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GENERAL INTRODUCTION 

In almost all cellular processes proteins play pivotal roles. The field of protein science, 
proteomics, deals with the determination of the primary sequence, structure, chemical 
modifications, quantification, regulation, and the interaction between proteins or with other 
intra- or extracellular molecular components. The large number of proteins of a proteome, 
meaning all proteins of a cell, tissue or organism at a given time, and the dynamics of their 
abundance makes this a challenging task. In addition, the primary sequence of a protein can 
be chemically modified which can have ramifications on all aspects of a protein. Examples 
of post translational modifications (PTMs) are phosphorylation of serine, threonine or 
tyrosine, acetylation of the protein N-terminus or disulfide bond formation.1 Protein 
phosphorylation in particular has gained a lot of interest, due to its high occurrence and its 
association with many cellular functions like signal transduction in apoptosis or in the 
regulation of cell division. It has been postulated that perhaps 30% of all human proteins 
are phosphorylated.2 Additionally, a number of diseases are caused by aberrant 
phosphorylation, which include diabetes, Alzheimer's disease,3 and a number of cancers.4, 5 
In mammals, phosphorylation predominantly occurs at serine, threonine and tyrosine 
residues, which constitute approximately 86%, 12% and 2%, respectively.6 The 
introduction of the highly negative charge of the phosphoryl group might lead to, enable or 
hinder binding to a ligand, cofactor or substrate or might induce conformational changes 
that alter the function of the protein. This reversible modification is introduced by a kinase 
with adenosine triphosphate (ATP) as phosphoryl donor. More than 500 protein kinases 
have been identified in the human genome7 of which approximately 100 are tyrosine 
kinases and the rest serine/threonine kinases.8 The dephosphorylating enzymes are referred 
to as protein phosphatases. In contrast to over 400 serine/threonine kinases only 
approximately 30 catalytic subunits of serine/threonine specific phosphatases are known, 
whereas the number of tyrosine phosphatases identified in the genome is approximately 
equivalent to the number of tyrosine kinases.8 In order to study processes associated with 
phosphorylation, the analysis of the proteome including the phosphorylation sites is 
essential.  
Currently, an armada of techniques are applied to address the challenges of proteomics. 
However, liquid chromatography coupled to mass spectrometry (LC-MS) is the method of 
choice for the final step and is necessary when complex protein mixtures such as total 
proteomes are analyzed.9-11 The technology has improved by leaps and bounds over the last 
decade, now offering the opportunity to analyze thousands of peptides from a cell lysate in 
a few hours.12 However, mammalian cell lysate digests consist of millions of peptides. The 
complexity of such samples needs to be reduced prior to the mass spectrometric analysis. 
Complexity reduction can be accomplished by many chromatographic technologies,13 
which are further described in detail in chapter 2. In addition to complexity reduction 
through chromatography, it is often necessary to apply some kind of enrichment if one is, 
for instance, interested in a post translational modification. For example, phosphorylation 
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occurs at sub-stoichiometric levels and, being negatively charged, has poor response factors 
when being analyzed by MS. This has led to the development of a wide variety of 
enrichment techniques, including a number of chelation based techniques.14-17 A new 
strategy to enrich for phosphopeptides with multiple basic residues based on SCX is 
presented in chapter 6. In chapter 5, a multidimensional separation strategy has been 
applied to further separate phosphopeptides with a single basic residue in order to increase 
the identifiable phosphopeptides.18  
In order to be analyzed in the mass spectrometer the analytes need to be converted into gas 
phase ions. This can be accomplished by a variety of ionization processes and the two most 
commonly applied to larger biomolecules are described in the first part of the introduction. 
The common types of mass analyzers used in proteomics are subsequently described. Mass 
determination of a peptide is insufficient to identify the sequence and so fragmentation is 
often applied and is described in the third part of the introduction. Fragmentation is heavily 
influenced by the chemistry of the fragmented ion. Thus, by changing the chemistry of a 
peptide by derivatizing specific chemical groups one can influence the fragmentation 
behavior. A comprehensive study on the changes in fragmentation behavior upon electron 
transfer dissociation (ETD) after derivatization of peptides with different tags is presented 
in chapter 4.19 The resulting fragmentation spectra of peptides can be interpreted based on 
protein databases. If a protein is not present in the database, de novo sequencing is 
necessary. Also, in respect to de novo sequencing, chemical derivatization has been shown 
to help. A new approach to facilitate de novo sequencing with the help of chemical labeling 
is described in chapter 3.20 The mentioned methods following in the chapters 3 to 6 will 
further expand the toolbox to decipher the (phospho)proteome. 

IONIZATION TECHNIQUES  

A major prerequisite for mass spectrometry is that the analyte is present as a gas phase ion. 
A number of methods exist for the conversion of solids, liquids and gases into gas phase 
ions. The majority of these techniques are not appropriate for proteins, since they are too 
energetic (e.g. electron impact ionization) or provide poor sensitivity (e.g. fast atom 
bombardment). The two most common techniques applied in proteomics are matrix-assisted 
laser desorption/ionization (MALDI) and electrospray ionization (ESI).21-24  

ESI 

Nowadays, electrospray ionization (ESI) is arguably the most important of the two 
ionization techniques applied in proteomics. Therefore, it is astonishing that the principle of 
electrospray (ES) had already been described, albeit theoretically, in 1882 by Lord 
Rayleigh.25 It took until 1968, when the group of Malcolm Dole used ES to create charged 
polystyrene molecules in the gas phase, before it became associated with mass 
spectrometry.26  Still, almost another 20 years passed by before the Fenn group, in the early 
1980s, developed ESI into the technique we know now and showed its power for the study  
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Figure 1. Illustration of the instrumental setup to initiate electrospray. A high voltage is applied between the 
sample tip and a counter electrode, inducing an electrospray. A nebulizer gas assists the formation of smaller 
droplets at the spray tip. Adapted from Kebarle and Verkerk27 

 
of biomolecules.23, 24 The importance of this development led to John Fenn being awarded 
the Nobel Prize for chemistry in 2002 (www.nobelprize.org).  
ESI is initiated by applying a high voltage between the conductive tip of a capillary or 
directly to the liquid and a counter electrode, as depicted in Figure 1. The processes taking 
place can be divided into three major steps, which are first the creation of charged droplets 
at the tip of the ES capillary. The high voltage induces an accumulation, via repulsion, of 
charged analyte ions at the tip of the capillary. The charge accumulation deforms the 
surface of the solvent and with increasing voltage results in a cone shape (Taylor cone) that 
releases charged droplets (Figure 1).28 In the second step the droplets shrink due to 
evaporation of the solvent. Additional heat or a nebulizer gas (applied around the spray tip 
in the same direction as the spray) is sometimes needed to enhance the evaporation 
especially when liquid chromatography is coupled with ESI-MS and high flow rates are 
applied. At the point where the coulombic repulsion of the charges in the droplet overcomes 
the surface tension of the droplet, the so called Rayleigh limit, the droplet ejects smaller 
droplets. This process is called coulombic fission.27 The final step is the generation of gas-
phase ions. The exact mechanism how the gas-phase ions are released is not known, but 
two models have been proposed. The first model called the charge residue model (CRM) 
proposes that the droplets undergo coulombic fission and evaporation until only one 
charged molecule remains.26 This is the most likely mechanism for the creation of gas-
phase peptide and protein ions.27 The ion evaporation model (IEM) on the contrary 
proposes that singular gas-phase ions can be ejected directly from a droplet before the 
Rayleigh limit is reached.29 This is thought to be the favorable mechanism for small 
(in)organic ions.27 The charged molecules are then extracted into the mass spectrometer.30 
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MALDI 

Matrix-assisted laser desorption/ionization (MALDI) is another important ionization 
method in proteomics. In the late 1980s MALDI was introduced by the groups of Tanaka31 
and Hillenkamp/Karas.21, 32 In 2002, Tanaka, alongside Fenn, was honored with the Nobel 
Prize for their development of soft desorption ionisation methods for mass spectrometric 
analyses of biological macromolecules.(www.nobelprize.org) Tanaka used fine cobalt 
powder suspended in glycerol31 and Karas aromatic organic compounds as matrix.21, 32 
Nowadays, common matrices applied in proteomics are 2,5-dihydroxybenzoic acid 
(DHB),33 sinnapic acid, and alpha-cyano-4-hydroxycinnamic acid.22, 34  
Initially, a matrix solution is mixed with the peptide solution often acidified with 
trifluoroacetic acid. Also other acids have been applied, for instance phosphoric acid in  
 

 
 
Figure 2. Simplified illustration of the MALDI 
process. Co-crystallized analyte-matrix molecules are 
irradiated by a laser pulse (violet). The energy of the 
laser is absorbed by the matrix (green), which leads to 
ionization of the matrix (green) and the analyte (red).  

combination with DHB for improved 
phosphopeptide detection.35 The matrix 
analyte mixture is subsequently co-
crystallized on a metal plate (MALDI 
plate). The main functions of the matrix are 
to isolate the analytes from each other to 
prevent cluster formation and to absorb the 
laser light at its specific wavelength leading 
to the ionization of the sample. The most 
common laser applied in MALDI are UV-
lasers, e.g. N2 lasers (337 nm). The 
matrix/sample crystals are irradiated by 
very short laser pulses (nanoseconds) which 
desorb and ionize the sample and matrix 
molecules (Figure 2). The ionization 
process itself is very complex and poorly 
understood, but was proposed to be a 
chemical ionization-like process that 
induces protonation of the analyte by 
proton transfer reactions.22  

 

MASS ANALYSERS  

In general mass analyzers employ dynamic or static electric or magnetic fields in order to 
separate analytes of different m/z values. The strengths and weaknesses of different types of 
mass analyzers are predominantly determined by their analysis/scan speed, transmission, 
resolution, mass range and mass accuracy. The following types of mass analyzers are of 
major importance for shotgun proteomics: quadru-/multipoles, ion traps, time-of-flight 
(TOF) analyzers and the orbitrap.  
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Quadrupoles 

The principles of a quadrupole were first described by Paul and Steinwegen in 1953.36 
Quadrupoles consist of 4 perfectly parallel, ideally hyperbolic rods. Opposite rods are 
connected and the combination of a static and oscillating electric field is applied (Figure 
3).36-38 Gas-phase ions are introduced along the axis into the middle of the radially 
positioned rods. The same potentials are applied to opposite rods, while adjacent rods have 
exactly the opposite potential being applied. This dynamic electric field creates a turbulent 
environment in which ions may or may not possess a stable trajectory. Ions of differing m/z 
values require different combinations of electric fields in order to stably traverse the 
quadrupole. If the ion has no stable trajectory, it leaves the ion path and/or reaches one of 
the rods, which leads to the ion being discharged and, as a consequence, the analyte is not 
detected. If the ion has a stable trajectory through the quadrupole, it will move with a 
circlular motion in the x- and y-axis, resulting in a corkscrew kind of motion through the  
rods. Through manipulation of the electric 
fields, it is possible to isolate ions of a 
particular m/z value or obtain an entire 
spectrum by scanning through all m/z 
values. When the DC potential is set to 
ground and only the RF-potential is applied, 
the quadrupole functions as a wide band 
mass filter. In this mode, quadrupoles are 
used as ion guides. Furthermore, 
quadrupoles can be used as reaction 
chambers, for instance in collision induced 
dissociation (CID). CID is further described 
in a distinct section of the introduction. If 
instead of four rods, six or eight rods are 
used, the instrument is called hexapole or 
octopole, respectively. 

 

 
 
Figure 3. Simplified illustration of a quadrupole mass 
spectrometer. 

 

Quadrupole and Linear Ion Trap 

The Paul ion trap, also called 3D-trap, quadrupole ion trap (QIT), or quadrupolar ion 
storage (QUISTOR) trap was invented in 1953 by Paul.37 The trap consists of a circular 
electrode (ring electrode) and two hyperbolic caps/electrodes (endcaps), as depicted in 
Figure 4. An oscillating electric field is applied to the ring electrode and the end-cap 
electrodes are kept at ground potential. Since there is no DC potential applied, the trap will 
allow ions of a wide mass to charge range to have stable trajectories in 3 dimensions which 
effectively means the ions are trapped. Discrimination of m/z is performed using a changing 
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amplitude of the RF field and resonance excitation. Often, helium is used as a buffer gas 
within the trap to focus/trap the ions more efficiently through collisional cooling.39 
Furthermore, careful control of resonance excitation can be used to increase the kinetic 
energy of the ions and allows collision induced dissociation (CID) to be performed (for 
CID see section 'fragmentation techniques').40 
A different type of an ion trap is the 2D-trap, also called linear ion trap (LIT). An LIT 
consists of a quadrupole with two end electrodes, which can be built of two plates or short 
quadrupoles as illustrated in Figure 5. The ions are trapped in an axial motion and can be 
ejected radially through slots in the rods.41 The design of 2D-traps enables to increase the 
ion storage volume compared to 3D-traps. A benefit from an increased ion storage volume 
are reduced space charge effects. Space charge effects limit the maximum load of an ion 
trap, due to repulsion of ions, which in consequence disrupts their stable trajectories.41 
 

 

Figure 4. Schematic picture of a Paul trap. The ring 
electrode is depicted in blue and the two endcap 
electrodes are colored red. Both endcap electrodes 
contain a hole in order to enable the entrance and exit 
of the ions. The predicted ion trajectory in the trap is 
depicted in yellow. 

 

Figure 5. Schematic picture of an example of a linear 
ion trap. In this example the trap consists of three 
quadrupoles. The small first and last quadrupole 
function as end plates; endcaps and enable axial 
trapping. The ions can be ejected either axial or 
through a slot in one of the rods. Adapted from 
Schwartz et al.41  

 

Time-of-Flight (TOF) 

The concept of time of flight (TOF) was first introduced in 1946 by Stephens.42 The ions 
are initially, and ideally, placed in the same location and are at rest. Subsequently, the ions 
are accelerated to the same kinetic energy using an electric field and are then allowed to 
traverse a field free region of known length. The square of the velocity (υ) of the ion is now 
inversely proportional to the mass (m) over charge (z),  
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where e is the fundamental unit of charge and V the acceleration voltage. Thus, ions with a 
high m/z are slower and reach the detector later than lower m/z ions. Since the distance and 
time can be accurately measured, one can obtain the m/z value of the ion. In order to 
overcome issues with different initial kinetic energies, an electrostatic ion mirror, a so 
called reflectron, is often used in TOF analyzers.43, 44 

Orbitrap 

The orbitrap is the most recent mass analyzer widely used in proteomics and was first 
described by Makarov in 2000.45 However, the concept of orbital trapping was first 
described by Kingdon in 1923, whose Kingdon trap consisted of a central filament of only 
0.01 cm inner diameter which runs axially through a cylindrical electrode with two closed 
ends.46 The orbitrap consists of a central spindle-shaped electrode and a surrounding barrel-
shaped electrode that is split in half, separated by an insulating ring. Ions are trapped by an 
electrostatic field applied to the orbitrap and move axially around the central electrode in a 
harmonic orbit. The oscillating ions induce an image current that is detected with the help 
of a differential amplifier between the halves of the outer electrode of the orbitrap.45 The 
signals are converted into frequencies with the help of Fourier Transform. The mass 
spectrum can then be calculated by frequency-to-m/z conversion.44 The resolution achieved 
in the orbitrap is relative high, but is dependent on the time span the ions oscillate around 
the central electrode. Resolving powers (at m/z 400) are approximately 7,500 for 0.2 second 
read out and up to 100,000 for an 1.6 second read out time.47 

Modern mass spectrometers are often hybrid instruments, which means that they combine 
several different mass analyzers in one instrument. The orbitrap is generally combined with 
a linear ion trap as exemplified in Figure 6. In this example multipoles are used in RF-only 
mode to transfer and focus the ions. The ions are transmitted into a dual linear ion trap with 
different gas pressures. The first trap accumulates ions and induces fragmentation at 
relative higher pressure (compared to the second trap) of approximately 5x10-3 torr. The 
scanning of the fragments is conducted in the second trap at a relative lower pressure of 
approximately 3.5x10-4 torr. The ions are ejected through slits in the rods in order to reach 
the detectors.48 If fragmentation in the dual ion trap is not intended or if the fragments 
should be read out in the orbitrap, the ions are guided by a multipole to another "linear" ion 
trap bound in a banana shape, the so called C-trap. The C-trap is used to accumulate and 
focus ions in order to introduce them into the orbitrap. The orbitrap analyzer is then utilized 
to read out the m/z with high resolution.48 The mass spectrometer in Figure 6 has an 
additional multipole for beam-type fragmentation (for details see fragmentation section), 
the higher-energy collisional dissociation cell (HCD collision cell).49 
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Figure 6. Scheme of a modern hybrid mass spectrometer; the LTQ Velos Orbitrap according to Olsen et al.48 The 
instrument combines quadru-, and multipoles, three linear ion traps, and an orbitrap. The quadru- and multipoles 
are functioning as ion guides and as higher-energy C-trap dissociation (HCD) collision cell. The high pressure ion 
trap is used to capture and fragment the precursor ions, whereas the low pressure ion trap is used to scan the 
fragment ions. The third ion trap, the C-trap, is used to collect and inject ions into the orbitrap. The orbitrap 
functions as a high resolution read out device. 

 

FRAGMENTATION TECHNIQUES  

Collision-Induced Dissociation  

Collision-induced dissociation (CID), also called collision-activated dissociation (CAD), is 
the most popular fragmentation technique for proteomics today.9 In CID, the analyte ions 
(generally called precursor or parent ions) are accelerated to a specific kinetic energy by an 
 

 

Figure 7. Nomenclature of peptide fragment ions as proposed by Roepstorff and Fohlman.54, 55 Fragments 
resulting from the dissociation of the Cα-C1-bond (purple) are the N-terminal a-ion fragments and the C-terminal 
x-ion fragments. Fragments resulting from the breakage of the peptide bond (orange) are the N-terminal b-ion 
fragments and the C-terminal y-ion fragments. b- and y-ions are predominantly induced by collision-induced 
dissociation (CID). The fragments resulting from the cleavage of the N-Cα-bond (red) are the N-terminal c-ion 
fragments and C-terminal z-ion fragments, which are the predominant ion species created in electron based 
dissociation techniques.  
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electric field and are subsequently subjected to collisions with an inert gas. Most common 
gasses include, nitrogen, helium and argon. Upon collision of the precursor with the gas the 
kinetic energy of the precursor is partially converted into internal vibrational energy that is, 
eventually, randomized amongst the peptide. Three different collision energy regimes are 
generally distinguishable and can be linked to a type of mass spectrometer. In TOF/TOF 
instruments, high-energy CID is applied. The name comes from the initial high kinetic 
energy (>1 keV) of the precursor ion. High-energy CID usually involves single collision 
and leads to fragmentation in low microseconds. In triple quadrupole instruments the 
kinetic energy of the precursor is in the range of 10-200 eV (beam type CID). 
Fragmentation in beam type CID occurs after multiple collisions with the gas and also 
occurs on a microsecond time scale but longer compared to high energy CID. The term 
higher-energy collisional dissociation (HCD) also refers to beam type CID. In ion trap CID 
(IT-CID) the kinetic energy of the precursor is generated using resonance and corresponds 
to a few eV. Here, the precursor undergoes multiple collisions with gas molecules, which 
increases the internal energy of the ion until dissociation occurs. The timeframe of 
activation in IT-CID is usually several milliseconds. 
The fragmentation of protonated peptides is mainly due to charge directed reactions. The 
'mobile proton model' introduced by the group of Wysocki50 and equivalently described by 
the group of Gaskell51, 52 explains the dissociation of protonated peptides upon excitation. 
The model states that upon excitation proton(s) migrate to different amide locations along 
the backbone of the peptide, as long as they are not sequestered by a basic amino acid side 
chain. Migration to an amide nitrogen leads to weakening of the bond and combined with 
the energy provided via CID ultimately leads to dissociation.50, 53 
A nomenclature of N- and C-terminal peptide fragments has been proposed by Roepstorff 
and Fohlman54 (Figure 7) and was further modified by Biemann.55 The N-terminal fragment 
ion generated upon cleavage of the amide bond is referred to as a b-ion, while the C-
terminal ion is referred to as a y-ion. The choice of which amide bond in a peptide will 
cleave is semi-random. This fortuitous behavior leads to CID spectra containing ions 
corresponding to cleavage of most of the amide bonds. Considering that the mass difference 
between two adjacent amide bonds is essentially dictated by the amino acid and that 18 of 
the 20 amino acids have a unique mass, one can use CID spectra to obtain peptide sequence 
information.53  

Electron Capture and Electron Transfer Dissociation 

In proteomics, electron capture (ECD) and electron transfer dissociation (ETD) are 
relatively new dissociation techniques. The technique ECD was first described in 1998 by 
the group of McLafferty.56 This process is predominantly conducted in Fourier transform 
ion cyclotron resonance (FT-ICR) mass spectrometers, which allow the trapping of 
electrons and positively charged peptide ions. Within the cell the two ion populations are 
forced to overlap and under such conditions an electron can be captured by the charged 
peptide. The group of McLafferty further postulated that the captured electron populates an 
excited Rydberg level of the ion. Subsequently, the excited Rydberg state undergoes 
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relaxations with eventual release of a hydrogen atom, that could attack a disulfide bond or a 
backbone carbonyl oxygen. In the case of the disulfide bond the attack of the hydrogen 
atom will lead to a cleavage resulting in an -S˙ radical and -SH. In the case of the attack of 
a carbonyl oxygen the transfer leads to the formation of a radical center at the carbonyl 
carbon (C1), resulting in the cleavage of the adjacent N-Cα bond (Figure 8a).56, 57 This 
explains why the N-Cα bonds and not the peptide bonds are cleaved in ECD. The described 
mechanism is often called the Cornell mechanism and was the first one postulated.58  

 
Figure 8. Proposed mechanisms of electron based fragmentation. a) Cornell mechanism and b) Utah-Washington 
mechanism. Adapted from Simons58 

In contradiction to the Cornell mechanism, it has been shown (by replacing peptide-[H+]x 
by peptide-[Na+]x) that hydrogen atoms may not be necessary for induction of bond 
cleavage. These findings resulted in the so called Utah-Washington mechanism, that is 
depicted in Figure 8b. Here, it is postulated that the electron is either directly captured into 
an exited S-S or amide orbital or it is captured in an exited Rydberg orbit on a positive site 
and is transferred (intra-molecular) to the R1-S-S-R2 orbit or amid orbit during its 
relaxation. In the following, the disulfide bond is cleaved into an R1-S˙ radical and R2-S

- 
anion. The N-Cα bond cleavage results in the formation of a p-delocalized R--OC=NH 
anion. In the following, intra-molecular proton transfer from the protonated sites to the 
anions might occur. This would result in the same products as described by the Cornell 
mechanism (Figure 8).58 The final products of the cleavage at N-Cα bonds are N-terminal c-
type ions and C-terminal z-type radical ions as depicted in Figure 7 and 8.57, 59  
More recently, a similar technique to ECD called electron transfer dissociation (ETD) has 
been described by Hunt and coworkers.60 Here, a negatively charged species is generated, 
via chemical ionization. A common chemical used as electron transfer reagent is 
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fluoranthene.61 The reagent anion is subsequently injected into an ion trap together with the 
positively charged peptides. Here, an electron is transferred from the negatively charged 
reagent to the positively charged peptide, which consequently leads to fragmentation of the 
peptide similar to ECD. Thus, the predominant ions found in ETD spectra are also c-type 
fragment ions and z-type fragment radical ions (Figure 7). One big difference between ECD 
and ETD, which also led to the development of ETD, is that in contrast to ECD, ETD 
enables the use of ion traps for electron based dissociation.  
Studies in ECD revealed, that the electron capture cross section is proportional to the square 
of the charge state of the precursor. This explains why ECD leads to a more efficient 
fragmentation for higher charged peptides and to the poor dissociation of doubly charged 
peptides. Unsurprisingly, similar observations have been made with ETD. In order to 
increase the dissociation efficiency one can excite the nondissociative electron transfer 
products with supplemental collisional activation (ETcaD).61 In contrast, CID efficiently 
fragments doubly charged peptides and struggles more and more with increasing charge 
state. In essence, ETD and CID are complementary fragmentation techniques with respect 
to charge state. As modern high resolution mass spectrometers can determine the charge 
state of the precursor (on the fly) based on its isotopic distribution and can also possess the 
ability to perform both fragmentation techniques, they can be programmed to choose the 
most appropriate technique automatically.62, 63  
A current advantage of electron based dissociation techniques over CID is that ECD and 
ETD can keep certain acid labile post translational modifications (e.g. phosphorylation) 
intact, enabling PTM site determination to be easier.64-66 In addition, the collision based and 
electron based fragmentation techniques can be complementary for certain sequence 
situations. The most striking example is the fragmentation behavior of proline residues. In 
CID a dominant cleavage on the N-terminal side will occur, whereas ETD exhibits no 
cleavage due to the requirement of two bonds to be broken. Thus, when peptides are 
fragmented by both techniques more complete information can be gained, which is of 
special interest when de novo sequencing approaches are required.67  

OPTIMIZING PEPTIDES FOR FRAGMENTATION 

Choice of Protease 

The easiest and most common way of creating peptides with defined properties for 
improved fragmentation is the use of specific proteases. The best example is trypsin,  which 
is also the most popular protease used in proteomics. Trypsin cleaves adjacent to arginine 
and lysine residues to create peptides with a basic residue at the C-terminus. Since the N-
terminus is a primary amine, regular tryptic peptides contain basic centers, one at each 
terminus. Upon electrospray ionization, regular peptides often possess 2 protons. When 
these doubly charged tryptic peptides are fragmented by CID, the proton that is loosely 
associated with the N-terminus becomes ‘mobile’.50 Eventually, spectra dominated by C-
terminal y-ion fragments and to a lesser extent N-terminal b-ion fragments are created. The  
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Figure 9. ETD spectrum of the Lys-N peptide KLVVSTALA. The dominant c-ion fragment series enables almost 
complete sequence determination by comparing the mass differences between the c-ions with the known masses of 
the individual amino acids. 
 

reason being the preferred residence of protons are at sites with high gas-phase basicity. 
Manipulation of the location of the basic moieties within a peptide can modify the level of 
b- and y-ions observed and their charge states. Through manipulation, a spectrum 
containing only one but complete ion series can be potentially generated. Such a spectra 
would enable facile unambiguous sequence readout. One methodology to create such 
spectra involves the use of the protease Lys-N. This metalloendoprotease has cleavage 
specificity N-terminal of lysine residues. The resulting peptides have a basic cluster at the 
N-terminus, due to the basic lysine being present at the N-terminus. If a mass spectrometric 
technique is chosen that results in singly charged peptides (like MALDI), the proton will be 
heavily attracted towards the basic cluster at the N-terminus. The same case will apply upon 
fragmentation with CID. Thus, spectra of Lys-N peptides generated by MALDI-CID 
analysis are dominated by N-terminal b-ion fragments, enabling easy sequence 
determination.68 The caveat is that this situation is only applicable as long as no other basic 
residues are present in the sequence. Another strategy is based on the fragmentation of 
doubly charged Lys-N peptides using ETcaD. The 2+ charge state is the preferred charge 
state in ESI of regular Lys-N peptides, as long as no additional (besides the terminal lysine) 
basic residues are present in the sequence. When these doubly charged peptides are 
subjected to ETcaD, the transferred electron reduces the charge state of the peptide prior to 
fragmentation, i.e. a single proton remains. The residual proton is directed towards the basic 
cluster at the N-terminus leading to spectra dominated by N-terminal c-ions. An example of 
such a spectrum is shown in Figure 9.19, 69  

Chemical Modification and MALDI-CID 

Many attempts have been made for the simplification of MS/MS spectra via chemical 
modification of peptides. A prerequisite for a successful labeling strategy are complete 
labeling of the chemical group of interest within the peptide and a high specificity of the 
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chemical reaction. Quick and easy one step reactions with high specificity and an almost 
complete labeling exist, for instance, for modification of primary amines, and thiol groups. 
Figure 10 shows the reaction schemes of three common labeling reagents (2, 4 and 7). N-
hydroxysuccinimide (NHS) esters (2) are widely used in proteomics to label primary 
amines.70 An example is the CAF (chemically assisted fragmentation) reagent which is the 
NHS ester of 3-sulfopropionic acid.71 The N-hydoxysuccinimide group is an excellent 
leaving group making such esters highly susceptible to nucleophilic attack. Importantly, 
NHS esters (2) preferentially react with the N-terminal amine and the ε-amine of lysine (1) 
to release NHS and create amides (3) at the peptide. Disadvantages are side reactions with  
 

 
 

Figure 10. Chemical modification of primary amines of peptides. A) Derivatization of the primary amines of the 
N-terminus and the ε-amine of lysine of a peptide (1) with an reactive NHS-ester (2) to form an amide (3). In CAF 
R2 is sulfoethyl. B) Specific derivatization of the ε-amine of lysine of a peptide (1) by O-methyl isourea (4) to 
form a guanidine group (5). C) The primary amine of a peptide (6) is derivatized with 4-sulfophenyl 
isothiocyanate (7) to form the thiourea derivative (8). 
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serine and tyrosine residues and the increasing hydrolysis rate at elevated pH especially 
above pH 8.5.70, 72 O-methyl isourea (4) is commonly used to specifically guanidinate the ε-
amine of lysine containing peptides (1).73-75 The resulting homoarginine (5) differs from an 
arginine by an increased side chain length of one carbon. High concentrations (~ 1-2 M) of 
O-methyl isourea are usually applied for modification, which requires removal of the 
reagent prior to MS analysis.19, 76 The technique is highly specific and minimal side 
reactions with the N-terminus have been reported.76 4-sulfophenyl isothiocyanate (SPITC) 
(6) specifically derivatizes primary amines (7) to form the thiourea derivative (8). The 
reaction is very specific, but complete modification is challenging and the reaction 
conditions generally require desalting, prior to MS analysis.77, 78  
These chemical modifications can be accomplished with high efficiency either on the 
protein level79 or on the peptide level.19, 77, 80, 81 In order to observe a complete ion series, 
peptides need a site with a high gas phase basicity at the corresponding terminus. Tryptic 
peptides contain the basic amino acid lysine or arginine at the C-terminus, but also the N-
terminus. In order to observe only C-terminal y-ions, Keough et al. sulfonated the N-
terminus of tryptic peptides. The highly acidic sulfonate group at the N-terminus is 
counterbalanced by the basic residue at the C-terminus, probably by salt bridge formation, 
resulting in a net charge of zero, prior to ionization. Ionization by MALDI adds an 
additional proton that is mobile upon excitation as the most basic center (C-terminal 
arginine or lysine) is occupied.82 The major dissociation products are C-terminal y-ions, 
that will dominate the spectrum, and neutral N-terminal fragments, that are not detected by 
the mass spectrometer.82, 83 Sulfonic acid derivatives resulting from the reaction with the 
popular reagent 4-sulfophenyl isothiocyanate (SPITC) (Figure 10 c) show a similar 
fragmentation behavior.77, 78  
Furthermore, it has been realized that tryptic peptides with a C-terminal lysine residue 
(lysine is less basic than arginine) ionize less compared to arginine terminated peptides73, 74, 

76 and often show fragments from ion series other than y-ions.83 In addition, sulfonic acid 
derivatives have a decreased ionization efficiency. In order to improve the fragmentation 
and ionization of lysine terminated tryptic peptides, the ε-amine of lysines can be 
guanidinated(Figure 10 b). The modification leaves the N-terminus to be the only left 
primary amine, which enables specific sulfonation.71 The guanidination results in an 
increased basicity at the derivatized lysine comparable to arginine and thus gives similar 
results to arginine terminated peptides.83 In addition, it has been shown that guanidination 
of lysine residues has a beneficial effect on the MS level, due to the increased gas phase 
basicity of the homoarginine.73 Also the nicotinylation of the N-terminus has a positive 
influence on the MS level, owing to the high gas phase basicity of the nicotinyl group. In 
addition, N-terminally nicotinylated peptides resulting from an Asp-C digest and containing 
no additional basic residues lead to predominantly N-terminal b-ions in MALDI-CID.81  
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Isotopic Identifiers 

Another approach to ease the de novo sequencing of peptides is to introduce a label that 
enables the retrieval of the origin for the fragment. The label has to be introduced at the N- 
or the C-terminus in order to trace back N- or C-terminal fragments, respectively. It was 
shown that the C-terminus can be labeled (into pairs) by using a mixture of H2

16O and 
H2

18O during tryptic digestion. The different isotopologues are then co-fragmented in order 
to get specific isotopic patterns or they are individually fragmented and the spectra are 
compared in order to identify the C-terminal fragments.84-87 Another method involves the 
specific labeling of the N-terminus. Munchbach et al. described an approach that includes 
succinylation of lysine residues at the protein level, followed by Asp-C digestion and 
nicotinylation of the peptide N-termini with a mixture of conventional 1-(nicotinoyloxy) 
succinimide ester (Nic-NHS) and D4-Nic-NHS. Co-fragmentation of the isotopologues 
resulted in N-terminal fragments with a defined isotopic pattern.81 This pattern enables the 
identification of N-terminal ion series and as a consequence allows to gain more 
information and easier interpretation of the spectra. In another approach lysine terminated 
tryptic peptides were derivatized with either 14N2- or 15N2-O-methylisourea. Simultaneous 
fragmentation of the resulting isotopologues led to the creation of isotopic patterns in 
MS/MS that facilitates de novo sequencing.75  

PEPTIDE AND PROTEIN IDENTIFICATION 

Nowadays, tandem MS is the method of choice to analyze protein digests. The recorded 
MS/MS spectra provide direct information about the peptide sequence. However, the huge 
amount of spectra recorded in a standard LC-MS analysis causes manual interpretation to 
become a futile exercise. The predominant method to assign sequences to tandem MS 
spectra is database searching.88 Database search algorithms like Mascot89 first generate a 
candidate list of theoretical peptides that coincides the mass of the precursor, within the 
user defined mass window. This mass window depends on the accuracy and precision of the 
mass spectrometer. The generation of the theoretical peptides is accomplished by in silico 
digestion of proteins from a protein database, based on user defined search parameters. The 
size of the database as well as the specificity and efficiency of the digest and possible 
modifications (both in vivo and in vitro) of amino acids of the peptide can affect the search 
space, the theoretical number of peptides per unit of mass. A very unspecific protease will 
lead to a huge amount of theoretical peptides, created by the in silico digestion, as each 
possible cleavage site is taken into account. In contrast, a protease with specificity for a few 
amino acids will lead to fewer peptides per protein and thus results in a smaller search 
space. The efficiency of the digest has a similar influence. If the expected efficiency is 
poor, peptides containing missed cleavage sites need to be taken into account and, as a 
consequence, the amount of in silico derived theoretical peptides increase the search space. 
Therefore, proteases, like trypsin, Lys-C, or Lys-N, with a high specificity and a relative 
high efficiency are preferred.  



Chapter 1 

Page | 24 

Modifications (both in vivo and in vitro) of amino acids are very common. If a modification 
is possibly present, i.e. variable, then the search engine takes multiple versions of the same 
peptide into account, where each contains one of the permutations. A classic example is the 
phosphorylation of serine, threonine or tyrosine residues. If a peptide contains 2 serines (no 
threonines and tyrosines) then four possible versions of the peptide will need to be 
generated. This example illustrates that search space rapidly increases upon the introduction 
of variable modifications.  
Once the algorithm has chosen the peptide candidates, it creates theoretical spectra, 
generated based on known fragmentation rules. However, each search algorithm places 
different weightings on each fragment ion series. The experimental spectrum is then 
compared with the theoretical spectra of the candidates. The matching of experimental and 
theoretical fragment ion peaks is determined by the user defined MS/MS mass window, 
which depends on the mass accuracy and mass precision in MS/MS mode. For each 
spectrum peptide match (PSM) a score is reported, which is often based on how much 
signal can be matched deducted for experimental peaks that are not matched. Again, each 
search algorithm scores matches and calculates penalties differently. 
However, incorrect PSMs are present in every dataset and might even represent the 
majority of PSMs, especially when low mass accuracy instrumentation has been utilized.88 
Thus, additional scoring models to assess the confidence of PSMs are generally applied, for 
example by generating a statistical measure like the p-value or E value (expectation 
value).88, 90 A way of calculating the p-value is to estimate a null distribution from a 
frequency histogram of the scores from all but the best candidate matched against the 
experimental spectrum. In the next step the search engine references the best score against 
the null distribution.88 The E value corresponds to the number of times the score is expected 
only by chance. It can be calculated based on the user defined p-value (p), score of the 
peptide (score) and the number of theoretical peptides in the candidate list (n). The E value 
in Mascot for instance is defined as91  
 

	 ∙ 10 ∙ ∙ /  
 

From this equation follows, that the larger the number of candidate peptides the higher a 
score needs to be to obtain the same expect value. 
In addition to these scoring models, global approaches to compute optimized cut-off scores 
for individual datasets based on a false discovery rate (FDR) are often calculated. In order 
to calculate the FDR, a second search is performed against a database with non-sense 
sequences, a decoy database. Such databases can be generated by reversing, randomizing or 
scrambling the sequences of the original or ‘target’ database. The results of the search 
against the decoy database are considered true negatives and are assumed to be equal to the 
number of false positives in the original search. The FDR can then be calculated for a 
conservative threshold score by dividing the number of decoy PSMs by the total number of 
PSMs.92  
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SEPARATION TECHNIQUES 

Reversed Phase Liquid Chromatography 

The most important type of chromatography for proteomics is reversed phase (RP) high 
performance liquid chromatography (HPLC). RP-HPLC is a rather old technology, which 
was first used for peptide separation in 1976.93 Still, as a result of many further 
developments it is now the technique of choice to be combined with ESI-MS for the 
analysis of peptides. RP-HPLC has the advantage that the buffers applied for separation are 
 

 

 
Figure 11: Example of an online desalting system, 
consisting of two T-pieces, a restrictor capillary, a 
loading capillary, a switching valve, the trap column 
and the analytical column. The flow path is indicated 
with green color. a) First the sample is loaded onto the 
trap column by closing the restrictor capillary and 
opening the loading capillary. The backpressure of the 
analytical column prevents the flow to go into the MS. 
The peptides are captured on the trap column and are 
desalted. b) The restrictor capillary is opened and the 
loading capillary is closed. The restrictor capillary 
functions as a split flow. The backpressure due to the 
restrictor capillary and the flow rate is high enough 
that the flow goes over the trap and analytical column 
into the MS.  

 

compatible with mass spectrometry. Furthermore, RP-HPLC possesses one of the best 
separation powers of any technique, today.94, 95 The separation is based on interactions of 
the analyte with the hydrophobic stationary phase and the mobile phase and can be modeled 
using partition theory, where the stationary phase is essentially considered a hydrophobic 
liquid.96 The mobile phase generally consists of water, an organic solvent and often 
additives to adjust the pH or influence interactions between the analyte and the stationary 
phase. Initially, peptides are dissolved in an aqueous acidic solution and are exposed to the 
hydrophobic stationary phase. Subsequently, the concentration of an organic solvent is 
gradually increased in order to elute the peptides. A common organic solvent applied in RP 
for peptide separation is acetonitrile, as it is compatible with ESI and leads to a superior 
separation power compared to methanol and 2-propanol.97 The hyphenation with mass 
spectrometry determines several parameters of the chromatographic system. One parameter 
is the flow rate. It is normally kept very low (50-200 nL/min). The reason why is that RP-
HPLC is typically used in combination with ESI and this ionization technique is 
concentration dependent.30 Thus, the sensitivity in MS increases when the flow rate 
decreases. The low flow rates further determine the dimensions of the columns and 

4

5 TT

Waste

MS
Analytical
Column

Trap
ColumnHPLC

+
Injector

3

4

TT

Waste

MS
Analytical
Column

Trap
ColumnHPLC

+
Injector

1

6 2

3

1

2

5

6

Restrictor
Capillary

Restrictor
Capillary

a)

b)

Loading
Capillary

Loading
Capillary



Chapter 1 

Page | 26 

capillaries used, since the separation is dependent on the linear velocity through the 
column. Common inner diameters (i.d.s) are in the range of 50-100 μm. Another property 
of ESI has an impact on the chromatographic system: ESI is compromised by nonvolatile 
salts, which are often present after a protein digestion. Therefore, trap columns are often 
integrated in RP systems in order to enable online desalting prior to RP separation.98 Often 
a switching valve is integrated after the trap column. The switch directs the flow either into 
waste (desalting) or to the analytical column. Another configuration designed in order to 
minimize dead volumes and to allow to split the flow rate is shown in Figure 11.99  

Ultrahigh-Pressure Liquid Chromatography 

One development that had and still has a great impact on RP chromatography is ultrahigh-
pressure liquid chromatography (UHP-LC).100 The possibility to work at elevated pressures 
enables the use of smaller particle sizes (sub 2 micron) or longer columns, both of which 
increase the separation power of a system. A plate number (a measure for the column 
efficiency of an analyte) of one million has been reported by utilizing a stack of monolithic 
columns that have a total length between 11-12 meters.94 Furthermore, peak capacities 
(measure of the theoretical amount of analytes that can be baseline separated with the 
chosen method) of up to 1500 could be generated with a 2 meter long column packed with 
3 µm particles with a pore size of 300 Å during an 2000 minute gradient working at a 
pressure of more than 1300 bar.95 In order to improve their chromatographic separation, 
more and more proteomic labs are nowadays changing to ultrahigh-pressure systems.  

Multidimensional Separation 

Even though RP is an extremely powerful tool by itself, it reaches its limits when total cell 
lysate digests are analyzed. Hence, additional separation techniques have been combined 
with RP. In these systems two separation techniques with different specificities are carried 
out consecutively. Fractions of the elution of the first separation/dimension are transferred 
to the second dimension in order to further separate components that are not separated by 
the first dimension. In such a two dimensional approach a high orthogonality is desired, 
which means that the analytes in the individual fractions from the first dimension should be 
evenly distributed in the second dimension. A great advantage of two dimensional systems 
are the high peak capacities that can be achieved, as the peak capacities of the individual 
dimensions multiply (assuming complete orthogonality). Thus, peak capacities of up to 
several thousand can be generated with standard equipment.101 The most common 
technique combined with RP in a two dimensional separation is strong cation exchange 
(SCX) chromatography.101 In SCX, the analytes are predominantly separated based on their 
net positive charge, due to coulombic interactions between the positive charges of the 
molecules and the negatively charged stationary phase.102-105 As a result of the different 
modes of separation in SCX and RP, this combination results in a high orthogonality. 
Various instrumental setups and analytical conditions have been published12, 106-112 and are 
further described in detail in chapter 2. Besides SCX, other techniques like hydrophobic 
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interaction liquid chromatography (HILIC) have been combined with RP. HILIC has been 
shown to have a high orthogonality with RP, which makes it especially useful for two 
dimensional separations.113, 114 Furthermore, RP has been combined with RP in a two 
dimensional separation approach.113, 115-117 The difference between the first and second RP 
separation is the pH of the separation buffer. The pH influences the properties of charged 
residues in peptides due to protonation or deprotonation. Neutralization of charged residues 
leads to a decreased hydrophilicity (increased hydrophobicity) and as a consequence 
changes the retention of peptides in RP. When the difference in pH between the two 
dimensions are big enough, for instance pH 10 in the first and pH 2,6 in the second 
dimension, the orthogonality of a two dimensional RP-RP separation reaches the values of 
SCX-RP approaches.113 This and other separation techniques and multidimensional 
separation strategies are reviewed in detail in chapter 2. 

PHOSPHOPROTEOMICS  

Phosphorylation of proteins is an important regulation process in mammalian cells. In order 
to study such processes, the identification and exact localization of the phosphorylation site 
is needed. In general, proteins are first digested and the resulting peptides are analyzed by 
LC-MS, as described above. Unfortunately, many phosphorylated proteins are very low 
abundant and in consequence the resulting phosphopeptides are rarely detected solely by 
LC-MS.  
Thus, several enrichment methods have been developed to overcome the dynamic range 
problem. Many common methods are based on the chelation of metal ions or metal oxides 
with phosphopeptides. Common metal ions used in immobilized metal ion affinity 
chromatography (IMAC) are Fe3+, Zr4+, and Ti4+.15, 16, 118, 119 The phosphopeptides chelate to 
the metal ions under low pH conditions, whereas most of the non-phosphorelated peptides 
do not. Peptides with several acidic amino acids frequently bind to the metal as well, since 
the carboxylic side chains can also chelate with the metal. Modification of the acidic 
residues by O-methyl esterification enhances the specificity of IMAC,120 but complete 
derivatization is challenging.121 Elution of phosphopeptides and unspecific bound peptides 
is conducted under basic conditions.  
Another methodology for phosphopeptide enrichment is metal oxide affinity 
chromatography (MOAC). Here, titanium dioxide (TiO2) is by far the most common metal 
oxide applied.14 The binding of phosphopeptides to the TiO2 beads is conducted under 
acidic conditions and the peptides are eluted under basic conditions. The specificity of TiO2 
can be further enhanced by washing with solutions containing 2,5-dihydroxybenzoic acid, 
salicylic acid, phthalic acid, or benzoic acid.121 Other methods that rely on affinity are 
based on immunoprecipitation. Most of the immunoprecipitation methods focus on the 
enrichment of tyrosine phosphorylated peptides4, 122 or proteins.123  
In addition to the mentioned affinity based enrichment strategies, several methods have 
been developed that are based on the liquid chromatographic (LC) separation of 
phosphopeptides from non-phosphorylated peptides.124 Strong cation exchange (SCX) is 
the most common LC-based method for the enrichment of phosphorylated peptides 



Chapter 1 

Page | 28 

today.125 In SCX, the separation is mainly based on the coulombic interaction between a 
positively charged analyte and the negatively charged stationary phase. In order to suppress 
unspecific hydrophobic interactions, organic solvents need to be added to the separation 
buffers.126 Generally, acetonitrile in a concentration of 25-30% is added to the buffers.18, 101, 

113 When the pH is kept at approximately 3 the acidic amino acids, glutamic and aspartic 
acid are protonated and do not contribute to the net charge of the peptide any more. At this 
pH only basic residues and highly acidic residues like phosphorylation contribute to the net 
charge. Due to the influence of phospho-groups on the net charge, it is possible to separate 
distinct groups of phosphopeptides from the bulk of non-phosphorylated peptides.125 A 
further detailed explanation on this topic is given in chapter 2 and chapter 6.  

OUTLINE 

Nowadays, the method of choice to analyze proteins and peptides is mass spectrometry. 
Still, several issues in the analysis of especially large pools of proteins like total cell lysates 
need to be solved to enable complete coverage of all proteins present in such a sample. In 
general, the proteins are first digested due to peptides being more amenable to sequencing 
in the mass spectrometer and better suited for many separation techniques.  

The most common liquid chromatography based separation techniques for proteomics are 
reversed phase (RP), ion exchange and hydrophilic interaction liquid chromatography 
(HILIC). A detailed overview over the principles of these separation techniques is given in 
chapter 2. This chapter further focuses on the combination of the mentioned techniques for 
multidimensional separations applied in shotgun proteomics. Furthermore, different 
instrumental setups and conditions are reviewed and several examples of the application of 
multidimensional setups are described. 

Today, most mass spectrometric data of peptide analyses are interpreted by comparison 
with in silico generated spectra derived from protein or genomic databases. If the sequence 
information of the protein/peptide of interest is not available in the database, de novo 
sequencing is the method of choice to interpret the recorded spectra. In chapter 3, we 
describe a novel method for de novo sequencing of peptides. The method is based on the 
digestion of the proteins of interest with Lys-N metalloendoprotease in order to generate 
peptides with all primary amines at the N-terminus. Dimethyl labeling of the N-terminus 
with two different isotopes of formaldehyde introduces an isotopic label solely on the N-
terminus. When the isotopologues are fragmented together, the fragments resulting from the 
N-terminus show an isotopic pattern and can be identified as N-terminal fragments. This 
enables facile de novo sequencing. By this methodology, we were able to partially sequence 
a previously unknown protein from avocado fruit.  

Another methodology for de novo sequencing is based on the analysis of doubly charged 
Lys-N peptides with ETD.69 In chapter 4, we further show, that derivatization of Lys-N 
peptides with some commonly applied labels lead to better sequence coverage, when 
analyzed with ETD. Furthermore, we demonstrate that the increase in gas phase basicity by 
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imidazolinylation of the ε-amine of the C-terminal lysine of doubly charged tryptic peptides 
leads to predominantly C-terminal fragments, enabling facile sequence readout. We also 
found that not all labeling strategies used for CID are applicable for ETD. Nicotinylation of 
peptides, for instance, suppresses the backbone fragmentation under ETD conditions. As a 
consequence most of the sequence information is lost, making this labeling strategy 
inappropriate for ETD based sequencing strategies. 

In order to enable the analysis of thousands of peptides by mass spectrometry, separation 
techniques are needed to reduce the complexity prior to the introduction of the peptide ions 
into the mass spectrometer. In addition to the complexity, some pools of peptides, like 
phosphorylated peptides, are often present in much lower concentration as the bulk of 
regular peptides. Therefore, enrichment strategies like SCX chromatography have been 
developed. SCX has been described in detail in chapter 2. In chapter 5, we applied weak 
anion exchange (WAX) to further decrease the complexity of the enriched phosphopeptide 
fractions from SCX. As a result, we were able to identify more than 10,000 
phosphopeptides out of a single SCX fraction. 

Unfortunately, phosphorylated peptides that contain multiple basic residues elute with the 
bulk of regular peptides in SCX conducted at a pH of 3. Thus, further enrichment is needed 
to enable detection of these mainly low abundant pool of phosphorylated peptides. We 
developed a facile method to enrich for these pools of phosphorylated peptides by 
conducting an additional separation with SCX at a pH of 1. This method is presented in 
chapter 6. Here, individual fractions from the first SCX separation at a pH of 3 are 
separated with SCX at a pH of 1. At a pH of 3 the phospho-group is still negatively 
charged, whereas at a pH of 1 it is protonated. This changes the net charge of the 
phosphorylated peptides, whereas the charge of the regular peptides stays the same. Thus, 
phosphorylated peptides retain differently at a pH of 1 compared to the regular peptides that 
coelute at a pH of 3, enabling separation of regular and phosphorylated peptides in this 
tandem SCX approach. By this method, we were able to identify more than 10,000 
phosphopeptides out of only 500 µg of protein. We further found that many 
phosphopeptides identified with tandem SCX contain motives of basophilic kinases, 
emphasizing the importance of the identified phosphopeptide pools. 
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ABSTRACT 

Shotgun proteomics dominates the field of proteomics. The foundations of the strategy 
consist of multiple rounds of peptide separation where chromatography provides the 
bedrock. Initially, the scene was relatively simple with the majority of strategies based on 
some type of ion exchange and reversed phase chromatography. The thirst to achieve 
comprehensivity, when it comes to proteome coverage and the global characterization of 
post translational modifications, has led to the introduction of several new separations. In 
this review, we attempt to provide a historical perspective to separations in proteomics as 
well as indicating the principles of their operation and rationales for their implementation. 
Furthermore, we provide a guide on what are the possibilities for combining different 
separations in order to increase peak capacity and proteome coverage. We aim to show how 
separations enrich the world of proteomics and how further developments may impact the 
field. 
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INTRODUCTION 

The proteome describes the entire compliment of proteins in a given biological system 
expressed at a certain time under particular conditions. The field of proteomics includes the 
systematic investigations of distribution, abundance, modification, interactions and function 
for a protein or a set of proteins.1-3 The vast interest in proteins has led to a significant and 
persistent effort in development of analytical strategies for proteome analysis.4 The 
majority of techniques developed so far require enzymatic digestion of protein mixtures 
followed by analysis at the peptide level. The identification of the protein is then performed 
by the peptides being subjected to tandem mass spectrometry5 (MS/MS) and interpretation 
of the acquired spectrum by an algorithm which compares the experimental data with in 
silico derivations. Subsequently, the protein is inferred from the identified peptide 
sequences.6 This peptide-centric approach, also referred to as the bottom-up strategy7, 8 in 
order to distinguish it from the top-down protein-centric strategy,9-11 has demonstrated to be 
the most powerful strategy and has given an enormous contribution to the proteomics field. 
The reduction of proteins to peptides has a number of analytical benefits, such as the 
denaturation and removal of proteins interactions, and the relatively small size of peptides, 
which render them easy to handle biochemically. Then, peptides can be more readily 
induced to fragment and their masses are easier to determine with high accuracy. 
Furthermore, peptides possess greater solubility in a wider range of solvents, and liquid 
chromatography (LC) based separations of peptides are superior to methods based on 
proteins separation.3, 12 
However, the preferred handling of peptides over proteins faces challenges concerning the 
higher complexity of the proteome sample and the wider dynamic range, where thousands 
of peptides, with very similar mass to charge (m/z) ratios, are present at different levels of 
abundance.13 Considering that the human proteome (containing approximately 20,000 
genes) yields millions of peptides, it becomes clear that this task is not a trivial exercise.14 
Therefore, methods exhibiting highly resolving power are required to maximize the 
separation of peptides before the mass spectrometric analysis to allow the detection of low-
abundance proteins.  
Not surprisingly, despite the rapid and massive advances in separation and instrument 
technology, current analytical strategies are still not sufficient to fully resolve complex 
biological samples.15-18 Most approaches in proteomics end with peptide sequencing via 
nanolitre flow rate reversed phase chromatography and tandem mass spectrometry 
(nanoLC-MS). This step is relatively fast, reproducible and effective but its use in 
proteomics is hampered by the limited capability to resolve highly complex samples, such 
as cell lysate digests. In fact, up to date, no separation method is capable of resolving all 
components in a single analytical dimension.19, 20 Therefore, the combination of two or 
more orthogonal separation procedures is required to increase the peak capacity, and thus 
the overall resolving power.21 In the last few years, several multidimensional 
chromatographic methods, coupled either on-line or off-line, have been introduced to 
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enhance in-depth proteome analysis and these approaches are now considered routine parts 
of shotgun proteomics pipeline. The obvious need for separation/fractionation is to 
minimize the number of co-eluting peptides introduced into the MS at any time during the 
analysis, allowing the detection of a greater number of peptides. 
The aim of this review is to highlight some of the advances and new developments that 
have been made in the area of liquid chromatographic-based separations, especially their 
combinations in hyphenated multidimensional formats, to maximize the resolution, reduce 
sample complexity, widen the overall dynamic range and consequently increase the 
proteome coverage. 

Orthogonality and peak capacity 

Multidimensional separations are used to address the high complexity of shotgun proteomic 
samples and required the combination of orthogonal separation techniques to increase the 
overall resolving power. Giddings first formalized the concept of multidimensional 
chromatographic separations in 1984.22 When two separations systems based on different 
(non-correlative) retention mechanisms are coupled, the resulting 2D system has a higher 
resolving power than each single dimension. This requires that the selectivity of each 
separation step towards the analytes must differ substantially in order to maximize the 
orthogonality, and the resolution achieved in the first separation should be maintained or 
improved during the second dimension.  
Amino acids possess a number of 
physicochemical properties that can be used 
as basis for a mode of separation. Peptides 
in a mixture greatly differ in their 
physicochemical properties and so 
separation of peptides can involve 
differences in polarity (for RP and 
hydrophilic liquid interaction 
chromatography, HILIC), charge (ion 
exchange chromatography) or other peptide 
properties such as isoelectric point 
(isoelectric focusing). Some separations 
employ more than one property for 
selectivity, and a mixed-mode separation 
can be achieved when different mechanisms 
of interaction interplay with each other. 
Electrostatic repulsion liquid 
chromatography (ERLIC) and zwitterionic-
HILIC are two examples of 
chromatographic separation where the

 
Figure 1. Schematic of the selectivity of neutral 
HILIC (n-HILIC), zwitterionic HILIC (z-HILIC), 
ERLIC, cation exchange (CX), anion exchange (AX) 
and reversed phase (RP) chromatography. The light 
inner circle indicates low and the dark outer circle high 
selectivity towards positive charge, negative charge, 
apolarity or polarity, respectively. 

selectivity for peptides is based on the combination of charge and hydrophilic interactions. 
Figure 1 illustrates schematically the selectivity of six different types of stationary phases 
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on the basis of polariry, hydrophobicity and charge (negative and positive) of peptides, 
anticipating their orthogonality in multidimensional combinations.23 One can expect that 
ion exchange chromatography, which separate peptides based on charge and only partly on 
hydrophobicity, is more orthogonal to RP than the combination RP-RP in a 2D strategy 
which is mainly related to hydrophobicity in both dimensions. On the same line HILIC, 
employing a zwitterionic stationary phase, or ERLIC (a HILIC variant), using anion 
exchange stationary phase, can potentially display a higher orthogonality than anion or 
cation exchange towards RP since the peptide selectivity is driven by a combination of 
polar and ionic interactions.  
The resolving power of any chromatographic technique is measured by the peak capacity 
which is defined as the maximum number of peaks that can be separated within a gradient 
time by a specific system.24 The peak capacity in multidimensional strategies can be 
maximized by combining methods that separate peptides on the basis of different 
physicochemical properties; the final peak capacity for 2D separation results from the linear 
combination of peak capacities in both separation dimension.25 Theoretically, the overall 
separation power becomes the product of each separation dimension, effectively creating a 
second opportunity for co-eluting analytes to be resolved in the orthogonal second 
dimension. In reality, several practical considerations limit the achievable peak capacity in 
2D-LC. First of all, a situation of perfect orthogonality can rarely be achieved due to the 
fact that existing LC separation methods display a mixed character of interactions with the 
stationary phase, increasing the overlap between different techniques.23 Second, the 
inefficient transfer of separated zones from one dimension to the other can produce the 
remixing of separated peaks,22, 25 resulting in a lower peak capacity than expected. 

On-line and off-line set-ups 

A multidimensional separation can be carried out in an on-line fashion, which involves a 
direct transfer of the eluent from the first dimension onto the next one, with no flow 
interruption;26 or in an off-line way, based on fraction collection in the first dimension and 
their analysis in the following dimension.27 
Each approach presents advantages and disadvantages. Off-line set-ups are often more 
simple in design and operation, and each dimension can be fully and independently 
optimized.28 The collection of multiple fractions from an efficient separation/fractionation 
in the first dimension, in concert with a fast and comprehensive analysis in the second LC 
dimension, is a crucial step and, when carefully optimized, can offer a significant advantage 
in terms of analysis time, reducing number of fractions and content of overlap between 
adjacent fractions.  
Off-line approaches offer greater flexibility than on-line separations in the choice of LC 
modes, especially in the case of incompatibility of mobile phases between consecutive 
dimensions. In addition, fractions can be manipulated, i.e., diluted, concentrated or 
dissolved in a different solvent, chemically modified and, if necessary, reanalyzed. But the 
major limitations of off-line set-ups are related to higher risk of sample loss and 
contamination, due to sample handling, and lack of automation of the system. However, 
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performing an experiment in an off-line fashion is not necessarily inferior, and, in real life, 
is the most common and favorable approach since it allows more combinations than on-line 
approaches with a non-compromised optimization of each single dimension. 
When using on-line set-ups, sample handling is notably reduced since there is continuity in 
the sample transfer between consecutive dimensions realized via the use of switching 
valves, additional pumps and trapping columns. On-line configurations are usually 
designed to avoid dead volume and prevent sample loss, although the sample can still be 
exposed to additional column connections that may lead to carryover or loss.29, 30 On-line 
hyphenation possesses certain advantages compared to offline designs, for instance it can 
decrease the overall analysis time, but has also more stringent requirements, such as the 
solvent use for the elution in the first dimension must be a weak eluent in the second 
dimension, and the second dimension needs to be relatively fast in order not to lose the 
achieved resolution in the first dimension. In addition, independent of whatever on-line or 
off-line set-up, the column used in the second dimension must have a small internal 
diameter in order not to compromise the sensitivity of the mass spectrometric detection. 

Multidimensional separation combined with mass spectrometry 

The successful combination of multidimensional separations with mass spectrometry for 
proteins and peptides analysis was achieved with the advent of the soft ionization 
techniques MALDI31, 32 and ESI,33-35 which paved the way for the modern bench-top MS 
proteomics, assisted by the continuous development of new powerful MS 
instrumentations.36 While MALDI is usually combined with gel-based separations, high-
pressure liquid chromatography (HPLC) separations are more frequently coupled to 
instrument with an ESI source requiring a continuous flow. This has allowed HPLC to 
become a standard front end for many proteomic applications, giving rise to several LC-MS 
set-ups.5, 21, 37, 38 
Although MS technology has and will continue to rapidly improve with the advent of 
higher speed, higher resolution and more sensitive instrumentations,39, 40 even the best 
dynamic range capabilities tolerated by MS are lower than the wide dynamic range of 
protein present in samples. Thus, the deeper and comprehensive characterization of 
proteomes still largely relies on efficient separation technologies prior to MS. Then, mass 
spectrometry essentially adds an extra dimension thanks to its capability to discriminate 
single components in co-eluting peaks. 
Several chromatographic techniques have been employed in 2D-LC configurations, 
whereby mostly the second dimension is performed by RP41, 42 due to its better 
compatibility with electrospray ionization (ESI) MS,43 high resolving power and the 
advantageous sample desalting when the first dimension requires salt gradients. The vast 
majority of 2D-LC systems developed up-to-date utilize SCX coupled to RP in both on-
line44 and off-line45 modes, mainly because of the good orthogonality of these two 
separations. Other 2D-LC strategies have been emerging in recent years as promising 
alternative to traditional approaches, including size exclusion chromatography (SEC),46 
affinity purification chromatography (AFC),47 different types or combinations of ion 
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exchangers,48, 49 anion and cation mixed-bed exchange,50 and hydrophilic interaction liquid 
chromatography (HILIC). 17, 23, 51-53  
In this review, we choose to focus on LC methods which, according to our personal 
opinion, represent some of the major breakthroughs over the last few years and whose 
applicability will rapidly increase in the proteomic field; namely, RP, ion-exchange 
chromatography (IEX), including anion and cation exchangers, and hydrophilic interaction 
chromatography (HILIC), with different type of stationary phases which we define in this 
review as neutral (n-HILIC), zwitterionic (z-HILIC) and charged in ERLIC mode. A 
schematic representation of these chromatographic methods is illustrated in figure 2, where 
a special emphasis is given to the different modes of interaction between tryptic peptides 
and these stationary phases. 
 

 

Figure 2. Schematic illustration of interactions between polar, apolar, negatively charged and positively charged 
sites of a peptide and different stationary phases.  
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REVERSED-PHASE CHROMATOGRAPHY 

Reversed-phase chromatography was introduced as a peptide separation in 1976.54 Though 
other types of chromatographic separations have undergone significant developments over 
the last decade, nowadays reversed-phase (RP) chromatography is still the most widely 
used method for sample preparation and, as well, separation of peptides prior to MS 
analysis.  
The separation principle of RP is based on the partitioning of the analytes between a 
hydrophobic stationary phase (which can be visualized as a hydrophobic solvent) and a 
polar hydrophilic mobile phase. Peptides are loaded onto a RP column under low-organic-
solvent conditions, which cause the peptides to partition into the RP material. Salts and the 
majority of components used in digestion protocols prefer to remain in the low organic 
solvent and, thus, RP is often used to ‘desalt’ and concentrate the sample. Separation (or 
elution of the peptide) is then achieved by increasing the organic modifier content in the 
mobile phase and, if the mobile phase is of sufficient hydrophobicity, the peptide will start 
to partition in and out of the two phases as it moves down the column. The order of the 
eluting peptides relates to the strength of their hydrophobic interactions with the stationary 
phase. The most common organic modifier employed in RP-LC-MS for peptides separation 
is acetonitrile, since it offers the best compromise in hydrophobicity, volatility, viscosity 
and MS compatibility.55  
Columns often use silica particles as supporting material. The silanol groups are derivatised 
with aromatic or aliphatic compounds to generate a hydrophobic surface. One drawback of 
silica materials is the interaction of residual silanol groups with the positive charges of 
peptides. This effect can be minimized lowering the pH below 4, as silanol groups then 
become protonated. Often, manufacturers attempt to reduce the number of residual silanol 
groups with improved derivatisation procedures or attempt to ‘cap’ these groups post-
derivatisation. The choice of these chemistries often have significant effects on the 
selectivity of columns. In classical peptide separation by LCMS, the RP separation is 
usually performed under acidic conditions. At those pH values, carboxylic groups of 
peptides are also protonated and neutral, while basic amino acidic residues (lysine, arginine 
and histidine) and free N-termini are positively charged. This charge can actually improve 
retention of peptides if one chooses the correct reagent for acidification. Acetic acid, formic 
acid and trifluoracetic acid (TFA) reduce the pH and then form a salt bridge with the 
protonated residues; thus, the protonated group is not strictly charged but becomes a 
hydrophobic group. The process is referred to as ion pairing. A balance between retention 
and ionization needs to be made and formic acid is often the acid of choice in LC-MS. Even 
though TFA would be a better ion pairing reagent, its use is limited since it causes 
ionization suppression due to the strong salt bridge formation.  
Nowadays, the most often used RP stationary phases are C18 resins, silica derivatised to 
possess an alkane chain containing 18 carbons, which can also be referred to as an 
octadecasyl group (ODS). Columns are capillary-scale (internal diameters are below 100 
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µm) and combined with nano-ESI-MS.29, 35, 56, 57 The mobile phase employed in RP (a 
mixture of acetonitrile and water with the acidic ion-pairing reagent) has an excellent 
compatibility with ESI-MS.43 The efficiency of the electrospray process is dictated by the 
size of the initial droplet size, which is dependent on the flow rate and the internal/external 
diameter of the electrospray needle.35, 58 One of the most important parameters that effects 
separation efficiency is the linear velocity (cm/s), as a natural consequence of the van 
Deemter equation. Thus, there is a drive to reduce flow rates for improving the electrospray 
process and, in order to maintain separation efficiency (the linear velocity), the column i.d.s 
are reduced (see below for more details).  
Significant efforts have been placed to increase the resolving power,59 sensitivity60-63 and 
speed of analysis64 under single dimension RP separation. Several parameters are of special 
interest in order to achieve this goal, such as length and inner diameter (i.d.) of the column, 
velocity of the solvent, flow rate, particle size, temperature and pressure. Of these 
parameters, the choice of solvents and the range of flow rate are partially limited due to the 
hyphenation with ESI-MS. In contrast, the column length and i.d., and the particle size can 
be varied and have a strong influence on the resolving power. In theory, increasing the 
length of the column or reducing the particle size will lead to an increase in separation 
power, although both will be at the cost of an increase in pressure. Therefore, the pressure 
often represents the limiting factor.15 The majority of experiments are still performed at 
room temperature, albeit it is well known that higher temperatures decrease the viscosity of 
the mobile phase, leading to a decrease in pressure. This can allow more easily the use of 
longer columns and/or smaller particles, improving the separation power.65  
A measure for the separation power is the peak capacity, described as the maximum 
number of peaks that can theoretically be separated in a defined system. It is calculated by 
dividing the gradient time by the peak width at 4σ (= peak width at 13.4% height). State-of-
the-art RP columns provide a peak capacity of several hundreds,19, 41, 66  depending on their 
length and the gradient slope. A predicted maximum achievable peak capacity in single-
dimensional (1D) RP-LC is within the range of 1400-1600.67  
Various strategies have been proposed for LC peak capacity improvements in one-
dimensional approaches: (i) decreasing the gradient slope (when column length is fixed), 
(ii) increasing the column length (L) with proportional increase in gradient time, and (iii) 
employing columns with smaller internal diameter and packed with smaller sorbent 
particles.67 The first two strategies have diminishing returns, because the gains in peak 
capacity are not linear with the increase in analysis time and column length.19 The third 
strategy could be more powerful since sufficiently small i.d. columns can provide higher 
separation efficiencies as well as optimized ESI sensitivity.41 However, their use presents 
several technical issues that have to date effectively precluded the routine use of <50 
microns i.d. LC columns. First of all, the fabrication of columns with i.d.’s less than 30 µm 
is extremely difficult. One issue associated with the fabrication of small i.d. columns is the 
agglomeration of particles, which can prevent successful packing.41 Effective preparation of 
small i.d. columns requires smaller diameter particles (below 3 µm) that are highly uniform. 
Since nonporous particles have lower particle size deviation compared to porous particles, 
they represent the material of choice when very small i.d.s are chosen, at the cost of 
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reduced sample loading capacity. The second major obstacle related to the use of smaller 
i.d. columns packed with smaller particle sizes, as mentioned above, is the increased back 
pressure, also during the packing procedure. In general, the back pressure created by a 
column is inversely proportional to the cube of the packing material diameter, thus smaller-
diameter columns can easily exceed the maximum operating pressure of conventional 
HPLC systems (400 bar). The prospects of increasing the separation power using smaller 
particles was the main driving force to develop high pressure systems capable of working in 
the regimen of 1000 bar. Special pumping equipment is required to operate such systems, 
called ultra-performance liquid chromatography (UPLC). We refer to the excellent review 
of Jorgenson for more details.68 Even though the use of columns with small i.d.s and small 
particles working at high pressures is not yet standard, several approaches have proven high 
potential in terms of separation power.19, 69 Already, more than ten years ago, the group of 
Jorgenson used 30 µm i.d. columns of up to 66 cm length packed with 1.5 µm nonporous 
C18 silica based particles, resulting in highly efficient separations. In order to achieve an 
optimum flow rate for the separation, they chose to operate the system at approximately 
1400 bar, while applying the maximum pressure achievable (up to 4100 bar) they reduced 
the analysis time, but partly compromised the separation power.70 In a follow-up study, 
they used 33 µm i.d. columns with a 27 cm length, packed with 1.0 µm nonporous C18 
silica based particles, and demonstrated a peak capacity of 300 for a 30 min analysis of a 
tryptic ovalbumin digest.71 A peak capacity of over 1000 has been shown by Shen et al. 
after 180 min analysis of a tryptic yeast protein digest on a 87 cm x 19.8 µm i.d. column 
packed with 3 µm particles with a pore size of 300 Å.41 A few years later the same group 
analyzed a tryptic digest of Shewanella oneidensis and reached a peak capacity of 1500 in 
2000 min (33.3 h) by the use of a 200 cm x 50 µm i.d. column packed with 3 µm particles 
with a pore size of 300 Å.72 All these promising applications show that this approach 
probably represents a bright future in peptide separation strategies.  
An RP separation using 75 µm or 100- µm columns packed with 3-5 µm particles at 
nanoliter flow rate regime (200-300 nL/min) provides, at present, the predominant approach 
for miniaturized systems. A set of parameters that can be relatively easily achieved packing 
in-house columns. Such columns are now also becoming available in chip form73, 74 which 
allows a broader group of researchers to effortlessly build and operate nanoLC systems.  
An appealing alternative that potentially avoids the difficulties of packing traditional C18 
columns is the use of silica-based monolithic columns thanks to their robustness, versatile 
surface chemistry, high column efficiency and fast separation. The permeability of 
monolithic columns is much higher than for packed C18 columns as a consequence of the 
presence of large macropores, which permit increased flows through the monolith and, thus, 
lower pressure requirements.75 Their use has great advantages when increasing column 
length and decreasing inner diameter. Luo et al. reported the preparation and applicability 
of a long (70 cm) silica-based monolithic columns with i.d. of 20 microns76 and, 
subsequently, a shorter 25 cm with 10 microns i.d. column,77 providing high efficiency in 
separation at low back pressure. In contrast, the group of Tanaka used extreme long 
columns with larger i.d.s. They connected three C18 silica based monolithic columns of 
100 µm i.d. (total length of 11-12 meters), reaching 1 million theoretical plates. They 
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further reported a peak capacity of 380 in 215 min by the use of a 3 meter column.78 
Recently, Iwasaki et al. used a 3.5 meter-long silica based monolythic column (100 µm i.d.) 
at ambient temperature, with pressures less than 200 bar, resulting in a peak capacity over 
600 during a 41h gradient.79 However, monolithic columns suffer from some important 
limitations: first, each synthesis is unique and not easily standardized, resulting in a low 
column-to-column reproducibility; second, monolithic columns can be easily overloaded, 
which may represent a serious obstacle when high sample amounts are being injected. 

RP in multidimensional strategies 

Although relatively complex mixtures can be handled by RP because of its excellent 
resolving power, reproducibility and efficiency, peptides analysis in shotgun experiments is 
still limited when using one-dimensional RP-based approaches. An efficient way to address 
the limited peak capacity is to integrate RP as part of a multidimensional separation 
strategy. Various combinations of orthogonal separation methods have been employed for 
more comprehensive analyses, as reported in other excellent reviews21, 80  
The use of two identical chromatographic separations does not represent an ideal approach 
to increase the overall resolving power. Thus, the combination of RP as both first and 
second dimensions in 2D-LC strategies does not look promising at first glance, due to the 
primarily hydrophobic-based retention in both dimensions. However, the selectivity for 
peptides under RP separation, among hydrophobicity, can be modulated by varying other 
factors, such as type of stationary phase, mobile phase pH, choice of organic modifier and 
ion pairing reagent. Some of these parameters might be helpful to achieve a higher degree 
of orthogonality in 2D-LC configurations. For instance, the effect of changing the type of 
stationary phase has been investigated using different functionalities, such as C18, phenyl, 
or pentafluorophenyl (PFP).23  
The evaluation of their selectivity showed a high correlation, thus the combination of two 
different types of RP columns provides only a limited orthogonality and is not suitable for 
2D-LC applications.23 In contrast, the impact of the mobile phase pH has a more 
pronounced effect on altering peptides selectivity than the stationary phase.81-84 Since 
 

Table 1. Internal pKa values of the side chains of different amino acids and the N- and C-terminus as measured by 
different groups.86 

 
pKint 

(Nozaki&Tanford)85 
pKint 

(Thurlkill)86 
pKint 

(Gurd Lab)87 
pKint 

(Wuthrich Lab)88 

α-Carboxyl 3.8 3.7 3.3 x 

Asp 4 3.7 3.9 3.9 

Glu 4.4 4.25 4.2 4.2 

His 6.3 6.5 6.8 6.9 

a-Amino 7.5 8 8.1 x 

Lys 10.4 10.4 10.5 11 

Arg 12 x x x 
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Figure 3. Charge states of individual residues in the peptide XXHXXpSXXKPXXDXEXXR at pH3, pH7 and 
pH10. Red indicates a positive charge and blue indicates a negative charge. P in lowercase refers to 
phosphorylation. Letters in brackets indicate that the charge state is undefined. The charges were drawn based on 
the internal pKa values of the individual residues.  

peptides are charged molecules comprised of ionizable basic and acidic functional groups, 
the change of mobile phase pH also affects their retention behavior. Neutralization of a 
charged residue decreases its hydrophilicity or increases its hydrophobicity and, 
consequently, leads to a better retention.  
Thus, the pH is a potent tool to obtain more orthogonal separations and can be integrated in 
a 2D RP-RP approach based on the use of different pH values of the mobile phase in the 
first and second dimension. Gilar et al.23 evaluated the impact of pH on peptide selectivity 
under RP separation using different pH conditions, ranging from 2.6 to 10. They showed 
that acidic peptides are more retained at low pH where the carboxylic acids are 
protonated/neutralized (increased hydrophobicity), while basic peptides are better retained 
at high pH, due to the deprotonation/neutralization of basic residues. In this respect the  
 

 
Figure 4: Normalized retention time plot showing the 
impact on the pH on achieving orthogonality in RP-RP 
separation. Adapted from Gilar et al.81 

internal pKa values of the side chain 
functionalities play a major role, as they 
indicate at which pH value a moiety is 
charged or not (see table 1).  
The comparison, by Gilar et al., between 
LC systems operating at pH 2.6 versus 7.8, 
8.5, or 10 showed that greater orthogonality 
was reached when a wider pH gap was 
used. This might be the result of the change 
in the protonation state of the primary 
amine of the N-terminus (pKa between 8 
and 10) and histidine residues (pKa app. 6). 
The total deprotonation of histidine and the 
partial up to total deprotonation of the N-
terminus at a pH of 10 change the 
hydrophobicity, whereas at a pH of 7.8 or 
8.5 the N-termini may be still protonated 
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(see figure 3). Taking into account these results, Gilar et al. designed a RP-RP 
bidimensional system using pH 10 in the first and pH 2.6 in the second dimension, 
employing columns with identical (C18) packing material, and confirming that the 
orthogonality was solely dictated by the pH effect.23, 81 
Nevertheless, the orthogonality of RP-RP in multidimensional systems needs further 
improvements. A strategy to address this problem was recently proposed by the group of 
Zou.89 This mainly theoretical approach is based on 2D high pH-low pH RP-RP combined 
with a new fractionation plus pooling scheme where the early fractions are pooled with late 
fractions and then analyzed in the second RP dimension. In this way the separation space in 
the second dimension is used more efficiently and, as a consequence, the orthogonality is 
increased.89  
Each RP-RP approach suffers from certain limitations, for instance the incompatibility of 
mobile phases due to the high organic content employed for the elution in the first 
dimension, which makes it difficult to design the 2D system in an on-line format. 
Therefore, off-line strategies are usually favorable, based on a partial evaporation of the 
collected fractions to decrease the organic content prior to the second dimension in order to 
minimize sample losses. A major concern related to the use of alkaline pH with silica-based 
stationary phase is the long-term stability of the column and the loss of performance during 
extended use, which may be tackled by using more pH-resistant polymer-based stationary 
phases, such as PS-DVB83 or specifically end-capped silica particles.23 
In summary, the 2D RP-RP approach has in our opinion great potential to play a major role 
in the future, due to the high resolving power of RP in both dimensions and the relative 
high orthogonality (comparable to SCX) as long as the difference of pH in the two 
dimensions is kept high (pH 10 and pH 2.6).23 

ION EXCHANGE CHROMATOGRAPHY 

Ion exchange chromatography (IEX) has been used for peptide separation on HPLC 
systems for a number of decades.90-94 The separation is mainly based on Coulombic 
interactions between charged groups of the analyte and the charged stationary phase. In 
order to elute the peptides salts are generally mixed into the mobile phase. The salt’s cation 
or anion population competitively displaces the peptide. A higher concentration of salt is 
required for stronger bound (more highly charged) peptides. Elution can also be conducted 
by a change of the mobile phase pH in order to neutralize or invert the charge of the analyte 
and/or the stationary phase. Principally, there are two main forms of IEX; cation exchange 
(CX) and anion exchange (AX). 

Strong Cation Exchange-RP 

Cation exchange (CX) materials were proven applicable for separating peptides in the 
1980’s91-94 and the first attempts in two dimensional peptide separations containing an CX 
step were also conducted in these times.95 Over the last decade, the combination of CX with 
RP has been the most popular multidimensional approach for peptide separation. In CX the 
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stationary phase has an anionic functional group that enables binding of molecules with 
cationic groups. In strong cation exchange (SCX) chromatography the functional groups are 
strong acids, which enables to work at a wide pH range. The most common functional 
groups in SCX materials are sulfonic acid derivatives. Due to the low pKa value of the 
sulfonic acid group, these materials can be utilized at very low pH without losing their 
binding capacities. The application of weak cation exchange (WCX) materials on the 
contrary is restricted to a smaller pH range (above approx. pH 5), which explains its rare 
use in shotgun proteomics. Working at a low pH of approximately 3 is common in SCX of 
peptides. Here, the carboxylic acid of the side chains of aspartic and glutamic acid, as well 
as the C-terminal carboxylic acid, are neutralized by protonation and the basic sites are 
positively charged, as visualized in Figure 3. This results in most of the tryptic peptides 
having a positive net charge, which enables binding to the anionic SCX material. 
IEX and thus SCX separate predominantly based on charge, whereas RP-LC separation is 
based on hydrophobicity. The two different modes of separation lead to a high 
orthogonality and thus make these two techniques good partners for two dimensional 
separation approaches.23 When SCX is combined with RP, in general, SCX is used as the 
first dimension. The two main reasons are the excellent compatibility of RP-LC with mass 
spectrometry and that the method with the highest separation power is applied as last 
dimension.67, 96  
Figure 5 illustrates that the separation power of RP is better than SCX and illustrates that 
peptides elute in clusters depending on their charge state in SCX whereas they are more 
evenly distributed in RP. Determination of the separation power of SCX and RP-LC has 
been conducted by Gilar et al.23 For SCX they determined peak capacities of 63, 85 and 113 
using 20, 40, and 80 min gradients, respectively. In Gilar’s study RP-LC reached over 350 
for a 100 min gradient,67 and, furthermore, higher values can be reached when working 
with ultra-high pressures. For example Köcher et al. managed a separation of 700 when 
utilizing 2 µm material in combination with ultra-high pressure and gradients of up to 10 
hours.19 Further information on the achievements in RP chromatography are given in the 
previous section about RP chromatography. 
SCX-RP has been applied to a great number of research topics. Numerous proteomes or 
subproteomes of bacteria,97 fungi,29, 44, 98 animals73 and plants99 have been analyzed by  
 

 
 
Figure 5. Chromatograms of a mixture of bovine serum albumin and bovine casein separated by RP and SCX. The 
gradient time was approximately 30 minutes for each separation. 
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SCX-RP and the identification of thousands of proteins is now standard, as exemplified by 
the analysis of human embryonic stem cells, which resulted in the identification of over 
5000 proteins even using a highly conservative Mascot score cutoff of greater than 35.100 
The easiest way of combining SCX and RP is by constructing an offline setup like the 
original from Takahashi et al..95 Here, the sample is first separated by SCX and fractions 
are collected, as depicted in Figure 6. As a consequence there is a great variability, as SCX 
separation and RP are conducted completely independent from each other. Thus, there are 
no limitations in the SCX separation. The SCX column dimensions can be chosen 
depending on the sample amount to be analyzed and the optimum flow rate can be used. 
Also, all common buffer system can be utilized for SCX, due to the possibility to remove 
unwanted constituents prior to RP-LC-MS analysis. Thus, non-MS-compatible phosphate 
buffers and salts like sodium or potassium chloride are often applied for elution and the 
collected fractions are desalted prior to MS analysis. Furthermore, acetonitrile is commonly 
added to the mobile phases of the SCX separation. The addition of acetonitrile to the 
buffers reduces the unspecific binding to the support material. As a consequence the 
influence of the hydrophobicity of the peptide on the retention can be minimized,101 and 
thus the separation is mainly based on the net charge of the analyte, which increases the 
orthogonality in SCX-RP. Thus, often, more than 20% acetonitrile is part of the SCX 
buffers in offline setups.23, 29, 49, 67 After the SCX separation the acetonitrile can be removed 
by concentrating the sample by vacuum centrifugation.  
 

 
 

Figure 6. Different instrumental setups for two dimensional separations applying SCX and RP. a) In an offline 
setup the sample is first separated by SCX and fractions are collected. The fractions can be processed if needed 
and are subsequently separated by RP-LC and analyzed by MS. b) An example of an online column switching 
setup. The sample is first loaded onto the SCX column and step wise eluted onto the trap column. The sample is 
first desalted and subsequently eluted onto the analytical RP column followed by MS analysis. c) In the MudPIT 
approach the SCX and RP material are in one capillary that also functions as spray tip for direct MS analysis. In 
the triphasic setup an additional RP phase is packed before the SCX and functions as a trap for desalting the 
sample prior to SCX-RP-MS. d) Chromatograms of a MudPIT analysis. Each color indicates the RP separation 
after one salt step. c) and d) adapted from Yates et al.44 
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Furthermore, additional steps like phosphopeptide enrichment can be conducted between 
SCX and RP.73 An additional great advantage of an offline approach is that selected 
fractions of interest can be concentrated, further processed, analyzed, reanalyzed or stored 
until further needed. The biggest disadvantage of the offline approach are the sample losses, 
due to the sample handling between the different dimensions. 
In addition to the offline setup, various online setups have been used for SCX-RP of 
peptides. The online-approaches can be further divided into column-switching and 
multidimensional protein identification technology (MudPIT) systems. In the late nineties 
the group of Yates provided the blueprint of two dimensional chromatography for 
proteomics, when they introduced MudPIT.44, 98 Here, the SCX column and the subsequent 
RP column are combined in one fused silica capillary needle that is directly connected to 
the mass spectrometer and also acts as an ESI emitter (Figure 6c). In MudPIT the sample is 
first trapped on the SCX phase. The peptides are partially eluted from the SCX onto the RP 
phase by increasing salt steps. In between the salt steps, the peptides are eluted into the 
mass spectrometer by the use of an acetonitrile gradient (Figure 6c and d).  
MudPIT has the major advantage that the whole procedure is automated and in general this 
reduces the time of the total analysis. In addition, sample loss is reduced as the sample is 
directly transferred from the first dimension to the second. One disadvantage of MudPIT is 
the limited sample amount that can be loaded. Furthermore, the loaded sample needs to be 
desalted prior to loading to the system. In order to desalt online a triphasic column (RP-
SCX-RP) as depicted in Figure 6c can be utilized. The additional RP material acts as a trap 
and is used to desalt the sample prior to the SCX-RP separation.102 In the initial description 
of MudPIT in which it was named integrated direct analysis of large protein complexes 
(integrated DALPC), nonvolatile salts (K2HPO4 and KCl) were used,103 which turned out to 
be problematic in combination with MS.44 Soon, they were substituted by volatile salts like 
ammonium acetate.44, 69, 98, 102 Besides the advantage to be the easiest online setup, the 
major drawback is the limited lifetime of the MudPIT columns and the general risk of 
online approaches that if an error occurs during the long run a great part of the sample 
might be lost. The original setup has been further developed in the last few years by 
creating a triphasic column (RP-SCX-RP) as mentioned.102 Another development is the 
combination of ultra-high pressure (UHP) LC, operating at >1300 bar, with MudPIT (UHP-
MudPIT).69 Still, UHP is a relative new technique and not easy to operate. Furthermore, 
operating a triphasic UHP-MudPIT setup at elevated temperatures has been shown 
beneficial compared to operating at room temperature. The most identifications were 
achieved at a temperature of 45°C. By analyzing the cytosolic and membrane fraction using 
a 45 cm column and a 20 hour 6-step MudPIT at 45°C, 46% of the proteome of Escherichia 
coli could be identified which corresponds to almost 1900 proteins.97  
In addition to pure SCX materials, mixed bed columns have been tested in MudPIT for 
their advantages over standard SCX-RP. Mixed bed columns combine at least two different 
modes of separation in one column, by mixing particles with different selectivity. 
Motoyama et al. investigated the use of weak anion exchange (WAX) and SCX material in 
a mixed bed.50 They used a triphasic MudPIT setup and compared solely SCX (RP-SCX-
RP) and WAX (RP-WAX-RP) with different blends of WAX and SCX (RP-WAX/SCX-
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RP). Blends of WAX and SCX material in a ratio of 1:2, 1:1, 2:1 and 5:1 were tested. In 
addition, WAX and SCX columns were connected in tandem and compared against the 
triphasic MudPIT setups. Out of all the 2:1 WAX:SCX blend led to the greatest increase in 
peptide identifications. In addition, they observed an improved orthogonality with the 
mixed bed compared to solely SCX. They stated that the increased orthogonality most 
likely contributes significantly to the improved identification rate.50  
In column-switching based online approaches, the SCX and the C18 column are connected 
via switching valves, as depicted in the example in Figure 6b. Opiteck et al. were one of the 
first to build an SCX-RP online system to analyze whole proteins coupled to MS.46 Since 
then, diverse setups were constructed to connect SCX and RP-LC-MS. Often in these 
setups trap columns are integrated between the SCX and RP-LC. The trap columns enable 
desalting and in consequence the use of common non-volatile buffers and salts for elution 
in the initial SCX. In addition, the integration of trapping columns enables the 
concentration of the sample and thus gives more freedom in the flow rates applied for the 
initial SCX separation.104 Furthermore, results can differ when a pump is used to deliver the 
buffers for gradient elution from the SCX105 or step elution is conducted by injection of 
SCX elution buffer with defined salt concentrations. In any case the two separation 
techniques need to be adapted to each other which makes these setups very complicated and 
not appropriate for routine applications. Still, the advantages of reduced sample loss, 
relative fast analysis due to automation and the applicability to minor amounts of sample, 
led to these exciting developments.  

SCX-RP for the Enrichment of Post Translational Modified Peptides 

In addition to the separation of regular peptides, SCX has been optimized to enrich for 
certain classes of post translationally modified peptides. The most prominent example is the 
enrichment of sub groups of phosphorylated tryptic peptides, which was first conducted 
with SCX by the group of Gygi.73 Here, the pH of the SCX buffers are kept at 
approximately 3.  
In this pH range carboxylic acid residues, being predominantly protonated as their pKa 
value is higher than three (Table 1),86 do not contribute to the net charge of the peptide, 
whereas the phospho-sites are still negatively charged and reduce the net charge by one in 
comparison to their unphosphorylated counterparts, as depicted in Figure 3. The difference 
in net charge state enables the separation of phosphopeptides from their non-
phosphorylated counterparts. Thus, enrichment of pools of phosphopeptides that do not co-
elute with lower charged regular peptides is possible.49, 73, 105, 106 These pools are multiply 
phosphorylated peptides and singly phosphorylated peptides, that contain only a single 
basic amino acid. Singly phosphorylated peptides with more than one basic amino acid 
have the same net charge as non-phosphorylated peptides with one basic residue less. Thus, 
these classes of phosphopeptides co-elute with regular peptides and need further enrichment 
where immobilized metal affinity chromatography (IMAC)107, 108 or TiO2

109-111 is most 
common. 
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Figure 7. Distribution of 
singly (red) and doubly 
(green) phosphorylated and N-
terminal acetylated (violet) 
peptides in the early fractions 
of an SCX separation at pH 
3.106, 115 

The enrichment of N-terminal acetylated peptides is also possible with SCX at a pH of 3.106, 

112-115 N-terminal acetylated peptides have a reduced net charge due to the neutralization of 
the basic N-terminus by acetylation. Thus, N-terminal acetylated peptides with only one 
basic amino acid can be separated in the same way, as described for the phosphorylated 
peptides. It is even possible to separate the N-terminal acetylated peptides from singly 
phosphorylated peptides, as depicted in Figure 7, even though they have the same net 
charge.106  
One explanation is, that the orientation of the peptide also has an influence in the separation 
in SCX. Alpert et al. demonstrated that the carboxyl-group of the C-terminus interacts with 
the C-terminal basic residue of tryptic peptides and in consequence the N-terminal amino 
group has a higher exposed basicity. Thus, the N-terminus of regular and phosphorylated 
peptides is oriented towards the stationary phase.116 In the case of N-terminal acetylated 
peptides, it can be assumed that the orientation changes, due to the loss of basicity at the N-
terminus. Now the less basic C-terminus is orientated towards the stationary phase, which 
would be a good explanation why N-terminal acetylated peptides retain less compared to 
phosphorylated peptides (as depicted in Figure 7).  

Anion Exchange-RP 

The second form of IEX is anion exchange (AX). AX was also proven applicable for 
separating peptides already in the 1980s.90 Anion exchange (AX)-RP has also been used for 
multidimensional approaches since the 1980s117, 118 and was soon been automated and 
miniaturized.119  
Inversely to CX, in AX the stationary phase contains positively charged residues that 
undergo Coulombic interactions with anionic sites of the analytes. Even though peptides 
have acidic residues the separation of peptides by anion exchange is less common. This 
might be due to the fact that theoretically over 29% of human tryptic peptides will have a 
neutral or basic net charge at a pH lower than 8.5 and thus, these peptides are not expected 
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to be retained by AX.120 The reason for this are the high pKa values of the side chains of 
lysine and arginine, as given in Table 1.86 Thus, when working at a pH of 8.5, lysine and 
arginine are still positively charged. If no additional acidic residues (besides the C-
terminus) are present in the peptide the C-terminus is the only acidic residue present and the 
net charge of the peptide is zero or even positive when the peptide has missed cleavages. As 
a consequence these peptides do not bind in anion exchange.  
Similarly to CX, AX materials are divided into strong anion exchange (SAX) and weak 
anion exchange (WAX) materials, where the functional group is a strong base in SAX, such 
as, trimethyl amine, while in WAX bases like diethylaminoethyl are used as functional 
groups. SAX is in general more popular, due to it being applicable also at high pH values, 
whereas WAX has a more limited pH range.  
AX is a very useful tool for specific separation and enrichment of acidic peptides, like from 
acidic proteins from brain118 or phosphorylated peptides.49, 120-124 The phospho-group adds 
up to two negative charges to the peptide, depending on the pH. The additional negative 
charges causes the net charge of phosphopeptides (without missed cleavages) to be negative 
and as a consequence enables their retention on AX materials (Figure 8). Several 
phosphopeptide enrichment and separation methods have been developed that mainly apply 
SAX materials in combination with pH step121 or gradient elution.120, 122, 124 Due to the 
obvious bias of AX towards acidity, AX has been combined with SCX in various ways in 
order to complement each other.48, 49, 122, 125 Dai and coworkers have used SCX as a first 
dimension in their offline approach. The elution was conducted by different pH steps 
ranging from a pH of 3 up to a pH of 10. The SCX flow through (pH 2.5) was further 
separated with SAX followed by RP of all SCX and SAX fractions. The parameters for 
each step were carefully chosen, as the solvent conditions for the SCX separation were 
chosen in a way that the flow through of the SCX is dominated by acidic peptides including 
most of the identified phosphopeptides and SAX is well suited to separate this pool of 
peptides. In this way they improved their SCX dimension by further separating a pool of 
low resolved peptides with SAX.48 Recently, Hennrich et al. showed that weak anion 
exchange (WAX) at a low pH is especially suited to further separate phosphopeptides from 
early SCX fractions. In contrast to the approach from Dai et al. Hennrich et al. used a 
refined SCX which was conducted at a pH of 3 and applied a salt gradient for elution. This 
setup leads to some fractions enriched for singly phosphorylated peptides (Figure 7).106 
These two to three fractions contain thousands of phosphopeptides. One of these fractions 
was further separated by WAX in order to overcome issues of dynamic range and 
complexity. The WAX was conducted at a constant pH of approximately 3 and a salt 
gradient was applied for elution. Using this offline SCX-WAX-RP approach over 11,000 
unique phosphopeptides could be identified only from this subpopulation of the total 
phosphoproteome.49 
A complete online 3 dimensional system has been developed by Zhou et al. (Figure 8).126 
They combined RP at high pH with SAX and RP at low pH and compared it against RP-RP 
high-low pH. The use of SAX as intermediary step also allowed the solvent 
incompatibilities of the two RP steps to be circumvented. They observed an increased 
identification rate with RP-SAX-RP compared to RP-RP when analyzing complex 



Chapter 2 

Page | 54 

proteomes of Escherichia coli and Saccharomyces cerevisiae. In addition, they found that 
sampling 101 instead of 51 fractions to the final RP dimension, adds less than 5% protein 
and 6% unique peptide identifications.126 This is very valuable information and should be 
tested when a multidimensional separation is first constructed, in order to identify the 
optimum compromise between experiment time and proteome coverage. In a follow up 
study the same group applied the RP-SAX-RP approach to phosphopeptide analysis. They 
achieved a peak capacity of over 3500 in 126.5 hours leading to approximately 12,000 
phosphopeptide identifications.127 
In addition AX-RP mixed mode columns have been applied for peptide separation. Mixed 
mode columns combine at least two different modes of separation in one column. In mixed 
mode columns two or more chemical groups with different binding specificities are 
combined in the uniform stationary phase.128 Phillips and coworkers used a commercially 
available mixed mode column in a two dimensional setup. They applied the mixed mode 
column as first dimension and compared it to a standard SCX column. The mixed mode 
column combined an anion exchange (AX) and RP functionality and was used in an offline 
setup. As the separation with the RP/AX stationary phase is based on hydrophobic and 
electrostatic interactions, a gradient with an increase in acetonitrile (3%-80%) in 
conjunction with a decrease in buffer concentration (20 mM ammonium formate to 2 mM 
ammonium formate) and pH (6.5-2.5) was applied. They observed an increase in peptide 
separation efficiency and a more homogeneous distribution of tryptic peptides with the 
RP/AX column when compared to SCX. In addition, the RP/AX setup resulted in an 
increase of at least 50% on unique peptide identification.128  

 

Figure 8: Schematic diagram of an automated, online nanoflow RP-SAX-RP system. The autosampler first loads 
the sample and is then used to inject the elution buffers for the first- (acetonitrile, orange) or the second- (KCl, 
blue) dimension, respectively. Second dimension fractions are diluted (4:1) and acidified with reversed phase 
solvent A (0.1% formic acid, 3% acetonitrile) introduced by an ultrahigh-pressure (UHP) binary pump. An 
additional six-port valve provides a vented third dimension column configuration and allows concentration of the 
peptides on the precolumn. An organic gradient is delivered by the UHP binary pump to elute peptides from the 
third dimension column for MS/MS analysis. Adapted from Zhou et al.126 
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HYDROPHILIC INTERACTIONS LIQUID CHROMATOGRAPHY (HILIC) 

The term HILIC was coined by Alpert in 1990129 to describe normal-phase chromatography 
with water miscible mobile phases to separate hydrophilic compounds, such as proteins and 
peptides, but separations using these conditions were originally described by Linden et al. 
already in 1975, where a polar stationary phase and a relatively high water containing 
mobile phase were employed for carbohydrate separation.130  
The exact separation mechanism in HILIC is still not fully understood but the hydrophilic 
partitioning model can be used to adequately rationalize many trends observed in analyte 
retention.129 A sufficiently polar stationary phase and a typically low aqueous mobile phase 
(5-20 % water in ACN)129 are employed in order to create a water-enriched liquid layer 
around the polar stationary phase. The separation is achieved by partitioning of analytes 
from the dynamic mobile phase into this stagnant aqueous layer around the stationary 
phase.129, 131 The elution is then obtained by increasing the hydrophilicity of the mobile 
phase through increasing the water content. Factors governing the retention are both 
hydrogen bonding,132 the extent of which depends on the acidity and basicity of the 
peptides, and dipole-dipole interactions, which depend on the dipole moments and the 
polarizability of the analytes.129 In HILIC, the retention of peptides increases with 
increasing polarity or hydrophilicity of peptides and stationary phases, opposite to the trend 
observed in RP. However, the order of elution upon HILIC separation is not simply the 
reverse of RP, showing elution trends related to a set of physicochemical properties rather 
than simply hydrophilicity. Several papers and reviews have attempted to examine the 
variables involved in peptide retention under HILIC conditions,131-134 but the exact retention 
mechanisms of HILIC are largely determined by the individual stationary and mobile 
phases in use, the type and concentration of salts and the pH.135, 136 
The most common stationary phases applied for peptide separation in HILIC mode include 
underivatized silica that contain functional groups such as siloxane, silanols and a small 
quantity of metals, 137, 138 and derivatized silica, which can be neutral stationary phases, 
such as TSKgel Amide-80;134 ionic stationary phases, such as the weak cation echanger 
Polycat A,139 the cation exchanger polysulphoethyl A,129 the weak anion exchanger 
PolyWAX;123 zwitterionic stationary phases, such as ZIC-HILIC140, 141 and ZIC-cHILIC.53 
Each of these materials is capable of generating a semi-immobilized aqueous layer on their 
polar surface.129 However, different stationary and mobile phases display different retention 
characteristics, and the type of salt employed can also influence the retention behavior.142 
When peptide separation is performed using a neutral hydrophilic TSKgel Amide-80 
stationary phase, the primary interaction is hydrogen bonding and the retention is mostly 
based on the overall hydrophilicity of the analytes. 134, 143 The main advantage of this kind 
of stationary phase is the use of salt-free buffers, since the elution is obtained by solely 
increasing the polarity of the mobile phase (higher ratio water/organic solvent). Thus, this 
separation mode is directly compatibility with MS detection or any further step of 
separation in multidimensional strategies when HILIC is used as first step.  
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With ionic stationary phases, besides polarity, electrostatic interactions can also play an 
important role in increasing the selectivity for peptides,129, 131 but the downside of those 
ionic interactions is the need of higher salt concentration in the buffer to disrupt these 
interactions and to obtain the elution,137 which may cause dramatic ionization suppression 
and negative effects with MS detection. The choice of salts is however limited by their low 
solubility in highly organic buffers,136 and ammonium formate and acetate are typically 
chosen for their better compatibility with MS. A novel method utilizing ‘saltless’ pH 
gradient with a WAX-HILIC chromatography was described for the automated on-line 
separation of hypermodified histone peptides, directly introduced via nanoelectrospray into 
the mass spectrometer, improving the ionization and sensitivity during the MS analysis.144 
 

 

 
Figure 9: Analyses of 
peptide characteristics 
observed in ZIC-cHILIC 
fractions at a pH of 3.5 
and 6.8 analyzing the 
effect of basicity, acidity, 
net charge, polarity, and 
number of missed 
cleavages on HILIC 
retention time. Adapted 
from Di Palma et al.53 

When zwitterionic materials are employed, a good compromise between selectivity and 
compatibility can be achieved since peptide separation involves both hydrophilic and 
electrostatic interactions,145 but the latter interactions are weaker compared to normal ionic 
exchangers and do not require high salt concentration for the elution.131 An advantageous 
property of zwitterionic stationary phases relies on the amphoteric character of their 
functional moieties, containing two oppositely charged groups in close proximity at a 
stoichiometric ratio, the charges of which are permanent and unaffected by pH changes. 
Hence, the optimization of the mobile phase pH is solely dictated by the analytes charge 
and represents a potent factor to modulate the interactions between charged peptides and 
the zwitterionic stationary phase. Changing pH within a specific range influences the 
ionization of peptides due to protonation or deprotonation of certain amino acids, affecting 
their hydrophilicity and, consequently, their retention in HILIC mode.51 Recently, two pH 
conditions, one neutral and one acidic, have been extensively evaluated with respect to their 
influence on peptides retention using a zwitterionic stationary phase (ZIC-cHILIC).53 It was 
shown that ZIC-cHILIC selectivity at pH 6.8 was mostly driven by the peptide 
hydrophilicity, consistently with the hydrophilic partitioning model, whereas at pH 3.5 the 
retention was governed by a stronger mixed-mode mechanism based on balanced 
hydrophilic and electrostatic interactions (Figure 9).  
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HILIC in multidimensional strategies 

HILIC is a relatively new player in the proteomics field, providing particular advantages in 
comparison to more established techniques. First, the high organic content of the buffer, 
together with the use of low salt concentration or volatile salts, makes HILIC highly 
compatible with ESI-MS, potentially increasing its sensitivity142, 146, 147 and suggesting that 
HILIC can be an interesting final dimension.148 Second, the ideal applicability for polar 
compounds allows the analysis of highly hydrophilic species that would be otherwise lost 
under RP analysis.149 Third, the high orthogonality or complementarity to RP makes HILIC 
a suitable candidate in multidimensional approaches for the analysis of complex samples.23, 

51 All these reasons have contributed to an exponential increase in the application of HILIC 
chromatography in proteomics, and especially in multidimensional strategies. Furthermore, 
HILIC can represent an excellent alternative to SCX as a first dimension, providing higher 
resolution53 and potentially allowing the enrichment of polar protein post translation 
modifications (PTMs),52 such as glycosylation,51, 150 phosphorylation143, 151 and N-
acetylation.51  
The successful combination of HILIC with RP in two-dimensional systems relies on their 
opposite direction of polarity on peptide retention. Intuitively, it would seem that these two 
modes of separation act simply with reverse mechanisms. However, HILIC 
chromatography is strongly affected by other factors, such as the ion-pairing effect, 
composition of the mobile phase, pH, stationary phase, and more than solely polarity 
contributes to the analytes’ retention.136 In fact, Gilar et al.23 have shown that HILIC has 
one of the highest degrees of orthogonality to RP of all commonly used peptide separation 
modes, such as SCX, RP at high pH and SEC. Boersema et al.51 further confirmed the 
competitive level of orthogonality for HILIC when compared to SCX, though a different 
stationary phase was employed, showing less clusters of similarly charged peptides, as 
highlighted in Figure 10. This behavior was explained on the basis of the mixed-mode 
interaction with the zwitterionic stationary phase, where peptides are on one side retained 
by charge, due to electrostatic interactions, and on the other side by hydrophilic 
partitioning, allowing a larger spread in the distribution of peptides with similar charge.  
Although aqueous-organic mobile phases of similar composition (a mixture of ACN and 
water) are employed for HILIC and RP, compatibility issues in 2D approaches would arise 
from differences in the elution strengths in the two modes. Mobile phases with high 
concentration of acetonitrile (ACN) employed with HILIC are strong eluents for RP; thus 
the hyphenation of HILIC with RP in on-line formats is not frequent as it would demand 
the use of larger second dimension columns in order to dilute the eluent from the first 
dimension. To overcome this problem, we53 recently designed an off-line 2D system based 
on the combination of zwitterionic HILIC and RP in nanoscale format, which represents a 
refinement from an earlier set-up developed by Boersema et al.51 In the new design, as 
schematically shown in figure 11, the HILIC eluent is directly collected during the 
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Figure 10: Normalized 
retention time plots for SCX-
RP and ZIC-HILIC-RP. The 
net charge of the peptides are 
indicated with (circle) 1+, 
(square)2+, (rhomb) 3+, and 
(triangle) >3+. (Left panel) 
SCX pH 3 versus RP; (right 
panel) ZIC-HILIC pH 3 versus 
RP. Adapted from Boersema 
et al.51 
 

 
separation as 1-min fractions into a 96 well plate already containing an acidified water 
solvent. Since the HILIC separation is performed at nanoliters per minute, the volume 
necessary to dilute the HILIC eluent is on the microliter scale and the fractions are 
sufficiently aqueous and large to avoid evaporation. This strategy could be also defined as 
in-line, as it is optimized to reduce sample handling, which cause sample loss and 
contamination, and to allow a direct analysis of the fractions with the subsequent RP-LC-
MS/MS. This 2D-ZIC-HILIC-RP approach combines excellent resolution in both first and 
second dimension with minimal sample loss, and allows for a more sensitive proteome 
analysis in comparison to current methods that require more input material. In fact, the 
analysis can be performed on a mere few micrograms of starting material, achieving 
proteome coverage comparable to ‘large scale’ strategies. To probe the sensitivity of this 
strategy with a real low scale-amount sample, we17 analyzed 10,000 FACS-sorted colon 
stem cells, directly after the extraction from the mouse intestine, allowing the identification 
of 15,775 unique peptides, originating from 3,775 proteins. A further comparison between 
the obtained proteome data and previous microarray experiments from the same colon stem 
cells confirmed the quality of the method, showing that 95% of the proteins detected in this 
study were also found to be expressed at the mRNA level.  
 

 

 

Figure 11. Schematic design of a 2 dimensional 
HILIC-RP approach.17 The sample is 
concentrated on a ZIC-cHILIC precolumn and 
subsequently separated at nanoliter flowrates. 
One minute fractions are directly collected into 
a 96 well plate already containing an acidified 
water solvent. Subsequently, the fractions are 
directly analyzed by RP-LC-MS with an 
implemented RP precolumn for desalting and 
enrichment. Adapted from Di Palma et al.53 
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HILIC for the analysis of PTMs 

Given the suitability for the separation of highly polar molecules, HILIC can be ideal in 
phosphoproteomics and glycoproteomics approaches, or in the targeted analysis of other 
PTMs such as acetylation, where it can represent an alternative enrichment technique or a 
chromatographic step in order to selectively reduce the sample complexity. For instance, 
Young et al. developed an effective on-line HILIC-MS method for the analysis of complex 
mixture of modified histone forms enabling to chromatographically distinguish isobaric 
modifications like trimethylation and acetylation and allowing the complete 
characterization of the human histones H3.2 and H4. 144 Since a general overview of HILIC 
applications for PTMs analysis was provided in an earlier review,52 here we report solely 
the latest endeavours in implementing HILIC in the phosphoproteomics and 
glycoproteomics fields. 
Phosphopeptides are in theory good candidates because of the increased overall 
hydrophilicity and their higher negative charge in comparison to regular peptides. McNulty 
et al.143 evaluated the contribution of HILIC in phosphoproteomics showing that this 
chromatography can be an optimal first dimension in multidimensional systems for the 
targeted analysis of phosphopeptides. They compared the combinations of HILIC (using the 
TSKgel Amide-80 stationary phase) and IMAC in different orders (HILIC-IMAC versus 
IMAC-HILIC) to establish which approach would be more effective for the selective 
enrichment of phosphopeptides. Though approximately the same number of peptides were 
identified with the two approaches, in the IMAC-HILIC experiment only 60% of the total 
peptides were phosphorylated, while the HILIC-IMAC strategy showed a very selective 
phospho-enrichment (higher than 99%). However, phosphopeptides were evenly distributed 
throughout the HILIC fractions indicating that HILIC chromatography alone, employing 
TSKgel Amide-80 stationary phase, cannot be used as an efficient enrichment strategy, but 
represents an ideal fractionation prior to any more specific phospho-enrichment approach to 
improve the selectivity. We53 investigated the use of two zwitterionic materials, ZIC-HILIC 
and ZIC-cHILIC, in phosphoproteomics. These two stationary phases exhibit an opposite 
charge spatial arrangement of their zwitterionic groups, with ZIC-HILIC possessing a 
negative charge as a distal moiety on the surface, while ZIC-cHILIC a positive charge. In 
theory, the more exposed positive charge on the surface of ZIC-cHILIC should 
electrostatically interact with the negatively charged phosphogroup of peptides, enhancing 
their binding and their retention. Since the phophopeptides were evenly spread all over the 
fractions in both cases, no obvious differences were found between the two zwitterionic 
materials, demonstrating that in this case the different charge arrangement on stationary 
phases did not affect the separation. In fact, the surface charge properties of this two 
materials have been studied through zeta-potential measurements showing that they both 
exhibit a negative surface charge at a wide range of pH, although their spatial arrangement 
should favor generating a positive charge.141 This result confirmed that HILIC itself is not 
an efficient enrichment approach for phosphoproteomics, requiring the combination with 
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more specific strategy. We also believe that it may be possible to increase the phospho-
selectivity by the addition in the mobile phase of hydrophobic ion-pairing reagents, such as 
TFA, in order to preferentially reduce the interactions of regular peptides with the 
stationary phase. 
Due to the high complexity and heterogeneity of protein glycosylation, the analysis of this 
PTMs is at the present a challenging task. The investigation of complex glycopeptide pools 
and the insightful glycan structural elucidation require good chromatographic separations in 
combination with glycoenrichment strategies.152 It is also common to enzymatically remove 
the glycans attached to the peptides or proteins prior to the MS analysis, thereby reducing 
the complexity and facilitating glycosylation site determination. Hägglund et al.153 
described an analytical method based on glycopeptide enrichment by HILIC (using 
microcolumns packed with ZIC-HILIC materials), followed by two different enzymatic 
deglycosylation strategies for a global proteome analysis of N- and O-glycosylation site 
from human plasma proteins. A modified protocol was reported by Thaysen-Andersen et 
al.154 to extend this technique for site-specific characterization of low amounts of N-
glycosilated proteins after immunoaffinity chromatography, followed by gel electrophoresis 
separation and in-gel digestion. The peptides obtained were further enriched for 
glycosylation using HILIC microcolumns, allowing a comprehensive glycoprofiling of the 
tissue inhibitor of metalloproteinases-1.  
For glycopeptides separation, Takegawa et al. already highlighted the potential of 
HILIC.155, 156 They showed that ZIC-HILIC columns allowed a high resolution separation 
of isomeric glycoforms based on structural recognition. Different glycopeptides containing 
neutral and sialylated N-glycans as well as released N-glycans were well separated.155, 156 
Wohlgemuth et al.148 recently described a scheme for glycopeptides profiling based on a 
ZIC-HILIC pre-enrichment followed by a 2D RP-ZIC-cHILIC separation employing 
monolithic capillary columns in both dimensions, showing that this two chromatographic 
techniques are complementary for glycopeptide separation and their combination 
considerably improved the site-specific elucidation of glycans. 
Mysling et al.157 described an efficient glycoproteomic approach based on ZIC-HILIC 
separation on a microcolumn format. They explored the use of different mobile phases in 
order to improve the selectivity of the method and highlighted that the use of an ion-pairing 
reagent such as TFA in the mobile phase notably increased the efficiency of glycopeptide 
enrichment (see figure 12). The use of TFA in the mobile phase acts as an ion pairing agent 
for the analytes as well as for the stationary phase. The effect on the zwitterionic stationary 
phase is a higher contribution of hydrophilic partitioning in the HILIC retention since the 
electrostatic interactions are suppressed by the ion pairing reagent. The effect on the 
analytes will be a larger hydrophilicity difference between glycosylated and non-
glycosylated peptides,158 with a preferential decreasing in hydrophilicity for ‘regular’ 
peptides. In spite of that, this ion-pairing-HILIC approach is solely applicable in off-line 
format due to the presence of TFA that reduces the MS sensitivity and significantly lower 
the pH of the mobile phase, affecting the long term stability of ZIC-HILIC silica based 
resins.   
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Figure 12: Glycopeptide enrichment from a peptide mixture derived from a tryptic digest of five glycoproteins 
(RNase B, ovalbumin, serotransferrin, fetuin, and R-1-acid glycoprotein). The digest was divided in three equal 
fractions and applied to IP2% FA, IP0.1% TFA, and IP1% TFA ZIC-HILIC SPE and the retained fractions 
analyzed using MALDI-TOF MS (A-C). Numerous signals in the low m/z region (m/z 1000-2500) were observed 
for the IP2% FA ZIC-HILIC SPE retained fraction, which most likely corresponded to nonglycosylated peptides. 
These analytes were depleted in the IP 0.1% TFA and IP 1% TFA ZIC-HILIC SPE retained fraction, and a number 
of signals in the higher m/z region were observed (m/z 3000-5000) corresponding to glycopeptides (assigned with 
asterisks (*)). Adapted from Mysling et al.157 

Alternative separation based on HILIC: ERLIC 

A special variant of HILIC that departs from merely partitioning and exploits additionally 
superimposed electrostatic interactions is called ERLIC (electrostatic repulsion and 
hydrophilic interaction liquid chromatography).123 An ion-exchange stationary phase is 
used with a highly organic mobile phase, similar to HILIC, in order to generate hydrophilic 
interactions with polar analytes. In this way, all peptides in a mixture would be retained 
through hydrophilic partitioning, despite charged peptides being repelled to some extent by 
similar charges present on the stationary phase. Since hydrophilic interactions, on one side, 
and electrostatic repulsions, on the other side, have opposite effects on peptide retention, an 
isocratic resolution of heterogeneous peptides can be achieved.  
The ERLIC separation, based on anion exchange chromatography in combination with 
hydrophilic interactions, has shown good resolving power and high orthogonality to RP; 
thus, it is especially suitable for first dimensional fractionation of peptides in 2D-LC 
settings. Hao et al.159 introduced an ERLIC-RP method for fractionating peptides based on 
both pI and polarity using a salt-free pH gradient of increasing water content. They 
compared this strategy to the traditional SCX-RP for the analysis of rat kidney tissue and 
showed that ERLIC outperformed SCX identifying 4821 proteins and 30 659 unique 
peptides. The dataset seemed to have a better representation of highly hydrophobic and 
basic peptides. They subsequently confirmed their results extending the strategy in a 
quantitative setting with iTRAQ labeled peptides.159 
The ERLIC technique has been recently introduced as a potential phosphopeptide 
enrichment method using a WAX column123 as an alternative to immobilized metal affinity 
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chromatography (IMAC) and Lewis acids, such as titania,160 and zirconia.161 Peptides 
containing phosphate groups maintain their negative charge even at pH values low enough 
to deprotonate acidic amino acids. This characteristic can be used to enhance the 
electrostatic interaction of negatively charged phosphopeptides with the positively charged 
ERLIC stationary phase, allowing their selective isolation from a peptide mixture. In 
addition, the retention is further improved by the use of a high concentration of organic 
solvents (ACN), promoting hydrophilic interactions of the polar phosphate group with the 
column. A salt and aqueous gradient is then used to gradually elute phosphopeptides.  
A comparative phosphoproteomic study of ERLIC versus SCX-IMAC has been reported 
for the evaluation of isolation/enrichment of phosphopeptides showing that, unlike SCX-
IMAC, the ERLIC approach achieved both sufficient enrichment of phosphopeptides and 
fractionation in one step, though SCX-IMAC outperformed ERLIC in the enrichment 
efficiency. The results revealed that only 12% of phosphopeptides were commonly 
identified in both strategies. The ERLIC approach enriched more selectively for multiply 
phosphorylated peptides with acidophilic motifs, while SCX-IMAC covered a wider variety 
of motifs, including acidophilic and basophilic. This study highlighted that the two methods 
are complementary to each other and should be used in combination to obtain a more 
comprehensive phosphoproteome coverage.162 To provide a more comprehensive view of 
different fractionation techniques in phosphoproteome analyses, Zarei et al.163 
systematically compared 3 different chromatographic techniques, ERLIC, HILIC and SCX, 
coupled to TiO2 as a specific phosphopeptide enrichment, evaluating the fractionation 
performance of each workflow based on the number of detected phosphopeptides, 
percentage of singly and multiply phosphorylated peptides, as well as their distribution over 
the applied gradients and number of incubation steps with TiO2. On the basis of all three 
methods, more than 5,000 nonredundant phosphopeptides were identified after one step of 
incubation with TiO2, of which 51.6% were detected only by SCX, 16.3% only by ERLIC, 
and 9.7% only by HILIC. The majority of phosphopeptides in SCX and HILIC were singly 
phosphorylated, 63% and 68%, respectively, whereas in ERLIC 69% were 
multiphosphorylated, confirming that ERLIC has a higher efficiency to bind and fractionate 
multiphosphorylated peptides versus SCX and HILIC. This can be attributed to the 
positively charged anion-exchange ERLIC stationary phase that binds multiphosphorylated 
peptides more strongly than monophosphorylated peptides. While the number of detected 
phosphopeptides in SCX-TiO2 was 2 times higher than in ERLIC–TiO2, the latter strategy 
can be applied as an optimal complementary method to SCX, as it proved to be especially 
suited for the fractionation of multiphosphorylated peptides. In contrast, a very low 
enrichment is observed by HILIC, as already shown in previous studies.53, 143 One reason 
might be the broad distribution of nonphosphorylated peptides over the gradient compared 
to ERLIC and SCX where nonphosphorylated peptides can be removed at the front and at 
the end of the gradient, respectively.  
Theoretically ERLIC can be applied for the enrichment of other types of protein post-
translation modifications, as far as they display sufficient charges, either negative or 
positive. The same group reported an optimized ERLIC-based protocol for the 
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simultaneous enrichment of glyco- and 
phosphopeptides from mouse brain 
membrane, providing the opportunity to 
study the interaction of two different 
PTMs.164 As phospho- and glycopeptides 
differ in their charge and hydrophilicity, 
their retention and elution profile would be 
different. Indeed, they found that 
phosphopeptides mainly eluted with an 
organic amount of approximately 70-60%, 
while the majority of glycopeptides did not 
elute until reaching a lower amount of 
organic solvent (30%). Thus, increasing the 
gradient slope with a wider range of organic 
solvent (from 70 to 25 % of acetonitrile) 
and optimizing the elution gradient, they 
allowed not only the enrichment of both 
phospho- and glycopeptides, but also a 
differential distribution of these two 
modified peptides in different fractions, 
whereas the phosphopeptides eluted earlier 
and the glycopeptides eluted mainly in later 
fractions (see figure 13). This approach 
resulted in the identification of 519 
glycoproteins and 337 phosphorylation sites 
from a relatively small amount of sample (3 
mg). In addition, the optimization of the 
sample preparation in combination with the 
efficient fractionation allows the 
identification of membrane 
phosphoproteins, which are particularly 
difficult to identify due to 

 

 
 
Figure 13. a, ERLIC chromatogram of 1mg of mouse 
brain tryptic digest. Forty fractions from 7 to 50 min 
were collected and then combined to seven final 
fractions as shown for b and c. Distribution of peptides 
in the seven collected fractions. b, average number of 
peptides, glycopeptides, and phosphopeptides 
identified in each fraction from six replicates. Error 
bars are the S.D. c, percentage of glyco- and 
phosphopeptides identified in each fraction. Adapted 
from Zhang et al.164 

their intrinsic higher hydrophobicity and low abundance of phosphopeptides. An interesting 
finding was that more than 40% of these membrane proteins were simultaneously 
phosphorylated and glycosylated, demonstrating that these two PTMs can modulate protein 
function in a cooperative way.  
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CONCLUSIONS AND OUTLOOK 

In conclusion, many different methods for peptide separation have been described in the 
last 30 years. Furthermore, all these separations are dramatically evolving. The question 
remains which approach is most suitable for an experiment. The choice is dependent on the 
analytical question, the available equipment, the amount of sample and analysis time 
available and the experience of the operators. Thus, it is not possible to suggest a general 
method for shotgun proteomics. Still, the following points need particular attention for 
creating a successful multidimensional setup: 

 a high orthogonality between the individual dimensions 

 a high peak capacity in each dimension  

 maintaining the peak capacity of the early dimensions 

 minimizing sample loss throughout the procedure 

We believe that the multidimensional setups of the future will focus on optimization of 
these points in order to further increase the total peak capacity of coming methods. The 
simplest multidimensional system to construct is an RP-RP, with SCX-RP being not far 
behind. The major reason for this situation is that these two separations are incredibly well 
established with vendors providing excellent choices. However, in recent years the promise 
shown by ERLIC, HILIC and mixed bed material have raised awareness and so the choice 
of multidimensional strategies will expand and become less straightforward.  
It should be mentioned that the majority of configurations discussed in this review will 
provide excellent results regarding proteome coverage and it is essentially the question of 
what sub proteome populations one wants to observe that will guide for a preferred 
strategy. Finally, massive improvements in the next few years are expected especially in the 
field of peptide separation because of availability of LC systems capable of operating at 
UPLC pressures and columns exploiting such equipment. We expect that the power of 
separations and the proteomics results from their use will continue to improve at an 
exponential rate.  
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ABSTRACT 

Here, we explore a de novo sequencing strategy in which we combine Lys-N protein 
digestion with differential isotopic dimethyl labeling to facilitate the (de novo) 
identification of multiply charged peptides in ESI-MS, both under CID and ETD 
conditions. For a large fraction of the Lys-N generated peptides all primary amines are 
present at the N-terminal lysine, enabling specific labeling of the N-terminus. Differential 
derivatization of only the peptide N-terminus in combination with the simultaneous 
fragmentation of the corresponding isotopologues allows the straightforward distinction of 
N-terminal fragments from C-terminal and internal fragments. Furthermore, also singly and 
multiply charged N-terminal fragments can easily be distinguished due to the mass 
differences of the isotope labeled fragment pairs. As a proof of concept we applied this 
approach to proteins isolated from an avocado fruit, and were able to partially de novo 
sequence and correctly align, with green plant homologues, a previously uncharacterized 
avocado ascorbate peroxidase. 

INTRODUCTION 

In mass spectrometry (MS) based proteomics, protein identification is typically 
accomplished by proteolytic digestion with trypsin followed by tandem MS (MS/MS) of 
the resultant proteolytic peptides.1 The peptides are typically separated by nanoflow liquid 
chromatography and fragmented by collision induced dissociation (CID), followed by 
matching of the generated fragment spectra against in silico derived spectra from large 
protein sequence databases.2-4 This conventional proteomics workflow reaches its 
boundaries when unexpected peptide modifications are present or when the required 
databases are either incomplete, error-prone, or not present at all. These boundaries can be 
overcome by de novo sequencing, where spectra are interpreted based on known 
fragmentation rules. However, the complexity of the obtained peptide fragmentation spectra 
poses a severe challenge in particular for de novo sequencing strategies5, 6 since the 
unknown origin (N-, C-terminal, internal) and charge state of the observed fragments 
generally complicates correct peak annotation. Therefore, many chemical strategies to 
modify peptides have been introduced in order to simplify MS/MS spectra. The goal is, 
often, to make the fragmentation spectra consist of a single but complete ion series allowing 
easier interpretation via de novo sequencing approaches.7-12 
Alternative to the above described chemical approaches we recently introduced a 
biochemical approach to manipulate the basicity of the peptide termini, using the 
metalloendopeptidase Lys- N.13-15 This enzyme has cleavage specificity N-terminal of 
lysine residues,16 creating peptides with a strong basicity on the N-terminus caused by the 
presence of the N-terminal lysine. Fragmentation of singly charged Lys-N peptides that 
contain a lysine as the only basic residue generates spectra dominated by N-terminal 
fragment ions. The simplification of the spectra is caused by the strong basicity of the N-
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terminus, attracting the single proton. This feature is quite apparent in MALDI-CID spectra, 
wherein the fragment spectra are dominated by b-ions, as recently reported by Boersema et 
al..13 Interestingly, doubly charged Lys-N peptides after ESI are also amenable to N-
terminal directed dissociation,14 after charge reduction and electron transfer induced 
dissociation (ETD).17-19 We speculated that in single lysine containing Lys-N peptides the 
remaining single proton is directed by the strong basicity of the N-terminus, in a similar 
way as known for MALDI-CID, generating dominant, easy to interpret c-ion ladders in 
ESI-ETD.14 This phenomena can be further enhanced by chemically increasing the basicity 
of the N-terminus by imidazolinylation or guanidination of the lysine side chain or 
dimethylation of the N-terminal primary amines.20 Alternative strategies to facilitate de 
novo sequencing are based on differential labeling of the N- or C-terminus, providing mass 
signatures in MS/MS. Several of such methods have been described using specific labeling 
of the N- or C-terminus to create specific isotopic patterns in MS/MS spectra. An easy way 
of specific C-terminal labeling has been accomplished by proteolytic 18O incorporation with 
the protease trypsin. Fragmentation of the 16O and 18O labeled peptides, either individually 
and/or simultaneously, enables the identification of fragments from the 16O/18O C-terminus 
and has been used for de novo sequencing.21-24 Most of the N-terminal labeling strategies 
target primary amines, as several specific derivatization procedures are known.10, 11, 25 
These strategies are complicated by the fact that primary amines are not only present at the 
N-terminus but also on lysines. For specific N-terminal labeling two modification steps are 
needed, first the modification of the ε-amine of lysine at the protein level and then 
modification at the peptide level of the proteolytically formed N-termini. Examples are 
modification of lysine residues with succinic anhydride followed by digestion with Asp-C 
and N-terminal derivatization with 1-([H4/D4]-nicotinoyloxy)succinimide.11 Other 
strategies use guanidination of lysine followed by N-terminal derivatization by reductive 
amination26 or derivatization using sulfonate groups.10, 27 The most recent developments in 
de novo sequencing strategies are often MS based, i.e. recording of MS/MS spectra with 
high resolution28, 29 or applying complementary fragmentation techniques like CAD and 
ECD/ETD.30, 31 
Here, we explore stable isotope dimethyl labeling in combination with Lys-N protein 
digestion in order to facilitate de novo sequencing. Since, all primary amines after Lys-N 
cleavage are clustered at the N-terminus, specific terminal labeling can be achieved in a 
single step by reductive amination. Reductive amination with formaldehyde and 
sodiumcyanoborohydride is facile, highly selective, allows near complete derivatization and 
has proven popular for quantitative proteomics.25, 32-34 This derivatization introduces two 
methyl groups to each primary amine and is therefore often also called dimethylation or 
dimethyl labeling. Labeling of Lys-N peptides leads to the introduction of four methyl 
groups to the N-terminus of each Lys-N peptide. As described before,20 an additional 
benefit of dimethyl labeling of Lys-N peptides is the increased basicity of the N-terminus. 
We make use of a specific differential isotopic dimethyl labeling of the N-terminus of Lys-
N peptides, as this leads to a characteristic isotopic pattern on all N-terminal fragments of 
the MS/MS spectra. The isotopic pattern is observed for all Lys-N peptides, independent of 
charge state and in both CID and ETD fragmentation spectra. This strategy enables us to 
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both identify N-terminal fragments and to distinguish between singly and doubly charged 
N-terminal fragments even with low resolution MS/MS using a conventional ion trap for 
fragmentation. 

MATERIAL AND METHODS 

Materials. Bovine Serum Albumin (BSA), iodoacetamide, formaldehyde (37% solution in 
H2O), triethylammonium bicarbonate (1 M solution), 3-[(3-
Cholamidopropyl)dimethylammonio]-1- propanesulfonate (CHAPS) and thiourea were 
supplied by Sigma-Aldrich (Steinheim, Germany). Formaldehyde 99% 13C (20% solution 
in water) was purchased from Isotec (Miamisburg Ohio U.S.A.). Acetonitrile was supplied 
by Biosolve B.V. (Valkenswaard, The Netherlands). Ammonia (25% solution in water), 
acetone, urea and formic acid were obtained from Merck (Darmstadt, Germany). 
Ammonium bicarbonate, dithiothreitol (DTT), poly(vinylpolypyrrolidone) (PVPP) and 
sodium cyanoborohydrate were purchased from Fluka (Buchs, Switzerland). Precast 
Criterion XT gels, XT sample buffer 4x and XT MOPS running buffer 20x were purchased 
from Bio-Rad Laboratories (Hercules, CA, U.S.A.) and GelCode Blue Stain Reagent was 
purchased from Thermo Scientific (Rockford, IL, U.S.A.). The water used in these 
experiments was obtained from a Milli-Q purification system (Millipore, Bedford, MA, 
U.S.A.). Avocado (Persea americana Mill.) fruit cv. Ryan was purchased at the local store. 
Metalloendopeptidase Lys-N (Grifola frondosa) was obtained from Seikagaku Corporation 
(Tokyo, Japan). 
Protein extraction and digestion. BSA was reduced and carbamidomethylated using DTT 
and iodoacetamide followed by digestion with Lys-N at 37°C overnight. A protein extract 
of an avocado fruit mesocarp was prepared as described previously.35 Briefly, the mesocarp 
was ground to a fine powder in liquid nitrogen. The powder was suspended in lysis buffer 
and after lysis proteins were extracted by acetone precipitation following separation by 
SDS-PAGE. Two bands at approximately 26 kDa and 31 kDa were excised. After reduction 
and carbamidomethylation using DTT and iodoacetamide the proteins were digested in-gel 
with Lys-N at 37°C overnight.14 
Labeling of Peptides. The samples were dried down, reconstituted in 200 µl 
triethylammonium bicarbonate and split in two. Either conventional or 13C formaldehyde (4 
µl of a 4 % solution) and 4 µl of 0.6 M cyanoborohydrate solution were added to 100 µL 
peptide solution and was left shaking for 1 h at room temperature. The reaction was 
terminated by addition of 16 µL 1 % ammonia solution. 
NanoLC-ESI-CID/ETD-MS/MS. Peptides were subjected to nanoLC-MS/MS analysis, 
performed on an Agilent 1200 HPLC system (Agilent technologies, Waldbronn, Germany) 
connected to an Orbitrap XL Mass Spectrometer equipped with an ETD source, Thermo 
Fisher (Bremen, Germany). The instrument was equipped with a 20 mm x 100 µm i.d. 
Reprosil C18 trap column and a 400 mm x 50 µm i.d. Reprosil C18 RP analytical column 
(Dr Maisch, Ammerbuch-Entringen, Germany). Trapping and washing of the sample was 
performed at 5 µL/min for 10 min with 100 % solvent A, and elution was achieved during a 
52 min gradient from 13 % to 32 % solvent B at 350 µL/min (with solvent B being 0.1 M 
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acetic acid in 80 % ACN and solvent A being 0.1 M acetic acid). The flow rate was 
passively split from 350 µL/min to 100 nL/min and the column effluent was directly 
introduced into the ESI source of the MS using an in-house pulled fused silica emitter, 
gold-coated by a Scancoat six Pirani 501 sputter coater (Edwards Laboratories, Crawley, 
UK), biased to 1.7 kV. The mass spectrometer was operated in positive ion mode, from 350 
to 1500 m/z in MS mode and with an automatic gain control (AGC) value of 5.00e+05 and a 
max injection time of 250 ms. Parent ions were fragmented by CID and ETD in data 
dependent mode with an AGC value of 1.00e+04 and a max. injection time of 100 ms. ETD 
fragmentation was performed with supplemental activation for doubly charged species, 
fluoranthene was used as reagent anion and ion/ion reaction time in the ion trap was charge 
state dependent with 50 ms reaction for 2+ ions, 33.3 ms for 3+ ions and 25 ms for 4+ ions. 
Data analysis. De novo sequencing of peptides from Avocado fruit was performed 
manually. The obtained sequences were searched against green plants and the whole NCBI 
database using BLAST. Consensus sequences were identified between the peptides of the 
26 kDa band and ascorbate peroxidases, chitinases, proteasome subunit alpha of different 
plants and autocleavage products of Lys-N. Subsequently, all sequenced peptides were 
aligned against ascorbate peroxidases from green plants using ClustalX 2.0.36 BSA peptides 
were used as a test bed. MS/MS spectra were manually de novo sequenced and additionally 
converted to DTA files by Bioworks 3.3.1 followed by searching against a homemade BSA 
database using the Mascot search engine software version 2.2.0. with 
carbamidomethylcysteine as a fixed modification and light and heavy dimethylation and 
oxidized methionine as variable modification. Lys-N was used as protease and one missed 
cleavage was allowed. 

RESULTS 

Here, we present a method in which we aim at the simplification of peptide fragmentation 
spectra using the protease Lys-N and a dimethyl isotope labeling strategy to introduce a 
mass signature in MS/MS. Our approach is based on the simultaneous fragmentation of 
isotopologues of differential isotopic N-terminal labeled Lys-N peptides.  
In LC-MS/MS simultaneous fragmentation is only possible, when the corresponding 
differential labeled peptides are close in mass and exhibit indentical chromatographic 
retention behavior. Therefore, carbon isotopologues were chosen for differential isotopic 
dimethyl labeling, as they are known to have nearly identical behavior in reversed phase 
liquid chromatography.37 The protein standard Bovine serum albumin (BSA) was used as a 
test sample to set up the method. The protein was digested with Lys-N and subsequently 
dimethyl labeled by either 12C formaldehyde or 13C formaldehyde in presence of 
cyanoborohydride. The peptides labeled with 12C formaldehyde will be referred to as 
“light” peptides, whereas the peptides labeled with 13C formaldehyde are further called 
“heavy” peptides. Extracted ion chromatograms of the monoisotopic mass of three 
corresponding light and heavy peptides from BSA are shown in Figure 1. As expected, the 
retention times and peak shapes of the corresponding peptides are identical. This confirms 
the identical behavior of the corresponding light and heavy peptides in our reversed phase 
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liquid chromatography system. On an ETD enabled Orbitrap XL mass spectrometer, 
simultaneous fragmentation was achieved by applying a broad precursor ion isolation width 
of 6 m/z units. This isolation width has been chosen after testing a precursor ion isolation 
width of 3, 4, 6 and 8 m/z units. Isolation widths smaller than 6 m/z units led to unequal 
intensities of the corresponding fragment pairs, while a greater isolation width was avoided 
in order to minimize potential unwanted co-fragmentation of co-eluting peptides. Applying 
an isolation window of 6 m/z, we observed that it is beneficial when the heavy peptide is 
chosen as precursor. When the light peptide was chosen, the heavy fragments were often 
observed with decreased intensities. Therefore, the amount of heavy peptides in the mixture 
was increased by 10% relative to the light peptides to enhance the possibility that the data 
dependent precursor selection software chooses the heavy peptide as precursor. This 
resulted in the clear observation of fragment ion pairs with differences of four (singly 
charged) and two m/z units (doubly charged). 
 

 

Figure 1: Extracted ion chromatograms of the 
monoisotopic precursors of three doubly charged 
peptides (a-c) from a Lys-N digestion of BSA. The 
peptides are either (1) heavy or (2) light dimethyl 
labeled at the N-terminus. 

 

Figure 2: Comparison of a part of the CID 
fragmentation spectra of (a) a mixture of the light and 
heavy form and (b) only the heavy form of the doubly 
charged peptide KYICDNQDTISS from BSA. 

In Figure 2 a zoomed in part of the CID spectrum resulting from the simultaneous 
fragmentation of a mixture of the light and heavy form of the doubly charged peptide 
KYICDNQDTISS from BSA (Fig. 2a) is compared with the same part of the spectrum of 
only the heavy form of the same peptide (Fig. 2b). C-terminal and internal fragments of the 
corresponding light and heavy peptide have identical masses and are observed as identical 
peaks. N-terminal fragments contain the isotope label and are therefore observed as 
fragment pairs, due to the light and heavy form of the fragment, as visualized in Figure 2. 
N-terminal fragments can be easily distinguished from others, facilitating annotation and 
spectral interpretation. 
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Next, we explored the potential of our 
method for the de novo sequencing of 
proteins from the avocado fruit for which 
currently no genome is available. The 
proteins from avocado fruit mesocarp were 
extracted and separated by SDS-PAGE. 
Extraction was carried out by acetone 
precipitation after grinding in liquid 
nitrogen to a powder and reconstitution in 
lysis buffer as described before.35 It was 
observed, that addition of polyvinyl 
polypyrrolidone (PVPP) to the lysis buffer 
was crucial to remove polyphenols, and get 
sharp bands in SDS-PAGE. The extracted 
proteins were separated by SDS-PAGE and 
two gel bands, one at approximately 26 kDa 
and one at approximately 31 kDa were 
excised. The proteins were further 
processed using the workflow depicted in 
Figure 3. Briefly, the proteins were 
reduced, alkylated and digested in gel using 
Lys-N, followed by differential labeling. 
The light and heavy peptides are mixed in a 
10:11 ratio respectively and the mixture is 
analyzed by LC-MS/MS using alternating 
CID and ETD for every precursor selected. 
Applying an isolation width of 6 m/z led to 
spectra resulting from the simultaneous 
fragmentation of light and heavy peptide. 

 

 

Figure 3: Schematic overview of the workflow. The 
proteins are first digested with Lys-N. The resulting 
peptides are divided in two, dimethyl labeled with 
either 12C formaldehyde or 13C formaldehyde and 
combined in a 10:11 ration. The mixture is analyzed 
by LC-MS and the peptide isotopologues are 
fragmented simultaneously using both CID and ETD 
for each precursor. 

A typical CID spectrum obtained from one of the peptides originating from the avocado 
sample is depicted in Figure 4. Although this spectrum is quite complicated it could be 
manually interpreted using the unique signatures of the N-terminal fragments. Also, ion 
pairs with a mass difference of 4 m/z and 2 m/z could be easily assigned as singly and 
doubly charged N-terminal fragments, respectively. The complex spectrum in Figure 4 is 
dominated by doubly charged b-ions and near complete sequence coverage was obtained 
solely on the basis of N-terminal fragment ions. After identification of b-ions the masses of 
the corresponding singly and doubly charged y-ions as well as associated fragments 
resulting from water or ammonia loss could be calculated and assigned. All other single 
peaks were, subsequently, interpreted as C-terminal or internal fragments. Since, for every 
precursor selected for CID fragmentation an alternating ETD spectrum was recorded we 
used this complementary fragmentation data to increase the spectral annotation. Despite the 
presence of four proline residues in the sequence which led to a relatively poor ETD  
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Figure 4: CID spectrum of simultaneous fragmentation of a mixture of light and heavy triply charged peptide 
KTEPPPEGR(I/L)PDAT from ascorbate peroxidase of avocado fruit with a table of the b- and y-ion fragments of 
the peptide. The colored b- and y-ions in the table have been identified in the spectrum. 

spectrum,17, 19 sufficient sequence information was observed to complete the sequence of 
the peptide. The two isobaric amino acids isoleucine and leucine could not be distinguished, 
whereby the sequence of the peptide could be identified as KTEPPPEGR(I/L)PDAT. 
A typical ETD spectrum of the light and heavy form of a doubly charged avocado peptide 
generated by Lys-N is shown in Figure 5. Also, in this case, full sequence coverage could 
be achieved now primarily on the basis of the complete and dominant c-ion series, leading 
to the sequence K(I/L)SE(I/L)GFADA. Furthermore, the use of a dimethyl label at the N-
terminus lead to a more complete series of c-ions.20 Also c6, c8 and c9-ions with a loss of 
ammonia (formally b-ions) could be identified. ETD spectra of triply charged peptides were 
found to be more complex, as doubly charged fragments and z-ions are more abundant. 
Figure 6 is an example of such an ETD spectrum of a triply charged peptide from the digest 
of the 31 kDa band. Also, in-line with the CID data, this spectrum could be fully annotated 
on basis of the fragment pairs and the peptide was sequenced to completion, leading to the 
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sequence KVADR(I/L)GFY. Our approach directly revealed that c1, c2 and c4 are present 
as singly charged fragments, whereas c5-c8 are present as singly and doubly charged 
fragments, due to the presence of an internal arginine in the latter. The z-ions could be 
annotated on basis of the identified c-ions. The gap in the sequence because of the missing 
c3-ion was compensated by the corresponding z-ion being present. The result from the ETD 
spectrum was confirmed by the corresponding CID spectrum (data not shown) and the 
peptide sequence matches to a 32 kDa avocado endochitinase.38 The presented examples 
clearly demonstrate that the introduced mass signatures facilitate annotation and 
consequently sequence determination. The mass difference of four Dalton between 
corresponding light and heavy peptides has the advantage that even with low resolution 
MS/MS, it is still possible to distinguish between singly and doubly charged fragments. 
Especially for annotation of fragments from triply and higher charged peptides this is a 
major advantage. All the obtained information was used to sequence the peptides and the 
sequence information of corresponding CID and ETD spectra were combined to 
complement one another in order to achieve the highest sequence coverage. 
 

 

 

Figure 5: ETD spectrum of simultaneous 
fragmentation of a mixture of light and heavy doubly 
charged peptide K(I/L)SE(I/L)GFADA from ascorbate 
peroxidase from avocado fruit with a table of the c-, c-
NH3 and z+1-ion fragments of the peptide. The 
fragment ions depicted in bold on a grey background 
have been identified in the spectrum. 

 

Figure 6: ETD spectrum of simultaneous 
fragmentation of a mixture of light and heavy triply 
charged peptide KVADR(I/L)GFY from avocado fruit 
with a table of the c-, doubly charged c- and z+1-ion 
fragments of the peptide. The low and high mass range 
is 15 fold magnified as indicated. The fragment ions 
depicted in bold on a grey background have been 
identified in the spectrum. 

 
After de novo sequencing a homology-search of the identified peptides from two bands, 26 
kDa and 31 kDa, of avocado fruit was performed using NCBI-BLAST. The sequences were 
searched against the entire NCBI database and, in a second search, against the NCBI 
database limited to green plants. Out of the sequenced peptides from the 26 kDa band, five 
peptides were annotated that had high sequence homology or were even identical with 
stretches from ascorbate peroxidases of different plants. One of these five is the peptide 
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KTEPPPEGR(I/L)PDAT presented in Figure 4. The N-terminal amino acids of this peptide 
are in a low conserved region. Hence, this peptide cannot be identified in a standard 
database search, as the sequence is not present in any known ascorbate peroxidase in green 
plants. With our method it was possible to de novo sequence this peptide and identify it as 
belonging to an ascorbate peroxidase, by homology-searching. Clustal X36 alignment of all 
de novo sequenced peptides from the 26 kDa band against ascorbate peroxidases from 
green plants, resulted in the alignment of two additional semi-sequenced peptides. The 
multiple sequence alignment of the total of these seven de novo sequenced peptides and 
cytosolic ascorbate peroxidases from papaya, cotton, maize, soybean, tobacco, and 
arabidopsis is presented in Figure 7.  

 

Figure 7: Multiple sequence alignment of de novo sequenced peptides from the 26 kDa band of avocado fruit and 
ascorbate peroxidase (a.p.) of papaya (CARPA), cytosolic a.p. 1 of cotton (GOSHI), a.p. of maize (MAIZE), 
cytosolic a.p. 2 of soybean (SOYBN), a.p. of tobacco (TOBAC) and cytosolic L-a.p. 1 of arabidopsis (ARATH). 

The seven peptides that had homology with stretches of ascorbate peroxidases, match to 
cytosolic as well as to thylakoid bound and stromal ascorbate peroxidases. Most of the 
known cytosolic ascorbate peroxidases have a length of approximately 250 amino acids and 
their average weight is between 26 and 28 kDa. The protein in the gel band has an expected 
weight of approximately 26 kDa, which corresponds with cytosolic ascorbate peroxidases. 
Thylakoid bound and stromal ascorbate peroxidases are longer and none of the peptides 
align with the regions which are specific for thylakoid bound or stromal ascorbate 
peroxidases. Therefore, we conclude that the peptides from the 26 kDa band belong to an as 
yet undescribed cytosolic ascorbate peroxidase from avocado. The alignment gave further 
insights into the unidentified stretches of the sequenced peptides. The combined mass of the 
two unidentified amino acids (xx) in the first peptide with the sequence KSxxTVSEEY 
equals the mass of tyrosine plus proline, which is a conserved motif in cytosolic ascorbate 
peroxidases of green plants. Therefore, we suggest the sequence of this peptide to be 
KSYPTVSEEY. As mentioned above, the two isobaric amino acids leucine and isoleucine 
could not be distinguished with our method. However, in peptide 2 (K(I/L)RGxxAE) 
leucine at position 2 and isoleucine at position 6 are conserved and in the peptide 4, 5 and 7 
leucine is dominant among the species. The unidentified amino acids at position 5 and 6 of 
peptide 2 have the mass of phenylalanine plus leucine/isoleucine. Based on the homology 
the suggested sequence of peptide 2 (K(I/L)RGxxAE) is KLRGFIAE, which fits the mass 
of the precusor. In peptide 6 (KYxxDEDAFF) the sum of the two unidentified amino acids 
equals the sum of alanine plus valine. This is an uncommon combination upon cytosolic 
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tr|A6YGE5|A6YGE5_CARPA MTKQYPTVS E E YKKAVE KCTRKL RGF I AE KHCAPI MI RI AWHS AGTF DWKTKTGGPF GTMRCPAE QAHGANS GL DI AVNF L E PF KQQF PI I S YADL YQL AGVVATWVTGGPE I PF HPGRE DKPE P   125
tr|A7KIX5|A7KIX5_GOSHI MTKCYPTVS E E YQKS VE KAKRKL RGL I AE KNCAPL ML RL AWHS AGTF DVKTKTGGPF GTMKHPAE L AHAANNGL DI AVRL L E PI KE QF PNL TYADF YQL AGVVAVE I TGGPE I PF HPGRE DKPHP   125
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tr|Q42941|Q42941_TOBAC MGKCYPTVS E E YL KAVDKCKRKL RGL I AE KNCAPL ML RL AWHS AGTYDVCS KTGGPF GTMRL KAE QGHGANNGI DI AI RL L E PI KE QF PI L S YGDF YQL AGVVAVE VTGGPDVPF HPGRE DKTE P   125
sp|Q05431|APX1_ARATH MTKNYPTVS E DYKKAVE KCRRKL RGL I AE KNCAPI MVRL AWHS AGTF DCQS RTGGPF GTMRF DAE QAHGANS GI HI AL RL L DPI RE QF PTI S F ADF HQL AGVVAVE VTGGPDI PF HPGRE DKPQP   125
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ascorbate peroxidases, but as hydrophobic amino acids are common at this position in other 
species such a variation is not exceptional. 
In total, we were able to achieve a sequence coverage of over 23 % by de novo sequencing 
and identified the protein as a cytosolic ascorbate peroxidase from avocado fruit. Besides 
the seven peptides from ascorbate peroxidase, we de novo sequenced peptides from proteins 
in the 26 kDa band that have high sequence homology either to chitinases or to a 
proteasome subunit alpha. The abundant peptide KVADR(I/L)GFY from the 31 kDa band 
(Figure 6) had sequence homology with a peptide of a known and already described 32 kDa 
endochitinase from avocado.38 

CONCLUSION 

Here, we have evaluated the use of Lys-N, differential isotopic dimethyl labeling and 
simultaneous peptide fragmentation of the corresponding light and heavy forms for de novo 
peptide sequencing. The resulting mass signature observed in the fragmentation spectra 
facilitates easy assignment of N-terminal fragments in both CID and ETD and allows 
distinguishing singly and doubly charged N-terminal fragments even with low resolution 
mass spectrometers. As a proof-of-concept, we were able to identify a previously 
unreported cytosolic ascorbate peroxidase of avocado fruit and resolve more than 23 % of 
the sequence of this protein. The presented method is uncomplicated, cheap and facilitates 
de novo sequencing. 
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ABSTRACT 

In proteomics, proteolytic peptides are often chemically modified to improve MS analysis, 
peptide identification, and/or to enable protein/peptide quantification. It is known that such 
chemical modifications can alter peptide fragmentation in collision induced dissociation 
MS/MS. Here, we investigated the fragmentation behavior of such chemically modified 
peptides in MS/MS using the relatively new activation method electron transfer dissociation 
(ETD). We generated proteolytic peptides using the proteases Lys-N and trypsin and 
compared the fragmentation behavior of the unlabeled peptides with that of their 
chemically modified cognates. We investigated the effect of several commonly used 
modification reactions, namely, guanidination, dimethylation, imidazolinylation, and 
nicotinylation (ICPL). Of these guanidination and imidazolinylation specifically target the 
ε-amino groups of lysine residues in the peptides, whereas dimethylation and nicotinylation 
modify both N-termini and ε-amino groups of lysine residues. Dimethylation, 
guanidination, and particularly imidazolinylation of doubly charged Lys-N peptides 
resulted in a significant increase in peptide sequence coverage, resulting in more reliable 
peptide identification using ETD. This may be rationalized by the increased basicity and 
resulting positive charge at the N-termini of these peptides. Nicotinylation of the peptides, 
on the other hand, severely suppressed backbone fragmentation, hampering the use of this 
label in ETD based analysis. Doubly charged C-terminal lysine containing tryptic peptides 
also resulted in an enhanced observation of a single type of fragment ion series when 
guanidinated or imidazolinylated. These labels would thus facilitate the use of de novo 
sequencing strategies based on ETD for both arginine and lysine containing tryptic 
peptides. Since isotopic analogues of the labeling reagents applied in this work are 
commercially available, one can combine quantitation with improved ETD based peptide 
sequencing for both Lys-N and trypsin digested samples. 

INTRODUCTION 

In recent years, mass spectrometry (MS) has become the method of choice for protein 
identification.1 Currently, sequencing and identification is often performed with peptides 
with a molecular weight below 3 kDa. One of the main rationales for reducing a protein to 
peptides is the superior sequencing of peptides possible by mass spectrometry alongside an 
advanced armory of MS compatible peptide separation strategies.2-4 
The protease most often used for digestion of proteins into peptides is trypsin. The tryptic 
peptides can then be separated by chromatography and subsequently subjected to 
sequencing by collision induced dissociation (CID) based tandem mass spectrometry 
(MS/MS). Currently, the most popular strategy to obtain sequence information from the 
spectra is by employing database search algorithms. These algorithms align experimental 
data against in silico derived spectra to obtain the most likely candidate sequence.1, 5 
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Typically under CID conditions tryptic peptide ions generate a number of different 
fragment ion series wherein N-terminal (b-ions) and C-terminal (y-ions) fragment ions 
dominate the tandem mass spectra.6-8 However, these mixtures of different fragment ion 
series can create rather complex spectra that contain several layers of potentially redundant 
information. Reducing spectra to minimal information, ideally originating from a single but 
complete ion series, will allow easier interpretation either manually or by automated search 
algorithms. Over the years, a number of strategies have been developed to influence peptide 
ion fragmentation creating simplified spectra. Under normal MALDI and ESI conditions, 
peptide fragment ion formation and observation is ultimately linked to protons. The 
“mobile” proton weakens the peptide bonds, helps to induce bond cleavage, and allows 
observation of fragment ions.9-12 Gas phase basicity of the various functional groups present 
in peptides and their fragments dictate the location of the proton(s) to a major extent. The 
average residence site of the proton(s) controls which fragment ions are observed. One 
strategy to create simplified spectra involves modifying functional groups on peptides. 
Changing the basicity or acidity will affect proton localization and thus the peptide 
fragmentation. When the protons can be sequestered at a single terminus of the peptide, a 
single ion series of sequence diagnostic fragment ions may be observed.13 Most chemical 
modification strategies prefer MALDI since it generates peptides with only a single proton, 
allowing proton localization and thus fragmentation to be more easily controlled. Two 
commonly used methods that simplify spectra by removing the presence of N-terminal 
fragments are chemically assisted fragmentation (CAF)14, 15 and 4-sulfophenyl 
isothiocyanate (SPITC).14 In both these reactions, the N-terminal amino group is modified 
to a sulfonate derivative which is highly acidic/negatively charged. The sulfonate moiety 
leads to N-terminal fragments that are either negatively charged or neutral, eliminating  
their presence in the CID spectrum, which causes the fragmentation spectra to be 
dominated by C-terminal fragment ions (y-ions). However, the acidic nature of the N-
terminus leads to a loss of sensitivity in positive ion mode since peptide ionization is 
compromised. Other examples of chemical modifications of tryptic peptides to increase 
ionization efficiency include the derivatization of C-terminal lysines to enhance the 
basicity/positive charge of the C-terminus. In this case, C-terminal fragments (y-ions) are 
preferably formed upon CID fragmentation.16-20 However, the increased basicity of the 
peptide has also a side effect; the collision energy needs to be increased for efficient 
fragmentation. The increased collision energy often leads to “overfragmentation” and when 
insufficient energy is applied low-energy pathways such as cleavage adjacent to aspartates 
and glutamates dominate.21, 22 The results of the N- and C-terminal labeling methods 
described above are complementary as they both lead to the increased formation of C-
terminal fragment ions, and thus it is not surprising that the two strategies have also been 
combined.14, 23 
Recently, we showed that fragmentation behavior of peptide ions cannot only be chemically 
regulated but also biochemically using the proteolytic enzyme Lys-N which generates 
peptides that exhibit two basic entities at the N-terminus.24-27 This concentration of basicity 
directs the protons/charge to the N-terminus and leads to fragmentation spectra dominated 
by b-ions in MALDI-CID.25 We also showed that using ESI-MS in combination with 
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electron transfer dissociation (ETD) for the doubly charged Lys-N peptides that contain 
solely a single basic residue give rise to simple fragment ion spectra dominated by N-
terminal c-ion fragments.26, 27 
At present, little is known about the fragmentation behavior of chemically modified 
peptides following ETD. Moreover, only a few chemical labeling strategies have been 
investigated in combination with ETD for quantification (e.g., using the isobaric tags, 
isobaric tag for relative and absolute quantitation (iTRAQ) and tandem mass tags 
(TMT)),28-30 but these reports focus on the fragmentation of the label and not on the 
changed behavior of the bound peptide. Furthermore, both labels were compromised in 
their ability to allow quantitation with ETD based tandem mass spectrometry. We set out to 
investigate the effect of other commonly used chemical labels on the fragmentation 
behavior of Lys-N and tryptic peptides under ETD conditions. The four commonly used 
peptide modifications we examined are guanidination,17-19 dimethylation,31-33 
imidazolinylation (Lys Tag 4H),20 and nicotinylation (ICPL).34, 35 Since these labels can 
also be made with differential stable isotopes, they have been previously applied in 
quantitative proteomics applications, albeit by using CID for fragmentation. 

EXPERIMENTAL SECTION 

Materials. Bovine serum albumin, iodoacetamide, formaldehyde (37% solution in H2O), 
and triethylammonium bicarbonate (1 M solution) were supplied by Sigma-Aldrich 
(Steinheim, Germany). Ammonia (25% solution in H2O) and formic acid were obtained 
from Merck (Darmstadt, Germany). Ammonium bicarbonate, dithiothreitol (DTT), sodium 
cyanoborohydrate, and O-methyl isourea hemisulfate were purchased from Fluka (Buchs, 
Switzerland). Protease inhibitor cocktail was supplied by Roche Diagnostics (Mannheim, 
Germany). The water used in these experiments was obtained from a Milli-Q purification 
system (Millipore, Bedford, MA). Human embryonic kidney (HEK) 293 cells were 
provided by Dr. Pantelis Hatzis and Dr. Tokameh Mahmoudi from The Netherlands 
Institute for Developmental Biology, (Utrecht, The Netherlands). Sep-Pak Vac tC18 1 cm3 
cartridges were obtained from Waters Corporation (Milford, MA). Nicotine N-hydroxy 
succinimide ester (Nic-NHS ester) in DMSO was a gift from Dr. Keidel, Max-Plank-
Institute for Biochemistry (Martinsried, Germany). 2-Methoxy-4,5-dihydro-1H-imidazole 
(Lys Tag 4H) was a gift from Agilent Technologies. Metalloendopeptidase Lys-N (Grifola 
Frondosa) was obtained from Seikagaku Corporation (Tokyo, Japan). 
Cell Lysing and Digestion of Proteins. A protein extract of a HEK293 cell lysate was 
prepared as described previously.26 The protein concentration was estimated by a Bradford 
assay. HEK293 proteins and bovine serum albumin (BSA) were reduced and 
carbamidomethylated using DTT and iodoacetamide. Subsequently, the proteins were 
digested with Lys-N or trypsin at 37°C overnight. 
Strong Cation Exchange (SCX) Chromatography. The HEK293 peptide solution was 
desalted prior to SCX chromatography using a C18 Sep-Pak cartridge (Waters Corporation, 
Milford, MA), dried in a vacuum centrifuge, and resuspended in 10% formic acid. SCX 
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was performed on a SCX system as described previously.26 Collected fractions were 
desalted and dried in a vacuum centrifuge. 
Labeling of Peptides. For guanidination a 5 M solution of O-methyl isourea hemisulfate in 
water was prepared immediately before usage. Peptides (1-10 µg) were resuspended in 30 
µL of 1 M Na2CO3 and mixed with 6 µL of 5 M O-methyl isourea hemisulfate. A pH of 
10.5-11 was estimated by the use of indicator strips. The solution was incubated for 30 min 
at 65°C. The reaction was terminated by adding 14 µL of 50% formic acid. 
For imidazolinylation, a 2 M solution of 2-methoxy-4,5-dihydro-1H-imidazole in water was 
prepared immediately before usage. Peptides (1-10 µg) were resuspended in 10 µL of 1 M 
Na2CO3 and mixed with 45 µL of 2 M 2-methoxy-4,5-dihydro-1H-imidazole. A pH of 11-
12 was estimated by the use of indicator strips. The solution was incubated for 3 h at 55°C. 
The reaction was terminated by addition of 5 µL of 50% formic acid. 
For nicotinylation, 25 µL of a 33 mg/mL nicotine N-hydroxy succinimide ester in DMSO 
solution was added to 1-10 µg of peptides resuspended in 5 µL of 50% MeCN. This 
mixture was left at room temperature for 2 h. Additional 10 µL of nicotine N-hydroxy 
succinimide ester solution was added after 15, 30, and 45 min. 
For dimethylation, 1 µg of peptides was dissolved in 100 µL of triethylammonium 
bicarbonate. Formaldehyde (4 µL of a 4% solution) and 4 µL of 0.6 M cyanoborohydrate 
solution were added to the peptides, and the solution was left shaking for 1 h at room 
temperature. The reaction was terminated by addition of 1% ammonia solution. 
NanoLC-ESI-CID/ETD-MS/MS. The peptides were subjected to NanoLC-MS/MS 
analysis with CID and ETD or ETcaD for doubly charged peptides. The NanoLC-MS/MS 
consists of a HCT ultra PTM Discovery system (Bruker Daltonics) equipped with an 
Agilent 1200 system HPLC. The columns were made in-house. The material used for the 
precolumn is Aqua C18 (Phenomenex, Torrance, CA). Reprosil-pur C18 3 µm (Dr. Maisch, 
Ammerbuch-Entringen, Germany) was used for the 25 cm analytical capillary column with 
50 µm inner diameter. Mobile-phase buffer A consisted of 0.1 M acetic acid in water, and 
mobile-phase buffer B consisted of 0.1 M acetic acid in 80% acetonitrile. 
Protein Identification. Raw MS data were converted to peak lists using Data Analysis 
software (Bruker Daltonics, version 4.0) Spectra were searched against the IPI 
(International Protein Index) Human database version 3.36 (69 012 sequences; 29 002 682 
residues) or a homemade BSA database (8 sequences; 2973 residues) using Mascot 
software version 2.2.0 (www. matrixscience.com), with Lys-N or trypsin cleavage 
specificity. The database search was made with the following parameters set to consider a 
peptide tolerance of ±0.5 Da, a fragment tolerance of ±1.2 Da, allowing 1 missed cleavage, 
carbamidomethyl (C) as fixed modification, oxidation (M), and the appropriate chemical 
labeling as a variable modification. Tandem mass spectra assigned with a Mascot score ≥25 
(p-value ≤0.05) were accepted. 
Statistical Analysis. The sequence coverage for each peptide from the BSA digests was 
calculated by dividing the observed number of ions for a particular fragment ion series by 
the maximum theoretical number of observable ions. The differences in sequence coverage 
between labeled and unlabeled peptides were determined, and the average and the standard 
deviation of these differences were calculated. 
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The number of ions for the individual fragment ion series of the peptides from the HEK 
293T cell lysate digests were calculated and exported from Mascot. Also, for the HEK 
293T cell lysate the differences in the number of ions between labeled peptides and their 
unlabeled cognates were determined and the average and standard deviation of the 
differences were calculated. p-values were calculated based on the number of compared 
peptides and the corresponding average and standard deviation using a two sample one-
sided t test. In all cases, differences were considered to be significant at p-values < 0.05. 

RESULTS AND DISCUSSION 

Electron transfer dissociation of doubly charged peptides leads to the generation of an 
entire population of product species that are singly charged.36 The generation of this singly 
charged population has been exploited by our group through the use of Lys-N in order to 
predominantly produce a single type of fragment ion series in ETD. The underlying 
principle for creating these simplified spectra is the manipulation of basicity where Lys-N 
creates peptides with all amino groups placed at the N-terminus. We observed that creating 
such peptides lead to preferentially N-terminal fragment ions. To carry out a more in-depth 
analysis of the effect of basicity on peptide fragmentation we modulated the basicity of the 
amino groups.  

 

Figure 1. Overview illustrating the lysine (guanidination and imidazolinylation) and amino group (nicotinylation 
and dimethylation) specific peptide derivatization chemistries. 
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A number of labeling strategies exist within proteomics for modifying amino groups.13, 17, 20, 

31, 32, 34, 35, 37 For specific derivatization of the ε-amine of lysine, we utilized the two 
reagents: O-methyl isourea17 and 2-methoxy-4,5-dihydro-1H-imidazole20 (Figure 1). The 
latter reagent creates a moiety with a higher basicity than the original ε-amino and the 
guanidino group produced by O-methyl isourea. Additionally, two further labeling 
strategies were characterized for derivatization of all primary amines, nicotine N-hydroxy 
succinimide ester34, 35 and formaldehyde in the presence of cyanoborohydrate31, 32, 38, 39 
(Figure 1). For both of these reagents the local basicity of the modified residues is also 
enhanced upon derivatization. 
In order to provide a platform for the 
labeling comparison, a test bed of peptides 
was generated by digesting bovine serum 
albumin (BSA) with either trypsin or Lys-
N. In the case of Lys-N, the lysine residue 
would be present at the N-terminus and thus 
the labels would exclusively modify this 
region of the peptide. In the cases of 
guanidination and imidazolinylation, a 
single label will be placed on the lysine. 
Dimethylation and nicotinylation will 
modify both amino groups and thus two 
labels will be placed at the N-terminus 
(Figure 1). Tryptic peptides will possess an 
α-amino group at the N-terminus and 
potentially an ε-amino group (lysine) at the 
C-terminus. Guanidination and 
imidazolinylation will label only a subset of 
tryptic peptides exclusively at the C-
terminal lysine. Dimethylation and 
nicotinylation will label all tryptic peptides 
on the N-terminus, and those containing a 
C-terminal lysine will also be labeled at the 
C-terminus. 
Proteolytic peptides of BSA were generated 
by trypsin or Lys-N, and aliquots were 
labeled using the four different reagents. 
The labeled peptides and their unlabeled 
counterparts were analyzed by CID and 
ETD on a three-dimensional quadrupole ion 
trap. Furthermore, doubly charged peptide 
ions were subjected to automated  
 

 
 

Figure 2. Comparison of ETcaD fragmentation spectra 
of the doubly charged Lys-N peptide 
KLVVSTQTALA derived from bovine serum albumin 
(BSA): (a) unmodified, (b) guanidinated (gua), (c) 
double dimethylated (di), (d) imidazolinylated (imid), 
and (e) double nicotinylated (nic). 
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supplemental collisional activation (ETcaD) in ETD experiments.40 As previously reported 
and mentioned above, ETD spectra of unlabeled doubly charged Lys-N peptides containing 
one basic amino acid are dominated by c-type fragment ions.27 The intensities in this series 
of fragment ions are greatest in the high mass range and decrease with mass. Typical 
examples of such spectra are shown in Figure 2. The peptide modification reactions chosen 
for this study (guanidination, dimethylation, nicotinylation, and imidazolinylation) are all 
known to increase basicity of either or both α- and ε-amino groups present in a peptide. 
Consequently, the gas phase basicity driven effect of observing solely c-type fragments is 
still present. Nicotinylated peptides showed nonsequence informative ETcaD 
fragmentation, which will be discussed in detail below.  
The main difference between the spectra of unmodified and guanidinated, dimethylated, 
and imidazolinylated Lys-N peptides was found in the relative intensities for the c-ions 
observed. All three labels, albeit to different extents, reduced the generally observed signal 
drop from high to low mass for the c-ion series. Strikingly, additional low mass c-ions 
could now be observed in the majority of spectra of guanidinated, dimethylated, and 
imidazolinylated peptides when compared to their unlabeled cognate. The appearance of 
low mass c-ions was most pronounced for imidazolinylated peptides relative to 
guanidinated and dimethylated, correlating well with the gas phase basicity of these 
derivatives (Figure 2). Performing a manual fragment-ion count based on the spectra 
annotated by scaffold for the doubly charged peptides from the Lys-N digest of BSA and 
their labeled counterparts revealed that the sequence coverage of the guanidinated and 
imidazolinylated peptides is significantly greater in the modified than in the unlabeled 
peptides (Figure 3). On the basis of a two sample one-sided t test, the probabilities for the 
observed increase in c-ions generated by guanidination and imidazolinylation were p < 0.02 
and p < 0.001, respectively (Supplemental Table 1 in the Supporting Information). 

 

Figure 3. Average 
percentage of peptide 
sequence coverage based 
on c- and z-ions found in 
spectra of peptides 
resulting from a Lys-N 
digest of BSA and their 
labeled counterparts. All 
these BSA peptides (n = 
8) contain a single lysine 
residue at the N-terminus. 
An asterisk indicates 
significant (p < 0.05) 
increase in c-ions and 
decrease in z-ions, 
respectively, between 
labeled peptides and their 
unlabeled cognates. 
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Next we also evaluated the effect of the different labels on the ETD induced fragmentation 
of tryptic peptides (Figure 4). As expected, doubly charged tryptic peptides with a single 
lysine residue resulted in MS/MS spectra containing a mixture of c- and z-ions. The 
observed distribution of c- and z-ions can be rationalized by the location of the basic 
moieties at each of the two termini of these peptides. ETD induced fragmentation of 
peptides containing a C-terminal arginine resulted in dominant z-ion series reflecting the 
higher basicity of this residue versus the primary amine present at the N-terminus (see the 
Supporting Information).27, 41-43  
The ETD spectra of the guanidinated or 
imidazolinylated tryptic peptides became 
generally more dominated by z-ions. This 
may be rationalized as O-methyl isourea or 
2-methoxy-4,5-dihydro-1H-imidazole only 
labels the ε-amino group of lysines, 
increasing the basicity at the C-terminus of 
lysine containing tryptic peptides. The 
reduction in signal observed with fragment 
ion mass for the z-ion series of the labeled 
peptides is abated with respect to 
unmodified peptides (Figure 4) in line with 
the trends observed for Lys-N peptides. The 
relative intensities of c-ions against z-ions 
are lower compared to their unlabeled 
cognates providing further evidence that 
basicity is directing product ion detection in 
ETD spectra of doubly charged ions. In 
contrast to the other two labels, 
dimethylation of tryptic peptides showed no 
significant difference compared to 
unmodified peptides (Supplemental Table 1 
in the Supporting Information). 
Dimethylation modifies both α- and ε-
amino groups, which in the case of lysine 
containing tryptic peptides, will mean that 
both the N- and C-terminus are derivatized. 
Performing a manual fragment ion-count 
for tryptic BSA peptides with a C-terminal 
lysine revealed that the guanidinated and 
imidazolinylated peptides had a statistically 
significantly greater peptide sequence 
 

 

Figure 4. Comparison of ETcaD fragmentation spectra 
of the doubly charged tryptic peptide AEFVEVTK 
derived from BSA: (a) unmodified, (b) C-terminal 
guanidinated (gua), (c) N- and C-terminal 
dimethylated (di), (d) C-terminal imidazolinylated 
(imid), and (e) N- and C-terminal nicotinylated (nic). 
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coverage based on only z-ions compared to the unlabeled counterpart (Figure 5), each with 
p-values < 0.03 (Supplemental Table 1 in the Supporting Information). Strikingly, the 
imidazolinylation of lysine containing tryptic peptides generated ETD spectra containing 
extensive z-ion series (i.e., few c-ions) that may facilitate de novo sequencing strategies 
based on ETD (Figure 5 and Supplemental Table 1 in the Supporting Information). 

 

 

Figure 5. Average percentage 
of peptide sequence coverage 
based on c- and z-ions found 
in spectra of peptides resulting 
from a tryptic digest of BSA 
and their labeled counterparts. 
All peptides (n = 6) contain a 
single lysine at the C-
terminus. An asterisk indicates 
significant (p < 0.05) decrease 
in c-ions and increase in z-
ions, respectively, between 
labeled peptides and their 
unlabeled cognates. 
 
 
 

In order to test our findings in a proteomics environment, we progressed to a more complex 
sample which in our case was created by the use of a human cell lysate. We evaluated both 
trypsin and Lys-N with dimethylation, guanidination, or imidazolinylation. Proteolytic 
peptides were, initially, separated by low pH strong cation exchange (SCX) 
chromatography.26 At pH 2.7, all carboxylic acid residues will be neutral and charge will be 
dictated mostly by protonated basic moieties.44-46 Under such conditions, SCX enables 
separation of peptides on the basis of the number of basic residues present. Fractions 
containing peptides with a single basic amino acid or two basic amino acids were selected 
and chemically modified. Appearance of fragment ions for the labeled peptides were 
compared against their unlabeled cognates using a two sample one-sided t test to calculate 
the probability for the difference in c- and z-ion populations. Pleasingly, the trends 
observed mirrored those reported above for the BSA peptides. The number of c-ions 
detected in the guanidinated and imidazolinylated doubly charged Lys-N peptides were 
significantly greater compared to their unlabeled cognates with a corresponding p-value < 
0.0001 (Table 1). In this larger data set we could also confirm that more c-ions are observed 
by double dimethylated doubly charged Lys-N peptides compared to their unlabeled 
cognates with a corresponding p-value < 0.05. In agreement with the results obtained for 
the peptides originating from the BSA digest, in the cell lysate derived data we also 
observed significantly more z- and less c-ions for C-terminal guanidinated and 
imidazolinylated tryptic peptides compared to their unlabeled cognates (p-values < 0.0001), 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

unlabeled dimethylated 
peptides

guanidinylated 
peptides

imidazolinylated 
peptides

P
er

ce
nt

ag
e 

se
qu

en
ce

 c
ov

er
ag

e

c-ions

z-ions
*

*

*



Chapter 4 

Page | 95 

whereas no significant changes in c- or z-ion amounts could be observed for tryptic 
peptides dimethylated at both termini. All p-values for all combinations of protease and 
chemical labels are summarized in Table 1. 
 
 

Table 1. Statistical Significance of the Observed Trends in the ETD Fragment Ion 
Spectra of Lys-N and Tryptic Labeled and Unlabeled Peptidesa 

 
KXn-peptidesb (Lys-N) 
HEK 293T cell lysate 

 increased  
number of 
annotated  

c-ions 

decreased  
number of 
annotated  

z-ions 

number of labeled 
peptides 

compared against 
unlabeled peptides 

guanidination p < 0.00001 p < 0.0001 206 

imidazolinylation p < 0.00001 p < 0.001 108 

dimethylation p < 0.05 p < 0.001 186 

    

XnK-peptidesc (tryptic) 

HEK 293T cell lysate 

 decreased  
number of 
annotated  

c-ions 

increased  
number of 
annotated  

z-ions 

number of labeled 
peptides 

compared against 
unlabeled peptides 

guanidination p < 0.00001 p < 0.00001 127 

imidazolinylation p < 0.00001 p < 0.00001 75 

dimethylation p = 0.182338 p = 0.39796 187 

    
a p-values derived from a t-test based on the number of c- and z-ions observed for 
labeled versus unlabeled Lys-N or tryptic peptides (HEK 293T cell lysate). P-values 
smaller than 0.05 indicate a significant increase or decrease of ions for the labeled 
peptides compared to their unlabeled cognates. 
b peptides with a N-terminal lysine where X is any amino acid besides H/K/R. 
c peptides with a C-terminal lysine where X is any amino acid besides H/K/R. 
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Peptides containing more than one basic amino acid are predominantly triply or higher 
charged in ESI, and these triply charged peptides, in contrast to doubly charged peptides, 
produce spectra with almost complete complementary c- and z-ion series upon ETD. In 
some cases, these peptides can generate doubly charged precursors. In the data sets from 
the cell lysate, we could observe the effect of labeling on doubly charged peptides 
containing a histidine or an arginine. A “typical” example with labeled analogues is shown 
in Figure 6. Unlabeled doubly charged Lys-N or tryptic peptides with one histidine/arginine 
residue produce both c- and z-ions. Exact populations of different fragment ion series are 
dependent on the location of the histidine/arginine residue. Compared to the unlabeled 
cognate, guanidination and imidazolinylation of these peptides reduce the signal drop from 
high mass to low mass for the c-ion series with Lys-N peptides (Figure 6) and analogues for 
the z-ion series with C-terminal labeled tryptic peptides. On average, more than 1.5 
additional c-ions and z-ions can be observed for guanidinated or imidazolinylated Lys-N 
and tryptic peptides, respectively, in comparison to their unlabeled cognate (Supplemental 
Table 1 in the Supporting Information). It follows that the sequence coverage obtainable 
with a single ion series is increased upon chemical labeling. Additionally, the relative 
intensities of dominant z-ions compared to the c-ions present are decreased in guanidinated 
and imidazolinylated Lys-N peptides and vice versa the number of c-ions is decreased for 
the guanidinated and imidazolinylated tryptic peptides (the corresponding p-values are 
summarized in Supplemental Table 1 in the Supporting Information). 
As mentioned above, the majority of the nicotinylated peptides, when subjected to ETcaD, 
did not yield spectra revealing significant fragmentation (Figure 7). In our experiments, 
CID and ETD spectra were recorded for each precursor ion and thus characterization of 
ETD spectra was possible via CID spectra (Figure 7). A characteristic pattern was observed 
in several spectra of doubly nicotinylated peptides consisting of fragments with 77, 104, 
and 120 Da lower than the peptide mass. We hypothesize that these fragments are generated 
by the loss of pyridine-, dehydropyridinecarboxaldehyde-, and nicotinamide-species. Apart 
from these losses, b- and y-ions are also observed in spectra of nicotinylated Lys-N 
peptides. The b- and y-ions are most likely generated by the supplemental collisional 
activation. Nicotinylated peptides generated by both trypsin and Lys-N exhibit these same 
tendencies in ETD (Figures 2 and 4). In line with these findings, Li et al. observed 
decreased backbone and enhanced side chain cleavage upon labeling peptides with 2,4,6,-
trimethylpyridine (TMP) in ECD.47 Moreover, Belyayev et al. found decreasing backbone 
and enhanced side chain fragmentation upon labeling peptides with coumarin derivatives.48 
Both groups reasoned that their tags provide sites where a radical can be resonance 
stabilized and therefore might function as a radical trap. Further evidence is provided by 
Jones et al. who used a tag that contains a pyridinyl group and obtained similar results to 
those described here.49 Additionally, the imidazole moiety of histidine has also been shown 
to have a subtle negative impact on dissociation after electron capture.50 Nicotinic acid is a 
member of the heterocyclic aromatic family along with the above-mentioned reagents. We 
hypothesize that the nicotinic tag is functioning as a radical trap leading to the observed 
suppression of backbone fragmentation in ETD. 
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Figure 6. Comparison of ETcaD fragmentation spectra 
of the histidine containing doubly charged peptide 
KYELISETGGSHD identified from a Lys-N digested 
HEK293T cellular lysate: (a) unmodified, (b) 
guanidinated (gua), and (c) imidazolinylated (imid). 
Note that almost a full peptide sequence coverage is 
obtained on the basis of c-ions for the imidazolinylated 
peptide, whereby the z-ions observed for the unlabeled 
peptide are suppressed.  
 

 
 
 
 
 
 
 

 
 
 

 
Figure 7. Tandem mass spectra of the Lys-N peptide 
KEYEATLEEccA derived from BSA. Cysteines of the 
peptide are carbamidomethylated. (a) ETcaD spectrum 
of the unlabeled peptide. (b) ETcaD spectra of the 
nicotinylated peptide. (c) CID spectrum of the 
nicotinylated peptide. 

Quantification of proteins is becoming an increasingly important aspect of proteomics. It is 
most often carried out by comparison of differential metabolic or chemical isotope labeled 
samples.37 The quantitative labels used at present have almost exclusively been used on 
CID instrumentation. To our knowledge only ETD experiments with iTRAQ28, 29 and 
TMT30 have been performed up to now. These tandem mass spectrometric based 
quantitation strategies were both compromised when used with ETD. The labels we 
investigated in this work and their isotopes are routinely used for differential isotopic 
labeling in CID.19, 20, 31, 32, 35 In ETD we observed the guanidination, N-dimethylation, and 
imidazolinylation to be well suited particularly in combination with Lys-N peptides. 
Furthermore, all labels except nicotinylation improve the level of peptide sequence 
information obtainable by ETD based tandem mass spectrometry where imidazolinylation 
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demonstrated the largest improvement. In fact, labeling in a quantification experiment can 
potentially also improve the de novo sequencing aspect of the experiment. 
C-terminal lysine containing tryptic peptides when guanidinated or imidazolinylated 
exhibited simplified spectra that contained nearly exclusively z-ions when no other basic 
residue was present. Both these reagents would allow tryptic pools of peptides when 
combined with low-pH SCX and ETD to create a de novo sequencing proteomic 
experiment similar to that previously proposed for Lys-N.26, 27 Doubly charged arginine 
containing tryptic peptides already exhibited a strong z-ion series, and here we show that 
chemical labeling enables similar signatures for lysine containing peptides. Unlike peptides 
generated by Lys-N, tryptic peptides require chemical modification in order to allow the 
generation of simplified spectra. However, trypsin creates, potentially, a larger pool of 
peptides for de novo sequencing. The fourth modification we investigated, nicotinylation, is 
also used for quantification in CID.34, 35 In ETD, nicotinylation of Lys-N and tryptic 
peptides hampered peptide identification since it suppresses peptide backbone 
fragmentation. Thus nicotinylation is inappropriate for any strategy that will involve ETD 
based sequence readouts. 

CONCLUSIONS 

In recent years it has become apparent that ETD is a very useful and complementary 
activation method to fragment peptides in mass spectrometry. Here, we investigated the 
fragmentation behavior in ETD of chemically modified doubly charged peptides. Such 
chemical modification is performed quite often in proteomics to improve MS analysis, 
peptide identification, and/or to enable protein/peptide quantification. We used four 
different generally available labels, all targeting N-terminal amino groups and/or the ε-
amino group of lysine. We found that guanidinated, dimethylated, and imidazolinylated 
peptides generated by Lys-N resulted upon ETD in even more extensive simple sequence 
ladders, potentially further facilitating de novo sequencing of such peptides. Guanidination 
and imidazolinylation of lysine terminated tryptic peptides also showed similar simplified 
spectra to those achieved by Lys-N peptides and arginine terminated tryptic peptides. In 
general the most striking positive effects were observed for imidazolinylated peptides. 
Modification of peptides by nicotinylation suppressed peptide backbone fragmentation in 
ETD, greatly reducing the number of successful peptide identifications. As all the chemical 
modifications that were studied in this work are amenable for a quantification strategy 
based on the incorporation of stable isotopes they except for nicotinylation can provide 
additional advantages to proteomic comparative experiments based on ETD sequencing. 
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ABSTRACT  

Several enrichment and separation strategies are available that allow nearly pure 
phosphopeptide pools to be created. These phosphopeptide pools are too complex to be 
completely unraveled by RP-LC-MS analysis alone. Here, we implement weak anion 
exchange (WAX) chromatography as an additional, complementary dimension to strong 
cation exchange (SCX) and reversed phase (RP). Initially, we used SCX to fractionate a 
human lysate digest to generate a fraction highly enriched for phosphopeptides. Analysis of 
this single fraction by RP-LC-MS with a 140 min gradient method allowed the 
identification of 4045 unique phosphopeptides (false discovery rate (FDR) < 1%; Mascot 
score > 20) using an Orbitrap Velos. Triplicate analysis (420 min total gradient time) of the 
same sample increased the total to just over 5000 unique phosphopeptides. When we 
separated the same sample by WAX and analyzed 14 WAX fractions by 30 min gradient 
RP-LC-MS (420 min total gradient time) we were able to identify 7251 unique 
phosphopeptides, an approximate increase of 40%, while maintaining the same total 
gradient time. We performed a more comprehensive, albeit also more time-consuming, 
analysis of the same 14 WAX fractions by the use of 140 min gradient LC-MS analyses, 
which resulted in the detection of over 11 000 unique phosphopeptides. Our results clearly 
demonstrate that additional separation dimensions are still necessary for in-depth 
phosphoproteomics and that WAX is a suitable dimension to be combined and sandwiched 
between SCX and RP chromatography. 

INTRODUCTION 

Dynamic protein phosphorylation is a major regulation process in mammalian cells. A 
prerequisite to understand such processes is the exact identification of the phosphorylation 
sites and their occupancy. Nowadays, one of the fundamental technologies to analyze 
protein phosphorylation is reversed phase liquid chromatography coupled to mass 
spectrometry (LC-MS).1-3 However, solely LC-MS cannot resolve the high complexity and 
the dynamic range associated with a mammalian cell phosphoproteome. Classically, the 
identification of low-abundance phosphopeptides requires highly efficient enrichment 
strategies. Currently, common strategies for phosphopeptide enrichment are based on 
affinity (either immunoprecipitation or chelation) or physicochemical properties through the 
use of chromatography. Chelation based methods rely on the use of metal ions (e.g., 
immobilized metal ion affinity chromatography, IMAC4) or metal oxides (metal oxide 
affinity chromatography, MOAC). The metal ions Fe3+,4 Zr4+,5 and Ti4+ 6 are typical in 
IMAC, and the most common metal oxide used for phosphopeptide enrichment is titanium 
dioxide (TiO2).

7-9 Immunoprecipitation methods are mainly focused on the specific 
enrichment of tyrosine phosphorylation either at the peptide10, 11 or protein12 level, although 
recently some progress has been made in the antibody-based enrichment of specific Ser/Thr 
phosphopeptides.13 Liquid chromatographic based techniques being applied for enrichment 
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of phosphopeptides include strong cation exchange (SCX),2, 14-16 strong anion exchange 
(SAX)17, 18 and electrostatic repulsion hydrophilic interaction chromatography (ERLIC),19, 

20 among which SCX is one of the most commonly adopted.2, 14, 15, 21, 22 The SCX separation 
relies predominantly on the peptide net charge, position of charged groups, and peptide 
length.23 Typically, when SCX is applied for phosphopeptide enrichment, low-pH 
conditions are employed. Under these acidic conditions (pH ∼2.7), glutamates and 
aspartates are predominantly protonated, and therefore neutral, whereas the phosphosite 
retains a negative charge. The negative charge associated with the phosphate groups on 
phosphopeptides leads to a lower net charge, when compared to nonphosphopeptides, and 
consequently leads to poorer retention on the SCX column, enabling a separation of 
phosphopeptides from the majority of nonphosphorylated peptides. When experimental 
conditions are controlled one can obtain the exclusive elution of a large uniform population 
of phosphopeptides.15, 23 To improve the enrichment of all types of phosphopeptides, each 
SCX fraction can be further subjected to enrichment with either IMAC21 or MOAC.24-26 
In mammalian cells, there is a high occurrence of phosphorylation events that are spread 
across most proteins, thus the product of enrichment still exhibits an enormous dynamic 
range and high complexity. Analyses of proteolytic mixtures that have been fractionated 
and enriched will, almost always, still suffer from under-sampling and biases due to the 
sample composition. Thus, all aspects of proteomic workflows can still be further improved 
including, for instance, the final nanoliter flow rate reversed phase liquid chromatography 
step.27-31 For instance, Köcher et al. have recently characterized a “long column” LC system 
which demonstrated a superior separation and led to an improved identification rate. 
Additionally, they described a linear correlation between the number of peptide 
identification and peak capacity in their LC-MS setup.31 In multidimensional systems, the 
theoretical achievable peak capacity of the total system is almost equal to the product of the 
individual peak capacities, assuming complete orthogonality.32-35 Thus, a great increase in 
peak capacity can be achieved by introducing an additional orthogonal dimension. 
Although complete orthogonality cannot be realized, a significant level of orthogonality can 
be achieved when the modes of separation of the chromatographic techniques are based on 
vastly different physicochemical properties of the peptides. Examples of two-dimensional 
systems with a high orthogonality are HILIC-RP-LC36-39 and SCX-RP-LC, among which 
SCX-RP-LC is the most commonly used combination in proteomics.33, 40 The 
multidimensional protein identification technology (MudPIT) for instance is a well-known 
application in which SCX and RP-LC are combined.30, 41 In the Yin-Yang multidimensional 
liquid chromatography (MDLC) approach, Dai et al. applied SCX, SAX, and RP-LC-MS to 
study the mouse liver proteome. The flow through of the crude SCX separation was 
subjected to a pH step elution fractionation by SAX. This second step not only allowed 
further fractionation but also enrichment of singly and multiply phosphorylated peptides. 
Essentially, the authors used the complementary nature of SCX and SAX to fractionate a 
proteome.17 Recently, we demonstrated that it is possible to separate multiply 
phosphorylated and singly phosphorylated peptides alongside nonmodified peptides by 
using SCX alone.15 
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In our quest to improve phosphopeptide identification rates we, in this work, implement and 
characterize weak anion exchange (WAX) chromatography as an intermediate step between 
the initial SCX fractionation and the nanoRP-LC-MS analysis. We demonstrate that the 
introduction of a complementary separation is able to dramatically increase the number of 
identified phosphopeptides, indicating that saturation in detection is still not reached in two-
dimensional phosphoproteomics enrichment strategies. 

MATERIAL AND METHODS 

Reagents and Materials. Iodoacetamide was acquired from Sigma-Aldrich (Steinheim, 
Germany). Formic acid, sodium chloride, potassium chloride, and potassium dihydrogen 
phosphate were obtained from Merck (Darmstadt, Germany). Ammonium bicarbonate and 
dithiothreitol (DTT) were purchased from Fluka (Buchs, Switzerland). Protease inhibitor 
cocktail and PhosSTOP phosphatase inhibitor were supplied by Roche Diagnostics 
(Mannheim, Germany). Acetonitrile was purchased from Biosolve (Valkenswaard, The 
Netherlands). The water used in the experiments was obtained from a Milli-Q purification 
system (Millipore, Bedford, MA). Protein Assay Dye Reagent Concentrate was supplied by 
Bio-Rad Laboratories (Munich, Germany). Sep-Pak Vac tC18, 1 cm3 cartridges were 
obtained from Waters Corporation (Milford, MA). Lys-C was obtained from Wako 
Chemicals (Richmond, VA) and trypsin from Promega (Madison, WI). 
Cell Lysis and Digestion of Proteins. A protein extract of HelaS3 cells arrested in M-
phase and of HEK293 cells was processed as described previously.22 The protein 
concentration was estimated by a Bradford assay. HelaS3 and HEK293 proteins as well as a 
mixture of α and β casein were reduced and carbamidomethylated using DTT and 
iodoacetamide. Subsequently, the proteins were digested with Lys-C for 4 h at 37 °C 
followed by a 1:4 dilution with water and a digestion with trypsin at 37 °C overnight. 
Strong Cation Exchange (SCX) Chromatography. The peptide solutions were desalted 
prior to SCX chromatography using a C18 Sep-Pak cartridge (Waters Corporation, Milford, 
MA), dried in a vacuum centrifuge, and resuspended in 10% formic acid. SCX was 
performed on an Agilent 1100 HPLC system (Agilent Technologies, Waldbronn, Germany) 
consisting of a nanopump, a micro well plate autosampler, a multiple wavelength detector 
and a fraction collector. The columns used were a strata-X 33 μm, 50 mm X 4.6 mm 
(Phenomenex, Torrance, CA) for trapping and a PolySULFOETHYL-A (PolyLC Inc., 
Columbia, MD) 200 mm X 2.1 mm analytical column with 5 μm particles. Buffers used for 
trapping were 0.05% formic acid in water (pH ∼2.9) and 0.05% formic acid in 80% 
acetonitrile. Buffers used for SCX separation contained 0.05% formic acid, 5 mM KH2PO4, 
and 30% acetonitrile. The elution buffer additionally contained 350 mM KCl. The 
separation was performed by isocratic and gradient elution starting with a 2 min isocratic 
step followed by a 1 min gradient from 0% to 3% elution buffer. The elution buffer 
concentration was kept at 3% for 7 min followed by a 30 min gradient to 35% with 
subsequent washing and equilibration. Collected fractions were concentrated in a vacuum 
centrifuge. 
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Weak Anion Exchange (WAX) Chromatography. A total of 200 μg of the tryptic casein 
digest or the material of an individual SCX fraction enriched in phosphopeptides was 
separated by WAX chromatography. WAX was performed on an Agilent 1100/1200 HPLC 
system (Agilent Technologies, Waldbronn, Germany) consisting of an 1100 quaternary 
pump, an 1100 temperature controlled well plate autosampler, an 1100 variable wavelength 
detector, and a 1200 temperature controlled fraction collector. The columns used were an 
optilynx (Optimize Technologies, Oregon City, OR) trapping cartridge and a PolyWAX LP 
(PolyLC Inc., Columbia, MD) 50 mm X 1.0 mm analytical column with 3 μm particles. 
Buffers used for trapping were 0.05% formic acid in water (pH ∼2.9) and 80% acetonitrile 
in water. Buffers used for separation contained 0.05% formic acid and 20% acetonitrile. 
The elution buffer additionally contained 500 mM NaCl. The separation was performed 
starting with a 6.25 min isocratic step followed by a 3.75 min gradient from 0% to 2% 
elution buffer, a 30 min gradient from 2% to 40% elution buffer, and subsequent washing 
and equilibration. Collected fractions were concentrated in a vacuum centrifuge to remove 
the acetonitrile. 
NanoLC-ESI-HCD-MS/MS. The peptides were subjected to nanoLC-MS/MS analysis 
consisting of an Agilent 1200 HPLC system42 (Agilent Technologies, Waldbronn, 
Germany) connected to an LTQ Orbitrap Velos Mass Spectrometer equipped with an 
electron transfer dissociation (ETD) source (Thermo Fisher, Bremen, Germany). The 
material used for the 20 mm X 100 μm trap column and 400 mm X 50 μm analytical 
column was Reprosil-pur C18 3 μm (Dr. Maisch, Ammerbuch-Entringen, Germany). 
Mobile phase buffer A consisted of 0.1 M acetic acid in water, and mobile-phase buffer B 
consisted of 0.1 M acetic acid in 80% acetonitrile. Trapping and washing of the sample was 
performed at 5 μL/min for 10 min with 100% mobile phase buffer A. The subsequent 
gradient varied in length between 17 and 140 min starting with 10% buffer B. Detailed 
information about the used gradients are given in Supplementary Table 1 in the Supporting 
Information. After the gradient, the column was washed by increasing the buffer B 
concentration to 100% followed by conditioning the system with 100% buffer A for at least 
15 min. During the gradient and subsequent washing and conditioning of the column, the 
flow rate was passively split from 600 μL/min to 100 nL/min and the column effluent was 
directly introduced into the ESI source of the MS using an in-house pulled fused silica 
emitter, gold-coated by a Scancoat six Pirani 501 sputter coater (Edwards Laboratories, 
Crawley, U.K.), biased to 1.7 kV. The mass spectrometer was operated in positive ion 
mode, from 350 to 1500 m/z in MS mode. Parent ions were fragmented by HCD with a 
maximum injection time of 100 ms.43, 44 The normalized collision energy was set to 40%. 
The signal threshold for triggering an MS/MS event was set to 500 counts. The 445.120 
025 ion and 519.138 600 was used as lock mass for internal mass calibration. The low mass 
cutoff for HCD was set to 180 m/z. Charge state screening was enabled and precursors with 
unknown charge state or a charge state of 1 were excluded. For the WAX characterization 
experiments, the same RP-LC setup was connected to an LTQ Orbitrap XL mass 
spectrometer equipped with an ETD source (Thermo Fisher, Bremen, Germany). The mass 
spectrometer was operated in positive ion mode, from 350 to 1500 m/z in MS mode. Parent 
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ions were fragmented by collision induced dissociation (CID) with a maximum injection 
time of 100 ms. The normalized collision energy was set to 35%. The signal threshold for 
triggering an MS/MS event was set to 500 counts. No lock mass was used for internal mass 
calibration. Charge state screening was enabled and precursors with unknown charge state 
or a charge state of 1 were excluded. 
Protein Identification. Raw MS data were converted to peak lists using Proteome 
Discoverer software (Thermo, version 1.3). The results were searched against the IPI 
(International Protein Index) Human database, version 3.37 (69 164 sequences; 29 064 824 
residues) using Mascot software version 2.3.02 (www.ma- trixscience.com). The database 
search was made with trypsin cleavage specificity allowing 1 missed cleavage. The 
parameters were set to a peptide tolerance of ±50 ppm, a fragment tolerance of ±0.1 Da, 
carbamidomethyl (C) as a fixed modification and oxidation (M) and phosphorylation (STY) 
as a variable modification. A decoy search was enabled. Mascot results were filtered with 
the integrated Percolator based filter of Rockerbox software, version 1.2.6.45 An FDR < 1% 
(based on peptide spectrum matches (PSMs)) was used as the cutoff in Percolator. Filtered 
tandem mass spectra assigned with a Mascot peptide score below 20 were discarded. An 
overview of the identified peptides used for the comparison is listed in Supplementary 
Table 2 in the Supporting Information. Additional information is available as a scaffold file 
on tranche at https://proteomecommons.org using the following hash: 
N7IavNwmExWOzBE+X7encybySfy/hksItuGJ+6KxcIOHBMh/LPxtNoPHS3Ug2GFCIpD
Jxv34l-tiBTMdx/MURvb11/2IAAAAAAAADqw==. The passphrase is SCXWAXRP911. 
The software to view the files (Scaffold viewer) is available free of charge at 
http://www.proteomesoftware.com/Proteome_software_prod_Scaffold_download-
main.html. 

RESULTS 

Initial Evaluation of WAX. A strategy to increase the peak capacity of a chromatographic 
system is to implement an additional orthogonal chromatographic dimension.34, 35, 40 Since 
the peak capacity is related to the identification rate,31 we decided to test an additional 
dimension in our analytical workflow to increase the identification rate. WAX 
chromatography was chosen because the mode of separation is complementary to SCX and 
RP-LC, which are the two dimensions present in our (and many others) proteomics 
workflow. Beneficially, WAX, unlike SAX, enables elution of phosphopeptides with a low 
salt concentration. 
Initially, we configured a weak anion exchange (WAX) system with UV detection and 
fraction collection. The WAX system was set up in such a way that we were able to desalt 
the sample online prior to WAX separation. This was accomplished by the implementation 
of a C18 trap cartridge as depicted in the upper right corner of Figure 1. Furthermore, we 
chose to maintain 20% acetonitrile in the separation buffers to reduce unwanted unspecific 
hydrophobic interactions. In order to characterize the WAX separation, we analyzed a 
tryptic digest of 200 μg of an α and β casein protein mixture. The resultant UV-  
 



Chapter 5 

Page | 109 

 

 
 
Figure 1. UV chromatogram 
of a mixture of α and β casein 
tryptic peptides separated by 
weak anion exchange (WAX). 
Small caps in the peptide 
sequence indicate 
phosphorylated residues. A 
schematic of the online 
desalting of the WAX system 
is depicted in the right corner. 

chromatogram of the separation of this casein digest is shown in Figure 1. The peak widths 
at half height are less than 1 min, and the majority of peak widths were between 0.2 and 0.5 
min wide (Figure 1). On the basis of the peak width and in order to keep the number of 
fractions reasonable, we chose to collect 1 min fractions. We then further characterized the 
WAX separation. An SCX sample highly enriched for phosphopeptides was chosen for this 
purpose, as our final goal is the implementation of WAX in a phosphoproteomic workflow. 
In order to create this sample, we chose SCX at low pH for enrichment of phosphopeptides 
from a tryptic digest of a HEK293 cell lysate, as described previously.15 Separation of 
tryptic peptides by SCX leads to defined populations of peptides, which are characterized 
predominantly by their orientation and net charge.23 The greatest population consists of 
unmodified peptides containing only one basic amino acid, which has been confirmed 
experimentally and by in silico tryptic digestion of the IPI human database.14, 15 The 
phosphorylated counterparts of this population can be enriched by SCX leading to fractions 
almost pure in phosphopeptides.15 One of these SCX fractions, further referred to as the 
SCX phosphofraction, was subsequently separated by WAX chromatography into 1 min 
fractions. The chosen SCX phosphofraction is dominated by phosphopeptides, which 
contain one basic amino acid and a free N-terminus. Phosphopeptides with a different net 
charge like multiply phosphorylated peptides or phosphopeptides with more than one basic 
amino acid elute in other fractions of the SCX separation and are not chosen to be separated 
by WAX. A number of consecutive WAX fractions were combined to create four pools 
containing roughly a similar number of peptides. The four pools were analyzed by RP-LC 
MS in order to obtain a rough picture of the WAX binding specificity. We expected 
retention of peptides to increase with increasing acidity, which is primarily controlled by 
the number of glutamic and aspartic acid residues in each peptide. As illustrated in Figure 
2, a clear trend correlating with peptide acidity is observed. The first pool (including the 
flow-through) is dominated by phosphopeptides that contain no additional acidic amino 
acids (depicted in green). The consecutive pool (pool 2) was mostly (more than 90%) 
composed of phosphopeptides containing at least one glutamic or aspartic acid residue 
(light and dark yellow). In pool 3 there is a large population of phosphopeptides with 2 
acidic residues (dark yellow) and pool 4 is dominated with phosphopeptides containing 3 or  
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Figure 2. WAX separates primarily by the number of 
acidic residues present in the peptide sequence. In four 
subsequent pools of consecutive WAX fractions, the 
detected phosphopeptides were characterized by the 
number of glutamic acid (E) and aspartic acid (D) 
residues present in the sequence. In the early fractions 
(pool 1), nearly none or only one acidic residue was 
present. In contrast, the latest fractions (pool 4) were 
dominated by peptides having more than 3 acidic 
residues. 

more acidic residues (orange and shades of red and blue). Resolving the data set further, we 
could observe that glutamic acid containing phosphopeptides eluted earlier than those 
peptides containing aspartic acid. This observation can be reasoned by the higher pKa value 
of the side chain carboxylic acid of the glutamic acid residue compared to the one of 
aspartic acid.46 All these observations indicate that even though we are operating our 
system at low pH conditions and use solvents containing an acetonitrile concentration of 
20% v/v, the mode of separation in our WAX system is dominated by anion exchange.  
Subsequently, we repeated the experiment and analyzed each fraction by RP-LC-MS. We 
observed that the phosphopeptides are not equally distributed over the fractions but elute in 
defined fractions of which 14 fractions contain most of the (phospho)peptides (see 
Supplementary Figure S1 in the Supporting Information and below). 

 
Figure 3. Schematic overview of the workflow used to directly compare SCX-RP-LC-MS analysis with SCX-
WAX-RP-LC-MS. Proteins of a cell lysate were digested and subsequently first fractionated by using SCX. One of 
the SCX fractions, containing mostly singly phosphorylated peptides was taken for further analysis. 
Approximately 30% of this SCX fraction was used for several direct RP-LC-MS analyses using various gradients 
and number of replicates. The remaining 70% was first further fractionated by WAX. The WAX fractions were 
then analyzed by RP-LC-MS with either a 30 min gradient method or a 140 min gradient method. 

Comparison of RP-LC-MS with WAX-RP-LC-MS. In order to explore the advantages 
and/or limitations of an additional dimension in the analysis of highly complex 
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phosphopeptide samples, we compared direct RP-LC-MS analysis with WAX separation 
followed by RP-LC-MS analysis, as illustrated in Figure 3. For this comparison we used 
another sample containing a high level of phosphorylation, Hela S3 cells arrested in M-
phase. The starting material for the SCX separation was a tryptic digest of a lysate that 
contained approximately 2.5 mg of protein. The sample was separated by SCX, and the 
fraction corresponding to the highly enriched phosphopeptide pool “the SCX phospho-
fraction” was utilized for the comparison. 

RP-LC-MS Analysis of a SCX Enriched Phosphofraction. The RP-LC-MS system used 
for the comparison contains a short trap column for desalting and a 40 cm capillary 
analytical column that operates at a flow rate of 100 nL/min, as described previously.42 The 
column was coupled to an Orbitrap Velos using higher energy collisional dissociation 
(HCD) for fragmentation. Our choice to use HCD is based on the superior results achieved 
by HCD when compared to ion trap collision induced dissociation (IT-CID) and electron 
transfer induced dissociation (ETD) for the analysis of doubly charged phosphopeptides.43, 

44, 47 
In order to characterize the RP-LC, we used different methods whose gradients varied in 
length from 17 to 140 min (Figure 3 and Supplementary Table 1 in the Supporting 
Information). For the analysis with the 30 and 140 min gradient method, replicates were 
also performed. We systematically increased the material used as the gradient time 
increased so as to maintain similar peak intensities for each analysis, a necessity since 
peaks broaden as the gradient increased in length. The amount loaded ranged from 0.33% 
to 2% of the phosphopeptide enriched SCX fraction, which approximately correlated with 
the increase in peak widths. For the gradient of only 17 min, we identified more than 1200 
unique phosphopeptides with an FDR < 1% and a Mascot peptide score cutoff above 20. As 
expected, elongated gradient times led to more identifications (Figure 4 and Supplementary 
Table 1 in the Supporting Information). The longest gradient (140 min) applied enabled the 
identification of nearly 4 000 unique phosphopeptides. The total number of unique 
phosphopeptides identified using each different gradient are listed in Figure 4 and in 
Supplementary Tables 1 and 2 in the Supporting Information. We observed that the number 
of phosphopeptides identified showed a logarithmic relation with respect to the gradient 
time (R2 > 0.99) (Figure 4). Thus, long gradients are seemingly not very efficient, with 
respect to the total time utilized (Supplementary Figure S2 in the Supporting Information). 
With regards to the total analysis time, very short gradients are also not the most efficient, 
as loading of the sample and the equilibration of the column does not lead to identifications 
(Supplementary Figure S3 in the Supporting Information). We calculated the number of 
phosphopeptides identified per total analysis time for each of the gradients and found the 
most efficient gradient in our system was 30 min (Supplementary Figure S3 in the 
Supporting Information). 
Furthermore, we investigated whether a single analysis with a long gradient or repeated 
analyses with a short gradient lead to improved identifications of unique phosphopeptides. 
The combined data set of three replicates of the 30 min gradient resulted in the 
identification of 2669 uniquely identified phosphopeptides, while a single analysis using an 



Chapter 5 

Page | 112 

80 min gradient led to the identification of 3054 phosphopeptides. The combined data set of 
the triplicate analysis with the 140 min gradient resulted in 5090 unique phosphopeptides, 
indicating the sample is still more complex than the system is capable to handle. We 
calculated that more than 5200 unique phosphopeptides would be obtained from a single 
420 min analysis. Our data suggest that more identifications are expected from single 
analysis with a long gradient compared to repeated analysis with short gradients. The 
comparison is also visualized in Figure 4. In addition, our finding that long gradients are 
more effective than repeated analysis using short gradients is in agreement with data from 
Köcher et al., who performed a similar more comprehensive comparison, albeit using 
unmodified peptides.31 

WAX-RP-LC-MS Analysis of an SCX Enriched Phosphofraction. Next we subjected 
the same SCX phosphofraction, as used for the characterization of our RP-LC system, to an 
additional separation by WAX, as depicted in Figure 3. Initially, 70% of the SCX fraction 
was separated by WAX and 34 1 min fractions were collected. On the basis of preliminary 
analyses (Supplementary Figure S1 in the Supporting Information), we anticipated that the 
majority of phosphopeptides would be found in 14 of the 34 fractions. The WAX fractions 
were concentrated to reduce the acetonitrile concentration in the fractions, and 15 to 30% of 
each of these 14 fractions was subjected to RP-LC-MS analysis using the 30 min gradient 
(Figure 5). We chose the 30 min gradient RP-LC-MS analysis due to it being the most 
efficient method at identifying peptides with respect to time utilized (Supplementary Figure 
S3 in the Supporting Information). The analysis of the 14 WAX fractions with the 30 min 
gradient method generated 7251 unique phosphopeptides in the combined data set using the 
same criteria as applied to the single dimension RP-LC-MS analyses (Figure 5). In order to  
 

 
Figure 4. Number of phosphopeptides detected in the 
RP-LC-MS analysis of the phosphopeptide enriched 
SCX fraction using different gradient times and 
number of replicates. The number of unique 
phosphopeptides are plotted versus the used gradient 
analysis time. Blue circles represent the results of 
single RP-LC-MS analyses of the SCX fraction. 
Results obtained by using a triplicate RP-LC-MS 
analyses of the SCX fraction using a 30 min (diamond) 
or 140 min gradient (triangle) are colored red. 

 
Figure 5. Number of phosphopeptides detected in each 
WAX fraction by RP-LC-MS analysis of the 
phosphopeptide enriched SCX fraction using two 
different gradient times. Data are shown of the RP-LC-
MS analysis of the 14 WAX fractions which contained 
the most material. The number of unique 
phosphopeptides identified per fraction are plotted 
versus the fraction number. The blue bars represent the 
results by the use of a 30 min gradient, and the red bars 
represent the results by the use of a 140 min gradient. 
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confirm the choice of fractions, the remaining 20 WAX fractions were also analyzed. The 
combined data set of all 34 analyzed WAX fractions led to 8004 unique phosphopeptides. 
The original 14 fractions contained over 90% of the identifications. To obtain an indication 
of what would be the maximum number of identifications we could reach from this 
phosphopeptide population, we subjected the 14 WAX fractions to 140 min gradient RP-
LC-MS analyses (Figure 5). The 140 min gradient was chosen to test whether we had 
already reached saturation in phosphopeptide detection, realizing that this is at the expense 
of total analysis time. This latter analysis led to the identification of 11 010 unique phos- 
phopeptides, indicating that saturation was not yet achieved. 

DISCUSSION 

Here, we evaluated whether it is still beneficial to increase analytical power in 
phosphopeptide analysis through the addition of a weak anion exchange (WAX) separation 
in a SCX-WAX-RP configuration. Would addition of this extra dimension be beneficial and 
more time efficient when compared to using longer gradients in a two-dimensional SCX-RP 
approach? We therefore directly compared results of a RP-MS analysis with the results of 
the WAX-RP-MS analysis (Figure 3). Our RP-LC-MS analyses demonstrated indeed that 
analyses using longer gradients produced more identifications. The continuing increase 
confirmed that the complexity of this single SCX fraction is higher than the analytical 
power of our RP-LC-MS system. Increasing the number of identifications by elongating the 
gradient has evidently its limitations. The “efficiency” of the peptide identification 
decreases with longer gradient times (Supplementary Figure S2 in the Supporting 
Information), which can be reasoned by the logarithmic relationship between the number of 
phosphopeptide identifications and gradient time (Figure 4).31 Furthermore, the results of 
Köcher and co-workers indicate that extremely long gradients might even lead to a 
decreasing number of identifications. The highest number identified by RP-LC-MS without 
WAX was around 4000 unique phosphopeptides with a single analysis (140 min gradient). 
Repeated analysis using the 140 min gradient method resulted in 5090 unique 
phosphopeptides in the combined data set of a triplicate analysis (total gradient time 420 
min). In contrast to the direct RP-LC-MS measurements, the analysis of the 14 WAX 
fractions resulted in 7251 unique phosphopeptides, thereby using an identical total gradient 
time of 420 min. Over 40% more identifications could thus be achieved with the addition of 
a WAX separation stage. 

CONCLUSIONS 

Our experiments highlight the immense complexity of the phosphoproteome. When starting 
from an SCX fraction that is highly enriched in phosphopeptides, single stage RP-LC-
MS/MS analysis does not lead to saturation and/or comprehensiveness in phosphopeptide 
detection, not even when using rather long gradients and multiple replicate runs. We show 
that an additional dimension of separation is needed to get significantly closer to saturation. 
We explored the utility of WAX as a complementary chromatographic method to separate 



Chapter 5 

Page | 114 

phosphopeptides. As confirmed by our data, the retention of phosphopeptides in WAX 
under the described buffer conditions is primarily controlled by the number of glutamic and 
aspartic acid residues in the peptide sequence. We show that WAX may be efficiently 
combined with SCX chromatography and RP-LC-MS analysis. The analysis of one SCX 
fraction, highly enriched in phosphopeptides, using WAX-RP-LC-MS lead to more than 
7200 unique phosphopeptide identifications in a total RP-LC-MS gradient time of 7 h, 
about 40% more than obtainable by SCX-RP-LC-MS alone in the same 7 h gradient time. 
To test if we had reached saturation, we conducted an even more comprehensive analysis 
by using long RP-LC gradients of 140 min. By this means, using an equivalent of half a 
milligram of starting material, we were able to identify 11 010 unique phosphopeptides 
(FDR < 1%) from only a part of a defined subpopulation of the phosphoproteome. In 
conclusion, although an additional (third) phase of separation may seem at first time 
inefficient, we show that it can be done, when using SCX-WAX-RP with appropriate 
experimental conditions, in an efficient manner enabling a significant increase in the 
amount of detected phosphopeptides. 
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ABSTRACT 

We present a straightforward method to enrich phosphopeptides with multiple basic 
residues, an under-represented class in common enrichment strategies. Our method is based 
on a two dimensional strong cation exchange (SCX) strategy, operating at two different 
acidic pHs, enabling both separation and enrichment of different classes of 
phosphopeptides. The principle of enrichment is based on the change of net charge of 
phosphorylated peptides under strong acidic conditions in the second SCX, whereas the net 
charge of regular peptides remains unchanged, thus enabling separation based on net 
charge. Application of our tandem SCX approach to a modest amount of human cells 
allowed the identification of over 10000 unique ‘basic’ phosphopeptides of which many 
represent putative targets of basophilic kinases. 

INTRODUCTION 

Dynamic protein phosphorylation is a key process in cells. In order to study this process, 
changes in the phosphorylation state and exact determination of the phosphorylation sites 
are necessary. Currently, the method of choice to sequence proteins is reversed phase liquid 
chromatography coupled to mass spectrometry (RP-LCMS). However, the low abundance, 
the high dynamic range, and the high complexity of the mammalian phosphoproteome 
requires enrichment and complexity reduction through fractionation.1, 2 Several methods 
have been presented for the enrichment of phosphopeptides. These include immobilized 
metal ion affinity chromatography (IMAC) by the use of Fe3+, Zr4+, or Ti4+ 3-6 and metal 
oxide affinity chromatography chelation (MOAC). Here, titanium dioxide (TiO2) is by far 
the most common metal oxide applied.7, 8 However, other materials such as niobium (V) 
oxide (Nb2O5)

9 or the rutile-form of TiO2
10 have proven to be efficient for phosphopeptide 

enrichment and might be useful as complementary enrichment strategies, especially for the 
enrichment of basic phosphopeptides. Further methods include strong cation exchange 
(SCX),11-13 immunoprecipitation,6 or implementation of a sequence of chemical reactions.14 
However, these strategies require significant expertise in sample preparation and in some 
cases synthesis.3, 14 In this work, we present a less demanding method involving solely SCX 
to isolate, in particular, a group of phosphopeptides that are typically underrepresented and 
hard to enrich as they contain multiple basic residues. 

MATERIAL AND METHODS 

Reagents and Materials. Iodoacetamide, 1 M hydrochloric acid solution, and 
formaldehyde (37% solution in H2O) were obtained from Sigma-Aldrich (Steinheim, 
Germany), and sodium cyanoborodeuterate was from Sigma-Aldrich (St. Louis, MO). 
Formic acid, sodium chloride, dipotassium hydrogen phosphate, and potassium dihydrogen 
phosphate were acquired from Merck (Darmstadt, Germany). Formaldehyde 13CD2O (20% 
solution in D2O) was purchased from Isotec (Miamisburg, OH). Acetonitrile was obtained 
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from Biosolve (Valkenswaard, The Netherlands). Ammonium bicarbonate, 1 M sodium 
hydroxide solution, dithiothreitol (DTT), sodium cyanoborohydrate, and α-cyano-4-
hydroxycinnamic acid were supplied from Fluka (Buchs, Switzerland). Protease inhibitor 
cocktail and PhosSTOP phosphatase inhibitor were purchased by Roche Diagnostics 
(Mannheim, Germany). Sep-Pak Vac tC18, 1 cm3 cartridges were obtained from Waters 
Corporation (Milford, MA). Zip-Tip pipet tips were purchased from Millipore Corp. 
(Billerica, MA). Trypsin was obtained from Promega (Madison, WI) and Lys-C was from 
Wako Chemicals (Richmond, VA). The water used in the experiments was obtained from a 
Milli-Q purification system (Millipore, Bedford, MA).  
Cell Lysis and Digestion of Proteins. Proteins of HelaS3 cells arrested in M-phase were 
extracted as described previously.15 HelaS3 proteins as well as bovine serum albumine and 
a mixture of alpha and beta casein were reduced and carbamidomethylated using DTT and 
iodoacetamide. Subsequently, the proteins were digested with Lys-C for 4 h at 37 °C 
followed by a 1:4 dilution with water and a digestion with trypsin at 37 °C overnight. 
Strong Cation Exchange (SCX) Chromatography. The samples were desalted prior to 
SCX chromatography using a C18 Sep-Pak cartridge, dried in a vacuum centrifuge, and 
resuspended in 10% formic acid. SCX was performed on an Agilent 1100/1200 HPLC 
system (Agilent Technologies, Waldbronn, Germany) consisting of an 1100 quaternary 
pump, an 1100 variable wavelength detector, an 1100 temperature controlled well plate 
autosampler, and an 1200 temperature controlled fraction collector. The columns used were 
50 x 2.1 mm PL-SCX columns (Agilent Technologies, Shropshire, UK) with 5 µm particles 
and a pore size of 1000 Å. For all experiments at a pH of 1 two columns were used in 
series. For the comparison of pH = 1 and pH = 3 by the use of a mixture of BSA and casein, 
two columns were also used in series for the separation at a pH of 3; otherwise, only a 
single column was used for the separation at a pH of 3. Buffers for the SCX separation at a 
pH of 3 were 0.05% formic acid in 30% acetonitrile (buffer A) and, for elution, 0.05% 
formic acid and 500 mM NaCl in 30% acetonitrile (buffer B). Buffers for the SCX 
separation at a pH of 1 were 100 mM HCl in 30% acetonitrile (buffer A) and, for elution, 
100 mM HCl and 500 mM NaCl in 30% acetonitrile (buffer B). The separation started 
isocratic at 100% buffer A for 1 min followed by a 1 min gradient from 0% to 10% buffer 
B, a 15 min gradient from 10% to 40% buffer B and a 3 min gradient from 40% to 100% 
buffer B. The column was subsequently washed for 5 min with 100% buffer B and 
equilibrated with 100% buffer A for 20 min. The flow rates were 100 µL/min for the two 
column set up and 200 µL/min for the single column set up. One minute fractions were 
collected. Fractions from SCX at a pH of 1 were neutralized by the addition of a NaOH 
solution. Subsequently, the fractions were concentrated in a vacuum centrifuge to remove 
the acetonitrile followed by desalting on Zip-Tip pipet tips prior to LC-MS analysis. 
Fractions from the SCX at a pH of 3 were concentrated in a vacuum centrifuge. The amount 
of HeLa peptides loaded on the SCX at a pH of 3 corresponded to 500 µg of protein. 50% 
of the resulting fractions, corresponding to 250 µg of protein, was separated at a pH of 1, 
and 2-50% thereof corresponding to 5-125 µg of protein was analyzed by LC-MS.  
NanoLC-MS/MS. The samples were analyzed by NanoRP-LC-MS/MS analysis. The LC 
consisted of an Agilent 1200 HPLC system (Agilent Technologies, Waldbronn, Germany) 
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and was connected to an LTQ Orbitrap Velos Mass Spectrometer equipped with an ETD 
source (Thermo Fisher, Bremen, Germany) for analysis of the HeLaS3 cell lysate or was 
connected to an LTQ Orbitrap XL for the BSA/Casein analysis. The LC setup contained a 
20 mm x 100 μm trap column and a 400 mm x 50 μm analytical column. The material used 
was Reprosil-pur C18 3 μm (Dr. Maisch, Ammerbuch-Entringen, Germany). Mobile phase 
buffers consisted of 0.1 M acetic acid in water (buffer A) and 0.1 M acetic acid in 80% 
acetonitrile (buffer B). Trapping and washing was performed at 5 μL/min for 10 min with 
100% buffer A. Three different gradients (17 min, 90 min, and 150 min) were used. The 17 
min gradient started from 10% buffer B and ended at 40% buffer B. The 90 min, 2 step 
gradient started with 10% buffer B and increased to 26% buffer B in 65 min followed by a 
25 min gradient to 50% buffer B. The 150 min, 2 step gradient started with 10% buffer B 
and increased to 24% buffer B in 105 min followed by a 45 min gradient to 50% buffer B. 
Subsequently, the column was washed with 100% B and equilibrated with 100% buffer A. 
The flow rate was passively split from 600 μL/min to 100 nL/min during the gradient, and 
there was subsequent washing and conditioning of the column. The effluent was directly 
introduced into the ESI source of the MS. We used in-house pulled fused silica emitter, 
gold-coated by a Scancoat six Pirani 501 sputter coater (Edwards Laboratories, Crawley, 
UK). The ion spray voltage was set to 1.7 kV. The mass spectrometer was operated in 
positive ion mode, in a mass range from 350 to 1500 m/z in MS mode. Charge state 
screening was enabled. Precursors with a charge state of 1 or an unknown charge were not 
chosen for fragmentation. Precursors with a charge state of 2+ or higher were fragmented 
by HCD or ETD controlled by an in-house developed data dependent decision tree16 or by 
CID for the Orbitrab XL. The normalized collision energy was set to 40% for HCD and 
35% for CID. The low mass cutoff for HCD or FT-ETD was set to 180 m/z. 500 counts was 
set as threshold for triggering an MSMS event. The m/z of 445.120025 and 519.138600 was 
used as lock mass for internal mass calibration.  
Stability Test and MALDI Analysis. Casein peptides solution was split in two and was 
either light or heavy dimethyl labeled on Sep-Pak Vac tC18 cartridges as described 
before.17 Light and heavy peptides were split in two and dried in a vacuum centrifuge, and 
half of each labeled sample was reconstituted in either 30% acetonitrile (control) or in SCX 
buffer A (30% acetonitrile in 0.1 M HCl). The control and the SCX buffer samples were 
incubated for 1 h at room temperature. Subsequently, SCX buffer samples were neutralized 
with 0.05 M NaOH in 30% acetonitrile, and control samples were diluted with an equal 
volume of equally neutralized SCX buffer. Equal volumes of control (light labeled) and 
SCX buffer incubation (heavy labeled) were mixed. Control (heavy labeled) and SCX 
buffer incubation (light labeled) were mixed in the same way (label swop). The mixtures 
were desalted, cocrystallized with α-cyano-4-hydroxycinnamic acid and analyzed on an 
4700 Proteomics Analyzer (Applied Biosystems, Foster City, CA) MALDI-TOF/TOF 
instrument. Spectra were acquired in a m/z range from 800 to 4000 in reflectron mode, and 
20000 shots were averaged per spectrum. The instrument was equipped with a 200 Hz 
Nd:YAG laser operating at 355 nm. 
Protein Identification. Raw MS data were converted to peak lists using Proteome 
Discoverer software (Thermo Fisher Scientific Inc., version 1.3). Spectra were filtered for 
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the 6 most abundant peaks per 100 Da mass window. The results were searched against the 
swissprot database version 56.2 with taxonomy Homo sapiens (20407 sequences) by the 
use of Mascot software version 2.3. (www.matrixscience.com). The database search 
parameters were trypsin cleavage specific, allowing 2 missed cleavages, a peptide tolerance 
of ±50 ppm, a fragment tolerance of ±0.05 Da for orbitrap read out and ±0.9 Da for iontrap 
read out, carbamidomethyl (C) as fixed modification, oxidation (M), and phosphorylation 
(STY) as a variable modification. Mascot results were filtered with the integrated 
Percolator based filter using an FDR < 1% (based on PSMs). Only rank 1 peptides were 
allowed, and peptide hits with a mascot ion score below 20 and a peptide length <7 amino 
acids were discarded. 
Motif-x and iceLogo Analysis. The 'neutral' phosphopeptide data set from a previous 
study13 was reprocessed with the same parameters as the 'basic' phosphopeptide data set 
from the actual study. Phosphorylation site probability and scores were calculated by 
phosphoRS that is integrated in the Proteome Discoverer software (Thermo Fisher 
Scientific Inc., version 1.3). Phosphorylated peptides with a site probability <75% and a 
phosphoRS score <50 were discarded. The remaining unique further called type 1 
phosphopeptides (Supplementary Table 2, Supporting Information) were loaded in Motif-x 
v1.218 with MS/MS as foreground format, 13 amino acids width, occurrence of 20, and a 
significance of 0.000001. For iceLogo v1.0.2 analysis,19 the 'basic' phosphopeptides were 
compared with a reference set consisting of the 'neutral' phosphopeptide data set. We used a 
p value cutoff of 0.001.  

RESULTS 

Our approach involves separating a sample using SCX at two different pH values. Our 
strategy was to exploit the change in charge of phosphate groups with pH in order to isolate 
phosphopeptides with multiple basic residues. The initial separation and fractionation is 
performed at a pH of 3, as successfully demonstrated many times,11-13 where the only 
negatively charged group is the phosphate moiety which, alongside the basic residues, 
controls the separation. At this pH value the retention is primarily based on the net positive 
charge, leading to multiply phosphorylated peptides eluting first, followed by N-acetylated 
peptides, singly phosphorylated peptides, and finally regular peptides with a differing 
number of basic residues. In fact, we have shown that, using a refined SCX system at a pH 
of 3, one can efficiently enrich singly and multiply phosphorylated peptides, which contain 
only a single basic amino acid,12 further called 'neutral' phosphopeptides. Unfortunately, 
phosphopeptides with two or more basic residues, further called 'basic' phosphopeptides, 
will have the same net positive charge as the bulk of the regular peptides and thus coelute 
during the SCX separation. Here, we experimentally explore, if a subsequent SCX 
separation, performed at an even more acidic pH, enables separation of these 'basic' 
phosphopeptides from the bulk of the regular peptides due to protonation and thus 
neutralization of the phosphate group. In practice, we take a fraction from the initial SCX 
separation at a pH of 3 containing 'basic' phosphopeptides and further acidify the solvent to 
a pH of 1, which renders the phosphate group neutral. Subsequently, we perform a second 
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SCX separation at a pH of 1. In this second separation, the unaffected regular tryptic 
peptides will elute first followed by the phosphopeptides, which now possess a higher net 
positive charge (Figure 1a). Several issues need to be considered and/or resolved for this 
approach to be successful. Our initial concern was the stability of regular and 
phosphorylated peptides at this low pH. Thus, we examined the stability of a typical set of 
peptides under such conditions. We opted for tryptic digests of caseins, since they covered 
all types of peptides. The digest was split into two equal aliquots and was differentially 
isotopically labeled.17 Half of the peptides of each label was subjected to the solvent 
conditions required for SCX at a pH of 1, and the other half was used as a control. After 
incubation for 1 h at room temperature, the sample’s pH was raised and mixed with the 
control. The analysis showed no obvious difference between the acidified and untreated 
sample (Supplementary Figure 1 and 2, Supporting Information). The second, maybe more 
important issue, is if one can perform an SCX separation with the required resolution at a 
pH of 1. Often classical chromatographic systems and consumables can fail under such 
conditions. Thus, we have specifically chosen commercial available LC equipment and 
SCX columns, that can operate at a pH of 3 and at a pH of 1. Using such a system, we 
obtained an average peak width at half height of approximately 0.5 min when separating a 
simple protein mixture digest at a pH of 3 (Supplementary Figure 3, Supporting 
Information). Pleasingly, the separation power of the same mixture at a pH of 1 is little 
affected, with an average peak width at half height of approximately 0.6 min 
(Supplementary Figure 3, Supporting Information). Furthermore, we compared the 
retention behavior of regular and phosphorylated peptides at the two pH conditions. 
Confirming our expectations, at a pH of 1, the phosphorylated peptides eluted later than the 
regular peptides that coeluted at a pH of 3 (Supplementary Figure 3 and Supplementary 
Table 1, Supporting Information).  
In order to demonstrate the potential of two consecutive SCX separations (pH 3 and pH 1), 
which we call tandem SCX, we performed a full scale phosphoproteomics experiment 
focusing on the 'basic' phosphopeptides. HeLa cells arrested in M-phase were lysed and 
digested. Peptides corresponding to 500 μg of protein were first separated at a pH of 3, and 
1 min fractions were collected. The 6 main fractions, containing the bulk of the doubly 
charged tryptic peptides, were each split into two, where one half was subjected to a second 
SCX separation at a pH of 1. One half of each of the main fractions from the second SCX 
separation (pH 1) was subjected to a nanoLC-MS analysis. The amount of material 
analyzed by nanoLC-MS corresponded to approximately 125 µg of starting material. One 
should keep in mind, that downscaling of the system (particularly column dimensions) 
might be advantageous, when the sample being analyzed is limited to low microgram 
amounts. We also analyzed the main fractions from the first SCX separation (pH 3) in order 
to create a reference to which we can calculate enrichment factors for the tandem SCX 
approach. We analyzed the type of peptides observed in each of the fractions created by the 
separation at a pH of 1. Two defined populations could be easily distinguished 
(Supplementary Figure 4, Supporting Information). The early fractions contain regular 
tryptic peptides, and the later fractions contain predominantly phosphorylated peptides. 
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Strikingly, the apexes of the two populations are several minutes apart, leading to close to 
near complete separation and enrichment of the 'basic' phosphopeptides. 
We also performed direct nanoLC-MS analyses of the six initially collected SCX (pH 3) 
fractions. The direct analysis led to the identification of almost 18500 unique peptides but 
less than 550 unique phosphopeptides (Supplementary Table 2, Supporting Information). In 
contrast, the tandem SCX approach resulted in the identification of more than 31000 unique 
nonphosphorylated peptides and in addition more than 10000 unique 'basic' 
phosphopeptides (Figure 1b,c and Supplementary Table 2, Supporting Information). 
Compared to direct SCX-RP analysis, our tandem SCX approach thus resulted in a nearly 
20-fold increase in identifications of 'basic' phosphopeptides (Figure 1b and Supplementary 
Figure 5, Supporting Information). The enrichment factor compares favorably to the best 
chelation based strategies.3  
 

 

Figure 1. Overview of the principle and results of tandem SCX. (a) First peptides are separated with SCX at a pH 
of 3. The bulk of regular tryptic peptides (red) and 'basic' phosphopeptides (blue) both possess the same net 
positive charge and coelute. The regular peptides hinder the efficient analysis of the 'basic' phosphopeptides. 
Discrete fractions of the SCX separation at a pH of 3 are separated with SCX at a pH of 1. The net charge of 
phosphorylated peptides increases, due to protonation of the phosphorylation site at the pH of 1, as indicated by 
the example peptide. The change in net charge of the phosphopeptides leads to a relative increases in retention 
time, compared to the unaffected regular tryptic peptides. The net result is the separation of regular and 
phosphorylated peptides. (b) Venn diagram representing the overlap between unique phosphopeptides identified 
by tandem SCX (dark blue) or by direct analysis after SCX separation at a pH of 3 revealing a nearly 20-fold 
improvement in the number of detected phosphopeptides (light blue). (c) Venn diagram representing the overlap 
between unique regular peptides identified by tandem SCX (dark red) or after single SCX separation at a pH of 3 
revealing only a 2-fold improvement in the number of detected regular peptides (light red).  
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The identified 'basic' phosphopeptides contain stretches that resemble targets of kinases 
with a preference for basic residues surrounding the phosphorylation site, so-called 
basophilic kinases. We compared the current tandem SCX results with a recently published 
similar sized data set of phosphopeptides which contain only a single basic amino acid and 
originate from the same cell line grown under similar conditions.13 Using the iceLogo 
program,19 we detected a significant relative overrepresentation of basic residues in our 
current tandem SCX data set (Supplementary Figure 6, Supporting Information). Similar 
overrepresentation of basic residues in phosphopeptides from late SCX fractions have also 
been found after enrichment with TiO2 or Ti4+-IMAC when attention is placed on the 
solvent systems applied (Supplementary Figure 6, Supporting Information).3 Further 
analysis with the Motif-X program18 pinpointed at several basic sequence logos only 
present in the tandem SCX data set (Supplementary Table 3, Supporting Information). 
Some of these, which are only identified in the tandem SCX data set, are motifs of well-
known basophilic kinases including the PKA, DMPK, and the SGK families 
(Supplementary Table 3, Supporting Information).20 Thus, the presented data set with 
several thousand phosphorylation sites might exhibit valuable information for researchers 
with an interest in basophilic kinases.  

CONCLUSIONS 

We present a simple strategy based on a two-dimensional SCX strategy which we call 
tandem SCX. We show that tandem SCX is a facile method which allows the enrichment of 
'basic' phosphopeptides. The separation and, as a consequence, the enrichment of 'basic' 
phosphopeptides are based on the change of the net charge in the second dimension (pH 1), 
whereas regular peptides keep the same net charge at both pHs (pH 3 and pH1). The 
difference in net charge in the second dimension allows the SCX separation of originally 
(first dimension) coeluting regular and phosphorylated peptides. Application of tandem 
SCX allowed us to identify over 10000 phosphorylated peptides from a subpopulation of 
the phosphoproteome of HeLa cells. Over 97% of the identified phosphopeptides had an 
additional basic residue, and many of them are potential targets of basophilic kinases. Thus, 
our approach is especially valuable for the research related to basophilic kinases. 
Additionally, tandem SCX combined with classical SCX at a pH of 311-13 will allow 
separation of all the main phosphopeptide families. 
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SUPPORTING INFORMATION 

Supplementary data set containing Supplementary Figures 1-6 and Supplementary Tables 
1-3. This material is available free of charge via the Internet at http://pubs.acs.org. 
Additional information is available as .msf file on tranche at https://proteomecommons.org 
using the following hash:  
bZZyQEga0NGTcZtVVPEBQlCWNqhwB5IMwsyobsXA560ZwfmYBHQtoL8DWZh5A
H940WjjURyHh/DaUq8nvnj7h+hbpawAAAAAAAB1fw== The passphrase is 2LSCX11. 
The software to view the files is Proteome Discoverer version 1.3 or the msf parser 1.0.3. 
The msf parser is available for free at http://code.google.com/p/thermo-msf-parser/ 
 

SUPPLEMENTARY FIGURES    

 

Supplementary Figure 1. MALDI spectra of 
differentially dimethyl labeled casein peptides 
originating from a stability test at a pH of 1. (a) 
Spectrum of a 1:1 mixture of light labeled control 
peptides and heavy labeled peptides incubated in SCX 
buffer at a pH of 1. (b) Spectrum of the label swop 
experiment, in which the light peptides were incubated 
in the SCX buffer at a pH of 1 and the heavy peptides 
served as control. The green dots indicate 
corresponding light and heavy forms of the same 
peptide. No obvious trend between the label swop 
experiments is visible, indicating no to little changes 
between control and stability test. 

 

 

Supplementary Figure 2. Zoomed in region of 
MALDI spectra of differentially dimethyl labeled 
casein peptides from the stability test at a pH of 1. (a) 
Spectrum of a 1:1 mixture of light labeled control 
peptides and heavy labeled peptides incubated in SCX 
buffer at a pH of 1. (b) Spectrum of the label swop 
experiment, in which the light peptides were incubated 
in the SCX buffer at a pH of 1 and the heavy peptides 
served as control. The light and heavy form of the two 
phosphopeptides YKVPQLEIVPNsAEER and 
FQsEEQQQTEDELQDK are marked by a green dot. 
No obvious trend between the label swop experiments 
is visible, indicating no to little changes between 
control and stability test. 
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Supplementary Figure 3. UV chromatogram of SCX separations of a mixture of tryptic peptides from bovine 
serum albumin and caseins. Red colored sequences are non-phosphorylated peptides and blue colored sequences 
are 'basic' phosphopeptides. (a) SCX separation at a pH of 3. The peptides with the mentioned sequences coelute 
in the red plus blue colored region. (b) SCX separation at a pH of 1. The regular peptides elute in the red colored 
region and the 'basic' phosphopeptides elute later in the blue colored region. 

 

Supplementary Figure 4. Comparison of the elution of regular peptides (red) and phosphopeptides (blue) after 
SCX separation at a pH of 1. Fraction 10 (fr10) to fraction 15 (fr15) from the SCX separation at a pH of 3 of 
digested HeLa lysate were subsequently separated by SCX at a pH of 1. The fraction numbers are plotted against 
the amount of unique peptides per SCX separation. Unique peptides (per SCX separation) were assigned to the 
fraction in which they exhibited the greatest peak area. 
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Supplementary Figure 5. Analysis of the 
accumulated amount of unique peptides in the single 
SCX and tandem SCX analysis. Most regular peptides 
were identified with tandem SCX (red squares). In 
fraction 10 almost the same amount of 
phosphopeptides were identified with the tandem SCX 
(blue diamonds) approach compared to regular 
peptides identified with the single SCX analysis (violet 
crosses). The amount of phosphorylated peptides 
detected with the single SCX analysis is negligible 
(green triangles) compared to the amount detected by 
tandem SCX (blue diamonds). 

 

 

 
Supplementary Figure 6. An iceLogo created from 
the type 1 'basic' phosphopeptides dataset displays the 
under- or over-representation of amino acids 
surrounding the phosphorylation site. The position 6 is 
the phosphorylation site. The amino acid frequencies 
were compared with a reference set that contained type 
1 'neutral' phosphopeptides.  

 

 

 

SUPPLEMENTARY TABLE 

 
Supplementary Table 1. The table summarizes the 
detected peptides that elute in fraction 21 and 22 from 
an SCX separation (pH=3) of tryptic peptides from a 
bovine serum albumin and bovine casein digest. 
Letters in lower case indicate phosphorylation (p) or 
oxidation (ox). The shift in retention indicates how 
many minutes earlier the peptide elutes, when 
separated with SCX at a pH of 1, using the identical 
setup and salt gradient. The two 'basic' 
phosphopeptides (highlighted with green) elute later at 
a pH of 1 (smaller RT shift) compared to the non-
phosphorylated peptides, as visualized in 
Supplementary Figure 3. 

 

Sequence Protein 
shift in retention 

[min] 

ATEEQLK Serum albumin 15 

DDSPDLPK Serum albumin 14 

EACFAVEGPK Serum albumin 15 

ETYGDMADCCEK Serum albumin 15 

ETYGDMoxADCCEK Serum albumin 15 

EYEATLEECCAK Serum albumin 15 

KTVDMoxESpTEVFTK Alpha-S2-casein 8 

NAVPITPTLNR Alpha-S2-casein 15 

NMAINPSK Alpha-S2-casein 15 

QNCDQFEK Serum albumin 15 

TVDMoxESTEVFTK Alpha-S2-casein 15 

VLPVPQK Beta-casein 14 

VPQLEIVPNSAEER Alpha-S1-casein 15 

YICDNQDTISSK Serum albumin 15 

YKVPQLEIVPNSpAEER Alpha-S1-casein 7 

YNGVFQECCQAEDK Serum albumin 15 
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SUMMARY 

Proteins play a central role in almost all cellular processes. One of the most important 
techniques to identify and quantify proteins is mass spectrometry. In general, proteins are 
first digested and the resulting peptides are subjected to analysis. When all proteins of a cell 
are digested, hundreds of thousands of different peptides are generated. A mass 
spectrometer cannot analyze all of them at once. Thus, efficient separation technologies are 
used to feed the mass spectrometer with peptides one after the other.  

The major part of this thesis describes new methods to enrich for and separate peptides with 
specific modifications (phosphorylation) of high biological impact. These techniques 
enable to enrich, separate and detect over ten thousand phosphorylated peptides in only a 
subpopulation of all peptides. Besides mass determination of intact peptides mass 
spectrometers also allow to break chemical bonds by so called fragmentation techniques. 
The masses of the resulting fragments allow a further detailed characterization of the 
original molecule. Part of this thesis addresses the behavior of chemically modified 
(labeled) peptides, when they are subjected to a relative new fragmentation technique called 
ETD (electron transfer dissociation). We show which of the labels used lead to positive 
changes in fragmentation and which prevent fragmentation almost completely.  

The new methods and fundamental research presented in this thesis will allow improved 
analysis of proteins and in particular proteins modified by phosphorylation. 

SAMENVATTING 

Eiwitten spelen een centrale rol in alle celgerelateerde processen. Een van the belangrijkste 
technieken om eiwitten te identificeren en te kwantificeren is massaspectrometrie. In het 
algemeen worden de eiwitten dan eerst gedigesteerd, waarna de resulterende peptiden 
worden geanalyseerd. Wanneer alle eiwitten in een cel worden gedigesteerd ontstaan 
honderdduizenden verschillende peptiden. Een massaspectrometer kan echter die niet 
allemaal tegelijk analyseren. Daarom zijn efficiënte scheidingstechnieken nodig om de 
peptiden een voor een met een massaspectrometer te kunnen analyseren. 

Het grootste gedeelte van dit proefschrift beschrijft nieuwe methoden voor het verrijken en 
scheiden van peptiden met een specifieke modificatie (fosforylatie) die betrokken is bij veel 
biologische processen. Deze technieken maken het mogelijk om meer dan tienduizend 
gefosforyleerde peptiden  te verrijken, scheiden en detecteren in een kleine populatie van 
alle peptiden. Naast het bepalen van de exacte massa van een peptide is het  met 
massaspectrometrie ook mogelijk om chemische bindingen te verbreken met verschillende 
fragmentatietechnieken. De massa’s van de resulterende fragmenten geven dan 
gedetailleerde informatie over het originele molecuul. 
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Een gedeelte van dit proefschrift beschrijft het gedrag van chemische gemodificeerde 
(gelabelde) peptiden. Deze worden geanalyseerd met een relatieve nieuwe fragmentatie 
techniek genaamd ETD (electron transfer dissociation). We laten zien welke labels een 
verbetering van de fragmentie geven en welke  juist fragmentatie volledig verstoren. 

De nieuwe methodes en het fundamenteel onderzoek gepresenteerd in dit proefschrift 
zullen bijdragen aan een betere analyse van eiwitten en dan met name eiwitten die 
gemodificeerd zijn door fosforylatie. 

ZUSAMMENFASSUNG 

Eiweiße spielen eine zentrale Rolle in fast allen zellulären Prozessen. Einer der wichtigsten 
Techniken zur Identifikation und Quantifizierung von Eiweißen ist Massenspektrometrie. 
Im Allgemeinen werden Eiweiße zuerst verdaut (gespalten) und die daraus entstandenen 
Peptide gemessen. Wenn alle Proteine einer Zelle verdaut werden, entstehen hundert 
tausende von Peptiden. Ein Massenspektrometer kann diese nicht alle gleichzeitig messen 
und daher werden in der Regel hocheffiziente Trenntechnologien eingesetzt um das 
Massenspektrometer nacheinander mit den unterschiedlichen Peptiden zu füttern.  

Ein Großteil dieser Doktorarbeit beschreibt neue Methoden von Trenntechniken um Peptide 
mit speziellen, biologisch sehr bedeutenden Modifikationen (Phosphorylierung) 
anzureichern und zu trennen. Hierbei ist es gelungen weit über zehntausend 
unterschiedliche phosphorylierte Peptide aus einer Teilgesamtheit aller Peptide 
anzureichern, zu trennen und zu detektieren. Neben der reinen Massenbestimmung von 
Peptiden erlauben gewisse Massenspektrometer auch chemische Bindungen mit Hilfe 
sogenannter Fragmentierungsmethoden zu lösen. Die Massen der resultierenden 
Bruchstücke (Fragmente) erlauben eine nähere Charakterisierung des Ausgangsstoffes. Ein 
weiterer Teil dieser Arbeit befasst sich damit, das Verhalten von chemisch veränderten 
(markierten) Peptiden zu untersuchen, wenn diese einer relativ neuen 
Fragmentierungsmethode mit Namen ETD (electron transfer dissociation) unterzogen 
werden. Ich konnte zeigen, welche der getesteten Modifikationen sich in welcher Form z.T. 
positiv auf die Fragmentierung auswirken oder das Trennen vieler Bindungen in Peptiden 
fast vollständig  unterdrücken.  

Die in dieser Arbeit entwickelten Methoden und Erkenntnisse werden zu einer verbesserten 
Analyse von Eiweißen und im Speziellen zur Analyse von phosphorylierten Eiweißen 
beitragen. 
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