ions are transferred through an optional quadrupole mass filter 

into a second rf-only octopole where they are collisionally cooled to the z axis with helium to 

reduce the magnetic mirror effect before transfer through an rf-only transfer octopole into the open 

cylindrical Penning ion trap. The octople ion guides are typically operated 1.5-2.0 MHz with 190-
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240 V peak-to-peak rf amplitude. In the ICR cell, ions rotate in a circular cyclotron obit in a plane 

(x-y) perpendicular to the direction of a spatially uniform magnetic field B.
24, 25

 To confine the 

ions from escaping along the +/- z direction, an additional electrostatic axial potential is applied to 

two trapping electrodes. This trapping potential can introduce harmonic linear axial oscillation of 

ions, the reduced cyclotron frequency what is actually measured as well as a “magnetron” rotation 

in a plane perpendicular to B due to the radial component of trapping potential off the axis.
26

 Ions 

centered on the z-axis with randomly distributed phases initially then are excited to a larger radius 

to make ion packet spatially coherent and signal detectable. The excited orbital radius is only 

dependent on the amplitude of excitation electric field, excitation time and magnetic field strength 

and independent of m/q. Ergo, all ions will be excited to the same radius irrespective of m/z ratios! 

Broadband frequency-sweep (chirp) dipolar excitation and stored waveform inverse Fourier 

transform excitation (SWIFT) (~ kHz to MHz) are most typically used in current FT-ICR MS. The 

former is the one of the earliest technique ever performed but suffers from poor selectivity at the 

beginning and end of the interesting m/z range and uneven power distribution across the frequency 

range of interest.
22, 27

 SWIFT defines the required excitation electric field in the frequency domain 

with even power distribution and then inversely Fourier transformed to generate the corresponding 

time-domain excitation waveform, which has proven to be the best method to excite or eject ions 

of a particular m/z in the presence of many other ions with different m/z values.
28, 29

 After ion 

excitation, image current on two opposed detection electrodes induced by ions is amplified and 

then sampled to yield time-domain transient data. Multiple time-domain acquisitions are usually 

summed, Hanning-apodized, and zero-filled once before fast Fourier transform and magnitude 

calculation.
6
 Magnitude-mode frequency domain spectrum is often used to generate the final 

mass-to-charge ratio spectrum because of its phase-independent property. Frequency-to-m/z 

conversion is performed with a two-term calibration equation.
30, 31

 However, at present we have 

been able to recover pure-absorption mode spectrum from magnitude-mode spectrum after phase 

“correction” at all frequencies performed automatically by algorithms, which leads to ~80% 

improvement in resolving power and ~30% improvement in signal-to-noise ratio relative to the 

magnitude-mode spectrum.
32

 The mass spectrometer is controlled by a modular ICR data system. 

The timing board in the mainframe provides timing of all the experiments with a precision of 40 

ns (25 MHz), the arbitrary waveform generator (AWG) produces the required waveforms 

(excitation, ejection, etc) that are amplified by ENI RF amplifier and then fed into ICR cell and 
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digitizer sample the pre-amplified image current signal from detection plates to generate time-

domain transient data.
33

 An on-axis dispenser cathode electron source (inside the magnet bore) 

and off-axis CO2 laser are mounted to the rear trapping cylinder of the cell that enables 

simultaneously access to ECD and Infrared multiphoton dissociation (IRMPD).
34

 

 

 

Figure 1.1. Schematic diagram of home-built 9.4 T FT-ICR MS instrument in NHMFL. 

 

Impact factors of mass resolving power and mass accuracy of FT-ICR MS. In the FT-

ICR MS experiment, because mass-to-charge ratio is determined by measuring the ion cloud 

rotation frequency, a parameter measurable with high precision and also ion motion in the ICR can 

be stable and detected during rather long period, the acquired mass spectra potentially show the 

ultrahigh resolving power and mass measurement accuracy. Both mass accuracy and resolving 

power are improved with the increase of time-domain signal length. However, there are still many 
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factors like space charge effect, inhomogeneous electric field and magnetic field, non-ideal three 

dimensional axial quadrupole trapping potential due to truncated, apertured, or otherwise 

imperfect trapping electrodes, etc which can shift the observed frequency with the space and time 

during ion motion in the cell, leading to the dephasing of ion cloud packets (specially for low 

abundance ions) and the decrease of instrument performance by decaying time-domain signal 

rapidly over time.
35

 Besides ion cloud de-phasing, collision damping resulted from collision 

between ions and neutral molecules in the cell is another main reason that can cause the rapid 

decay of time-domain signal over time.
36

 This is why ICR measurement must be performed under 

ultra-low pressure (~ 10
-9

 torr). There have been many studies performed to eliminate or minimize 

all these unfavorable conditions by improving magnetic field, optimizing and designing cell 

geometries, controlling ion number (AGC) and etc.
37-40

 Also, since signal-to-noise ratio (SNR) 

directly determines the mass imprecision which limits mass accuracy ultimately (mass accuracy is 

the same as mass precision in the absence of systematic error as noted above), it is desirable to 

sum multiple FT-ICR mass spectra to improve SNR and therefore mass measurement accuracy.
8, 41

 

However, an ionization source may not produce the same number of ions all the time during the 

experiments. The variations in ion number will degrade mass measurement accuracy and mass 

resolving power due to FT-ICR MS peak position shift caused by space charge. To overcome that 

issue, the concept of “conditional averaging” recently has been introduced to average the mass 

spectra whose summed peak heights are the same to within a specified range (say, 10%), resulting 

in the reduction of rms mass error by a factor of 2-3. The mass measurement error may be further 

reduced by adding a third term to the ICR two term frequency-to-m/z conversion equation, and by 

separate calibration of multiple mass spectral segments (e.g., for petroleum complex mass 

spectra).
42, 43

 

Currently, sufficiently high mass resolving power (m/Δm50% ≈ 1,000,000 at m/z 400 Da, in 

which m is molecular mass and Δm50% is the mass spectral peak width at half-maximum peak 

height) and mass accuracy (<100 ppb) can be routinely available from high-field (≥9.4 T) FT-ICR 

MS (7 segment cylindrical open cell). Mass resolving power of ~ 1,200,000 for bovine serum 

albumin and 24,000,000 for reserpine has been recently achieved on 7 T FT-ICR MS by use of 

Nikolaev cell (time transient lasts over 3 mins!).
44

 In our lab, mass resolving power of ~8,000,000 

in an analysis of bovine ubiquitin (8559.6 Da) was experimentally demonstrated in 9.4 T FT-ICR 

MS (magnetic field drift about a few ppb/h) but under specific operation conditions, sufficient to 
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distinguish the isotopic fine structure of the protein (the same nominal mass but different 

elemental compositions) and count the number of sulfur atoms in a protein simply by “weighting” 

it.
45

 The smallest mass measurement rms error achieved from our 9.4 T FT-ICR MS for >10,000 

resolved components of a petroleum crude oil is ~ 27 ppb (~5 ppb average error) after specific 

data treatments such as “walking calibration”, “conditional averaging” and “phase correction”.
32, 

42, 43
 Such high performance capabilities has made FT-ICR MS become necessary and essential in 

many fields to analyze and characterize complex mixtures such as proteomics (also including post 

translational modifications of proteins), lipidomics, petroleomics and etc.
2, 9

 

Ionization techniques. In the sample analysis by use of the mass spectrometer, the neutral 

compounds must be charged or ionized to be analyzed in the magnetic and electric fields 

environment. The choice of ionization depends on the nature of the sample and the type of 

information required from the analysis. Many ionization techniques have been coupled with mass 

spectrometers. Basically, there are two types of ionization methods, “Hard or harsh” ionization 

such as electron ionization (EI), chemical ionization (CI), fast atom bombardment (FAB) and 

“Soft” ionization methods such as electrospray ionization (ESI) and matrix assisted laser 

desorption ionization (MALDI), atmospheric pressure chemical ionization (APCI), atmospheric 

pressure photoionization (APPI), field desorption (FD) and field ionization (FI). As powerful 

analysis tool for complex mixtures, “Hard” ionization techniques are less frequently coupled with 

FT-ICR MS in the practical application compared to ESI and MALDI because this kind of method 

usually produces extensive fragmentation of analytes ions, makes mass spectra very complex and 

difficult to interpret and even results in failure to assign mass spectral peaks. In an electrospray 

ionization process, a dilute solution of analyte is pumped through a capillary at a very low flow 

rate (e.g. 0.1-10 μL/min). A high voltage (2-5 kV) is applied between capillary needle and counter 

electrode. This voltage can be negative (negative ESI) or position (positive ESI) which depends on 

the nature of the analytes chosen, The applied voltage produces the electric field gradient required 

to promote charge separation at the surface of the liquid. The repulsion of the excess charges at the 

surface and the pull force of the electric field form a “Taylor cone” at the tip of the capillary. 

When the solution that comprises the Taylor cone reaches the Rayleigh limit (the point at which 

Coulombic repulsion of the surface charge is equal to the surface tension of the solution), liquid 

droplets that contain an excess of positive or negative charge detach from its tip.
46

 These droplets 

then pass through a heated metal capillary within the mass spectrometer. There are several 
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proposed mechanisms to explain the subsequent process in which charged analyte molecules are 

generated.
47

 The coulomb fission mechanism assumes that the increased charge density due to 

solvent evaporation causes large droplets to divide into smaller and smaller droplets, which 

eventually consist of single ions and ion evaporation mechanism assumes that the increased charge 

density causes the coulombic repulsion to overcome surface tension of liquid droplet and results in 

the release of ions from surfaces.
48, 49

 An illustrative diagram of the positive ESI process is shown 

in Figure 1.2.
50

 ESI technique produces the multiple-charged ions, which greatly extends the mass 

range of the mass analyzer.
51

 Ions with multiple charges provides the possibility to performance 

MS/MS experiments like ECD or ETD in which parent ions must be doubly charged at least to 

sequence the proteins and peptides or localize the post-translational modification site(s), increases 

the detection sensitivity (image current proportional to the total charge of ion cloud) and also mass 

resolving power of spectra as long as it is possible to resolve the individual isotopic distribution of 

different charge states of the same molecule, as in FT-ICR MS for ions up to 148 kDa because any 

charge reduction actually lowers the mass resolving power by a factor proportional to ion charge 

z.
52, 53

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. An illustrative diagram of the positive ESI process. 
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High mass accuracy in proteomics, fragmentomics and petroleomics 

Proteomics. The introduction of shotgun proteomics (i.e., bottom-up proteomics), an 

approach in which Yates and coworkers have made significant contributions to peptide and 

protein identification, has increased the role of mass spectrometry in biological research.
54, 55

 In 

the shotgun proteomics, proteins are proteolytically digested and resultant peptide mixture is 

separated by reversed–phase LC coupled on line to a mass spectrometer for data-dependent 

acquisition. Peptides are assigned automatically by algorithms such as Mascot and SEQUEST by 

matching acquired data with spectra predicted on the basis of protein sequence database and from 

identified peptides the protein composition of the analyzed sample is ultimately inferred.
54, 56

  

The confidence of mass measurement accuracy of mass spectrometers plays an important 

role in identification of peptides and proteins, especially in the case of study of highly complex 

samples derived from higher organisms (e.g. human).
57, 58

 The studies show that numbers of 

possible amino acid compositions and unique elemental compositions of peptides rapidly decrease 

with increase of mass measurement accuracy, e.g., when mass measurement accuracy of ±1ppm 

is achieved, 99% of peptides that have the same nominal mass but different elemental and amino 

acid compositions can be excluded.
59

 Therefore high mass accuracy data collected in the MS but 

not in the MS/MS mode in data-dependent approach support peptide identification through 

MS/MS database searches by reducing number of peptides potentially matching the MS/MS 

data.
60, 61

 However, with the increase of proteomic complexity of an organism the number of 

peptides for a given experimental mass measurement increases, even with high mass precision 

and accuracy of FTICR MS instrument false positive matches can also appear and the ability to 

identify peptides (or proteins) on the basis of accurate mass measurement decreases. Instead of 

consideration of measured accurate mass for peptide (or protein) identification, Smith et al 

recently have proposed a new concept of “accurate mass and time tag” for higher-throughput 

identification by utilizing both accurate mass and normalized elution time (NET) of peptides 

identified by liquid chromatography-mass spectrometry (LC-MS) since the combination of mass 

of a peptide with sufficient mass measurement accuracy and accurate LC elution time of that 

peptide is unique in the mass-time space among all possible peptide candidates in a mass and time 

tag database pre-established for the proteome using LC-MS/MS.
62-64

  

High mass accuracy enables a more accurate quantitation by use of far more data (i.e., 

increased number of peptides) retained in MS scans instead of solely identified peptides from a 
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standard MS/MS processing method, which has been demonstrated by a high-accuracy 

quantitative MS data processing of human acute T-lymphoblastic leukemia CEM cell line treated 

with cisplatin and stable isotope labeling by amino acids in cell culture (SILAC) strategy.
65

 Also, 

chemical labeling using isobaric reagents, such as tandem mass tags (TMT) and isobaric tags for 

relative and absolute quantification (iTRAQ), have become popular tools for mass spectrometry-

based quantitative proteomics.
66

 Briefly, sample after proteolysis are labeled separately with 

different isotopic variants of TMT and then combined for LC-MS/MS analysis. Peptides labeled 

with different variants of the tag are indistinguishable in MS scan but generates different reporter 

ions whose relative intensity measures the relative abundance of the peptide labeled with specific 

tag variant. The idea of identifying reporter ions unambiguously due to the removal of interfering 

signals via accurate mass differences in a single tandem mass spectrum instead of applying fixed 

mass error tolerances for all tandem mass spectra has recently been applied for accurate isobaric 

multiplexed quantitation of proteins in complex proteomes.
67

 

High Mass measurement accuracy has also revolutionized the large-scale identification 

and characterization of phosphopeptides. The combination of highly accurate precursor masses 

generated from full MS scan in the FT-ICR cell coupled with data-dependent MS/MS scans in a 

lower-resolution linear ion trap (the best balance between speed and mass accuracy) provides 

more identifications in complex phosphopeptide-enriched mixtures than other shotgun-style 

acquisition methods such as low-resolution full MS scan followed by low-resolution MS/MS 

scans and high-resolution full MS scan followed by cycles of a two-part data-dependent scan 

consisting of a FT-ICR selected ion monitoring zoom scan paired with one MS/MS event in the 

linear ion trap.
68

 The impact of precursor ion accuracy on the number of phosphopeptides 

identification from neutral loss-triggered MS
3
 spectra acquired on high-accuracy instrument has 

been investigated, showing an increase of identified phosphopeptides ~ 3- to 5- fold after 

replacing the MS
3
 precursor (parent ion) mass by a highly accurate MS

2
 precursor (grandparent) 

mass.
69

 Although the use of tandem mass spectrometry can often provide confident 

identifications, by virtue of its large mass defect (-0.0262 Da) defined as difference between exact 

mass and the nearest-integer (nominal) mass, the presence of 
31

P in a peptide ion can in principle 

be identified by sufficiently accurate mass measurement alone, resulting in the distinction of 

phosphopeptides from nonphosphopeptides by mass alone. For instance, Conrads et al. previously 

showed that at 0.1 ppm mass measurement accuracy, more than 80 % of yeast phosphopeptides of 
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2,000 Da nominal mass can be identified directly from their masses.
70

 To establish the mass 

measurement accuracy required to distinguish phosphopeptides from nonphosphopeptides at 

various nominal masses, Spengler et al. recently assembled a database of theoretically possible 

peptides up to 2000 Da and calculated the fraction of mass-distinguishable mono- and di-

phosphorylated peptides from unmodified peptides, for assumed mass error of 100 and 1000 

ppb.
71

 It is clear that high mass accuracy reduces the overlap ambiguities between phosphorylated 

and nonphosphorylated peptides at each nominal mass. 

Top-down is another approach used in proteomics for protein identification and post-

translational modification characterization. Compared with traditional bottom-up approach, top-

down approach facilitates the study of proteins and proteomes at the intact protein level while 

minimizing the chance of introducing any artificial modifications commonly observed during 

peptide mapping, which can assess the correctness of the sequence, post-translational 

modifications and heterogeneity by measuring the intact molecular masses of various forms of the 

protein and derive the structural information by dissociating the intact protein into small 

fragments in the mass spectrometer.
72, 73

 However, there are several technological limitations to 

the top-down approach, such as more challenging front-end separation of intact proteins than the 

separation of peptide mixtures, the need of high mass accuracy instruments of FT-ICR MS and 

LTQ-Orbitrap to resolve isotopic envelopes of coeluting proteins and numerous fragment ions, 

and more generic and efficient methods (e.g., ECD or ETD) to fragment large proteins, which 

limits the scope of top-down approach currently only for analysis of singe protein or simple 

protein mixtures.
74

 FT-ICR MS coupled with ECD/ETD offers ultrahigh broadband mass 

resolving power (>10
5
) and mass accuracy (<1 ppm) for detection of accurate precursor mass as 

well as the vast amount of isotopically resolved fragment ions required for protein identification 

and has become an increasing useful tool for top-down analysis.
12, 75-82

 Many large proteins and 

protein complexes such as cMyBP-C protein (142 kDa), yeast alcohol dehydrogenase (147 kDa), 

concanavalin A (103 kDa) and photosynthetic Fenna-Matthews-Olson antenna protein complex 

(140 kDa) have been characterized by use of combined ECD technique with high resolution and 

high mass accuracy FT-ICR MS.
83-85

 Recently, we presented baseline resolution of an intact 

monoclonal antibody IgG1k (~ 148 kDa) on a 9.4 T FTICR MS followed by front-end 

dissociation of noncovalent adducts, facilitating accurate assignment fof molecular weight of that 

antibody and establishing a new upper mass record for unit mass baseline resolution of proteins.
52
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Fragmentomics. Determination of biomolecular structure (e.g., peptides, proteins) is of 

extremely important for understanding molecular function. Compared with intact mass analysis 

by mass spectrometry which cannot provide any structural information of analytes, tandem mass 

spectrometry (MS/MS) in which a precursor ion is characterized according to its fragments, is a 

valuable technique for obtaining structural information. Tandem mass spectrometry techniques 

inducing fragmentation of biomolecules include “slow-heating” methods such as collision-

induced dissociation or collision-activated dissociation (CID or CAD), infrared multiphoton 

dissociation (IRMPD) and electron-based dissociation methods such as ECD and ETD.
86-89

 

CID (or CAD) is the most commonly used activation method for peptide and protein 

sequencing available with essentially all commercial tandem mass spectrometers. The structural 

information derived from CID of a peptide or protein is closely relate to many factors such as 

collision energy, identity of target gas, target gas pressure, etc. Conventional resonant-excitation 

CID typically performed in ion traps with low energy (<2 eV) is predominantly applied within 

proteomic data-dependent acquisition workflows, in which precursor ions are isolated and then 

subjected to slow energetic collisions with neutral gas atoms (e.g., He, N2, Ar, etc) to a higher 

Boltzmann temperature, leading to the conversion of kinetic energy into internal vibration energy 

and fragmentation along the lowest energy pathway of peptide backbone.
90

 CID yields b/y 

product ions resulting from cleavage of the amide backbone (peptide) bond (see Figure 1.3) as 

well as loss of small neutrals such as water and ammonium etc and favors the specific site 

cleavage, e.g., cleavage of the amide bond N-terminal to proline. Compared to conventional ion 

trap CID, beam-type CID is typically performed in TOF/TOF (high energy, >1 keV) or QqTOF 

(relatively low energy, ~ 100 eV) instrument dependent on the energy regime, in which precursor 

ions are not trapped in the collision cell and fragmentation occurs with a higher dissociation rate 

when highly activated ions collide with neutral gas atoms while passing through the cell. Besides 

the typical product ions generated in conventional CID, a-ions, side chain losses and secondary 

fragments can also be observed.
91, 92

 IRMPD utilizes infrared irradiation (e.g., CO2 laser at 10.6 

nm wavelength mounted on the back end of our 9.4 T FT-ICR MS for IRMPD and activated ion 

ECD (AI-ECD) experiment) to slowly heat precursor ions until they begin to dissociate.
34, 87

 

IRMPD generates similar fragmentation to CID but with more extensive amide bond cleavage, 

making this technique particularly useful for peptide sequence verification.
87
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Complementary to those “slow-heating” techniques, two similar electron-based 

techniques of ECD and ETD produce extensive and nonspecific fragmentation except the 

forbidden amine cleavage within proline, resulting in mainly c/z● ions formed by cleavage of N-

Cα backbone bond and small yield of a●/y ions while breaking disulfide bonds and retaining 

thermally labile post-translational modifications (see Figure 1.3).
89, 90, 93

 c● and z’ product ions 

may also be formed due to hydrogen atom transfer between N terminus and C terminus of c/z● 

complex during the ECD (or ETD) event. Their abundance increases with the increase of 

hydrogen atom transfer probability (i.e., c/z● complex lifetime) and would complicate the 

interpretation of ECD (or ETD) spectra.
94, 95

 However, the methods which can reduce the lifetime 

of c/z● complex may prohibit the formation of c● and z’ ions such as AI-ECD (or AI-ETD), a 

method used to improve sequence coverage of peptides and proteins in which precursor ions are 

activated by IR laser or energetic collision with neutral gas molecules either before, during or 

after ECD (or ETD) event, or fragmentation of precursor ions with higher charge state.
94-98

 ECD 

fragmentation occurs by irradiating low-energy electrons (< 0.2 eV) directly to interact with 

precursor ions trapped in ICR cell, which is different from ETD in which both precursor cation 

and reagent anion are trapped simultaneously in the ion trap and then an electron is transferred 

from a radical anion with low electron affinity to the precursor cation for electron transfer 

dissociation.
88

 Because capture of an electron by a singly charged positive ion would result in a 

net charge of zero, precursor ions in both ECD and ETD events must be at least doubly charged 

and fragmentation efficiency goes up with increasing charge state.
89, 90

 Currently, ECD coupled 

FT-ICR mass spectrometry has been widely used in many biological studies (e.g. proteomics, 

phosphoproteomics, etc), a technique combining both high sequence coverage and high mass 

accuracy and resolving power mass measurement.
79, 81, 99-104

 

The importance of high mass measurement accuracy applies when dealing with MS/MS 

fragments of peptides or proteins. The number of fragment masses required to identify a protein 

during the database searching in top-down or bottom-up analysis decreases as mass accuracy of 

the measurement increases.
105, 106

 Studies show that considerable improvement (~ 2-fold) in the 

confidence of protein identification becomes possible if the knowledge that a given MS/MS 

product ion is N- or. C-terminal can be obtained before database searching.
107

 In ECD/ETD, 

because of the different features of sum of hydrogen and nitrogen atoms of product ions high 

mass measurement accuracy makes it possible to determine ion types of c (N-terminal) or z● (C-
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terminal) fragments directly based solely on their accurate masses alone without any radical 

chemistry reactions and information from other spectra (e.g., AIECD or CID). Coon et al have 

theoretically calculated the overlaps between all possible c and z● ions at each nominal mass up to 

2000 Da within the assumed mass accuracy of 0.001-1000 ppm. The results indicated that high 

mass accuracy increases the unambiguity of c and z● ion type distinction at each nominal mass.
108

 

Particularly, at sufficiently high mass accuracy (i.e., 0.001 ppm mass error) there is no overlap 

between c and z● ions throughout the entire nominal mass range.
109

 Recently, Burce et al have 

presented a novel approach toward peptide identification and quantitation in complex mixtures by 

use of a combination of high mass accuracy data-independent acquisition (DIA) and spectra 

correlation analysis called Fourier transform-all reaction monitoring (FT-ARM), in which a 

relatively wide m/z range is accumulated and all ions within this range are subject to activation 

and high mass accuracy tandem mass spectrometry analysis (say, < 5 ppm) followed by dot-

product calculation of a database of theoretical peptide fragmentation patterns against each DIA 

scan event for confident peptide identification or quantitaiton. This approach is complementary to 

conventional data-dependent shotgun peptide identification especially in cases where the data-

dependent method fails because of fragmenting multiple overlapping precursors and demonstrated 

to be analogous to selected reaction monitoring-based peptide quantification with the added 

benefit of minimal assay development.
110

 Alternative to database searching, de novo 

sequencing is another approach used to assign a sequence from an MS/MS spectrum and 

facilitates the identification of new proteins, proteins with mutations and with unexpected 

modifications not described previously. The reliability of peptide sequencing improves with 

increasing mass measurement accuracy. For instance, K/Q and W/EG are norminally isobaric 

amino acids with mass difference of only ~ 36 mDa and ~ 15 mDa. These ambiguities must 

require high mass accuracy to differentiate. The investigation of peptide de novo sequencing by 

highly accurate mass data and exploration of differences when compared to analysis of low 

accuracy and low-resolution data have been summarized by Frank et al.
111

 Different from 

conventional de novo sequencing method, Spengler introduced a new strategy of two-step 

composition-based de novo sequencing, employing highest possible instrumental mass accuracy 

available only from FT-ICR MS to determine amino acid sequence of unknown peptides, in 

which a set of possible amino acid compositions are calculated based on highly accurate precursor 

mass and its accurate fragment masses in the first step and then peptide sequence is determined by 
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assigning high accurate MS/MS spectra against the database containing all permutations of 

calculated mass value-compatible amino acid compositions.
112, 113

 Undoubtedly, High mass 

accuracy tandem mass spectrometry is opening the door to improved proteomics analysis and de 

novo sequencing algorithms.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Peptide ion fragmentation nomenclature by use of the scheme of Roepstorff and 

Fohlman.
114

 Peptide fragment ions indicated by a, b, or c for charge retained on the N-terminus 

and by x, y or z for charge retained on the C-terminus (subscript: number of amino acid residues 

in the fragment; R1, R2, R3: side chains of amino acid residues). 

 

Mass calibration for tandem mass spectrometry is critical to improve mass measurement 

accuracy. However, conventional internal or external calibration may not work best for tandem 

mass spectrometry. For instance, parent ion population is often not the same as the total ion 

population after dissociation because of the ion loss, charge reduction processes etc, which makes 

external calibration by controlling the same ion population in calibrant and analyte MS/MS runs 

impractical. Also, correction of space charge effects with internal calibration for MS/MS 

experiments adds the complexity due to the need to inject calibrant species together along with 

the fragment ions. Kaiser et al developed a method called DeCAL (deconvolution of Coulombic 

affected linearity) to correct the constant shift in frequency space base upon the alignment of 

deconvoluted isotopic distributions of multiple charge states of the same molecular species. This 

method improves the mass accuracy of ECD spectra through post processing without any further 

manipulation of the ion population or previous knowledge of the species being analyzed but 
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requires at least two charge states of the same molecular species.
20

 Bruce et al utilized the feature 

of MS/MS spectra that mass difference between same-type fragments (such as b1 and b2) is the 

mass of one or several amino acid residues to develop a novel internal calibrant-free post-

acquisition calibration method called Calibration Optimization on Fragment Ions (COFI) and 

corrected the CID spectra by linearly shifting the cyclotron frequency to match the mass 

difference of two neighboring fragments to the exact mass of corresponding amino acid residue, 

achieving an average measurement mass accuracy of 2.49 ppm for all identified BSA fragments 

from FT-ICR CID MS/MS of BSA tryptic digest.
21

  

Petroleomics. “Petroleomics” is the characterization of petroleum at the molecular level, 

i.e. determination of chemical elemental compositions of all possible components in petroleum 

crude oils. From sufficiently complete characterization of organic composition of petroleum and 

its relatives and products, it should be possible to correlate and eventually predict their properties 

and behavior. However, petroleum crude oil contains both polar and nonpolar constituents and 

represents the most complex natural mixture over a relative abundance dynamic range of ~ 10
4
, 

therefore presenting the great challenge for the molecular level characterization by use of mass 

spectrometer.
4, 9

 High-field FT-ICR MS (≥9.4 T) offers the highest available broadband mass 

resolution, mass resolving power, and mass accuracy compared with any other mass 

spectrometers and thus becomes the best tool to characterize the petroleum crude oils.  

ESI and APPI are two soft ionization techniques commonly used for characterization of 

petroleum crude oils. ESI 
115

 is most efficient for polar molecules and typically generates positive 

ions (M+H)
+
 by protonating neutrals (typically pyridine homologues, primary amines, sulfoxide 

species, etc) with a weak acid such as formic acid (HCOOH) or acetic acid (CH3COOH) and 

negative ions (M-H)
-
 by deprotonating neutrals (typically carboxylic acids, phenols, pyrrole 

homologues, etc) with a weak base such as ammonium hydroxide (NH4OH) but is not accessible 

to nonpolar species (e.g., hydrocarbons). In contrast to ESI, APPI can ionize a broader range of 

compound classes including both polar and nonpolar species and generate even-electron 

protonated molecular ion (M+H)
+
 and odd-electron molecular ion M

+● of the same analyte 

molecule
116

, ~ five times as many peaks as an ESI spectrum of same crude oil sample. Mass 

doublet defined as two most closely spaced peaks with different elemental compositions is very 

common in ESI and APPI mass spectra of petroleum crude oils. Identity of mass doublet can help 

us double-check on the assignment of elemental compositions, identify the species containing 
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heteroatoms and provide a test bed for the performance of mass spectrometer (e.g., resolving 

power, mass accuracy).
4
 Among thousands of mass doublets observed, molecules whose 

elemental compositions differing by 3.4 mDa (
12

C3/SH4) is a common mass doublet observed in 

both ESI and APPI FT-ICR mass spectra, whereas 1.1 mDa (
12

C4/H3S
13

C) and 4.5 mDa (
13

C vs. 

12
CH) are two common ones only observed in APPI mass spectrum. Those mass doublets can be 

used to identify sulfur-containing compounds (e.g., 
12

C3/SH4 and 
12

C4/H3S
13

C) and distinguish 

M
+●

 from (M+H)
+
 ions of the same analyte molecules generated in APPI (e.g., 

13
C vs. 

12
CH).  

High resolving power guarantees the resolution of thousands of peaks in an FT-ICR mass 

spectrum of a petroleum sample and high mass measurement accuracy facilitates the unique 

identification of elemental compositions (CcHhNnOoSs) of resolved peaks on the basis of accurate 

masses. Mass doublets with smaller mass difference can be resolved with higher resolving power 

and number of possible elemental composition candidates can be restricted down to one for a 

given mass at high mass accuracy. In petroleomics, hundreds of time-domain acquisitions are 

typically summed to achieve desired SNR and dynamic range, Hanning-apodized and zero-filled 

once followed by fast Fourier transform to generate magnitude-mode mass spectrum.
6
 The 

spectrum is recalibrated with respect to the most abundant homologous alkylation series with 

confident elemental compositions determined by external calibration. Because of the feature of 

petroleum crude oils consisting primarily of homologous alkylation series in which elemental 

compositions of a series of components differ by multiple integers of CH2 for the same class 

(determined by number of heteroatoms N, O and S) and same type (determined by number of 

rings plus double bonds) 
117

, elemental compositions of masses extended up to 1200 Da for singly 

charged ions with relative abundance of > 6σ of baseline rms noise can be assigned confidently at 

currently achievable level of mass measurement accuracy by simply adding multiples of CH2 to 

confidently determined elemental compositions of lower mass members even though mass 

accuracy may not be enough to uniquely identify the elemental compositions for higher mass 

members of that series.
118

 Currently, high-resolution 9.4 T FT-ICR MS with resolving power of ~ 

1,000,000 at m/z 400 and mass accuracy of ~ 100 ppb has resolved > 40,000 different elemental 

compositions for organic bases and acids in a single mass spectrum of petroleum crude oil 

acquired either by ESI or APPI and provided their unambiguous molecular formula assignments.
9, 

119
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CHAPTER TWO 

VALENCE PARITY TO DISTINGUISH C and Z
●
 IONS FROM 

ELECTRON CAPTURE DISSOCIATION/ELECTRON 

TRANSFER DISSOCIATION OF PEPTIDES: EFFECTS OF 

ISOMERS, ISOBARS, AND PROTEOLYSIS SPECIFICITY 
 

(Reprinted with Permission from Mao, Y.; Tipton, J. D.; Blakney, G. T.; Hendrickson, C. L. and 

Marshall, A. G., Valence Parity to Distinguish c’ and z
●
 Ions from Electron Capture 

Dissociation/Electron Transfer Dissociation of Peptides: Effect of Isomers, Isobars, and 

Proteolysis Specificity, Anal. Chem., 2011, 83(20), 8024-8028. Copyright 2011 American 

Chemical Society)  
 

Introduction 

This chapter presents the work of using high mass measurement accuracy to distinguish c 

and z
●
 product ions of ECD/ETD tandem mass spectrometry based on mass alone. Mass 

spectrometry has become the primary technique for identification and characterization of peptides 

and proteins via bottom-up and top-down proteomics.
72, 120-122

 FT-ICR MS offers ultrahigh 

broadband mass resolution and mass accuracy 
12, 75

 for accurate peptide and protein identification. 

Compared to slow-heating methods such as CID (or CAD)
86, 123 

and IRMPD
87

, which yield b/y 

product ions resulting from cleavage of the amide backbone (peptide) bond, ECD
89

 ETD
88

 

produce extensive and nonspecific fragmentation (c/z● ions formed by cleavage of N-Cα backbone 

bond) while retaining thermally labile post-translational modifications.
79, 81, 90, 101, 124-126

 In all 

MS/MS experiments, one cannot a priori distinguish N-terminal from C-terminal product ions, 

resulting in potentially ambiguous identification of peptide amino acid sequence.  

McLafferty et al. noted that if the cleavage of the same pair of residues can be observed in 

both CID and ECD, the mass difference between b/c or y/z● (so-called "golden pair" fragment 

ions) can allow for confident identification of N-terminal or C-terminal fragment ions in peptide 

or protein analysis.
127

 Zubarev et al. futher noted that combining two complementary 

fragmentation techniques ExD (ETD or ECD)/CxD (CAD or CID) at high mass accuracy can 

achieve reliability greater than 95% for de novo peptide sequencing.
128, 129

 Alternatively, 

McLuckey et al. exploited formation of oxygen adducts to z● ions (z● +31.9998 Da) from trace 

oxygen in the background gas in an ion trap, radical chemistry unique to z● ions and not c ions or 



 

 

20

any other even-electron peptide product ions, to identify z● species in ETD spectra. They 

observed significant improvement in the likelihood for making correct identification in database 

searches.
130

 Tsybin et al. successfully distinguished c and z● ions based on the ratio of prime to 

radical ion abundance in ECD vs. activated-ion ECD (AI-ECD).
96

 All of the above mentioned 

methods can distinguish N-terminal from C-terminal product ions for improved peptide 

sequencing, but at the cost of an additional experiment. 

Recently, Coon et al. showed that "valence parity" can distinguish between N-terminal 

and C-terminal ETD product ions in an orbitrap based on the even or odd sum of (N plus H) 

atoms in elemental compositions of c/z● ions derived from exact masses.
108

 The c and z● ions can 

thus be distinguished based solely on accurate masses without the need for any radical chemistry 

reactions or other experiments (AI-ECD or CID) and thus potentially simplifies de novo sequence 

analysis. 

However, low mass accuracy and/or high hydrogen atom transfer (formation of c● (one 

less H atom than c)) and z' (one more H atom than z●) ions) can limit the range of applicability of 

the valence parity method.
59, 131

 In this work, we consider all possible c and z● product ion 

compositions derived from the twenty common amino acids and evaluate, for a given mass 

accuracy, the mass range of validity of valence parity for distinguishing c/z● ions.  We identify all 

possible c/z● peptide fragment ion mass overlaps at each nominal mass up to 2000 Da for assumed 

mass error of 0.1-1.0 ppm (accessible by FT-ICR). We also consider c/z● overlaps for the more 

restricted databases containing the same c ions but with z
●
 ions determined by in silico proteolysis 

by each of four common proteases of different cleavage specificity (trypsin, Glu-C, Lys-C, or 

chymotrypsin). Moreover, we identify and discuss the chemical compositional origin of 

oscillations and discontinuities in product ion amino acid composition as a function of nominal 

mass.  

 

Methods 

We constructed a non-redundant database of c/z
● 

product ion elemental compositions for 

all possible combinations of amino acids up to 2000 Da by use of algorithms written in 

LabWindows/CVI. Four subset databases for all possible c and z
● 

product ions resulting from in 

silico digestion by trypsin, Glu-C, Lys-C, or chymotrypsin were also constructed. All of the 

databases share common c peptides but contain different z● peptides, because the z● C-terminus 
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depends on the proteolytic specificity: R/K for trypsin, K for Lys-C, E for Glu-C, and F/Y/W for 

chymotrypsin. The terminal groups for any amino acid combinations in databases were assumed 

to be H and OH. Each database (~4,000,000 entries) contains all possible elemental compositions 

and corresponding accurate monoisotopic masses for c and z● product ions up to 2000 Da. The 

fragments for each ion type with different sequence order or amino acid composition but the same 

elemental composition are considered only once (e.g., AG/GA or N/GG). The exact masses of 20 

common amino acids and c/z● ion caps are listed in Table 2.1.
132

 Accurate monoisotopic masses 

of singly charged c and z● ions in each database were calculated as follows: 

 Mc = Mcr + Mic – Me (2-1) 

 Mz = Mzr + Miz – Me (2-2) 

in which Mc and Mz are the monoisotopic c and z● ion masses; Mcr and Mzr are the monoisotopic 

masses of the corresponding residues, and Mic and Miz are c and z● ion cap masses, and Me is the 

electron mass (5.48580 x 10
-4

 Da).
12

 

 

Table 2.1. Accurate masses of 20 common amino acids, 5 chemical elements and c/z
●
 ion caps. 

     
    Amino                 Monoisotopic 
      Acid                    Residue Mass (Da)

   Gly               57.021463735 
        Ala               71.037113805             
        Ser               87.032028435                        Element      Accurate Mass (Da) 
        Pro                        97.052763875                              C  12.00000000 
        Val               99.068413945                              H  1.007825035 
        Thr               101.047678505                            O  15.99491463 
        Cys              103.009184505                            S          31.97207070 
        Leu                       113.084064015                            N                 14.00307400 
        Ile  113.084064015 
        Asn                       114.042927470 
        Asn                       115.026943065 
        Gln                        128.058577540              Ion Type   Ion Cap   Accurate Mass (Da) 
        Lys               128.094963050                    c    NH4         18.034374140 
        Glu               129.042593135                    z●         -N+OH        2.999665665 
        Met               131.040484645 
        His               137.058911875 
        Phe               147.068413945 
        Arg               156.101111050 
        Tyr               163.063328575 
        Trp               186.079312980              
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Results and Discussion 

c/z
●
 fragment ion overlap. Valence parity indicates that no c ion can have the same 

elemental composition (or the same exact monoisotopic mass) as a z● ion. Thus, c and z● ions may 

be distinguished by mass alone, if mass accuracy is sufficiently high.
108 

 Figure 2.1 shows the 

effect of mass accuracy on c/z● overlap at each nominal mass up to 2000 Da.  The probability of 

overlap clearly increases with increasing nominal mass whereas overlap probability decreases 

with increasing mass accuracy, in agreement with Hubler et al.
108

 For example, the first nominal 

mass at which overlap probability exceeds 50 % is 1150 Da at 0.1 ppm mass error and 760 Da at 

1.0 ppm mass error.   

 

Figure 2.1. Probability of c/z● mass overlap as a function of nominal mass (up to 2000 Da) for 

all possible amino acid combinations at specified mass error ranging from 0.1-1 ppm.  

 

In bottom-up proteomics, one need not consider all possible peptides, but rather only those 

that correspond to the protease cleavage specificity. We therefore constructed c/z
● 

subset 

databases corresponding to the cleavage specificities of trypsin, Glu-C, Lys-C, and chymotrypsin. 

Figure 2.2 (top) shows the lowest nominal mass at which overlap probability exceeds 50 %, for 

Nominal Mass (Da)

c
/z
●

O
v

e
rl

a
p

 (
%

)

All Possible 

Amino Acid 

Combinations

Mass Error

± 1.0 ppm

± 0.8 ppm

± 0.6 ppm

± 0.4 ppm

± 0.2 ppm

± 0.1 ppm

0

20

40

60

80

100

0 200 400 600 800 1000 1200 1400 1600 1800 2000



 

 

23

each of several mass errors and for all five databases. The overlap probability is nearly the same 

for each of the four common proteases. Limiting the database only to tryptic peptides results in 

only slight decrease in overlap probability throughout the entire nominal mass range up to 2000 

Da (Figure 2.2 (bottom)). Note that each database considered here is composed of c/z
● 

product 

ions from all possible combinations of 20 amino acids, most of which are not found in nature. 

Therefore, much less frequent overlap between c and z
●
 ions would be observed for precursor 

peptides from actual databases (e.g., the human proteome).   

 

Figure 2.2. Top: Lowest mass at which c/z● mass overlap probability exceeds 50 %, for each of 

five peptide c/z
● 

databases, at mass error ranging from 0.1 to 1.0 ppm. Bottom: c/z● mass overlap 

probability vs. nominal mass, for the tryptic peptide c/z
● 

database, at each of two mass errors. 

 

Elemental composition overlap of fragment ions. Peptide masses may overlap in two 

ways. First, peptides with different elemental composition have different exact mass, but may 

nevertheless be indistinguishable due to limited instrumental mass accuracy (e.g., [GlnArg] vs. 
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[PheHis], differing in composition by ON2H4 vs. C4 and in mass by 32.4 mDa). Second, isomeric 

peptides differing in sequence (e.g., [ValAlaGly vs. AlaValGly]) or amino acid composition (e.g., 

[LeuAsn vs. ValGln]) have identical elemental composition and essentially identical mass.
59, 133

 

Therefore, once c and z● ions have been distinguished, we now examine the tryptic peptide c/z
●
 

database to determine the mass accuracy required to define a unique elemental composition for a 

given ion mass, and the number of isomers and total amino acid compositions that correspond to 

that elemental composition.  

The number of z● ion elemental compositions at each nominal mass up to 2000 Da 

increases exponentially with increasing mass for all possible peptides (Figure 2.3, blue curve) 

and tryptic digest peptides (Figure 2.3, red curve). At sufficiently high mass accuracy each of 

those compositions may be identified uniquely. Figure 2.3 (inset) shows that the number of 

uniquely identified compositions increases asymptotically as mass error decreases, leveling off at 

a mass accuracy of ~0.001 ppm (i.e., essentially no compositional overlap).   

 

Figure 2.3. Number of unique z● elemental compositions as a function of nominal mass up to 

2000 Da, for all possible peptides or all possible tryptic digest peptides. Inset: Maximum number 

of uniquely identified z● elemental compositions at nominal mass 1000 Da for each of several 

mass errors. 
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The elemental composition overlap percentage for tryptic peptide c ions for each nominal 

mass from 75-2000 Da at different mass accuracies is shown in Figure 2.4. As for c/z● overlaps, 

increased mass accuracy reduces the elemental composition ambiguity at each nominal mass. 

Note that at sufficiently high mass accuracy (i.e., 0.001 ppm mass error), there is no overlap 

between elemental compositions throughout the nominal mass range, in accord with Figure 2.3 

(inset).   

Interestingly, the elemental composition overlap curves for comparison of all c ions (c/c, 

Figure 2.4) as well as for z●/z● (not shown) exhibit discontinuities at certain nominal masses for 

mass error ranging from 0.1-1.0 ppm, due to some particularly common mass doublets. For 

example, the jump from 3.5% to 31% overlap percentage between 914 and 915 Da for the 0.2 

ppm mass error data in Figure 4 arises from failure to resolve the common C8H4S1 vs. O3N6 mass 

doublet (~0.18 mDa mass difference). 

 

 

 

Amino acid compositions of fragment ions. Although there are only ~570 unique z● ion 

CcHhNnOoSs elemental compositions at nominal mass 1000 Da (Figure 2.3, inset), there are 

28,140 possible amino acid compositions at nominal mass 1000 Da (Figure 2.5, red curve). On 
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average, ~50 amino acid sequences can have the same unique elemental composition due to ion 

isomers. Although positional isomers have different heat of formation, an energy difference of ~1 

eV corresponds to a mass difference of ~10
-9

 Da (E2 – E1 = (m2 – m1)c
2
), which is not resolvable 

by any current mass analyzer.
133

 Figure 2.6 gives the isomer percentages for neutral peptides (or 

c/z
●
 fragment ions) containing 1 to 20 amino acids and with nominal mass less than 2000 Da. 

Note that for nonapeptides for every 100 possible amino acid compositions, only 5 will have a 

single elemental composition.  

 

Figure 2.5. Number of amino acid compositions for z● ions at each nominal mass up to 1000 

Da for all possible peptides (blue) and tryptic digest peptides (red). (Left inset: 700-800 Da 

expansion; Right inset: 740-760 Da expansion). 

 

Periodic modulation of amino acid composition as a function of mass. As noted above, 

the number of z● ion amino acid compositions increases exponentially with mass (Figure 2.5).  

Interestingly, as we originally reported in 2009,
109

 and as discussed in the companion article 

(Polfer et al., Anal. Chem. 2011, 00, 000-0000) the exponential curve starting from ~300 Da is 

modulated with a period of ~13-15 Da because certain compositional isomers are more prevalent 

at particular nominal masses.  
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Figure 2.6. Isomer percentage (%) for neutral peptides (or c/z
● 

fragment ions) containing up to 20 

naturally occurring amino acids, with mass less than 2000 Da. 

 

Table 2.2. The 22 lowest mass compositional isomers derived from amino acids, and their 

corresponding integer residue monoisotopic masses. 

 

 

 

 

 

 

 

 

Number of Amino Acids

Is
o

m
e

r 
P

e
rc

e
n

ta
g

e
 (

%
)

0

20

40

60

80

100

0 2 4 6 8 10 12 14 16 18 20

         Isomer Integer Residue

         Pairs  Mass (Da)   

              I/L 113 

        N/GG 114 

         Q/GA 128 

       GT/AS 158 

          GL/AV/GI 170 

          GN/GGG 171 

       GQ/AN/AGG 185 

           GE/AD  186 

     AQ/GAA 199 

           SL/VT/IL 200 

     SN/GGS 201 

       AM/VC 202 

      PN/GGP 211 

    VN/VGG/AAA 213 

   SQ/TN/SGA/TGG      215 

   SE/TD 216 

      CN/GGC   217 

       PQ/GAP 225 

VQ/LN/LGG/IGG/IN/VGA 227 

VE/LD/ID/NN/NGG/GGGG 228 

AAS/GAT/QT/ND/GGD 229 
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Figure 2.7. Number of tryptic peptide z
● 

ion
 
amino acid compositions from 300-500 Da. 

 

The 22 lowest mass z● ion amino acid compositional isomers and their corresponding 

integer residue monoisotopic masses are listed in ascending order in Table 2.2. The highlighted 

isomer pairs (e.g., at nominal masses of 170, 185, 200, etc) exhibit significantly higher isomer 

combination probabilities and are separated in mass by ~13-15 Da.  Note that the three lowest 

mass abundance maxima (301, 316, and 329 Da) predicted from Table 2.1 account for the first 

three abundance modulation peaks seen in Figure 2.7.  

Compositional mass distribution at a single nominal mass. Figure 2.8 describes the 

mass distribution for z● ion amino acid compositions of nominal mass 1000 Da at mass error of 10 

ppm and 1 ppm (mass bin width). The insets show the increased composition resolution at lower 

mass error. The Gaussian-like distribution defines the mass range for possible tryptic peptide z● 

fragment ions (including isobars and isomers) at this nominal mass. Note that the possible range 

of peptide masses is ~0.4 Da at 1000 Da nominal mass, for sequences based on the 20 common 

amino acids.
 
 

Hydrogen atom transfer between c and z
●
. High mass accuracy is essential for 

identification of MS/MS fragment ion types (e.g., c/z●) and their unique elemental compositions. 

However, hydrogen atom transfer following ECD can result in formation of c● and z' ions.
96, 131
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The sum of N plus H atoms for c and z' ions is odd and for c● and z● ions is even. Thus valence 

parity can distinguish N-terminal from C-terminal ions only if they are all c and z● (or all c● and 

z'). We and others have observed that the percentage of c● and z' ions following ECD is inversely 

related to charge state,
98

 presumably owing to the increased Coulombic repulsion between the 

peptide N-terminus and C-terminus and therefore reduced lifetime of the c/z● complex,
94

 thereby 

rendering valence parity for more reliable c/z● ion identification.
 
High charge state also results in 

greater sequence coverage and thus better success of de novo sequencing.
98

   

 

 

Figure 2.8.  Amino acid compositions of z● ions from trypsin digested peptides of nominal mass 

1000 Da with bin width of 10 ppm and 1 ppm. 

 

Conclusions 

High mass accuracy MS/MS improves the reliability of c vs. z● product ion determination 

and reduces the elemental composition ambiguity for fragment ions, in agreement with recent 
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findings by Hubler et al.
108

 The highest nominal mass at which 50 % of the possible c and z● 

masses overlap at mass error 0.1 and 1.0 ppm is 1150 Da and 760 Da.  No elemental composition 

overlap occurs up to nominal mass 2000 Da if mass error is below 0.001 ppm. Peptides digested 

by site-specific proteases have slightly less overlap of c/z● ions than for a database including all 

possible peptides. Discontinuities in plots of each unique elemental composition overlap vs. 

nominal mass originate from some particularly common mass doublets between consecutive 

nominal masses. Finally, 13-15 Da period modulation of the exponential increase in number of 

amino acid compositions with increasing nominal mass is explained by the greater number of ion 

isomers at certain nominal masses. Overall, we analyze the range of validity of valence parity 

combined with high mass accuracy MS to distinguish N- from C-terminal MS/MS product ions 

for improved de novo peptide sequencing. 
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CHAPTER THREE 

IDENTIFICATION OF PHOSPHORYLATED HUMAN 

PEPTIDES BY ACCURATE MASS MEASUREMENT ALONE 

 
(Reprinted with Permission from Mao, Y.; Zamdborg, L.; Kelleher, N. L.; Hendrickson, C. L. and 

Marshall, A. G., Identification of Phosphorylated Human Peptides by Accurate Mass 

Measurement Alone, Int. J. Mass  Spectrom., 2011, 308(2-3), 357-361. Copyright 2011Elsevier) 
 

Introduction 

This chapter presents the work of using high mass measurement accuracy to distinguish 

phosphorylated and nonphosphorylated human peptides by mass alone based on high mass defect 

of phosphorus element. Phosphorylation is a reversible modification affecting both the folding 

and function of proteins and regulation of many cellular processes such as cell cycle, growth, 

apoptosis, and differentiation.
134, 135

 Among the commonly occurring 20 amino acids, serine, 

threonine, tyrosine, histidine, arginine, lysine, cysteine, glutamic acid, and aspartic acid residues 

may be phosphorylated.  However, phosphorylation of the hydroxyl group of serine, threonine or 

tyrosine residues by forming a phosphate ester bond is most frequently observed, with relative 

occurrence of 90% (pS), 10% (pT), and 0.05% (pY).
136

 Identification of the number and site(s) 

of phosphorylation is thus a major aspect of proteomics.
137

 

MS/MS for identifying the presence and sequence location of phosphorylation in 

peptides. Mass spectrometry is playing an increasingly important role in the characterization of 

posttranslational modifications, including protein phosphorylation.
120, 138

 A simple way to 

identify the presence of a phosphopeptide by MS is from proteolytic peptide mass spectra 

before and after phosphatase treatment, revealing an 80 Da mass reduction (HPO3) for each 

phosphorylation
139, 140

, but is limited to analysis of abundant peptides. 

Most modern methods for phosphoproteome analysis rely on the use of MS/MS 

techniques: for example, from precursor ion and neutral loss scans by triple quadrupole mass 

spectrometry.
141-145

 For parent ion scanning, the first quadrupole (Q1) scans through the entire 

m/z range, precursor ions are subjected to collision-induced dissociation in the second 

quadrupole (Q2), and the third quadrupole (Q3) monitors the specific fragment ion 

characteristic of the modification of interest, e.g., the loss of PO3
-
 (79 Da) for a negative 

phosphopeptide ion. In the neutral loss scan, Q1 and Q3 are scanned simultaneously over two 
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different m/z ranges with the (fixed) difference corresponding to the m/z value of the 

appropriate neutral (e.g., 98 Da for H3PO4) that is lost in Q2.
134

 These methods can identify the 

presence (but not the sequence location) of phosphorylation. Moreover, efficiency of the 

method decreases as sample complexity increases.
58

 

ECD and ETD techniques mainly generate c/z
●
 ions by cleavage of the N-Cα backbone 

bond and are particularly useful for analysis of large multiply charged peptides and for 

identification and localization of posttranslational modifications. Both methods typically 

provide more extensive sequence coverage and retain labile posttranslational modifications 

relative to slow-heating dissociation methods (e.g., CID, IRMPD), thereby enabling more 

complete sequencing of peptides and more precise assignment of phosphorylation sites 

simultaneously in a single MS/MS experiment.
88, 104, 146

 For example, in a global 

phosphoproteome analysis, ETD identified 60% more phosphopeptides than CID, with an 

average of 40% more fragment ions to facilitate localization of phosphorylation sites. With 

combined ETD and CID, more than 80% of the known phosphorylation sites in more than 

1,000 phosphorylated peptides were identified.
147

  

Another problem is that phosphorylation occurs at low stoichiometry and/or for a protein 

with low expression level versus nonphosphorylated proteins found in vivo. Moreover, for a 

complex mixture containing many other unmodified peptides, phosphopeptides can exhibit low 

ionization efficiency due to more efficient ionization of other species. Although that effect is 

less pronounced for negative ions, their low fragmentation efficiency (e.g., electron detachment 

dissociation, negative electron capture dissociation) can preclude phosphorylation 

identification.
134

 Therefore, because current MS methods do not distinguish between 

phosphorylated and non-phosphorylated precursor ions before MS/MS, it is typically necessary 

to resort to other methods to pre-select phosphorylated peptides: e.g., protease-specific 

digestion, phospho-enchrichment steps, and/or LC separation.  

Phosphopeptide enrichment strategies. Immobilized metal-ion affinity chromatography 

(IMAC) is the most frequently used technique for enrichment by electrostatic interaction 

between a negatively charged phosphate and positively charged metal ion (e.g. Fe
3+

, Ga
3+

, or 

Al
3+

) bound to the stationary phase via linkers
148

, and is compatible with subsequent separation 

and detection in LC-ESI-MS/MS.
149

 However, nonspecific binding of peptides containing 

acidic amino acids such as Glu and Asp limits selectivity. Moroever, minor alteration of pH, 
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ionic strength, and/or organic solvent composition can significantly affect the selectivity of the 

IMAC stationary phase.
134

 Although esterification of carboxylic acids to methyl esters by use 

of HCl-saturated, dried methanol can eliminate the  nonspecific binding of acidic peptides in 

subsequent IMAC enrichment, but at the cost of additional analysis time, sample loss, and 

increased sample complexity due to incomplete esterification and side reactions, etc.
134, 150

  

Alternatively, strong cation exchange chromatography can separate singly charged 

positive tryptic digest phosphopeptides from doubly positively charged nonphosphopeptides at 

acidic pH (~2.7). However, specificity is low.
151

 Other enrichment methods include TiO2 

column chromatography, ZrO2 microtips, chemical modification of the phosphate by an affinity 

tag, calcium phosphate precipitation, etc.
152-155

 In all of the above techniques, interference from 

abundant, nonspecific peptides complicates MS/MS, especially when coupled with on-line LC 

separation. 

Phosphate identification based on mass defect. Mass defect is the difference between 

exact mass and the nearest-integer (nominal) mass. The atomic mass defects for
 12

C, 
1
H, 

16
O, 

14
N, 

31
P, and 

32
S are shown in Table 3.1. The limited elemental compositions (C, H, O, N and 

S) of 20 common amino acids localize the possible mass defects for unmodified peptides to 

only approximately one-third of each 1-Dalton mass range.  Moreover, peptide masses are 

discrete, so that amino acid composition can be uniquely inferred from sufficiently resolved 

and accurate mass measurement.
156, 157

 The introduction of another element with a large mass 

defect into the elemental compositions can shift a modified peptide ion into an otherwise empty 

mass spectral segment, for unique identification by accurate mass measurement. Originally 

introduced to provide non-overlapping (typically fluorinated) mass calibrants [ref to pfk 

mixtures], mass defect labeling of peptides has been used to identify protein serine (pS) and 

tyrosine (pY) phosphorylation.
156, 158-161

 Here, we point out that, by virtue of its large mass 

defect (-0.0262 Da, see Table 3.1), the presence of 
31

P in a peptide ion can in principle be 

identified by sufficiently accurate mass measurement alone. 
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Table 3.1. The accurate atomic masses and corresponding mass defects for five elements found 

in amino acids. Note the large negative mass defect for element of phosphorous 
31

P. 

 

 

 

 

 

 

Methods 

Tryptic peptides were generated in silico from the ProSightPC human protein 

database.
162

 Two types of N-terminal modifications (acetylation and methionine cleavage) were 

considered, and each digested peptide was allowed one missed tryptic cleavage site. To 

calculate the overlaps of unmodified and phosphorylated peptides at each nominal mass, a 

database consisting of the in silico trypsin-digested unmodified human proteome and a 

database containing in silico tryptic digest phosphopeptides generated from human proteins 

phosphorylated at known positions. Each database includes unique elemental composition and 

corresponding accurate monoisotopic neutral mass for each peptide. 
1
H, 

12
C, 

14
N, 

16
O, 

31
P, and 

32
S atomic mass values (see Table 3.1

132
) were used to compute the monoisotopic neutral mass 

for each elemental composition. 

 

Results and discussion  

Phosphorylated vs. non-phosphorylated human peptides; elemental composition vs. 

amino acid composition. The total entries, non-redundant (i.e., not counting separately 

isomeric peptides with identical elemental composition but different sequence or amino acid 

composition—see below) entries, and neutral mass ranges for both phosphorylated and 

nonphosphorylated human tryptic digest peptide databases are given in Table 3.2. There are 

73,407 phosphorylated and 956,594 nonphosphorylated (non-redundant) peptides with masses 

ranging from 580-10,088 Da and 500-10,040 Da. As many as 12 phosphorylation sites have 

been found on a single database peptide, whereas ~34% of observed phophorylated peptides 

are modified at two or more sites: ~65.7%, 22.0%, 7.8% and 4.5% containing, one, two, three, 

and greater than three phosphates (see Figure 3.1).  

Elements Accurate Mass (Da) Mass Defect (Da) 
1H 1.007825032 + 0.007825032 
12C 12.000000000 + 0.000000000 
14N 14.003074005 + 0.003074005 
16O 15.994914622 - 0.005085378 
31P 30.973761487 - 0.026238513 
32S 31.972070690 - 0.027929310    



 

 

35

Apart from sequence isomers (e.g., AlaGlyHis vs. GlyHisAla), peptides of a given 

elemental composition may arise from multiple isomeric amino acid compositions (e.g., Met & 

Ala vs. Val & Cys).
133

 Although positional isomers have different heat of formation, an energy 

difference of (E2 - E1) = 1 eV corresponds to a mass difference of ~10
-9

 Da according to 

Einstein's mass-energy relation, (E2 – E1) = (m2 - m1)c
2
, a mass difference not accessible by any 

existing mass analyzer.
2, 133

 

 

Table 3.2. Total entries, non-redundant entries, and neutral mass range for phosphorylated   

and nonphosphorylated human tryptic digest peptides.  
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Figure 3.1. Distribution of phosphates among all previously identified human phosphopeptides. 

 

 

Figure 3.2. Amino acid compositions and unique elemental compositions at each nominal 

mass for the human non-phosphopeptide database. 

 

Both the number of amino acid compositions and unique elemental compositions at 

different nominal masses are shown in Figure 3.2 (human non-phosphopeptides) and Figure 3.3 

(human phosphopeptides). The number of isomers at each nominal mass is readily obtained 
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from difference between amino acid compositions and unique elemental compositions. Note that 

2038 of the 2109 amino acid compositions of unmodified peptides of nominal mass 730 Da (i.e., 

97%!) are isomers, requiring MS/MS for identification.  

Mass accuracy required to identify phosphopeptides by mass alone. Figure 3.4 

shows the possible mass distributions of phosphorylated and nonphosphorylated human (neutral) 

peptides across a 0.05 Da segment of the mass range at a mass accuracy (i.e., mass bin width) to 

within ±0.1 ppm. For that small mass segment, at that mass accuracy, it is clear that every 

phosphopeptide can be distinguished from every nonphosphopeptide. By comparison, Conrads 

et al. previously showed that at 0.1 ppm mass measurement accuracy, more than 80 % of yeast 

phosphopeptides of 2,000 Da nominal mass can be identified directly from their masses.
70

 To 

establish the mass measurement accuracy required to distinguish phosphopeptides from 

nonphosphopeptides at various nominal masses, Spengler et al. recently assembled a database of 

theoretically possible peptides up to 2000 Da and calculated the fraction of mass-distinguishable 

mono- and di-phosphorylated peptides from unmodified peptides, for assumed mass error of 100 

and 1000 ppb.
71

 Here, we restrict our database to the human proteome (but do not limit the mass 

range), and then consider the overlap between experimentally confirmed peptides 

phosphorylated at 1-12 sites and all possible unmodified human peptides for assumed mass error 

values ranging from 1-10,000 ppb. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Amino acid compositions and unique elemental compositions at each nominal 

mass for the human phosphopeptide database (1-12 phosphorylations per peptide). 
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We now consider the feasibility of distinguishing phosphorylated from unphosphorylated 

precursor peptide ions in the first stage of an MS/MS experiment, so as to be able to select only 

phosphopeptides for subsequent fragmentation in the second MS/MS stage. Figure 3.5 shows 

the percentage of overlaps between phospho- and non-phosphopeptides at every nominal mass 

up to 10,000 Da, for each of five mass measurement error ranges. Although the overlap 

percentage is less than 50% throughout the entire mass range even for a mass measurement 

error range of ±1,000 ppb, overlap drops to less than 5% of the nominal masses, for a mass 

measurement error range of ±50 ppb, with no overlaps below 1,148 Da. Stated another way, 

Figure 3.6 shows the lowest nominal mass at which overlap first appears, starting at 580 Da 

for mass error of ±10 ppm and increasing to 1,967 Da for ±0.01 ppm.  Note that ~ 83%, 52%, 

29%, 6%, and 0.3% of total phosphopeptides (173,101) overlap with at least one 

nonphosphopeptide at respective mass measurement error of ±10,000, ±1,000, ±100, ±50, and 

±10 ppb. Consideration of possible interferants from other modified peptides such as sulfation, 

nitrosylation, and ubiquitination (each type is from in silico tryptic digest of corresponding 

known human modified proteins) doesn't change the overlap results between phosphopeptides 

and nonphosphopeptides at each mass error, due to the relatively few occurrences for each 

modified peptide: e.g., 1702 total entries (469 nonredundant) for sulfated peptides at up to 7 

sites, 48 total entries (42 nonredundant) for nitrosylated peptides at up to 3 sites, and 606 total 

entries (577 nonredundant) for ubiquitinated peptides (leaving only a GG tag on each peptide 

after tryptic digest) at up to 2 sites.  

Finally, Figure 3.7 shows that even at 1 ppb mass accuracy, there are still two 

phosphopeptide/non-phosphopeptide pairs of unique elemental compositions at nominal 

masses 3,885 and 4,443 Da that cannot be distinguished, corresponding to the mass doublets, 

C45H62N19 vs. O33P11 (~1.3 μDa) and C20H17O1S1P1 vs. N24 (~3.5 μDa). The mass accuracy 

required to resolve each pair, 0.3 ppb and 0.8 ppb, is not currently attainable. 
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Figure 3.4. Histogram of phosphorylated and nonphosphorylated neutral human peptides 

(counting sequence isomers) across a 0.05 Da mass segment at nominal mass 2000 Da, at a mass 

resolution (mass bin width) of ±0.1 ppm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Human phosphopeptide vs. nonphosphopeptide mass overlap likelihood for each of 

five mass measurement errors (10-10,000 ppb) at nominal masses up to 10,000 Da. 
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Figure 3.6. The lowest nominal mass at which overlap between human phospho- and non-

phosphopeptides, for each of five mass measurement error ranges.   

 

 

Figure 3.7. Elemental compositions, accurate masses, and amino acid sequences of the (only) 

two phosphopeptide/non-phosphopeptide pairs not resolved at ±1 ppb mass measurement error 

range. 
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Feasibility of identifying phosphopeptides by mass measurement alone. The best 

prospect for realizing the identification of phosphopeptides is with FT-ICR MS, which 

provides ten-fold higher mass resolution and mass measurement accuracy than other mass 

analyzers.
2
 For example, we have recently achieved mass measurement rms error of <50 ppb 

for a constantly infused petroleum crude oil sample with thousands of resolved peaks in a 

single mass spectrum.
43

 For peptide mixtures analyzed by LC/MS, mass resolving power and 

mass accuracy are necessarily lower, due to the need to acquire each precursor mass spectrum 

in ~1 s. However, with recently introduced phase correction to yield absorption-mode 

display
32

, improved ICR cell designs (Tolmachev, Nikolaev), and high magnetic field
163

, it 

should be possible to achieve mass measurement accuracy to within ~50 ppb up to 1000 Da 

sufficient to identify phosphopeptides unambiguously up to ~1,200 Da. It is worth noting that 

current instruments typically perform MS/MS only for the (say) five most abundant precursor 

ions, and therefore fail to access phosphopeptides present at lower abundance. Being able to 

identify the phosphopeptides before MS/MS should thus significantly improve their detection 

efficiency (and subsequent sequence location by MS/MS). 

 

Conclusions 

Larger mass defect of phosphorus element compared with other common amino acid 

component elements provides a simple way to distinguish phosphorylated peptides from 

nonphosphorylated peptides based on solely their respective accurate masses. The efficiency of 

separating phosphorylated peptides from complex samples greatly depends on the mass 

accuracy of mass spectrometry. Increasing mass accuracy improves the reliability of human 

phosphopeptides vs. nonphosphopeptides determination before MS/MS. Mass accuracy of ±50 

ppb can limit mass overlap to less than 5 % of nominal masses up to 10,000 Da. Interestingly, 

two closest mass doublets C45H62N19 vs. O33P11 (~1.3 μDa) and C20H17O1S1P1 vs. N24 (~3.5 

μDa) are observed between two databases, which 0.3 ppb and 0.8 ppb are required to 

distinguish them. This work provides a method to reduce the interference from other 

nonphosphopeptides by only selecting our objective peptides in the MS measurement step and 

make phosphorylation identification more efficient and reliable in the subsequent MS/MS step.  
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CHAPTER FOUR 

IMPLEMENTATION OF DUAL ELECTROSPRAY ELECTRON 

TRANSFER DISSOCIATION WITH A FOURIER TRANSFER 

ION CYCLOTRON RESONANCE MASS SPECTROMETER 

Introduction 

This chapter presents the work of implementation of dual ESI ETD on a home-built 9.4 

T FT-ICR mass spectrometer. ETD is ECD-like technique, which results from the gas-phase 

reaction of multiply protonated peptide molecules with radical anions of polyaromatic 

hydrocarbons such as fluoranthene. After electron transfer, the charge reduced peptide ion 

dissociates through the same mechanism as in ECD, forming mainly c, z
●
 type product ions and 

minor a
●
, y product ions. Initially, ETD experiments were performed in a linear quadrupolar ion 

trap (LTQ). The LTQ was modified to accommodate an ESI source in the front-end and a 

negative ion chemical ionization (NICI) source placed at the rear of the instrument to provide 

both cation and anion ions in either direction, which then were trapped in the front and center 

sections of a linear ion trap, respectively. DC potential well was removed and an rf voltage was 

applied to the end lens plates of the linear ion trap to allow cations and anions to mix and happen 

ion/ion reaction in the center section. This was followed by mass-selective, radial ejection of 

product ions to record MS/MS spectrum.
88, 164

 However, low resolving power and mass accuracy 

of ion trap mass spectrometry limit the application of ETD to biological analysis since the 

confidence in identification of peptides and proteins depends strongly on the resolution and mass 

measurement accuracy especially for highly complex samples.
58

 Currently, linear quadrupole 

ion traps are increasingly used as intermediate storage chambers, mass analyzers or both on high 

mass accuracy and resolving power MS systems such as LTQ-FT-ICR and LTQ-orbitrap MS. 

Therefore it is necessary to develop new instrument design for ETD to introduce cations and 

anions both in the front end to free up the back end. To address this problem, McLuckey et al. 

initially utilized a nanoelectrospray source for generation of peptide cations and an atomospheric 

pressure chemical ionization (APCI) for anion production from the front end of a linear ion trap 

and commercial quadrupole/time-of-flight tandem mass spectrometers to perform ETD 

reaction.
165, 166

 Later, they found that negative ions formed via ESI may have relatively high 

electron affinities and not react with peptide cations by electron transfer but can be converted to 



 

 

43

ions in CAD process that can serve as ETD reagents, which makes ETD experiment possible 

with dual ESI source. The utility of dual ESI source greatly extend the application of ETD since 

the m/z range over which both cations and anions can be trapped simultaneously and efficiently 

in the ion trap is limited. ESI can ionize reagents with high m/z due to the independence of 

ionization on precursor volatility, which makes it possible to react with analytes of relatively 

high m/z.
167

 Recently, Coon et al. implemented ETD on a hybrid linear ion trap-orbitrap mass 

spectrometer. They utilized pulsed, dual electrospray ion sources to provide cation and anion in 

the front-end of the instrument. Pulsing of two power supplies in time used for cation and 

reagent anion injection was automated. Product c and z-type ions produced in the linear ion trap 

were then transferred to the orbitrap for high mass resolution detection. With this arrangement, 

they routinely achieved mass accuracy within 2 ppm at a resolving power of ~ 60,000.
168

 Unlike 

the pulsed dual ESI sources, Muddiman et al. used dual ESI source with two separate emitters to 

produce cations and anions by switching them alternately for performing ETD ion/ion reaction 

on a hybrid linear ion trap-orbitrap mass spectrometer.
169

 Moreover, Kaplan et al. combined 

front-end ETD on a commercial hybrid quadrupole-hexapole 3 T Fourier transform ion 

cyclotron resonance mass spectrometer by using two independent sources of negative chemical 

ionization and positive ESI which achieved average mass accuracy below 1.4 ppm.
78

 In this 

work, we implemented the ETD with our dual ESI source similar to that originally introduced by 

Hannis and Muddiman on our ultrahigh resolution and mass accuracy 9.4 T FT-ICR MS and 

compared the ETD and ECD techniques on several standard peptides and protein with the same 

FT-ICR Mass spectrometer. 

 

Experimental procedures 

Sample. Standard peptides and protein, 2-(fluoranthene-8-carbonyl)-benzoic acid, 

formic acid and ammonium hydroxide were purchased from Sigma (St. Louis, MO, USA) and 

used without further purification. Methanol and water were purchased from J. T. Baker 

(Philipsburg, NJ) at HPLC grade. Peptide and protein solutions were prepared by dilution of 

stock solutions to 3~5 pmol/uL in 50/50 vol % methanol: water with 0.5 % (vol/vol) formic 

acid. The reagent 2-(fluoranthene-8-carbonyl)-benzoic acid were dissolved in a solution of 50:50 

(v/v) acetonitrile/water with ~1.5 % ammonium hydroxide to a concentration of ~140 pmol/uL. 
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Figure 4.1. Schematic of 9.4 T FT-ICR MS, sequence of ETD events, and potentials applied to 

octopoles and conductance limits during a typical ETD scan. 
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Dual-ESI source. Dual electrospray ionization source was used to generate both positive 

and negative ions in the front-end of FT-ICR MS for ETD. Two microelectrospray emitters each 

consisting of a 50-um i.d. fused silica capillary were used to infuse samples at a flow rate of 500 

nL/min. Our dual ESI source is similar to that originally introduced by Hannis and Muddiman.
16

 

In our design, each microspray emitter is mounted on its own compact, 9.5 mm travel, three-axis 

dovetail stage (Newport Corp., Irvine, CA). Fine adjustment of the position of each emitter with 

respect to the entrance of the ESI source capillary is independent. The entire assembly is 

supported by two crossed roller bearing slides (Del-Tron Precision, Bethel, CT) that provide a 

range of motion required for alternately positioning each emitter in front of the ESI source 

capillary. One of those slides incorporates a pair of low-friction air cylinders that controls the 

switching of two emitters. Compressed air (0.3 bar) is supplied through a fourway solenoid valve 

driven by an electrical circuit under control of the data acquisition system. The switching time 

between two independently operated ESI emitters is ~ 200 ms. To keep a stable electrospray 

from both emitters at all times, an extension plate is mounted on the heated metal capillary to 

maintain a uniform electric field between the tip of each ESI emitter and the counter electrode.
170

  

ETD/ECD 9.4 T FT-ICR MS. Figure 4.1 shows the schematic of our home-built 9.4 T 

FT-ICR MS. The voltage of tube lens was supplied by a dc power supply with working voltage 

range from -10 kV to 10 kV under control of the data acquisition system. In the experiment, -200 

~ -400 V was used in negative ESI mode and polarity was changed when positive ESI mode was 

running. The voltages on skimmer and heated metal capillary were set -13 V and -70 V initially. 

At the beginning of each scan event, the negative emitter power supply was set -2~-2.5 kV to 

generate negatively charged ions. An accumulation time of 0.5-1.0 s was required to generate a 

desired negative ion population for subsequent ETD event. Since CAD products of negative ions 

formed by ESI have relatively low electron affinity and can react with peptide cations by 

electron transfer, to generate required reagent anion beam-type collision activated dissociation 

(CAD) were performed in octopole 1 region by increasing the voltage of dc offset on octopole 1 

to fragment precusor ions of 2-(fluoranthene-8-carbonyl)-benzoic acid, which was demonstrated 

by McLuckey et al. to have the most attractive set of characteristics such as high m/z and 

moderately high % ETD as reagent precursor.
167

 All negatively charged ions transit 

through a quadrupole mass filter where the reagent anions of interest were selected. The 

isolated reagent ions were transferred into wired octopole 2 where they were collisionally cooled 
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with helium gas (~ 5.0×10
-6

 Torr) and trapped there by negatively biased dc voltage applied on 

front and back ion trap electrodes (conductance limit 2 and 3). The polarity switching event for 

skimmer and heated metal capillary was then triggered with TTL pulse followed by switching 

the dual electrospray source to positive emitter. The positive emitter power supply was set 2~2.5 

kV to generate cations. The cations were accumulated in octopole 1 (0.5 ~ 1.0 s) and dc voltage 

on front and back ion trap electrodes of wired octopole 2 was then removed and an RF voltage 

(150 Vzero-to-peak, 800 kHz) was applied instead to trap reagent anions, after which cations were 

transferred from the octopole 1 to linear octopole ion trap (wired octopole 2) through quadrupole 

mass filter and trapped in that ion trap by fast switching RF voltage. The cations and reagent 

anions were held 50~400 ms to allow for ETD ion/ion reaction. RF voltage on octopole 1 was 

turned off to ensure no more ions were injected. After the ETD reaction, a negative dc voltage 

was set on back electrode of wired octopole 2 to allow only positive ions to be transferred to the 

ICR cell through a transfer octopole for detection. The polarity of skimmer and heated metal 

capillary and the electrospray source were then switched back to negative ion injection mode for 

the next scan. The sequence of events, and potentials applied to octopoles and conductance limits 

during a typical ETD scan are shown in Figure 4.1. 

ECD experiments were performed in the same homebuilt 9.4 T FT-ICR mass spectrometory 

(220 mm bore diameter) equipped with a dispenser cathode-based electron gun.
34, 82

 A 

microelectrospray emitter consisting of a 50-μm i.d. fused silica capillary was used to infuse the 

peptides at a flow rate of 500 nL/min.
171

 The emitter was operated in the positive ion mode. 

Generated ions were selected by a quadrupole mass filter and externally accumulated ~ 0.5-1s to 

achieve desired abundance of isolated precursor ions.
172

 Isolated ions were then transferred by a 

radiofrequency octopole ion guide into an open ended cylinderical ICR trap for following ECD 

events. In ECD events, a 3-mm-diameter electron beam was injected into the ICR trap followed 

by an electron cleanup event (100ms).
80

 The irradiation time was varied from 5-30 ms. The 

cathode potential during electron injection was varied from -2 ~ -8 V and kept at +10 V 

otherwise. Accelerating grid voltage was at +5 V during electron injection and at -200 V 

otherwise. To compensate for ion magnetron motion in the ICR trap, a delay ~50 ms was 

introduced prior to ECD to optimize the overlap of ion and electron beam inside the ICR trap and 

maximize the ECD efficiency.
173
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ETD and ECD product ions were subject to broadband frequency-sweep excitation (~72-

960 kHz at a sweep rate of 50 Hz/us and a 190 V peak-to-peak amplitude) to accelerate the ions 

to a detectable cyclotron orbital radius. Ion cyclotron resonant frequencies were detected from 

induced current on two opposed detection electrodes of ICR trap. The time-domain transient 

signal was baseline corrected, Hanning apodized, zero-filled and Fourier transformed to produce 

a magnitude-mode frequency spectrum. Frequency-to-m/z conversion was then performed with a 

two-term calibration equation.
30, 31

 All ETD and ECD spectra collected were obtained by signal 

averaging 1-100 scans. Data acquisition was performed by use of a Predator data station and data 

analysis with MIDAS 3.54 Software.
42

  

 

Results and discussion 

Figure 4.2 shows the mass spectra and structures of un-activated precursor anion (M) of 2-

(fluoranthene-8-carbonyl) benzoic acid and isolated ETD effective reagent anion (R) after CAD 

activation. The electrospray generated a strong precursor anion signal corresponding to the 

deprotonated molecular ion [M]
-
. Ions of m/z greater than the [M]

-
 arise from its oxidization and 

formic acid adduct products (see labels in the top spectrum). When dc offset on octopole 1 

increases, the potential difference between heated metal capillary (-70 V) and octopole 1 

increases. The negative ions are accelerated and activated through collision with neutral gas 

molecules, resulting in the fragmentation of anions. Figure 4.2 (Bottom) displays the isolated 

effective reagent anions produced in beam-type CAD process when dc offest on octopole 1 

increases up to 50 V. Two product species of [M-CO2]
-
 with monoisotopic peak at m/z 305 Da 

and [M-CO2-H]
-● 

with monoisotopic peak at m/z 304 Da were observed in the activation process. 

The latter radical anions may be due to the collision between [M-CO2]
- 

and neutral gas 

molecules, resulting in the loss of hydrogen atom H
●
. Both product anions were selected in the 

quadrupole mass filter to react with positively charged peptides in ETD. Figure 4.2 (Bottom 

inset) also shows the effect of dc offset of octopole 1 on the normalized total abundance of 

product anions. The result indicates that increasing the dc offset voltage improves the 

fragmentation efficiency of precursor ion in the CAD process. In our ETD experiment, 100 V dc 

offset voltage was applied on the octopole 1 for effective reagent anion generation.  
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Figure 4.2. Un-activated precursor anion (Top) and isolated ETD effective reagent anion mass 

spectra (Bottom). 

 

Figure 4.3 gives the single scan dual ESI 9.4 T FT-ICR ETD mass spectrum of triply 

protonated neurotensin. The ETD reaction persisted for 200 ms in linear octopole ion trap and 

mass spectrum was collected in ~ 3 s. Detected c- and z-type product ions are labeled on the 

mass spectrum and shown on the sequence. The result indicates that nearly every backbone bond 

cleavage is observed in this peptide with the sequence coverage of 83 % except two cleavages of 

amine bond N-terminal to proline. An inset showing the isotopic resolution of fragment z9 with 

signal-to-noise (S/N) ratio is also shown in Figure 4.3. It is noted that although electron transfer 

dissociation in the ETD ion/ion reaction can be found from near-complete amine backbond 

cleavages in peptide, those c/z products are present at a rather low relative abundance compared 

to proton-transfer products ([M+2H]
2+

 and [M+H]
+
). Dominant proton transfer process in 

competition with electron transfer is the main drawback of the front end dual-ESI ETD approach, 

which lowers the electron transfer efficiency.  
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Figure 4.3. Single scan dual ESI ETD tandem mass spectrum of triply protonated neurotensin 

(Total experiment time ~ 3 s). 

 

ECD (Top) and ETD (Bottom) tandem mass spectra of triply protonated angiotensin are 

shown in Figure 4.4. ECD and ETD spectra were collected with 15 ms electron beam irradiation 

and 200 ms ion/ion reaction time, respectively. Both ECD and ETD show the similar 

fragmentation of this peptide with corresponding sequence coverage of 78 % and 89 %. 

However, the loss of low m/z fragments (e.g. c2, y2 and a3) is observed in ETD, which is most 

likely due to the time-of-flight effect during ion transfer to the ICR cell. Product ion identity 

(black) and measured mass error in ppm (red) are also labeled in ECD and ETD spectra as shown 

in Figure 4.4, which were determined by external calibration with respective substance P 

ECD/ETD spectra. The results show that in ECD and ETD mass spectra product ions can be 

routinely measured to within ~ subppm error using FT-ICR MS. This achieved high mass 

accuracy measurement of product ions increases the confidence of the peptide identification 

either in the manual analysis or in the database searching.  
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number of c and z-type ions at higher charge state of peptides, independent of the choice of 

proteolytic enzymes.
98

 Here we studied the effect of charge state on fragmentation behavior of 

peptides in this dual ESI ETD technique. Figure 4.5 shows the ETD spectra of 4+ (Top) and 5+ 

(Bottom) charge states of fibroblast growth factor (FGF). Some of observed c and z-type ions are 

labelled in respective spectrum. Both of charge states of this peptide produce complete sequence 

coverages (100 %). Similar to ECD, higher charge state in ETD provides more product ions (e.g. 

37 c/z ions for 4+ and 50 c/z ions for 5+) and also higher electron transfer efficiency (e.g. 7.4 % 

for 4+ vs. 26.4 % for 5+, see Table 4.1).   

 

 

Figure 4.4. ECD (Top) and ETD (Bottom) tandem mass spectra of triply protonated angiotensin. 

Product ion identity (black) and measured mass error in ppm (red) were determined by external 

calibration with respective substance P ECD/ETD spectra. 
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Figure 4.5. ETD spectra of 4+ (Top) and 5+ (Bottom) charge states of fibroblast growth factor 

(FGF). 

 

 

Table 4.1. ECD and ETD efficiency comparison of standard peptides (ETD and ECD were 
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Figure 4.6. Effect of reaction time on electron transfer and proton transfer efficiency of ETD 

(Top) and on electron transfer efficiency of ECD (Bottom) of melittin (5+).  
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should be noted that dual ESI ETD exhibits a much longer reaction period (~ 200 ms) with lower 

ET (4.2 – 26.4 %) and more PT (17.5 – 68.8 %), which increase with increasing charge state, 

than conventional ETD (10 – 100 ms, more than 50 % ET and less than 30 %, preferably less 

than 10 % PT).
164

  

 

Table 4.2. Sequence coverage comparison of ECD and ETD of standard peptides. 

 

Table 4.2 summaries the sequence coverage (%) of ECD and ETD of standard peptides. 

Both spectra of peptides show similar sequence coverage but ETD sequence coverage becomes 

worse at higher m/z, e.g. only eight c/z fragments observed in ETD vs. 96 % sequence coverage 

in ECD of melittin (4+). In top-down analysis, high molecular weight intact protein ions (a few 

kDa ~ 200 kDa) are fragmented directly via MS/MS without the need of enzymatic digestion and 

can generate very extensive product ions due to many possible fragmentation patterns, thus 

essentially requiring the ultrahigh mass accuracy and resolving power mass spectrometers such 

as FT-ICR and obitrap to identify and resolve numerous fragment peaks in the spectra.
174, 175

 To 

study the efficiency of ETD and ETD in the application of top-down analysis, ETD (Top) and 

ECD (Bottom) spectra of ubiquitin (12+) are compared (data not shown). Dual ESI ETD of 

ubiquitin (12+) because of its high m/z at 712 Th only shows 59 % sequence coverage, which is 

similar to the result (~ 65 %) obtained from convential ETD (e.g. fluoranthene radical anions 

generated by NCI as reagent ions) but much less than that observed in ECD (~ 91 %).
176

 To 

improve sequence coverage and electron transfer efficiency of high m/z species, one approach is 
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to use “super-charging” reagents such as m-nitrobenzyl alcohol (m-NBA), sulfolane, 

dimethylformamide (DMF) et al as modifiers in the conventional solvent to enhance charging of 

proteins.
177, 178

 The increase of electron transfer efficiency and sequence coverage at higher 

charge state and lower m/z has been observed in ETD event, although proton transfer tendency 

also increases with increasing charge state. The other approach we can use is to couple ETD with 

concurrent activation by either IR beam or gas collision (AI-ETD), which can disrupt gas-phase 

secondary structure, reduce ETnoD population and increase the probability of direct dissociation 

and sequence coverage.
97

 However, proton transfer is still dominant and unavoidable in ETD by 

use of current deprotonated anion, unless more efficient ETD precursor anion can be generated 

via ESI. The related work has been done recently by Ren et al. By using different sets of ortho-, 

meta-, and para-isomers of nitrobenzoic acids, methylphenols and nitrophenols, etc, they 

successfully generated the isomeric distonic dehydrophenoxidee radical anions (m/z 92) using 

the ESI process by applying relatively high capillary voltages, the in-source dissociation 

condition. They are in the process of evaluating a group of larger aromatic compounds that have 

potentials to form radical anions under ESI conditions.
179

 Although the potential application of 

these radical anions in dual ESI ETD has not yet been evaluated, the probability of generation of 

radical anion via ESI would initiate the interest of experiment toward finding more efficient 

reagent anion for dual ESI ETD.     

 

Conclusions 

Dual ESI ETD coupled with FT-ICR MS is demonstrated in this work. The switching 

time between two independently operated ESI emitters is ~ 200 ms. The ETD ion/ion reaction 

took ~ 200 ms in a linear octopole ion trap (wired octopole 2) and each mass spectrum was 

collected in ~ 3 s. Comparison of ECD and ETD indicates that both two MS/MS techniques 

exhibit the similar sequence coverage and fragmentation pattern. ETD requires a longer reaction 

period but shows higher electron transfer efficiency than ECD. However, compared to 

conventional ETD (reaction period 10 – 100 ms, ET > 50 % and PT < 30 %, preferably < 10 % 

PT), dual ESI ETD is mainly dominated by proton transfer process with PT ~ 17.5 – 68.8 %. The 

low ET (~ 4.2 – 26.4 %) can be attributed to the low efficiency of reagent anion of 

decarboxylated 2-(fluoranthene-8-carbonyl) benzoic acid. Although higher charge state (lower 

m/z) can improve sequence coverage and electron transfer efficiency, the proton transfer process 
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also increases with increasing charge state. The elimination of proton transfer in this method 

requires the invention of more efficient ETD reagent radical anions which can be generated via 

ESI.  
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CHAPTER FIVE 

AUTOMATION OF “SPACING” CALIBRATION FOR 

IMPROVEMENT OF MASS MEASUREMENT ACCURACY OF 

TANDEM FOURIER TRANSFORM ION CYCLOTRON 

RESONANCE MASS SPECTROMETRY 

Introduction 

This chapter presents the work of applying “spacing” calibration for improvement of 

mass measurement accuracy of ECD and CAD tandem FT-ICR mass spectra of peptides without 

requirement of any sample information beforehand. 

High mass measurement accuracy for MS and MS/MS. Mass measurement accuracy 

plays an important role in characterization of peptides and proteins. The confidence of 

identification strongly depends on the accuracy of the mass measurement, especially in the case 

of study of highly complex samples derived from higher organisms (e.g. human).
58

 Numbers of 

possible amino acid composition and unique elemental compositions of peptides rapidly decrease 

with increase of mass measurement accuracy, e.g., when mass measurement accuracy of ±1 ppm 

is achieved, 99% of peptides that have the same nominal mass but different elemental and amino 

acid compositions can be excluded, thereby resulting in a high degree of confidence in peptide 

characterization.
59

 Also, high mass accuracy reduces the overlap ambiguities between 

phosphorylated and nonphosphorylated peptides at each nominal mass up to 10, 000 Da, which 

rule out the interference from nonspecific peptides in subsequent MS/MS analysis.
180

 

The same idea applies when dealing with ECD/ETD MS/MS fragments of peptides or 

proteins. ECD technique has become popular and is particularly useful in the identification of 

multiply charged peptides and proteins and localization of posttranslational modifications in 

contrast to those slow-heating dissociation methods (CID (or CAD), IRMPD, etc) because ECD 

generates extensive and nonspecific fragmentation (c/z
●
 ions formed by cleavage of N-C 

backbone bond in the main pathway) and retains labile post-translational modifications, thereby 

providing both complete sequencing and localization information of peptides in single MS/MS 

spectrum.
89, 90

 As mass accuracy of ECD measurement increases, the number of fragment masses 

needed to identify a protein during the database searching in top-down or bottom-up analysis is 

decreased.
105, 106

 Considerable improvement in the confidence of protein identification becomes 
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possible if the knowledge that a given MS/MS product ion is N- or. C-terminal can be obtained 

in advance.
107

 High mass measurement accuracy in ECD makes it possible to determine ion types 

c (N-terminal) or z
●
 (C-terminal) fragment ions directly based solely on their accurate masses 

without any radical chemistry reactions and information from other spectra (AIECD or CAD). 

Coon et al. have theoretically calculated the overlaps between all possible c and z
●
 ions at each 

nominal mass up to 2000 Da within the assumed mass accuracy of 0.001-1000 ppm. The results 

indicated that high mass accuracy increases the unambiguities of c and z
●
 ion type distinction at 

each nominal mass.
108

 Currently, ECD coupled FT-ICR mass spectrometry has been widely used 

in many biological studies (e.g. proteomics, phosphoproteomics, etc), a technique combining 

both high sequence coverage and high mass accuracy and resolving power mass measurement.
79, 

81, 99-101, 103, 104, 181
   

Internal and external calibration for MS. However, many factors can affect the mass 

measurement accuracy in FT-ICR MS. The major limitation to mass measurement accuracy in 

FT-ICR MS results from the space charge effects which caused by the Coulombic interaction of 

trapped ions in the ICR cell. These space charge effects can produce a systematic shift in the 

observed the ion cyclotron frequency and degrade the mass measurement accuracy. Many 

methods have been developed to reduce space charge effects in the ICR cell, most of which fall 

into two categories: internal and external calibration. Internal calibration can provide the best 

mass measurement accuracy because both analyte and internal calibrant undergo the same space 

charge effects, trapping potential, magnetic field and detection factors in the experiment and are 

subject to the same amount of frequency shift. Muddiman et al and O’connor et al have 

developed a dual electrospray ionization source in ESI experiments and an Internal Calibration 

on Adjacent Samples (InCAS) method in MALDI experiments to introduce analyte ions and 

calibrant ions alternatively and then trap them simultaneously in the ICR cell for following 

detection without adding calibrant into analyte directly.
16, 18

 However, analyte and calibrant ions 

must present simultaneously in the cell, which may complicate acquired mass spectra and lead to 

the overlapping peaks between them. Although some heavy elements with larger mass defect can 

be introduced into calibrate ions to shift these ions to “forbidden zones” in the spectra, the 

presence of calibrant ions also decreases the detection dynamic range by using some of the 

available charge spacing of the cell for nonanalyte ions.
158, 182

 These problems could be avoided 

in external calibration because calibrant and analyte ions are introduced into cell and detected 
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separately in different experiments. However, the systematical shifting of observed ion cyclotron 

frequency caused by space charge effects is also related to ion population. External calibration 

thus works best only when the total ion population in the external calibrant experiment matches 

that in the analyte experiment, but suffers from problem especially when we are running LC-MS 

in which the ion population can even fluctuate by two or three orders of magnitude. Easterling et 

al improved mass accuracy obtained by MALDI-FT-ICR to routinely achieved <10 ppm in 

external calibration by correcting for the differences in the number of trapping ions.
183

 Masselon 

et al found systematic errors cannot be accounted for only by a “global” space charge correction 

approach and each ion cloud experiences a different interaction with other ion clouds which is 

related to the total ion population of all other ion clouds but the one we consider (“external” 

space charge effects). They introduced an additional calibration term considering the intensities 

of ions of interest into classical two-term calibration equation and compensated for those “local” 

frequency perturbations.
184

 Partially based on their results, Muddiman et al developed a novel 

external multiple linear calibration law for non-AGC ESI FT-ICR measurements which allowed 

them to achieve < 5 ppm MMA and also applied novel calibration laws to MALDI-FT-ICR-MS 

(a much larger frequency range than that of ESI-FT-ICR-MS).
185, 186

 Another approach for 

external calibration is to precisely control the total ion number in the cell by using automatic 

gain control (AGC). Muddiman et al combined multiple linear regression calibration, which 

accounted for both differences in total ion population in the ICR cell as well as relative ion 

abundance of a given species, with automatic gain control to afford mean MMA at the ppb 

level.
187

 Amster et al applied the stepwise external calibration in FT-ICR MS to achieve the sub 

ppm mass accuracy, which improved mass accuracy 2 ~ 4 times for ions below m/z 2500 Da and 

achieved rms error of ~ 0.90 ppm for 609 measured peptide ions. Later they optimized this 

method by utilization of SWIFT excitation waveform and made it applicable to larger mass-to-

charge ratio range up to 4000 Da with rms error of ~ 0.95 ppm.
182, 188

 

Post-acquisition calibration for MS/MS. When ECD is performed in FT-ICR MS, mass 

measurement accuracy in the ECD is usually worse than that in the direct MS measurement. 

Besides space charge effects between ion clouds, the physical interactions of injected electrons 

and ion clouds may destablize the ion clouds, change the ion cloud shape and disturb the electric 

field in the cell, which deteriorate further the mass measurement. Therefore, it is necessary to 

calibrate ECD spectra for improved mass accuracy. Kaiser et al have used the alignment of 
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deconvoluted isotopic distributions of multiple charge states of the same molecular species to 

correct the constant shift in frequency space. This method called DeCAL can improve mass 

accuracy of ECD spectra through post processing without any further manipulation of the ion 

population or previous knowledge of the species being analyzed.
20

 A series of fragments are 

typically observed in MS/MS spectra of peptides or proteins, and the mass difference between 

same-type fragments (such as c1 and c2) is the mass of one or several amino acid residues. Bruce 

et al applied this feature of MS/MS spectra to develop a novel internal calibrant-free calibration 

method called COFI and corrected the CAD spectra by linearly shifting the cyclotron frequency 

to match the mass difference of two neighboring fragments to the exact mass of corresponding 

amino acid residue. They achieved an average measurement mass accuracy of 2.49 ppm for all 

identified BSA fragments after the application of COFI to a multiplexed LC-CAD-FTICR-MS of 

BSA tryptic digestion.
21

 

In this work, we automated the whole post-calibration process by algorithm written in 

LabWindows/CVI. ECD spectra of standard peptides with different molecular weights and 

charge states were collected and externally calibrated by MS/MS fragments of substance P on 

9.4 T FT-ICR MS
34, 189

, and then subjected to the program for further calibration by accurate 

masses of a series of single amino acid residues.    

 

Experimental procedures  

Chemicals. Standard peptides and formic acid were purchased from Sigma (St. Louis, 

MO, USA) and used without further purification. Methanol and water were purchased from J. T. 

Baker (Philipsburg, NJ) at HPLC grade. Aqueous stock solutions were diluted to a concentration 

of 1 μM in 50/50 vol% methanol:water with 0.1% (vol/vol) formic acid for electrospray 

ionization. 

Instrumentation. ECD experiments were performed in a homebuilt 9.4 T FT-ICR mass 

spectrometry (220 mm bore diameter) equipped with a dispenser cathode-based electron gun.
34, 

82, 189
 A microelectrospray emitter consisting of a 50-μm i.d. fused silica capillary was used to 

infuse the peptides at a flow rate of 500 nL/min.
171

 The emitter was operated in the positive ion 

mode. Generated ions were selected by a quadrupole mass filter and externally accumulated ~ 

0.1-5 s to achieve different abundances of isolated precursor ions.
172

 Isolated ions were then 

transferred by a radiofrequency octopole ion guide into an open ended cylindrical ICR trap for 
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following ECD events. In ECD events, a 3-mm-diameter electron beam was injected into the 

ICR trap followed by an electron cleanup event (100 ms).
80

 The irradiation time was varied from 

5-100 ms. The cathode potential during electron injection was varied from -2 ~ -40 V and kept at 

+10 V otherwise. Accelerating grid voltage was at +5 V during electron injection and at -200 V 

otherwise. To compensate for ion magnetron motion in the ICR trap, a delay ~50 ms was 

introduced prior to ECD to optimize the overlap of ion cloud and electron beam inside the ICR 

trap and maximize the ECD efficiency.
173

 Product ions were subject to frequency-sweep 

excitation (72-577 kHz at 50 Hz/μs) followed by broadband detection (1024 Kword data). The 

time-domain transient signal was baseline corrected, Hanning apodized, zero-filled and Fourier 

transformed to produce a magnitude-mode frequency spectrum.  Frequency-to-m/z conversion 

was then performed with a two-term calibration equation, in which A, B terms are from weekly 

HP mix MS calibration.
30, 31

 All spectra collected were obtained by signal averaging 30-50 scans. 

Data acquisition was performed by use of a Predator data station and data analysis with MIDAS 

3.54 Software.
42

 

Methodology. ECD spectra of standard peptides were externally calibrated first by 

product ions from substance P MS/MS spectrum. All m/z values were recalculated based on the 

quadrupole approximation (equation 5-1), in which A’ and B’ terms are calibration constants 

obtained from substance P experiment and f (Hz) is the measured ion cyclotron frequency. 
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Spectra were then subject to further calibration by exact masses of spacings between adjacent 

fagment ions differing by one amino acid residue. Space charge-induced frequency shift can be 

eliminated further by shifting the cyclotron frequency to match the mass difference of two 

neighboring fragments to the exact mass of the amino acid residue(s). The optimal correction of 

space charge effects on cyclotron frequency can be obtained when the mismatch error between 

corrresponding monoisotopic or isotopic peaks from selected neighboring fragment pairs is 

minimized. Here, it is assumed that the frequency shift is constant to a first order approximation 

across the entire spectrum since all ions are shifted by the same amount in frequency space. Base 

on this assumption and also for convenience, the function that was used to convert ion cyclotron 

frequency to m/z values in the spacing calibration step is given by equation 5-2. 
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where A is calibration constant related to magnetic field. B (Hz) is the frequency shift caused by 

space charge effects and outward radial electric field. It is noted that two calibration functions of 

equations 5-1 and 5-2 are actually interconversiable. By applying both calibration equations to 

the same experimental time-domain data, we find that mass accuracy resulting from the two 

calibration functions (or their interconversion) is indistinguishable.
31

 Therefore, in equation 5-2 

we set A term value equal to A’ which is directly from substance P external calibration 

experiment. For singly charged fragment ions, the mass difference between two neighboring 

fragment pairs then can be represented by equation 5-3. 
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where fi is the measured cyclotron frequency of one of the fragment pairs (i=1, 2, 3,......, p, 

assuming p fragment ion pairs in the spectrum found for calibration), fi’ is the measured 

cyclotron frequency of corresponding neighboring fragment ion, Mi is the experimental mass of 

amino acid residue between fragment ion pairs. The objective function Y which represents the 

sum of mean-squared errors of measured mass differences and accurate amino acid residue 

masses from p fragment ion pairs (each singly charged) is shown in equation 5-4. 
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where AAi is the accurate mass of amino acid residue between fragment ion pairs. Optimal 

frequency offset B can be derived from the mass domain by the iterative addition or subtraction 

of frequency shift to minimize Y function. After obtaining the optimized frequency shift, the all 

m/z values were recalculated by equation 5-2 to get final calibrated spectra. 
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Results and discussion 

Substance P external calibration.  Table 5.1 shows the standard peptides studied in this 

work and their corresponding molecular weights, charge states and amino acid sequences. 

Substance P ECD spectrum used for external calibration of different samples was collected under 

the optimal ECD condition.
80

 ECD experiments of other standard peptides were performed in a 

wide range of conditions with the irradiation time varying from 5 ~ 100 ms, cathode voltage 

from -2 ~ -40 V and isolated precursor ion abundance across an order of magnitude ( ~ 1.0×10
3
 ~ 

3.0×10
4
). Figure 5.1 shows the root-mean-squared (rms) errors of ECD spectra of bradykinin 

(2+), Fibroblast growth factor (FGF) (5+) and LHRH (2+) before (red) (A, B terms from default 

HP mix MS calibration) and after (blue) substance P MS/MS external calibraiton and spectra of 

neurotensin with different charge state 2+ (red) and 3+ (blue) after MS/MS calibration. During 

the experiments of each sample, isolated precursor ion abundance was kept constant firstly, 

irradiation time was varied from 5 ~ 100 ms when cathode voltage was kept at -8 V, and then 

cathode voltage was changed from -2 ~ -40 V when irradiation time was kept at ~ 10 ms. 

Afterwards, precursor ion abundance was increased and experiments under the same above 

conditions were performed. Each collected ECD spectrum was labeled in order (up to 50) as 

shown in Figure 5.1. Rms mass measurement errors of ECD spectra after substance P MS/MS 

external calibration is reduced significantly for peptides with different molecular weight and 

charge states in a wide range of experiment conditions and generally can be calibrated into sub-

ppm, e.g., average rms error of 0.77 ppm, 0.57 ppm, 0.91 ppm and 0.81 ppm for 50 bradykinin 

(2+), FGF (5+), melittin (5+) and neurotensin (3+) ECD spectra, which may be due to the same 

experiment conditions (e.g., ion cloud-electron beam interaction) the calibrant undergoes as 

sample peptides. 

 

Table 5.1.  Molecular weights, charge states and sequences of standard peptides. 

 

 

 

 

 

 

No. Peptides Molecular  Charge Sequences 

 Weight (Da) State (m/z)

1 Dynorphin 712 2+ (356) YGGFLR 

2 Angiotensin 3-8 775 2+ (388) VYIHPF 

3 Angiotensin 931 2+ (466) RVYIHPF 

4 Bradykinin 1059 2+ (530) RPPGFSPFR 

5 LHRH 1182 2+ (591) PyroEHWSYGLRPG-NH2 

6 Substance P 1347 2+ (674) RPKPFFQQGLM-NH2 

7 Neurotensin 1672 2+ (836) 3+ (558) PyroELYENKPRRPYIL 

8 Fibroblast Growth 1963 4+ (491) 5+ (393) YRSRKYSSWYVALKR-NH2 

 Factor (FGF) 

9 Melittin 2845 4+ (712) 5+ (569) GIGAVLKVLTTGLPALIS 

 WIKRKRQQ-NH2
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Total ion abundance after ECD is proportional to initial isolated precursor ion abundance 

and decreases with the increase of cathode voltage (namely, electron energy) and irradiation 

time. Comparison between abundances before and after ECD shows that there is substantially 

reduction (~30-80 %) of ion abundance during above mentioned ECD events (data not shown) 

dependent of electron flux (product of irradiation time and cathode voltage), which is probably 

due to the lowering of trapping potentials by injected electrons and subsequent escaping of ions 

out of ICR cell along z axial direction. This leveling-off effect of total ion abundance during 

ECD event may result in the rms mass errors of ECD spectra less sensitive to experiment 

parameters after substance P external calibration. However, higher ion abundance absolutely 

corresponds to the higher signal-to-noise ratio of fragment ions and therefore more accurate 

measurement of centroid position (namely, accuracy) of peaks.
6
 Increasing the electron energy 

and irradiation time may decrease the signal-to-noise ratio of fragment ions and increase the 

nondesirable effects such as secondary fragmentation, further ionization and charge 

neutralization.
190

 Thus, spectra of peptides collected under the optimal experiment conditions, 

e.g., higher isolated precursor ion abundance, electron energy from -2 ~ -8 V and electron 

irradiation time from 5 ~ 30 ms
80

, were used for following spacing calibration to further improve 

mass accuracy as well as retaining good ECD fragmentation efficiency.  

Spacing extraction.  Generally, ECD spectra show much more complicate fragmentation 

pattern than that in CAD. In contrast to b, y type ions and water/ammonium neutral loss formed 

in CAD, reactions between multiply charged analyte cations and low energy (<1 eV) electrons in 

ECD results in preferential cleavage of backbone N-C bonds, forming major c, z
●
 type product 

ions and minor a
●
, y product ions.

126
 Hydrogen atom transfer occurring in long-lived radical 

intermediates comprising non-covalent c/z
●
 complexes forms the c

●
 and z’ions with 1 Da 

difference with major product ions.
96, 191

 Hakansson et al also observed b-type ions in ECD of 

peptides with few or no basic amino acid residues and found that the numbers and positions of 

basic amino acid residues as well as the charge state of peptides all affect the yield of b-type 

ions.
192

 Cooper et al summarized the amino acid side chain losses during ECD of ten peptides, 

and side-chain cleavages were observed for arginine, histidine, asparagine or glutamine, 

methionine, and lysine residues.
193
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Figure 5.1. Root-mean-square (rms) errors of ECD spectra of bradykinin (2+), Fibroblast growth 

factor (FGF) (5+) and LHRH (2+) before (red) and after (blue) substance P external calibration 
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and spectra of neurotensin with different charge states 2+ (red) and 3+ (blue) after external 

calibration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Flow chart of automated program used for spacing calibration.                         

 

Moreover, when we scan the entire mass range of spectrum to calculate the mass 

difference of any two peaks, we don’t know the ion types of these peaks in advance. Mass 

difference could be from amino acid residue or from any combinations of elements of C, H, O, N 

and S (even 
13

C if considering isotopic peaks) but with similar masses to residue masses, e.g., 

spacing C4H9N3O2 (131 Da) of FK (b ion) vs. FKN (c ion) or C10H10N3O1S-1 (156 Da) of FPQ (c 

ion) vs. CK (z
●
 ion) has the same nominal mass as the residue mass of amino acid M or R but 

with 400 ppm and 50 ppm off. The confidence of spacing extraction and identification strongly 

depends on the mass accuracy of MS/MS spectra acquired and also the mass of spacing (namely, 

number of amino acid residues). Spectra with worse mass accuracy may have spacings with 

larger mass errors and spacings with larger masses may correspond to several possible elemental 

compositions, both of which increase the ambiguity of accurate mass identification.  Fortunately, 
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ultrahigh mass accuracy and resolving power measurement of high-field FT-ICR MS with 

MS/MS external calibration makes mass accuracy of acquired ECD spectra achievable to within 

~ 1 ppm level. Therefore, spacings used for further calibration were defined to mass range of 57-

186 corresponding to 20 single amino acid residues and ±2 ppm (to assure the extraction of 

several spacings) was used as accuracy threshold to find accurate mass for each spacing by 

comparing experimental spacing mass against calculated residue mass.   

Spacing calibration. The spacing calibration is applied to ECD spectra automatically by 

use of algorithm written in C/C++ program and its flow chart summary is shown in Figure 5.2.  

Thorough high resolution analysis of spectra by Horn (THRASH) in MIDAS software are used 

to generate “calculated” monoisotopic m/z values and their corresponding charge states, both of 

which are determined by a least-square fitting procedure of isotopic peak abundances found for 

identified peak clusters to that calculated for “averagine” masses.
194

 The “real” experimental 

monoisopic and isotopic m/z values then are extracted from generated peak list of the spectrum 

by matching them with each of those previously obtained “calculated” monoisotopic m/z values 

in the THRASH. Here, amino acid residue spacings from isotopic peaks of two neighboring 

fragment ions are also used for calibration. Thus, the original data structure used in spacing 

calibration includes monoisotopic and its isotopic m/z, charge state and corresponding observed 

ion cyclotron frequency. A series of candidate pairs are selected by matching the mass 

differences within defined mass range and defined mass error relative to calculated residue 

masses. Each pair is used to calculate the optimal frequency shift B for minimum Y (as described 

above in equation 5-4). The all m/z values in each spectrum are then recalculated by use of 

equation 5-2. 

Table 5.2 shows the summary of mass errors (both rms and average) of ECD spectra of 

different peptides before calibration (A, B terms from default HP mix MS external calibration), 

substance P MS/MS external calibration and spacing calibration. The number of extracted 

spacings and calculated optimal frequency shift for each spectrum are also given. Spacing 

calibration followed by MS/MS external calibration improves the mass accuracy of ECD spectra 

further (even up to 140%!) by use of the information solely from spectra without any knowledge 

of the species being analyzed. It should be noted that this method also works for other tandem 

mass spectrometry such as electron transfer dissociation (ETD), CAD, IRMPD and etc, e.g., 

mass accuracy of CAD spectra of several standard peptides after spacing calibration shows 
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further improvement (up to ~ 30%) compared with only substance P MS/MS external calibration 

(see Table 5.3). Plots of resultant error in ppm of the identified fragment ions (220 ions totally) 

from ECD spectra of all samples versus m/z after MS/MS external calibration (Top) and after 

spacing calibration (Bottom) are shown in Figure 5.3. m/z values of fragments after external 

calibration show higher mass errors, having rms and average errors of 0.83 ppm and 0.24 ppm. 

Compared with values after applying spacing calibration, the statistical data of the latter show 

the ~ 25% improvement on average in rms error and ~ 33% in average error which decreases to ~ 

0.66 ppm and 0.18 ppm. Also, a Gaussian-like mass error distribution as shown in Figure 5.4 

(0.5 ppm bin) indicates the elimination of systematic error caused by space charge effects in 

MS/MS spectra after spacing calibration. Valence parity provides a way to distinguish between 

N-terminal and C-terminal ECD/ETD product ions based on their number of hydrogen plus 

nitrogen atoms determined by accurate mass measurement, and forms a basis for de novo peptide 

sequencing.
108

 However, it requires high mass accuracy to improve the reliability of c vs. z
●
 

product ion determination and reduce the elemental composition ambiguity for fragment ions.
95

 

Here, we tested valence parity rule by use of all c/z
●
 product ions from ECD spectra of standard 

peptides. ~ 40% c and z
●
 product ions can be identified unambiguously after external calibration, 

however, increased mass accuracy after spacing calibration results in the 25% improvement of 

unambiguous identification of product ions up to ~ 50%. 

 

Conclusions 

ECD spectra of standard peptides with different molecular weights and charge states were 

calibrated by fragments of substance P. ECD spectra after MS/MS external calibration show ~ 1 

ppm rms mass error in a wide range of experiment conditions with irradiation time of 5 ~ 100 ms 

and cathode voltage of -2 ~ -40 V, and independent of precursor ion abundance of substance P 

calibrant. Better mass accuracy of ECD spectra used for spacing calibration can improve the 

confidence of extraction and identification of amino acid residue masses. Spacing calibration by 

use of the information solely from spectra without any knowledge of the species being analyzed 

improves rms mass error of ECD spectra up to 140%! and ~ 25% on average of mass 

meaurement accuracy of all product ions, resulting in 25% improvement of unambiguous 

identification of c/z
● 

product ions up to ~ 50% based on valence parity rule. The statistical data 

of mass error vs. m/z and Gaussian-like error distribution of all identified product ions after 
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applying spacing calibration show the elimination of systematic error caused by space charge 

effects in MS/MS spectra.  
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Table 5.2.  Summary of mass errors (rms and average), numbers of extracted spacings and optimal frequency shifts of ECD spectra of 

different standard peptides before calibration (A, B terms from default HP mix MS calibration), substance P MS/MS calibration and 

spacing calibration. 

 

Sample Charge (MW) HP mix Sub P External Spacing Frequency No.of          Improving 
         Calibration Calibration Calibration Shift (B) Spacings      Factor(%) 

                                        Avg.       rms Avg.        rms  Avg.     rms 
                                      (ppm)     (ppm)    (ppm)     (ppm)        (ppm)  (ppm)   

 
       Dynorphin 2+ (356) 3.96 3.99  0.64 0.80  0.56     0.73 4.75 6  9 

      Angiotensin  2+ (388) 3.25 3.26  0.69 0.72  0.16 0.30 4.88 2                       140 
3-8 

      Angiotensin 2+ (466) 2.74 2.80 -0.45 0.51 -0.25 0.37 4.68 2 38 

       Bradykinin 2+ (530) 2.67 2.73 -0.54 0.61 -0.16 0.35 4.64 5 74 

        LHRH 2+ (591) 2.26 2.30 -0.76 0.82 -0.20 0.44 4.63 5 86 

      Neurotensin 2+ (836) 1.46 2.02 -0.67 0.83 -0.52 0.72 4.71 4 15 

      Neurotensin 3+ (558) 2.95 3.02 -0.57 0.76 -0.45 0.67 4.70 16 13 

         FGF 4+ (491) 4.18 4.19  0.25 0.47  0.06 0.35 4.64 27 34     

FGF 5+ (393) 4.85 4.86  0.73 0.85  0.58 0.68 4.63 19 25 

Melittin 4+ (712) 3.91 3.99  0.24 0.88           -0.09 0.80 4.68 6 10 

Melittin 5+ (569) 5.84 6.53  0.54 0.64  0.29 0.48 3.15 6 33    
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Table 5.3.  Summary of mass errors (rms and average), numbers of extracted spacings and optimal frequency shifts of CAD spectra of 

different standard peptides before calibration (A, B terms from default HP mix MS calibration), substance P MS/MS calibration and spacing 

calibration. (Beam-type CAD was performed in an accumulation octopole.  Parent ions were accelerated during the transfer to the octopole by 

decreasing the dc offset voltage (-15 ~ -25 V) of octopole and activated through collision with neutral gas molecules (N2 gas at pressure 5×10
-

6
), resulting in the CAD fragmentation) 

 

 

Sample Charge (MW) HP mix Sub P External Spacing Frequency No.of Improving 
      Calibration Calibration Calibration Shift (B) Spacings Factor (%) 
 Avg. rms Avg. rms Avg. rms 
     (ppm) (ppm)      (ppm)  (ppm)  (ppm)  (ppm)  
    Bradykinin 2+ (530) -1.10 1.39 -0.78 1.01 -0.38 0.78 5.45 2 29 

    Neurotensin 2+ (836) -1.78 1.99 -0.79 1.14  0.32 0.96 5.50 9 19 

    Neurotensin 3+ (558) -0.96 1.23 -0.47 0.94 -0.28 0.85 5.49 9 11 

    Melittin 4+ (712) -0.17 1.05 -0.35 0.88 -0.28 0.82 5.52 27  7 

    Melittin 5+ (569)         0.12 1.28  0.35 0.91  0.07 0.81 5.60 17 12 
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Figure 5.3. Plots of resultant error in ppm of the identified fragment ions (220 c/z
●
 ions totally) 

from ECD spectra of all samples versus m/z after external calibration (Top) and spacing 

calibration (Bottom). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Mass error distribution of identified fragment ions from ECD spectra after spacing 

calibration with 0.5 ppm bin size. 
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CHAPTER SIX 

HOW MUCH MASS RESOLUTION IS NECESSARY: 

COUNTING THE COMMON MASS DOUBLETS FOR 

CcHhNnOoSs ELEMENTAL COMPOSITIONS 

Introduction 

This chapter presents the work of prediction of mass resolving power required for unique 

assignment of elemental compositions of components in complex mixtures (e.g., petroleum crude 

oils). Petroleum crude oil contains both polar and nonpolar constituents and represents the 

world’s most compositionally complex organic mixture, in which chemically distinct constituents 

are within a relative abundance dynamic range of ~ 10
4
:1.

4
 Knowledge of the molecular 

elemental composition is very important to selection of refining processes and refining conditions 

and eventually to the economic value of the crude oil.
119

 FT-ICR MS because of its ultrahigh 

resolution and mass accuracy has become the best analytical tool to characterize the elemental 

compositions for thousands of compounds contained in the crude oil.
12

 Currently, it is possible to 

resolve > 40,000 different elemental compositions in a single mass spectrum (e.g., high-

resoultion positive APPI 14.5 T FT-ICR MS of Middle Eastern crude oil) and provide their 

unambiguous molecular formulas when sufficiently high mass resolving power (m/∆m50% ≈ 

400,000, in which m is molecular mass and ∆m50% is the mass spectral peak width at half-

maximum peak height) and mass accuracy (<300 ppb) up to 800 Da are achieved, now routinely 

available from high-field (≥9.4 T) Fourier transform ion cyclotron resonance mass spectrometry.
9, 

12
 

In petroleomics, ESI coupled with mass spectrometry is most efficient for ionization of 

polar species (NnOoSs containing molecules) and produces either positive molecular ions by 

protonating basic neutrals or negative molecular ions by deprotonating acidic neutrals.
195

 

However, 90% of components in crude oil consist of nonpolar hydrocarbon species (CcHh). In 

contrast to ESI, APPI is able to ionize a broader range of compound classes including both polar 

and nonpolar species and produce radical (e.g., M
+●

) and molecular (e. g., [M+H]
+
) ions for same 

analyte molecules.
196

 The possibility of forming two ion types from a single analyte complicates 

the already complex spectrum further. An APPI mass spectrum usually contains ~ five times as 

many peaks as an ESI spetrum of same crude oil sample.
9
 Therefore, FT-ICR MS is particularly 



 

 

73

essential for analysis of complex mixtures by APPI mass spectrometry, for instance, to resolve 

M
+●

 containing one 
13

C from [M+H]
+
 containing all 

12
C corresponding to mass doublet 

13
C 

vs.
12

CH with a mass difference of only 4.5 mDa.
9
 

Mass doublets are very common in petroleum, most of which also appear in proteomics, 

metabolomics and other complex organic mixture analysis. Mass doublets can be used to provide 

a convenient double-check on elemental composition assignment, identify sulfur-containing 

compounds (
12

C3 vs. SH4) and distinguish M
+●

/(M+H)
+
 ions (

13
C vs. 

12
CH) observed in APPI 

spectrum. Mass doublets also offer the means to test the performance of mass spectrometry, 

which are closely related to the resolving power of instrument. In this work, several positive and 

negative ESI and positive APPI mass spectra of crude oil were acquired on high-field 9.4 T FT-

ICR mass spectrometer. All possible mass doublets with same nominal masses (0<∆m<45 mDa, 

∆m is the mass difference of mass doublet) in each spectrum are found automatically by 

algorithm written in LabWindows/CVI. The histograms of mass doublet distribution for APPI 

and ESI spectra are plotted and compared. 

 

Experimental procedures  

Sample preparation. Solvents were HPLC grade (Sigma-Aldrich Chemical Co., St. 

Louis, MO). Crude oil distillate (500 - 538 ºC) of an Athabasca bitumen heavy vacuum gas oil 

(HGVO) was diluted to a concentration of 250 μg/mL with equal parts methanol/toluene with 2% 

ammonium hydroxide for negative ESI or formic acid for positive ESI analysis. Two California 

crude oil fractions were each diluted to 250 μg/mL with equal parts methanol/toluene with 0.25% 

Tetramethylammonium hydroxide (TMAH) for negative ESI. Two distillates of 538 - 593 ºC and 

539+ºC from a Middle Eastern heavy crude, an Athabasca bitumen raw asphaltene and a South 

American heavy crude were diluted with 5 mL of toluene to make each stock solution (2 mg/mL) 

that was further diluted to yield a final concentration of 500 μg/mL for positive APPI.
197-199

 

APPI and ESI sources. The APPI source (Thermo-Fisher Scientific, San Jose, CA) was 

coupled to the first pumping stage of a home-built FT-ICR mass spectrometry through a custom-

built interface.
196, 200

 A Hamilton gas-tight syringe and syringe pump were used to deliver the 

sample (50 μL/min) to the heated vaporizer region of APPI source, where N2 sheath gas (50 psi) 

facilitates nebulization, while the auxiliary port remained plugged. Gas-phase molecules flow out 

of the heated vaporizer in a confined jet and photoionization is initiated by a krypton vacuum 
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ultraviolet gas discharge lamp (10 eV photons, 120 nm). Toluene increases the ionization 

efficiency for nonpolar aromatic compounds through charge exchange and proton transfer 

reactions occur between ionized toluene molecules and neutral analyte molecules at atmospheric 

pressure.
116, 196

 Generated protonated and radical ions in APPI can be distinguished from their 

different double bond equivalents (DBE) values (half-integer vs. integer), which represent the 

number of rings plus double bonds involving carbon (see equation 6-1). 

DBE (CcHhNnOoSs) = c-h/2+n/2+1                          (6- 1) 

The microelectrospray source was used to produce either electrosprayed positive or negative 

ions.  Each sample was delivered to the mass spectrometer ionization source by a syringe pump 

at a rate of 500 nL/min. ESI positive (negative) ion mode was run under typical conditions 

(needle voltage, 2 kV (-2 kV); tube lens, 350 V (-350 V); heated metal capillary current, 4.25 

A).
171

 

9.4 T FT-ICR MS. A custom-built FT-ICR mass spectrometer is equipped with a 22 cm 

horizontal room-temperature bore 9.4 T magnet (Oxford Corp., Oxney Mead, U. K.) and a 

modular ICR data station (Predator) facilitated instrument control, data acquisition, and data 

analysis.
23, 189, 201

 Ions generated at atmospheric pressure in the external APPI or ESI source enter 

the skimmer region at ~ 2 Torr through a heated metal capillary into the first rf-only octopole. 

Ions pass through a quadrupole to a second octopole, where they accumulate for 250-1000 ms. 

Helium gas was introduced during accumulation to collisionally cool the ions before transfer 

through a 200 cm rf-only octopole into an open cylindrical Penning ion trap (10 cm inner 

diameter×30 cm long). Octopole ion guides were operated at 2.0 MHz and 240 Vp-p rf 

amplitude. Broadband frequency chirp excitation (70-700 kHz at a sweep rate of 50 Hz/μs and 

amplitude, Vp-p = 350 V) accelerated the ions to a cyclotron orbital radius that was subsequently 

detected by two opposed electrodes of the ICR cell to yield 8 Mword time-domain data sets. 

Multiple (100-300) time domain acquisitions were summed for each sample, Hanning-apodized, 

and zero-filled once prior to fast Fourier transform and magnitude calculation.
6
 

Broadband Phase Correction. Broadband phase correction was applied to each 

spectrum to increase resolution for isobaric species at higher m/z.
32

 Fourier transformation of 

discrete time-domain data yields real and imaginary frequency-domain spectra, Re (ω) and Im 

(ω), which are linear combinations of absorption- and dispersion-mode components, A (ω) and D 

(ω). FT-ICR spectra are conventionally displayed in magnitude (absolute value) mode because M 
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(ω) is independent of phase angle of each ion cloud. As described in detail elsewhere, it is 

possible to recover the absorption-mode display from magnitude-mode display by phase 

correction and then construction of the appropriate linear combinations of real and imaginary FT 

spectra.
6
 Absorption-mode spectra generally produce ~ 45% improvement of resolving power 

and ~35% higher in mass accuracy relative to magnitude-mode display.
32

 Frequency-to-m/z 

calibration and data analysis are subsequently performed as for magnitude-mode display. 

Mass Calibration and Data Reduction. ICR frequencies were converted to ion masses 

based on the quadrupolar trapping potential approximation and internally calibrated with respect 

to the most abundant homologous alkylation series differing in mass by integer multiples of 

14.01565 Da (nCH2) for each sample.
30, 31

 Masses for singly charged ions with relative 

abundance of > 6σ of baseline rms noise were extracted, converted to the Kendrick mass scale 

(see equation 6-2) and exported to a spreadsheet for easier identification of homologous series.
202

 

Peak assignments were performed by Kendrick mass defect (see equation 6-3) analysis, as 

previously described.
118

 Briefly, molecular formulas were assigned to peaks of lowest m/z value 

for each Kendrick Mass Defect (KMD) series and then peaks of higher m/z value for the same 

KMD value were assigned by only adding multiples of CH2 to the molecular formula. 

Kendrick mass = SI mass × (14.00000/14.01565)                               (6-2) 

Kendrick mass defect = nominal Kendrick mass – Kendrick mass     (6-3) 

For each spectrum, assigned molecular formulas were sorted based on the measured mass and 

then theoretical mass of each elemental composition was calculated by use of the isotope mass 

values of H, C, N, O, and S following the 1995 table of Audi and Wapstra.
132

 The closest mass 

doublets with mass difference (∆m) of 0 - 45 mDa were sorted according to their corresponding 

elemental compositions with the same nominal mass. The number of each mass doublet was 

counted and only mass doublets with total number no less than 2 were considered reasonable. 

The total number, elemental composition and corresponding theoretical mass difference of each 

mass doublet were exported to a spreadsheet for following histogram plotting of mass doublet 

distribution.  The whole mass doublet generation process was performed automatically by 

algorithm written in LabWindows/CVI. 
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Figure 6.1. Positive ESI absorption-mode spectrum of a distillate from an Athabasca bitumen 

high vacuum gas oill (HVGO) (nominal mass 380-974 Da) showing examples of some closest 

mass "splits" (inset: ~ 0.70 mDa C2H3S1 vs. 
13

C1N1O2  mass “split” at m/z 519 and mass of 

electron ~ 0.548 mDa).  

 

Results and discussion 

Figures 6.1 and 6.2 show the positive ESI absorption-mode spectrum of distillate of an 

Athabasca bitumen HVGO and positive APPI absorption-mode spectrum of a Cerro Negro crude 

oil with examples of some closest mass “splits” encountered in mass spectrum of each sample. It 

is very common to observe in crude oil that tens of different compounds are across less than a 1 

Da span, e.g., 35 elemental compositions resolved across a single nominal mass in negative-ion 

ESI 9.4 T FT-ICR Mass spectrum of Bitumen.
4
 Thus, without ultrahigh resolving power and 
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mass accuracy, it is impossible to resolve and assign elemental compositions for those peaks 

confidently. High mass accuracy of each spectrum with rms mass error < 300 ppb can be 

routinely obtained by FT-ICR MS after internal calibration, which facilitates the assignment of 

elemental compositions uniquely for ~ 90-95 % of those observed peaks up to 800-1000 Da by 

homologous alkylation series extrapolation. Also, higher resolving power from absorption-mode 

spectra (m/∆m50% ≈ 1,100,000 at 500 Da) makes it possible to distinguish two molecules of mass 

doublet C2H3S vs. 
13

CNO2 with as low as 0.70 mDa mass difference (the smallest mass doublet 

experimentally observed in broadband 9.4 T FT-ICR MS currently, see Figures 6.1 and 6.2 

insets), which is unresolvable in magnitude-mode spectrum.  

 

 

Figure 6.2. Positive APPI absorption-mode spectrum of a Cerro Negro crude oil (nominal mass 

228-904 Da) showing examples of some closest mass "splits" (inset: ~ 0.70 mDa C2H3S1 vs. 
13

C1N1O2  mass “split” at m/z 353 and mass of electron ~ 0.548 mDa).  
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ESI is most efficient for ionization of polar species (NnOoSs containing) and produces either 

positive or negative molecular ions by protonating basic neutrals or deprotonating acidic 

neutrals. Figure 6.3 shows the mass doublet histogram of several ESI (including positive and 

negative modes) absorption-mode spectra. 175 different mass doublets within mass difference of 

0.71 (C2H3S vs. 
13

CNO2) – 44.49 (CH5
13

C vs. NO) mDa from positive and negative ESI are 

observed. Thousands of mass doublets different by 3.37 mDa (
12

C3 vs. SH4) are commonly 

observed in both positive and negative ESI. In contrast to ESI, APPI is able to ionize a broader 

range of compound classes including both polar and nonpolar species (CcHh and nonpolar sulfur 

containing) and produces both radical (e.g., M
+●

) and protonated (e.g., [M+H]
+
) ions for the 

same analyte molecules. Thus, APPI spectrum usually contains more peaks than ESI spectrum 

and more mass doublets can be observed. Much more mass doublets 465 different ones with 

mass difference of 0.71 (C2H3S vs. 
13

CNO2) – 44.94 (H6NO vs. C3) mDa are observed in positive 

APPI spectra as shown in Figure 6.4. Besides common mass “split” 3.37 mDa, thousands of 

mass doublets of 1.10 mDa (C4 vs. 
13

CSH3) and 4.47 mDa (
13

C vs. CH) are also commonly 

observed in APPI (see Figure 6.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Mass doublets histogram from ESI (positive and negative) absorption-mode FT-ICR 

mass spectra (bin width of 1 mDa). 
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Figure 6.4. Mass doublets histogram from positive APPI absorption-mode FT-ICR mass spectra 

(bin width of 1 mDa). 

 

Table 6.1 displays the ten closest mass doublets which are most abundantly observed in 

respective positive APPI, positive ESI and negative ESI spectra. Note that close mass doublets 

are mainly from the heteroatom-containing components (N, O and S) and the content of these 

heteroatoms increases with increasing molecular weight. Also, observed sulfur content in APPI 

(NS, NS2, S1, S2 and S3) is as much as 10-fold higher than that in ESI (NS and NS2) (e.g., 23,000 

in positive APPI spectrum vs. 9,000 in negative/positive ESI spectrum for SH4/
12

C3 mass 

“split”). Thus, ultrahigh resolving power becomes more essential for resolution of isobaric 

species at higher m/z and for APPI mass spectra. The mass distribution of crude oil is commonly 

from 200 Da up to 1400 Da and resolving power is inversely proportional to the m/z in FT-ICR 

MS, so instrumental resolving power is required at least ~ 420,000 (at m/z 1400) to resolve all 

3.37 mDa “splits” in ESI and ~ 1,300,000 (at m/z 1400) to resolve all 1.10 mDa “splits” in APPI 

up to 1400 Da and much higher for two peaks with unequal magnitude and for m/z higher than 

1400. Figure 6.5 exhibits the resolving power required to resolve mass “splits” of 1.10 mDa 
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(red) and 3.37 mDa (blue) at nominal mass from 200-2000 Da. Note that FT-ICR absorption-

mode mass spectrum at 9.4 T can resolve 1.10 mDa and 3.37 mDa mass “splits” up to ~ 1000 Da 

and 1600 Da. With the increase of magnetic field up to 21 T, resolving power at each nominal 

mass increases, and 1.10 mDa and 3.37 mDa mass “splits” can be resolved up to higher nominal 

mass of ~ 1400 Da and 2000 Da, respectively. Overall, such ultrahigh mass resolving power is 

available only from FT-ICR MS, thus essential for resolution and unique assignment of 

elemental compositions for complex organic mixtures. 

 

Table 6.1. Common close mass doublets (< 10 mDa) observed in APPI (positive) and ESI 

(positive and negative) absorption-mode spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 

  The complexity of organic mixture in petroleum crude oil makes the mass doublets (the 

closest two peaks with the same nominal mass) very common in the spectrum, which not only 

provide a convenient way to verify the assignment of elemental compositions and also a test bed 

for the performance of mass spectrometry, e.g., resolving power, mass accuracy. Thousands of 

mass doublets with mass difference less than 10 mDa are observed in ESI and APPI spectra, 

 ESI (positive and negative)                                  APPI (positive)         

 No. of  Mass m2-m1 No. of  Mass m2-m1 

Occurence Splits (mDa) Occurence Splits (mDa) 

 7 C2H3S/
13

CNO2 0.71 5 C2H3S/
13

CNO2 0.71 

 94 HNS
13

C/CO3 1.58 3100 C4/
13

CSH3 1.10 

 560 H3O3/C2N
13

C 1.79 593 C2H2O/N3 1.34 

 26 H7S2/CNO2
13

C 2.66 17 C3S/H3NV 1.56 

 17 H8N2O2S2/C11 2.72 405 H10S3/C5NO2 1.56 

 8519 C3/SH4 3.37 1160 C2NO2/H6S2 1.81 

 119 C7N/H5O3S
13

C 3.78 419 H7S2
13

C/C7 2.27 

 69 C5/N2O2 4.02 379 C10/H10NS3 2.46 

 158 HNO2
13

C/C5 4.08 49 C5OS/HN4V 2.90 

 382 C5N2/H8OS2 4.49 23098 C3/SH4 3.37 

 466 C3
13

C/H3NS 4.74 1175 
13

C2/CN 3.64 

 154 C5/H2S
13

C2 5.57 1204 C2N/H4
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among which 3.37 mDa (
12

C3 vs. SH4), 1.10 mDa (C4 vs. 
13

CSH3) and 4.47 mDa (
13

C vs. CH) 

are most commonly observed. Resolving power (at m/z 1400) of at least ~ 420,000 is required to 

resolve all 3.37 mDa “splits” in ESI and ~ 1,300,000 to resolve all 1.10 mDa “splits” in APPI, 

and much greater for two peaks with unequal magnitude and m/z higher than 1400 Da. Ultrahigh 

mass resolving power is essential for unique assignment of elemental compositions for complex 

organic mixtures. 

 

Figure 6.5. Mass resolving power for 9.4 T (green) and 21 T (black) FT-ICR MS (absorption-

mode) as a function of nominal mass from m/z 200-2000 (6.0 s transient), along with resolving 

power required to resolve mass "splits" of 1.10 mDa (red) and 3.37 mDa (blue). 
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CHAPTER SEVEN 

IDENTIFICATION OF ALL POSSIBLE COMPONENTS IN 

COMPLEX MIXTURES: NUMBER OF ELEMENTAL 

COMPOSITIONS, MASS ACCURACY AND MASS 

RESOLUTION 

Introduction 

This chapter presents how much mass accuracy and mass resolving power required for 

resolution and identification of all possible components in complex mixtures (e.g., petroleum 

crude oils). Mass defect in mass spectrometry is defined as the difference between exact mass 

and the nearest-integer (nominal) mass. Since every isotope of each element in the elemental 

composition of CcHhNnOoSs has a different mass defect, e.g., 0 Da for 
12

C, 0.003354838 Da for 

13
C, 0.007825032 Da for 

1
H, 0.003074005 Da for 

14
N, -0.005085378 Da for 

16
O, -0.027929310 

Da for 
32

S, etc., every CcHhNnOoSs is unique and can be determined uniquely from its mass alone 

under sufficiently high mass measurement accuracy.
9
 Mass measurement accuracy plays an 

important role in identification of elemental compositions for different types of species, e.g., 

peptides/proteins (as well as important for identification of their amino acid compositions), and 

organic compounds, especially in the case of study of highly complex sample systems such as 

proteomics, petroleomics, lipidomics, etc.
58

 For instance, number of possible amino acid 

composition and unique elemental compositions of peptides rapidly decreases with the increase 

of mass measurement accuracy. When mass measurement accuracy of ±1 ppm is achieved, 99% 

of peptides that have the same nominal mass but different elemental and amino acid 

compositions can be excluded, thereby increasing the confidence in peptide characterization.
59

 

Combined high mass accuracy MS and MS/MS data acquired from FT-ICR MS provide a 

potential strategy for non-database-assisted peptide sequencing by use of accurate masses of 

precursor and product ions.
113, 203

 Also, based on our recent studies high mass accuracy reduces 

the overlap ambiguities between c and z-dot product ions from electron capture 

dissociation/electron transfer dissociation and between phosphorylated and nonphosphorylated 

human peptides, facilitating the mass-solely based identification of c/z-dot product ions and 

phosphorylated human peptides.
95, 108, 180
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Petroleum crude oils contain both polar and nonpolar components, typically ~ 85-90% 

hydrocarbons (CcHh) and ~ 10-15% polar and slightly polar species
204

 and represent the world’s 

most compositionally complex organic mixture to date, in which thousands of chemically 

distinct constituents are within a relative abundance dynamic range of ~ 10
4
:1.

4
 Knowledge of 

the molecular elemental composition is very important to selection of refining processes and 

refining conditions and eventually to the economic value of the crude oil, especially for 

heteroatom-containing species (e.g., N, O and S)
119

 Since the first utility of ESI into analysis of 

crude oil by Zhan and Fenn, ESI coupled FT-ICR MS has yielded remarkable results in the 

compositional analysis of petroleum and other complex mixtures such as fulvic acids, vegetable 

oils, coal extracts, military explosives, etc.
195, 205-211

 ESI is most efficient for polar molecules and 

typically generates positive ions (M+H)
+
 by protonating neutrals (typically pyridine 

homologues, primary amines, sulfoxide species, etc) with a weak acid such as formic acid 

(HCOOH) or acetic acid (CH3COOH) and negative ions (M-H)
-
 by deprotonating neutrals 

(typically carboxylic acids, phenols, pyrrole homologues, etc) with a weak base such as 

ammonium hydroxide (NH4OH) but is not accessible to nonpolar species (e.g., hydrocarbons).  

In contrast to ESI, APPI can ionize both polar and nonpolar species and generate even-electron 

protonated molecular ion (M+H)
+
 and odd-electron molecular ion M

+● of the same analyte 

molecule,
116

 generating the doublet 
12

CH vs 
13

C with 4.47 mDa mass difference. Mass accuracy 

and mass resolution determine the ability to unambiguously assign unique chemical formulas of 

all possible components in crude oils from mass spectrometry, especially essential for 

compositional analysis in an APPI mass spectrum containing five times as many peaks as an ESI 

mass spectrum.
196-200

 

Currently, FT-ICR MS with its ten-fold higher mass resolution and mass measurement 

accuracy than other mass analyzers has become the most powerful techniques that can deal with 

the complexity of crude oil without prior separation.
2, 9, 12

 It is possible to resolve > 40,000 

different elemental compositions in a single mass spectrum and provide their unambiguous 

molecular formulas when sufficiently high mass resolving power (m/∆m50% ≈ 400,000, in which 

m is molecular mass and ∆m50% is the mass spectral peak width at half-maximum peak height) 

and mass accuracy (<300 ppb) up to 800 Da are achieved, now routinely available from high-

field (≥9.4 T) FT-ICR MS.
2, 9, 12

 With phase correction and “walking” calibration, doublets with 

mass difference even comparable to the mass of an electron can be resolved (e.g., 0.71 mDa 
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NO2
13

C vs. C2H3S in ESI/APPI broadband and 0.57 mDa C3S2 vs. N3
57

Ni in APPI narrowband 

detection) and mass measurement rms error of < 50 ppb has achieved for a constantly infused 

petroleum crude oil sample with thousands of peaks in a single mass spectrum.
32, 43, 212

 

To understand how much mass accuracy and mass resolution required for identification 

and resolution of all possible components in the most complex mixtures (e.g., petroleum crude 

oil), Kim et al. recently constructed a theoretical database for ESI (positive or negative), in 

which all possible ion elemental compositions CcHhNnOoSs
13

Ccc (c unlimited, h unlimited, 

0<n<5, 0<o<10, 0<s<3 and 0≤cc<3) for even-electron ions (M+H)
+
 (or (M-H)

-
) with nominal 

mass of 300-500 Da were considered.  They concluded that for molecules up to ~ 500 Da in 

mass, mass resolution and accuracy of ~ 0.1 mDa generally suffice to yield a unique elemental 

composition for molecules in the most complex natural mixtures (e.g., petroleum crude oil).
213

 

Here, we constructed theoretical databases for both ESI and APPI (positive or negative) but do 

not restrict the nominal mass range of ion elemental compositions, in which all possible ion 

elemental compositions CcHhNnOoSs
13

Ccc
34

Sss (c unlimited, h unlimited, 0≤n<5, 0≤o<10, 0≤s≤3, 

0≤cc<3 and 0≤ss<2) for even-electron ions (M+H)
+
 (or (M-H)

-
) in ESI and for both M

+● and 

(M+H)
+
 (or M

-● and (M-H)
-
) in APPI with nominal mass of 200-1200 Da (m/z range typically 

observed in crude oil samples) were considered. Number of all possible ion elemental 

compositions at each nominal mass from ESI and APPI databases was calculated and number of 

element compositions of monoisotopic neutral molecules for each class was also studied. 

Overlap percentage of ion elemental compositions at each nominal mass up to 1200 Da for ESI 

and APPI within mass errors of ±10 – 500 ppb was quantified for the first time. Moreover, all 

possible theoretical mass doublets with mass difference within 50 mDa were calculated from 

ESI and APPI databases and complied as ESI and APPI mass doublet libraries. 

 

Methods 

  ESI (2,348,908 entries) and APPI (4,719,104 entries) databases were constructed, in 

which all possible ion elemental compositions CcHhNnOoSs
13

Ccc
34

Sss within a mass range of 200-

1200 Da were calculated by use of a program written in LabWindows/CVI. To include all 

possible components occurred in the petroleum crude oil, number of each element was defined to 

a relatively broad range, such as c unlimited, h unlimited, 0≤n<5, 0≤o<10, 0≤s≤3, 0≤cc<3 and 

0≤ss<2. Here, isotopes from two elements carbon and sulfur were also considered because of 
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their larger relative abundance of 1% for 
13

C and 4% for 
34

S than isotopes of other elements such 

as 
2
H (0.01%), 

15
N (0.4%) and 

18
O (0.2%). Note that the relative abundance of molecules 

containing more than two 
13

C atoms is usually below the threshold (typically 6 times standard 

deviations of baseline noise) and also relative abundance of sulfur-containing species is usually 

low (< 10%) in crude oils, we therefore considered molecules containing at most two 
13

C atoms 

and one 
34

S atom. In ESI database, all possible ion elemental compositions were calculated for 

even-electron ions (M+H)
+
 (or (M-H)

-
) generated by positive (or negative) electrospray 

ionization. In APPI database, both even-electron ion (M+H)
+
 and odd-electron ion M

+● (or M
-● 

and (M-H)
-
) generated by positive (or negative) atmospheric pressure photoionization were 

considered for each ion elemental composition. 

However, not all possible ion elemental compositions are chemically possible in 

petroleum crude oils. For example, the valence rules of chemical bonding lead to the “nitrogen 

rule”,
214

 which describes that for any neutral molecules, even-mass molecules always have even 

number of nitrogen atoms and odd-mass molecules always have odd number of nitrogen atoms. 

Moreover, every additional ring or double bond reduces the number of hydrogen atoms by 

two.
214

 Thus, the “double bond equivalents” (DBE), namely, the number of rings plus double 

bonds, are related to the numbers of carbon, hydrogen, and nitrogen atoms according to: 

DBE = c-h/2+n/2+1                    (7-1) 

Note that for any neutral molecules containing C, H, O, N and S, DBE values are always zero or 

positive but can never be negative. Recently, Hsu et al. established a upper compositional 

boundary (90% rule) by the maximally condensed aromatic structures (“planar aromatic limit”) 

for petroleum components, which is described by the equation DBE=0.9×(Carbon number 

c+Nitrogen number n).
215, 216

 Here, all above mentioned constraints were applied to ESI and 

APPI databases to exclude impossible or unallowed elemental compositions generated by 

random combinations of each of five elements within its respective number range. Mass 

doublets with mass difference (∆m) of 0 - 50 mDa were calculated from any two ion elemental 

compositions from ESI and APPI databases and sorted according to their corresponding 

elemental compositions with the same nominal mass. The elemental composition and 

corresponding theoretical mass difference of each mass doublet from ESI and APPI databases 

were exported into two spreadsheets and compiled as ESI and APPI mass doublet libraries. The 
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whole mass doublet calculation process was performed automatically by algorithm written in 

LabWindows/CVI. 

 

Figure 7.1. Comparison of number of elemental compositions of each class with (red) and 

without 90% rule (blue) consideration. 

 

Results and discussion 

Number of elemental compositions. The composition of petroleum fractions and 

hydrocarbon mixtures can be described by the distribution of components according to number 

of rings plus double bonds, namely, DEB value. In a plot of DBE vs. carbon number, the most 

saturated hydrocarbons such as paraffins due to DBE=0 determine the lowest compositional 

boundary (alignment with the abscissa). According to 90% rule, DBE=0.9×(c+n) defines the 

upper compositional boundary in the plot of DBE vs. carbon number and excludes the 

impossible or unallowed elemental compositions compared with one considering 

DBE=1.0×(c+n/2+1) based on the definition of DBE as the theoretical upper compositional 

boundary.
215, 216

 Figure 7.1 shows the comparison of number of elemental compositions of each 

class with (red) and without 90% rule (blue) constraint. To count the distribution of number of 

element compositions of each class, we consider all possible elemental compositions 

CcHhNnOoSs for monoisotopic neutral molecules within nominal mass range of 200-1200 Da. 
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Since the defined range of each of five elements is c unlimited, h unlimited, 0≤n<5, 0≤o<10 and 

0≤s≤3, there are theoretically 5×10×4=200 different classes e.g., HC, N1, NO, O1, S1, S2, S3, 

NOS, etc. As shown in Figure 7.1, after applying 90% rule ~ 1100 elemental compositions of 

each class on average are excluded compared to number before applying 90% rule. Note that 

number of elemental compositions of each class is closely related to the number of heteroatoms. 

For instance, with the increase of number of heteroatom S, S1, S2 and S3 class exhibits a 

decreasing trend in number of elemental compositions corresponding to 3553, 3384 and 3216. It 

is not difficult to understand that for a fixed nominal mass range (e.g., 200 -1200 Da) and 

compound type (e.g., CcHhSs), increasing number of heteroatoms (s) reduces the possible 

combinations of carbon and hydrogen atoms (CcHh) within their respective number range.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. Number of ion elemental compositions at each nominal mass of 200 - 1200 Da for 

positive ESI (blue curve) and APPI (red curve) databases (inset: 600 – 700 Da expansion). 
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Figure 7.3. Overlap of elemental compositions from positive ESI database at each nominal 

mass of 200 – 1200 Da within assumed mass errors of 10 – 500 ppb (inset: 600 – 700 Da 

expansion at mass error of 200 ppb).  

 

Figure 7.2 shows number of ion elemental compositions at each nominal mass of 200 - 
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function of nominal mass from ESI database not only increases linearly with mass, but with a 

superimposed modulation with a period of 1 Da. Elemental compositions with odd masses and 

even masses are located on the crests and troughs of modulation (see Figure 7.2 inset). This is 

because according to “nitrogen rule”, elemental compositions of even-electron ions (e.g., 
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(0≤n<5), elemental compositions with even masses can take two possible numbers for nitrogen 

atom (n=1,3), whereas with odd masses can take three possible numbers for nitrogen atom 

(n=0,2,4), which result in the different elemental composition numbers of even masses and odd 

masses observed from ESI database. For instance, when we define number range of nitrogen 

atom 0≤n≤5, only linearly increasing relationship between number of elemental compositions 

and nominal mass without a superimposed modulation is observed since both even and odd 

masses can take three possible numbers for nitrogen atom in this case (data not shown).  

Therefore, number of elemental compositions as a function of nominal mass from ESI database 

is closely related to the number range of nitrogen atom predefined. However, situation is 

different when we calculate number of elemental compositions at each nominal mass for APPI 

database. Each nominal mass can come from both even-electron (e.g., (M+H)
+
) and odd-

electron ions (e.g., M
+●) and elemental compositions at each nominal mass can take both odd 

and even numbers for nitrogen atom, therefore there is no discrimination of number of 

elemental compositions of even and odd masses (see Figure 7.2 red curve and inset). 

  Mass accuracy for unique identification of elemental compositions. Once elemental 

composition databases for ESI and APPI are constructed and thousands of peaks with 

magnitudes of at least six standard deviations above baseline noise resolved in an ESI or APPI 

FT-ICR mass spectrum of a petroleum are converted from ion cyclotron frequency to mass by 

use of a two-term calibration equation, in which A, B terms are from external calibration with 

electrospray of HP mix (Agilent, Palo Alto, CA),
30, 31

 we need to assign each mass to a unique 

elemental composition from respective database. Generally, externally calibrated spectra are 

subject to internally recalibrate with respect to the most abundant homologous alkylation series 

to achieve root-mean-squared mass error of < 300 ppb.  Figure 7.3 shows the overlap of 

elemental compositions from positive ESI database at each nominal mass of 200 – 1200 Da 

within assumed mass errors of 10 – 500 ppb. Note that the probability of overlap clearly 

increases with increasing nominal mass but with a superimposed modulation (see Figure 7.3 

inset), which may be due to the similar oscillation relationship of number of elemental 

compositions as a function of nominal mass from ESI database, whereas overlap probability 

decreases with increasing mass accuracy. Discontinuities on overlap curves at certain nominal 

masses for mass error ranging from 10 - 500 ppb due to some particularly common mass 

doublets are observed as we did previously.
95

 Obviously, with mass measurement accuracy 
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routinely achieved from FT-ICR MS, unique identification of elemental composition for each 

resolved peak may not be possible based on mass measurement alone. For instance, overlap 

percentage of elemental compositions reaches ~ 50% when nominal mass is at ~ 700 Da and 

increases to ~ 90% at 1200 Da. Although combined “walking” calibration and absorption-mode 

data analysis reduce the rms mass error by as much as 3-fold and into ~ 100 ppb while 

increasing the number of assigned peaks by as much as 25%, there is still up to ~60% overlap at 

nominal mass of 1200 Da. Fortunately, petroleum typically consists primarily of homologous 

alkylation series, in which elemental compositions of a series of components differ by multiple 

integers of CH2 for the same class (determined by number of heteroatoms N, O and S) and same 

type (determined by number of rings plus double bonds).
117

 This is the key to solve the problem 

for elemental composition assignment of thousands species in petroleum at currently achievable 

level of mass measurement accuracy. Because there is a high confidence of elemental 

composition assignment of lower mass members of each series, e.g., when assumed mass error 

is 200 ppb, only <0.5% overlap percentage of elemental compositions is observed for nominal 

mass <300 Da, the assignment thus can be extended to ~ 1200 Da by simply adding multiples of 

CH2 to the elemental compositions of lower mass members, even though mass accuracy may 

not be enough to uniquely identify the elemental compositions for higher mass members of that 

series.   

Figure 7.4 shows the overlap of elemental compositions from positive APPI database at 

each nominal mass of 200 – 1200 Da within assumed mass errors of 10 – 500 ppb. Similar to 

ESI database results, probability of overlap increases with increasing nominal mass whereas 

decreases with increasing mass accuracy. However, unique identification of elemental 

composition for each resolved peak in APPI may not be possible based on mass measurement 

alone if we consider each mass independently. Note that there is up to ~ 11% overlap percentage 

of elemental compositions observed for nominal mass < 300 Da when assumed mass error is 

100 ppb and higher mass accuracy (e.g., 50 ppb) results in no overlaps between any elemental 

compositions within nominal mass of 400 Da. Therefore, to extrapolate unique elemental 

compositions of higher masses in each homologous series higher mass measurement accuracy 

(say at least 100 ppb) is required for APPI mass spectrum than for ESI mass spectrum.  
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Figure 7.4. Overlap of elemental compositions from positive APPI database at each nominal 

mass of 200 – 1200 Da within assumed mass errors of 10 – 500 ppb. 
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of ~ 100 ppb instead of 200 ppb at least is required for mass assignment of elemental 

compositions within this 1 Da mass region for APPI mass spectra. Clearly, increasing mass 

accuracy (e.g., < 200 ppb) reduces the number of elemental compositions per each bin to 1-2.                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5. Histograms of elemental composition distribution within mass range of 499.80 – 

500.80 Da at mass error of 200 ppb (bin width 0.1 mDa) (a) and 100 ppb (bin width 0.05 mDa) 

(b) from positive ESI database.   
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Figure 7.6. Histograms of elemental composition distribution within mass range of 499.80 – 

500.80 Da at mass errors of 200 ppb (bin width 0.1 mDa) (a), 100 ppb (bin width 0.05 mDa) (b) 

and 50 ppb (bin width 0.025 mDa) (c) from positive APPI database. 
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Figure 7.7. Types of all possible theoretical mass doublets with individual theoretical 

occurrences within mass difference of < 1 mDa for ESI (a) and APPI (b) databases.   
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Figure 7.8. Mass resolving power for 9.4 T (green) and 21 T (black) absorption-mode FT-ICR 

MS as a function of nominal mass from m/z 200-1200 (6.0 s transient), along with resolving 

power required to resolve mass "splits" of 1.10 mDa (blue), 3.37 mDa (orange) and 0.71 mDa 

(red). 
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Table 7.1. Examples of possible theoretical mass doublets in positive/negative ESI mass spectra 

of complex mixture and corresponding resolving power required to resolve each mass doublet of 

the equal magnitude at m/z 500. 

                                                                                    Resolving Power 
                    No.          Diff (mDa)          Mass Splits                (at m/z 500) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1                  0.2433        H5OS(13)C/C2N3  2,055,080 

2                  0.5632        H5(34)S/CN(13)C 887,780 

3                  0.7123        NO2(13)C/C2H3S                 701,950 

4                  0.8684            CH4S2/O5                     575,770 

5                  1.2270        O3/CH2(34)S   407,500 

6                  1.2755        H2O2(34)S/C3S 392,000 

7                  1.5807        HNS(13)C/CO3 316,320 

8                  1.7902              H3O3/C2N(13)C 279,300 

9                  2.6586        H7S2/CNO2(13)C 188,070 

10 2.8077        NS(13)C/C2H(34)S 178,100 

11 3.3708        H4S/C3    148,330 

12 3.7794        C7N/H5O3S(13)C           132,300 

13   3.9340        H9S(34)S/C4N(13)C     127,100 

14  4.0227        C5/N2O2   124,300 

15  4.0831        HNO2(13)C/C5 122,460 

16 4.4917        C5N2/H8OS2  111,320 

17 4.7350   C3(13)C/H3NS 105,600 

18 5.2497    C4O/H2N2(34)S 95,240 

19 5.5696      C5/H2S(13)C2     89,770 

20 5.8129    C3H3O/N3(13)C   86,020 

21 5.8733        H4O5/C7       85,130 

22 6.7417        H8S2/C6       74,200 

23 7.1502        C4N/HO3(13)C 70,000 

24 7.8625        C2N2/H4OS  63,600 

25 8.1059        H(13)C/N   61,650 

26 8.4257        CHN(34)S/OS(13)C 59,340 

27 8.6206        CH2OS/N2(34)S 58,000 

28 8.6690        H6(34)S/CN2  57,680 

29 8.9404        C2H2/(13)C2  55,930 

30  9.0895        CN2O2/H6S(34)S 55,000 

31 9.1380        N2O(34)S/CH2S2   54,700 

32 9.6527        NO2/HS(13)C  51,800 

33                9.8960        H4O3/C2N2   50,520 
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Table 7.2. Examples of possible theoretical mass doublets in positive/negative APPI mass 

spectra of complex mixture and corresponding resolving power required to resolve each mass 

doublet (equal magnitude) at m/z 500.  

 

                                                                        Resolving Power 
                   No.   Diff (mDa)             Mass Splits  (at m/z 500) 

1     0.0215  C4N2(13)C/H9OS2 23,255,815  
2     0.2433    H5OS(13)C/C2N3 2,055,080 
3     0.5362 C5N/H8S(34)S 932,490 
4     0.5632 H5(34)S/CN(13)C 887,785  
5     0.5847 C3N(34)S/H4OS2 855,140 
6     0.7123    NO2(13)C/C2H3S 701,950 
7     0.7795 C3O(13)C/H3N2(34)S 641,440 
8     0.8684    CH4S2/O5 575,770 
9     1.0994 C4/H3S(13)C 454,795 
10     1.2270    O3/CH2(34)S 407,500 
11     1.2755   H2O2(34)S/C3S 392,000 
12     1.3642 C6(13)C/H7NS2 366,515 
13     1.5592 C5NO2/H10S3 320,680 
14     1.5807    HNS(13)C/CO3 316,320 
15     1.7902    H3O3/C2N(13)C 279,300 
16     1.8117 C2NO2/H6S2 275,980 
17     2.2715 H7S2(13)C/C7 220,120 
18     2.4636 C10/H10NS3 202,955 
19     2.6586    H7S2/CNO2(13)C 188,070 
20     2.6800 C3N/H2O3 186,570 
21     2.8077    NS(13)C/C2H(34)S 178,100 
22     2.8346 H12S2(34)S/C8N 176,391 
23     2.9110 C6NO2/H9S3(13)C 171,765 
24     3.3708    H4S/C3 148,330 
25     3.3923 CN2(13)C/H5OS 147,395 
26     3.6357 (13)C2/CN 137,525 
27     3.9070 C2N/H4(34)S 127,975 
28     3.9340 H9S(34)S/C4N(13)C 127,097 
29     3.9555 N(34)S/OS 126,410 
30     4.0831    HNO2(13)C/C5 122,460 
31     4.1719    C4(13)C2/H8S(34)S 119,850  
32     4.4702 CH/(13)C 111,855 
33     4.4917    C5N2/H8OS2 111,320 
34     4.7350    C3(13)C/H3NS 105,600 
35     5.1782 NO2/CH2S 96,560 
36     5.2712 C8(13)C/H11S2(34)S 94,855 
37     5.5696    C5/H2S(13)C2 89,770 
38     5.8344    C7/H6NS2 85,700 
39     5.8733    H4O5/C7 85,130 
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Table 7.2 - continued 

                                                                                       Resolving Power 
                    No.   Diff (mDa)            Mass Splits (at m/z 500) 

                    40  6.3157             C2(13)C2/H2O3   79,170 
41     6.7417    H8S2/C6 74,200 
42     7.1502    C4N/HO3(13)C 70,000 
43     7.2779 NS/C(34)S 68,701 
44     7.8410 H5S/C2(13)C 63,770 
45     7.8625    C2N2/H4OS 63,600 
46     8.1059    H(13)C/N 61,650 
47     8.4257    CHN(34)S/OS(13)C 59,340 
48     8.5533 H2NO2/C4 58,460 
49     8.6421 C5(13)C/H7S(34)S 57,860 
50     8.6690    H6(34)S/CN2 57,680 
51     8.9404    C2H2/(13)C2 55,930 
52     9.2052 C4/H2NS 54,320 
53     9.6527    NO2/HS(13)C 51,800 
54     9.7414    C9/H10S2(34)S 51,330 

 

 

Mass resolution for resolving all possible elemental compositions. Mass resolution is 

typically defined as minimum mass difference (m2-m1) in Daltons between two peaks such that 

the valley between the sum of the peaks is equal to the height of the smaller individual peak.  

Mass resolving power (R) can be defined either for single peak of mass m as R=m/Δm50% , or for 

two equal-magnitude peaks as R = m2/(m2-m1), m2-m1=Δm50% based on 50% valley definition.
2, 3

 

Mass resolution or resolving power determines the ability to separate two spectral peaks (ions 

with different elemental compositions). It is impossible to ensure confident assignment of 

elemental compositions for spectral peaks without enough mass resolving power, e.g., several 

peaks may overlap to form one broad peak. To determine the minimum mass resolving power 

required to resolve spectral peaks from all possible components in complex mixtures in ESI and 

APPI, all mass doublets from any two elemental compositions with mass difference of < 50 

mDa are calculated from respective database and compiled as ESI mass doublet database and 

APPI mass doublet database. Here we consider two peaks with equal magnitude in the 

calculation of mass resolving power since the higher resolving power may be required to resolve 

two peaks with unequal magnitude. For example, if two peaks differ in height by a factor of 100, 

then resolving power must be ~ 10 times higher than two peaks with the same height.
4
 There are 

8621 and 17453 different theoretical mass doublets with mass difference of < 50 mDa calculated 
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from positive or negative ESI and APPI databases, corresponding to ~ 170 and 349 mass 

doublets per 1 mDa. The smallest theoretical mass doublet calculated from ESI and APPI are 

0.0053 mDa (C8N1O1
34

S1 vs. H127S1) and 0.0043 mDa (C4H121
34

S1 vs. N2O7S2), requiring 

95,000,000 and 116,000,000 resolving power to resolve each at m/z 500 Da. Figure 7.7 (a) and 

(b) show the types of all possible theoretical mass doublets with individual theoretical 

occurrences within mass difference of < 1 mDa for ESI and APPI databases. However, not all 

theoretical mass doublets will be encountered in “real” mixtures. For example, there are 200 

possible classes theoretically, but many of them may not exist or exist with very low abundance 

(so cannot be detected by MS instruments) such as N4O5S3, N2O3S3, O4S2, N4S1, etc in complex 

mixtures. Based on previous studies of ESI and APPI FT-ICR MS for different complex 

mixtures, here we limit the mass doublets calculated from elemental compositions of commonly 

observed classes in experiments (typically abundance > 1%).
196-200, 209-211

 Tables 7.1 and 7.2 list 

the examples of possibly observed theoretical mass doublets within mass difference of 10 mDa 

in positive/negative ESI and APPI mass spectra of complex mixtures and corresponding 

resolving power required to resolve each mass doublet (equal magnitude) at m/z 500. Currently, 

the smallest mass “split” we have ever experimentally observed in broadband ESI and APPI FT-

ICR mass spectra is 0.71 mDa. Figure 7.8 exhibits the mass resolving power for 9.4 T (green) 

and 21 T (black) absorption-mode FT-ICR MS as a function of nominal mass from m/z 200-

1200 (6.0 s transient), along with resolving power required to resolve mass "splits" of 1.10 mDa 

(blue), 3.37 mDa (orange) and 0.71 mDa (red). Note that 1.10 mDa and 3.37 mDa mass “splits” 

can be resolved across the mass range of 200 - 1200 Da and 0.71 mDa “split” can be even up to 

1000 Da with the resolving power from 21 T absorption-mode. Here, we predict that even 

smaller mass doublets as low as 0.20 mDa (Note the mass of electron ~ 0.548 mDa) such as 0.24 

mDa (H5OS
13

C vs. C2N3) and 0.56 mDa (H5
34

S vs. CN
13

C) in ESI and 0.24 mDa (H5OS
13

C vs. 

C2N3), 0.53 mDa (C5N vs. H8S
34

S), 0.56 mDa (H5
34

S vs. CN
13

C) and 0.58 mDa (C3N
34

S vs. 

H4OS2) in APPI may be observed in FT-ICR MS with higher magnetic field, e.g., absorption-

mode 21T (see Figure 7.8 black curve). However, since resolving power is inversely 

proportional to the m/z in FT-ICR MS and resolving power required to resolve above mentioned 

small mass “splits” is proportional to the m/z, we may not be able to resolve them at higher m/z 

or two peaks of those “splits” with unequal magnitude at lower m/z. Overall, ultrahigh mass 
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accuracy and resolving power only available from FT-ICR MS is essential for resolution and 

unique assignment of elemental compositions in complex mixtures. 

 

Conclusions 

  Number of elemental compositions of all possible components in complex mixtures is 

reduced by ~ 1100 on average at each class after applying 90% rule due to the exclusion of 

impossible and unallowed elemental compositions generated by random combinations of five 

elements of C, H, N, O, and S. Number of ion elemental compositions calculated from ESI and 

APPI databases increases linearly with increasing nominal mass but with a superimposed 

modulation with a period of 1 Da especially for ESI under the defined range number 0≤n<5 of 

nitrogen atom, resulting in the different possible numbers of nitrogen atom may taken by even 

and odd masses.  Studies of overlap percentage of ion elemental compositions as a function of 

nominal mass within assumed mass errors of 10 – 500 ppb indicate that after considering 

homologous series typically existed in complex mixtures, elemental compositions can be 

assigned with high confidence for all possible components up to 1200 Da with the mass error of 

200 ppb in ESI mass spectra and 100 ppb at least in APPI mass spectra. High resolving power is 

essential to resolve thousands of components in a single mass spectrum, especially for isobaric 

species at higher m/z and with unequal magnitude. Based on the calculation of resolving power 

as a function of nominal mass, mass doublets with the mass difference of as low as 0.20 mDa, 

even smaller than mass of electron (0.548 mDa), could be observed in higher-field FT-ICR MS 

(e.g., absorption-mode 21T), and definitely more components in the complex mixtures (e.g., 

petroleum crude oils) would be detected and uniquely identified by then. 
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CHAPTER EIGHT 

TOP-DOWN STRUCTURAL ANALYSIS OF AN INTACT 

MONOCLONAL ANTIBODY BY ELECTRON CAPTURE 

DISSOCIATION FOURIER TRANSFORM ION CYCLOTRON 

RESONANCE MASS SPECTROMETRY 

Introduction 

Recombinant monoclonal antibodies (mAbs) have become one of the most promising 

drug classes for human therapeutic use against various diseases, due to their high specificity, 

long circulating half-life, the possibility of invoking immune cell effector response, and fewer 

side effects compared to small-molecule drugs.
217-219

 Among five different classes of human 

antibodies (IgA, IgD, IgE, IgG, and IgM), IgGs are most abundant, and all antibody drugs 

approved for clinical use have been based on IgG antibodies.
217

 Typically, IgGs (~150 kDa) are 

composed of two identical heavy chains and light chains that are covalently linked through 

multiple disulfide bonds to form a Y-shaped structure (Figure 8.1, inset). The number and 

location of inter-linked disulfide bonds between heavy chains at the hinge region and the 

location of disulfide bonds that connect heavy and light chains divide the human IgGs further 

into four subclasses (IgG1, IgG2, IgG3 and IgG4).
217

 Identification of the constant and variable 

domain sequences in therapeutic IgG antibodies, as well as the characteristic structural 

heterogeneity introduced by various modifications such as N-linked glycosylation (in the heavy 

chain CH2 domain), Met/Trp oxidation (+16 Da), Asn deamidation (+1 Da), Asp isomerization 

to isoAsp (+0 Da), C-terminal lysine processing (-128 Da), and N-terminal pyroglutamate 

formation (-17 Da), etc., is essential for meaningful evaluations of stability, safety, and 

efficacy.
220-226

 

Mass spectrometry (MS) has become the primary analytical tool for therapeutic antibody 

development. Typically, MS-based structural characterization via bottom-up and/or top-down 

approaches for IgGs includes amino acid sequence verification, localization of disulfide 

linkages, profiling of N-glycan structures, and elucidation of both expected and unexpected 

post-translational modifications during processing and storage.
222

 For instance, bottom-up 

analysis has identified N-terminal pyroglutamate formation, cleavage of C-terminal lysine, 

glycosylation, and deamidation modifications of the antibody huN901 heavy chain by high 
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performance liquid chromatography (HPLC)-electrospray ionization time-of-flight (ESI-TOF) 

MS, based on both trypsin and Asp-N protease digestion of separated, reduced, and alkylated 

light and heavy chains, with achieved average sequence coverage of ~97%.
221

 Site-specific 

glycosylation for a therapeutic monoclonal antibody with two N-linked glycosylation sites in 

both Fc (fragment crystallizable) and Fab (fragment antigen-binding) regions in the heavy chain 

has been identified by HPLC coupled to a hybrid quadrupole time-of-flight (QTOF) mass 

spectrometer in combination with pepsin digestion and partial reduction.
227

 Moreover, 

Mukherjee et al. employed bottom-up ETD tandem mass spectrometry (MS/MS) to detect and 

locate the position of deamidation and isoaspartate formation in IgG1 in a single 

chromatographic run.
223

 Although proteolytic digestion combined with LC/MS/MS analysis can 

provide high structural resolution for mAbs, that approach is time-consuming and labor-

intensive in terms of sample preparation and data analysis, provides only partial sequence 

coverage, can result in the loss of labile post-translational modifications, and may introduce 

artificial modifications during digestion that may not be related to the manufacturing process 

(e.g., Met/Trp oxidation, carbamylation, Asn deamidation, etc.).
217, 222, 225, 228-230

  

Top-down MS/MS analysis enables detailed structural characterization of intact proteins 

and proteomes by measuring the molecular masses of the various proteoforms and respective 

gas-phase fragments in the mass spectrometer, allowing for rapid, definitive assessment of 

sequence fidelity, both stable and unstable post-translational modifications, and additional 

structural heterogeneity, while minimizing the introduction of modifications commonly 

observed during peptide mapping.
72, 73, 100, 225, 231, 232

 Zhang et al. combined top-down in-source 

fragmentation of an intact antibody and subsequent CID of isolated variable region b ions to 

rapidly characterize variable regions of both heavy and light chains with an LTQ-orbitrap MS. 

They observed 31 bond cleavages out of 114 peptide bonds and 53 bond cleavages out of 114 

peptide bonds in the heavy and light chain variable regions, respectively, corresponding to 

sequence coverages of 27% and 46%.
233

 Increased sequence coverage of individual light and 

heavy chains may be achieved after reduction of disulfide bonds and subsequent LC-CID 

MS/MS analysis with an LTQ-orbitrap mass spectrometer.
234

 By use of a middle-down approach 

(i.e., limited proteolysis before LC/MS), structural characterization of site-specific modifications 

resulting from forced oxidization of mAbs has been investigated for Fab heavy chain, single 
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chain Fc, and light chain (each ~25 kDa) by online LC-CID MS/MS with an LTQ orbitrap mass 

spectrometer.
228, 235

 

ECD
89

 and ETD
88

 produces extensive nonspecific fragmentation (c/z● ions formed by 

cleavage of an N-Cα backbone bond) and breaks disulfide bonds while retaining thermally labile 

post-translational modifications.
81, 90, 101, 124-126, 190

 By comparison, slow-heating methods such as 

CID
86, 123

 and IRMPD
87

, yield b/y product ions resulting from cleavage of the amide backbone 

(peptide) bond. Tsybin et al. utilized top-down ETD coupled to QTOF MS for structural 

characterization of two antibodies, and observed 69 c ions (33 from light chain and 36 from 

heavy chain) and 73 z ions (9 from light chain and 64 from heavy chain) with 142 unique 

backbone cleavages out of 657 possible cleavage sites (~21% overall sequence coverage) for 

Murine MOPC 21 IgG, in addition to 32 c ions (21 from light chain and 11 from heavy chain) 

and 77 z ions (15 from light chain and 62 from heavy chain) with 103 unique backbone 

cleavages out of 669 possible cleavage sites (~15% sequence coverage) for human anti-Rhesus 

D IgG.
236

 They subsequently characterized Humira® a marketed human IgG1κ therapeutic drug 

antibody by top-down ETD with an orbitrap MS on an LC time scale, and observed higher 

sequence coverage than obtained by previous slow-heating activation methods, thereby 

accessing variable domains: 54 c ions and 67 z and y ions from the light chain and 60 c ions and 

85 z and y ions from the heavy chain, for a total of 217 unique backbone cleavages out of 665 

possible sites (~33% overall sequence coverage) after combining fragmentation results from 

combined narrow (100 m/z units, 53+ to 55+ charge states) and wide (600 m/z units, 47+ to 57+ 

charge states) isolation windows.
237

 

FT-ICR MS coupled with electron capture dissociation/electron transfer dissociation 

offers ultrahigh broadband mass resolving power (m/∆m50% > 10
5
, in which ∆m50% is the mass 

spectral peak full width at half-maximum peak height) and mass accuracy (rms mass error < 1 

ppm) for a precursor ion as well as numerous isotopically resolved fragment ions required for 

protein identification, and is thus advantageously suited for top-down analysis.
12, 75-82, 89, 90

 For 

example, Ge et al. applied ECD FT-ICR MS/MS for characterization of a full-length 142 kDa 

cMyBP-C protein, and observed 36 c ions and 23 z ions with 59 cleavages, confirming an N-

terminal acetylation of the protein.
83

 Recently, Gross et al. ultilized ECD FT-ICR MS to 

characterize large protein complexes, yeast alcohol dehydrogenase (147 kDa), concanavalin A 

(103 kDa), and photosynthetic Fenna-Matthews-Olson antenna protein complex (140 kDa), 
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revealing the sequence, nonconvalent metal-binding sites, assembly stoichiometry, and 

structural insights that pinpoint flexible regions.
84, 85

 Our own laboratory recently achieved 

baseline unit mass resolution for a particular intact therapeutic monoclonal antibody, IgG1κ, by 

use of a custom-built 9.4 T FT-ICR MS accompanied by front-end dissociation of non-covalent 

adducts, thereby establishing a new upper mass record for unit mass baseline resolution of 

proteins.
52

 Unit mass resolution makes it possible to distinguish molecular ion isotopic peaks 

from those of adducts (e.g., + Na, +22 Da) and post-translational modifications and/or fragment 

ions (e.g., -H2O, -18 Da), and facilitates the accurate mass assignment of the most abundant 

isotopomer of that antibody.
52, 238

 Here, we report fragmentation of this same IgG1κ therapeutic 

antibody by top-down ECD (or "activated ion" ECD (AI-ECD)) MS/MS with 9.4 T FT-ICR MS.  

 

Experimental procedures 

Reagents and Sample Preparation. HPLC grade water and acetonitrile were purchased 

from J. T. Baker (Philipsburg, NJ). A recombinant, humanized IgG1κ therapeutic antibody 

(1,324 amino acids, 147,757.5 Da calculated most abundant mass), expressed and purified by 

Pfizer, Inc., was diluted to a concentration of ~8 μM in 50/50 (v/v) acetonitrile:water with 0.1% 

(v/v) formic acid for positive electrospray ionization.  

9.4 T FT-ICR MS. Intact protein measurement and ECD MS (or ECD MS/MS) were 

performed with a custom-built FT-ICR mass spectrometer equipped with a 220 mm horizontal 

room-temperature bore 9.4 T magnet.
189

 A modular ICR data station (Predator) facilitated 

instrument control, data acquisition, and data analysis.
42

 The sample was delivered to the mass 

spectrometer ionization source by a syringe pump at a rate of 400 nL/min. Positive ESI was 

performed under previously optimized conditions (needle voltage, 2 kV; skimmer voltage 56 V; 

tube lens, 350 V; heated metal capillary current and voltage, 7.5 A and 75 V).
52, 171

 Positive ions 

generated at atmospheric pressure were transferred through different pressure chambers by rf-

only octopoles (1.6 mm diameter titanium rods, 4.8 mm i.d.) operated at 1.4 MHz and 190 < Vp-

p < 240 rf amplitude, selected by a quadrupole mass filter and accumulated (1-3 s) in an external 

octopole ion trap prior to transfer to an open-ended cylindrical ICR trap.
34

 

For ECD experiments, an on-axis 3-mm-diameter dispenser cathode-based electron gun 

is mounted at the back end of the instrument.
34, 82, 189

 Electrons were injected (5-30 ms) into the 

ICR trap followed by an electron cleanup event (100 ms).
80

 The cathode potential during 
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electron injection was -1 V for 30 ms injection time and -8 V for 5 ms injection time and kept at 

+10 V otherwise.  Accelerating grid voltage was at +5 V during electron injection and at -200 V 

otherwise. For AI-ECD experiments, an off-axis IR laser (Synrad, Mukilteo, WA, USA) at 7 W 

power was injected into the ICR trap for 0-100 ms followed by electron injection. To 

compensate for ion magnetron motion in the ICR trap, a delay of ~50 ms was introduced prior to 

ECD or AI-ECD to optimize the overlap of ion cloud and electron beam inside the ICR trap and 

to maximize fragmentation efficiency.
96, 173

 

Low and high resolution MS and MS/MS data (m/∆m50% ≈ 170,000 at m/z 400) were 

acquired by broadband detection (128-1024 Kword data) following frequency-sweep excitation 

(720-48 kHz) at 50 Hz/μs to a cyclotron orbital radius of ~45% of the cell radius. The time-

domain transient signal was baseline-corrected, Hanning apodized, zero-filled, Fourier 

transformed to produce a magnitude-mode frequency spectrum. Frequency-to-m/z conversion 

was then performed with a two-term calibration equation.
30, 31

  All broadband spectra (MS and 

MS/MS, m/z = 250-4000) were obtained by signal averaging 50 or 1100 time-domain transients. 

Raw MS/MS data was processed by the THRASH algorithm to generate fragment monoisotopic 

masses followed by ProSight PTM software analysis for product ion assignments.
30, 31, 42, 162, 194

 

All fragment assignments shown in this work were validated manually with ProteinProspector 

(prospector.ucsf.edu). 

 

Results and discussion 

  Charge State Distribution for IgG1κ. The electrospray ionization broadband FT-ICR 

mass spectrum of monoclonal antibody IgG1κ shows charge states ranging from 42+ to 58+ (see 

Figure 8.1). As previously noted, increased heat on the inlet capillary, higher tube lens, 

skimmer, and capillary voltages efficiently remove non-covalent adducts, thereby dramatically 

increasing the signal-to-noise ratio and shifting the mass spectral profile to higher charge states 

of IgG1κ.52
 Ion acceleration into the second (accumulation) octopole in the presence of nitrogen 

gas further improves IgG1κ S/N by additional removal of adducts. The structure of the present 

recombinant, humanized IgG1κ therapeutic antibody is known. As shown in Figure 8.1 inset, 

this antibody contains 16 intra- and inter-molecular disulfide bridges with one N-linked 

glycosylation site in each CH2 domain and no modifications in the light chain. The structures of 

the N-linked oligosaccharides have been well characterized
239, 240

, as predominantly core-
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fucosylated, complex biantennary structures with different degrees of galactosylation resulting 

in G0F (no galactose), G1F (one terminal galactose), and G2F (two terminal galactoses). The 

major N-glycoform of this IgG1κ mAb exhibits G0F modification on Asn-299 of each heavy 

chain, as determined by peptide mapping and released N-glycan profile analysis. We applied 

ECD (or AI-ECD) FT-ICR MS for both an isolated single charge state and all charge states to 

characterize the fragmentation of IgG1κ mAb.    

 

 

Figure 8.1. Broadband positive ESI 9.4 T FT-ICR MS mass spectrum for an IgG1κ therapeutic 

antibody, with charge state distribution from 42+ to 58+. Inset: molecular structure of the 

recombinant, humanized IgG1κ. 
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Figure 8.2. AI-ECD product ion mass spectrum for the 51+ charge state ions from IgG1κ mAb.  

Inset: isolated precursor ions of m/z 2900. 

 

AI-ECD and ECD MS/MS for an Isolated Single Charge State. Typically top-down 

analysis of proteins relies on the isolation of a single charge state to simplify interpretation. ECD 

fragmentation produces numerous nonspecific c/z product ions. For proteins larger than ~20 kDa 

the secondary and tertiary structure reduces ECD efficiency. Moreover, a protein ion can remain 

undissociated even after ECD cleavage of a single bond, due to noncovalent hydrogen bonding 

and/or hydrophobic interactions. However, limited activation (without inducing fragmentation) 

by prior or concurrent collisional activation or IRMPD can disrupt the non-covalent bonds. Such 

"activated-ion" ECD thus generates many more c and z fragment ions, significantly increasing 

sequence coverage of proteins.
34, 77, 96, 127, 241

 Figure 8.2 shows an AI-ECD mass spectrum of 

isolated precursor ions of m/z 2900 ± 5 (51+ charge state) from IgG1κ mAb. We summed 1100 

time-domain transients to improve S/N and more accurately define the fragment ion isotopic 

m/z
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distributions for mass assignment by THRASH.
194, 242

 Note that abundant c and z fragment ions 

(m/z 250-2900) and remaining precursor ion and charge-reduced species (m/z  2900-4000) are 

clearly separated and localized within the different segments of the full m/z range, 250-4000.  

Analysis of product ions in the m/z 250-2900 range identified 373 fragment ions (~85% assigned 

isotopic distributions), of which 115 c ions, 5 z ions, and 8 y ions originate from the light chain 

and another 62 c ions, 147 z ions, and 36 y ions from the heavy chain. 52 unique backbone 

cleavages out of 214 possible light chain cleavage sites and 110 unique backbone cleavages out 

of 448 possible heavy chain cleavage sites correspond to ~25% sequence coverage for each 

chain. The results of AI-ECD product ion identification for the light (top) and heavy (bottom) 

chains are displayed in Figure 8.3. Observation of C-terminal product ions from the light chain 

indicates the possible cleavage of inter-chain S-S linkages between heavy and light chains upon 

electron capture by precursor ions, as further confirmed by observed intact light chain fragment 

ions. Nevertheless, we identify fewer C-terminal fragment ions (e.g., only 5 z ions and 8 y ions) 

than N-terminal fragment ions from the light chain. No intact heavy chain fragment ions were 

identified. Small fragment ions are observed from the N-terminus in the light chain (c3-c22) and 

at both N-terminus (c3-c21) and C-terminus (z4-z21) in the heavy chain. Larger fragment ions 

mainly result from cleavages in the regions between the variable and constant domains in both 

light (aa 88-134) and heavy chains (aa 96-146), generating N-terminal fragment ions from the 

intact variable domains of each chain. Complementary C-terminal product ions (e.g., intact 

constant domains of each chain) are not observed, presumably due to C-terminal S-S protection 

in the light chain and/or insufficient detection efficiency for the heavy chain. Only a few 

cleavage sites in the S-S linked variable region are seen for each chain. The polypeptide region 

(aa 323-369) between heavy chain constant domains CH2 and CH3 exhibits high sequence 

coverage (~85%) and only ~24% sequence coverage is obtained for S-S linked region (aa 370-

427) of heavy chain constant domain CH3. There are few cleavages within S-S linked light chain 

constant domain, hinge region, and heavy chain constant domains CH1 and CH2. IgG1κ ECD 

(data not shown) and AI-ECD product ion mass spectra show similar fragmentation patterns, 

except that higher depletion of precursor ions is observed with AI-ECD.  For protein molecular 

ions larger than ~50 kDa, even activation by CAD or IRMPD yields few product ions 

(polypeptide backbone could be cleaved, but without dissociation), due to extensive secondary 

and tertiary structure.
243
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Figure 8.3. AI-ECD fragmentation map derived from data shown in Figure 8.2 for light (top) 

and heavy (bottom) chains of IgG1κ mAb.  The circled amino acid denotes the glycosylation site 

(Note the different regions of this mAb (Kabat definitions); heavy chain: aa119 (S) – aa120 (A) 

for variable and constant domains, aa216 (K) – aa217 (V) for CH1 domain and hinge region, 

aa232 (P) – aa233 (A) for hinge region and CH2 domain, and aa342 (K) – aa343 (G) for CH2 and 

CH3 domains; light chain: aa107 (K) – aa108 (R) for variable and constant domains).
244
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  ECD MS/MS for All Charge States. In general, larger proteins exhibit reduced 

dissociation efficiency and wider charge state distribution under denaturing conditions. The 

efficiency and extent of fragmentation may vary with charge state. Thus, simultaneous 

fragmentation of all charge states (i.e. no precursor isolation) can significantly improve 

sequence coverage, at the cost of lower signal-to-noise ratio and higher product ion mass 

spectral complexity. The high resolution and mass accuracy of FT-ICR MS enable efficient 

separation and assignment of overlapped charge state isotopic distributions, and signal-

averaging enhances S/N ratio.    

Figure 8.4 shows the ECD FT-ICR product ion mass spectrum from 1100 co-added 

time-domain transients for all charge states of the IgG1κ antibody. Note that precursor ions of 

various charge states are completely depleted, and fragment ions span almost the entire detected 

m/z range up to m/z 3500. Mass scale-expanded segments, m/z 1600-1700 (top left) and near m/z 

2000 (top right), show large (up to 10 - 15 kDa) highly charged (6+ - 8+) heavy chain (blue) and 

light chain (red) c/z product ions. Note that four more fragment ions (e.g., z114
8+

, c46
3+

, c105
7+

, 

z88
6+

) (top left) and two more fragment ions (e.g., c54
3+

, z109
6+

) (top right) are observed compared 

to ECD for an isolated single charge state for the same regions. Unassigned isotopic peaks 

(~25% of all observed isotopic distributions) likely originate from internal product ions formed 

by secondary fragmentation of the primary product ions (or possibly from contaminants, buffer 

components, etc.), and are not considered here.  

Figure 8.5 shows ECD fragmentation maps for the light (top) and heavy (bottom) chains 

of IgG1κ. We identified 463 ECD product ions, corresponding to 118 c ions, 7 z ions, and 11 y 

ions from the light chain and another 77 c ions, 208 z ions, and 42 y ions from the heavy chain.  

The resulting 69 unique backbone cleavages out of 214 possible cleavage sites and 159 unique 

cleavages out of 448 possible cleavage sites correspond to ~32% and ~35% sequence coverage 

for light and heavy chains, a significant improvement compared to AI-ECD for an isolated 

single charge state (~25% sequence coverage for light and heavy chains). Also, the ECD FT-

ICR product ion mass spectrum for all charge states was phase-corrected to yield an absorption-

mode spectrum.
32

 Automated phase correction of the time-domain FT-ICR signal yields a 

narrower spectral peak width at half-maximum height with ~80% improvement in resolving 

power and ~30% improvement in signal-to-noise ratio relative to the magnitude-mode spectrum. 

As for AI-ECD of a single charge state, simultaneous ECD of all charge states also mainly 
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generates N-terminal fragment ions in the light chain, with a few more cleavage sites in the S-S 

linked variable region for each chain. The polypeptide region between heavy chain constant 

domains CH2 and CH3 (aa 323-369) yields high sequence coverage (~85%). Note that 

fragmentation of all charge states shows much higher sequence coverage (~70%) for the S-S 

linked region (aa 370-427) of heavy chain constant domain CH3, whereas only 24% sequence 

coverage for the same region by AI-ECD of a single charge state. Several missing cleavages in 

the polypeptide region between heavy chain constant domains CH2 and CH3 and S-S linked 

region of constant domain CH3 are due to the presence of Pro residues; no effective chain 

dissociation occurs at the N-terminal side of Pro because the 5-membered ring keeps the 

polypeptide intact when the amide-N to C bond is cleaved. Also, ECD produces few cleavages 

within the S-S linked constant domain of the light chain, hinge region, and constant domains 

CH1 and CH2 of the heavy chain. Further increase in the sequence coverage of light and heavy 

chains can be envisioned by combination of complementary ECD and collisional activation 

techniques and "unfolding" S-S linked regions between and within heavy and light chains by 

reduction and alkylation.  

Top-down ECD of proteins facilitates the direct characterization of sequence variants 

and post-translational modifications through the difference between experimental masses and 

calculated masses of fragment ions from DNA-predicted proteins.
245

 Although top-down intact 

protein MS has been used for determination of the heterogeneous glycosylation pattern of 

IgGs
217, 228, 236

, the present ECD-based top-down tandem MS was not able to localize the 

glycosylation site, presumably because the single G0F modification on Asn-299 is buried in the 

constant domain CH2 region of each heavy chain and is protected by disulfide bonds. Note that 

few cleavage sites are observed in that region. However, the knowledge that N-linked glycans 

attached to the side-chain nitrogen of an Asn residue present in the consensus sequence of Asn-

X-Ser/Thr, in which X can be any amino acid except Pro can narrow down and even determine 

the modification site of glycosylation on Asn-299 of each heavy chain when combined with 

fragmentation results from top-down ECD of IgG1κ. Moreover, by use of top-down ECD 

fragmentation, C-terminal lysine processing (-128 Da) of each heavy chain could be determined, 

and the absence of N-terminal modifications of heavy and light chains, e.g., pyroglutamate 

formation (-18 Da), etc. was demonstrated. 



 

 

112

 

Figure 8.4. ECD product ion mass spectrum for all charge states of IgG1κ mAb ions.  

 

Tsybin et al. investigated the top-down ETD characterization of Humira® IgG1κ with an 

orbitrap on an LC time scale from a narrow isolation window, a wider isolation window and 

combined narrow and wide isolation windows.
237

 By comparison, the present ECD 

fragmentation for therapeutic IgG1κ exhibits similar unique backbone cleavages, e.g., 162 out of 

662 possible cleavage sites with ~25% overall sequence coverage from AI-ECD for an isolated 

single charge state to ETD results from narrow isolation window yielding 46 c ions, 31 z ions, 

and 23 y ions for the light chain and 48 c ions, 35 z ions, and 21 y ions for the heavy chain 

assigned with totally 162 unique backbone cleavage out of 665 possible cleavage sites (~ 24% 

overall sequence coverage), and similar unique backbone cleavages, e.g., 228 unique backbone 

cleavages out of 662 possible cleavage sites with ~34% overall sequence coverage from ECD 

for all charge states to ETD results from combined narrow and wide isolation windows. The 
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total number of 180 unique cleavage sites corresponding to ~ 27% sequence coverage is 

achieved from top-down ETD when wide isolation window is used only, which is between our 

ECD results for an isolated single charge state and for all charge states, showing that both ECD 

and ETD exhibits the consistent and comparable fragmentation results and sequence coverage is 

strongly dependent on the number and value of isolated charge states. Increasing number of 

charge states would include protein precursor ions with more different structural conformations 

and open more dissociation channels for increasing sequence coverage. Interestingly, Tsybin et 

al. observed more C-terminal fragments from the light chain of Humira® (up to 67 z and y ions) 

from top-down ETD with orbitrap MS than ours from ECD FT-ICR MS of IgG1κ, presumably 

due to different higher order structural organization of the two antibodies and/or more effective 

reduction of the disulfide bond between light chain and heavy chain. Our top-down ECD for 

intact IgG1κ is superior to LC-top-down ETD results with state-of-the-art QTOF MS yielding 

~15-21% overall sequence coverages for IgGs
237

 and also superior to CID for the separated 

heavy and light chains and in-source CID performed on intact IgG by Zhang et al.
233, 234

 CID 

fragmentation of monoclonal IgG2 generated only 43 and 54 unique cleavages for isolated 

heavy chain and light chain with calculated overall sequence coverage of ~15% even with 

reduction and alkylation.
234

 Top-down in-source CID of IgG2 resulted in cleavages near the 

polypeptide regions between the variable domains and constant domains of both heavy and light 

chains, generating only a series of b fragment ions corresponding to intact variable domains but 

without any sequence information for other domains.
233

 

Overall, as demonstrated for this representative therapeutic IgG1κ, top-down ECD 

combined with FT-ICR MS provides more cleavages than top-down CID or ETD with QTOF 

but comparable cleavages with top-down ETD with orbitrap MS, enables detailed 

characterization of intact variable domains of both light and heavy chains and intact light chain 

through further fragmentation of ECD product ions (MS
3
), and directly determines C-terminal 

and N-terminal modifications of both chains.  

 

Conclusions 

  Top-down ECD fragmentation for all charge states of an IgG1k antibody with a custom-

built 9.4 T FT-ICR MS provides more extensive cleavages than top-down CID and ETD with 

time-of-flight but comparable cleavages with top-down ETD with orbitrap MS. We identified 
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463 fragment ions, corresponding to 118 c ions, 7 z ions, and 11 y ions with 69 unique backbone 

cleavages out of 214 possible light chain cleavage sites and another 77 c ions, 208 z ions, and 42 

y ions with 159 unique cleavages out of 448 heavy chain possible cleavage sites. ~ 32% and 35% 

sequence coverage are calculated for individual light and heavy chains with as much as ~ 30% 

and 40% improvement compared to the AI-ECD for isolated single charge state (~ 25% 

sequence coverage of light and heavy chains).  Comparison of ECD and AI-ECD mass spectra 

of IgG1k does not show significant difference of fragmentation pattern except that more 

depletion of precursor ions is observed with AI-ECD. N-terminal fragment ions are mainly 

observed in the light chain and only a few cleavage sites in the S-S linked variable region are 

seen in each chain. Linker region between constant domains CH2 and CH3 (aa 323-369) of the 

heavy chain shows high sequence coverage (~ 85%). For S-S linked region (aa 370-427) of 

heavy chain constant domain CH3 fragmentation of all charge states shows much higher 

sequence coverage of ~ 70% whereas only 24% sequence coverage is calculated for that region 

in the AI-ECD for isolated single charge state. Few cleavages within S-S linked constant domain 

of the light chain, hinge region, and constant domains CH1 and CH2 of the heavy chain are 

observed in ECD fragmentation. Further increase in the sequence coverage of light and heavy 

chains can be envisioned by combination of complementary ECD and CAD techniques (e.g., for 

cleavage of N-terminal side of Pro residue) and “unfolding” S-S linked regions between and 

within heavy and light chains by reduction and alkylation. 
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Figure 8.5. ECD fragmentation map derived from data shown in Figure 8.4 for light (top) and 

heavy (bottom) chains of IgG1κ mAb. The circled amino acid denotes the glycosylation site.   
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APPENDIX A 

VALENCE PARITY TO DISTINGUISH C’ and Z
●
 IONS FROM 

ELECTRON CAPTURE DISSOCIATION/ELECTRON 

TRANSFER DISSOCIATION OF PEPTIDES: EFFECTS OF 

ISOMERS, ISOBARS, AND PROTEOLYSIS SPECIFICITY 
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APPENDIX B 

IDENTIFICATION OF PHOSPHORYLATED HUMAN PEP 

TIDES BY ACCURATE MASS MEASUREMENT ALONE 
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