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1
1 PROTEOMICS
Analytical protein chemistry, or “proteomics”, refers to the branch of  analytical science focus-
ing on proteins.[1] The term proteome appeared in the literature in 1997 as a linguistic equiva-
lent to the concept of  genome and is used to describe the complete set of  proteins expressed 
by the entire genome of  a cell.[2] Moreover, proteomics expresses the ambition to obtain a 
global view at the protein level, in analogy to what is possible to obtain at the DNA and RNA 
levels, bridging the gap between our understanding of  the genome sequence and the cellular 
response.[3, 4] 
From a ‘systems biology’ point of  view, proteomics delivers mainly three types of  information. 
First, it embraces the study of  interactions of  proteins with other proteins, modified peptides, 
small molecules, and specific RNA and DNA sequences, a branch that is also defined as “inter-
actomics”.[5] A second type of  information is the posttranslational modification (PTM) state 
of  a protein.[6] PTMs can affect structure and stability of  a protein, having potential effects 
on its biological function, as well as switching the protein into an active or deactivate state. 
Third, “expression proteomics” determines the relative and absolute amount of  proteins in a 
sample.[7] This is analogous to “transcriptomics”, which measures mRNAs by microarrays or 
deep sequencing methods. However, the mRNA levels have been found to not fully correlate 
with eventual protein expression due to differences in the extent of  re-use of  mRNA.[8] Thus, 
the main advantages of  focusing on proteins is that it takes into account the regulation at the 
posttranscriptional and posttranslational level.[9] These three fields can be woven together and 
applied in a myriad of  different formats to study biological and medical questions.
The technological basis of  most current proteomics studies is biological mass spectrometry 
(MS). This field was first catapulted to mainstream prominence with the ‘development of  soft 
desorption ionization methods for mass spectrometric analyses of  biological macromolecules’, 
for which in 2002 John B. Fenn and Koichi Tanaka jointly received a Nobel Prize in Chemistry. 
Then, a number of  decisive breakthroughs followed, notably optimized protocols to handle 
biological sample for MS analysis, powerful separation methods for the analysis of  complex 
protein mixtures, automated peptide identification software and bioinformatics tools for data 
analysis, establishment of  quantitative techniques, and improvements in mass spectrometric 
instrumentation. 
During the past decade, most proteomics studies relied on tandem mass spectrometry (MS/
MS) as the core technology, specifically on a method referred to as ‘bottom-up’ proteomics.[10] 
The key concept is fundamentally explained by the controlled decomposition of  a proteome 
into peptides and their analysis by mass spectrometry. One idea behind this is that an ensemble 
of  peptides has a narrower distribution of  physico-chemical properties compared to a mixture 
of  proteins, and peptides are analytically and preparatively less challenging than proteins. The 
other idea is that the fragmentation of  peptides by tandem MS is well understood and occurs 
in a more or less predictable way, yielding fragment spectra that can be used for peptide iden-
tification.

1.1 Generic shotgun proteomics workflow 
A ‘standard’ proteomics workflow does not exist and always depends on the specific research 
question and available resources. However, bottom-up proteomics can be summarized as fol-
lowing. Proteins are extracted from cells or tissues and digested into peptides. Peptides in the 
sample are separated, typically by liquid chromatography, and then ionized by electrospray ioni-
zation (ESI) or matrix-assisted laser desorption/ionization (MALDI). Ionization is required 
to transfer analytes into the mass spectrometer as gaseous ions, where they are subjected to  
fragmentation and their spectra are recorded. Fragment ion spectra are the currency of  infor-
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mation, as they can be assigned to peptide sequences 
from which the corresponding proteins are inferred. 
Fragment ion spectra also contain precious informa-
tion to detect modified amino acid residues and to 
identify and locate modifications within the peptide 
sequence. Moreover, MS signals can be used to esti-
mate the quantity of  a peptide or protein.[11, 12] For 
every step of  the process, including sample prepara-
tion and fractionation, MS data acquisition, quantifi-
cation, and data analysis, multiple methods and tools 
have been developed.[13-15] This also applies to the 
MS instrumentation, which continuously enjoys in-
creases in performance in regard to speed, mass ac-
curacy, sensitivity and analytical robustness.[16, 17]
In Figure 1, I outline the general steps that would 
apply to most proteomics strategies and to the work 
described in this thesis. The sample preparation step 
largely depends on the type of  sample and on the ulti-
mate goal of  the research, e.g. a comprehensive global 
proteome analysis, or a more targeted study on specif-
ic cell types, subcellular components or certain PTMs. 
A sample can include cells from laboratory culturing, 
isolated primary cells, tissue, biological fluid, plant ma-
terial, etc. In general, the sample is lysed employing 
denaturing agents such as the surfactants sodium do-
decyl sulfate (SDS) or sodium deoxycholate (SDC), or 
such as the chaotropic reagents urea or thiourea. The 
use of  these reagents enhances cell and tissue solubi-
lization and protein unfolding and denaturation, pre-
venting their precipitation. However, surfactants, even 
at low concentrations, can preclude enzymatic diges-
tion and dominate mass spectra due to their favora-
ble ionizability and their great abundance compared 
to individual peptides. Therefore, depletion of  deter-
gents is a prerequisite for efficient mass-spectrometric 
analysis in proteomics. 
The following step (Step 2) is the protein digestion 
with enzymes possessing specific substrate speci-
ficity to generate peptides that are in the molecular 
weight window suitable for MS analysis. The choice 
of  enzyme is undoubtedly important as each enzyme 
generates a unique pool of  peptides with differing se-
quence characteristics, length distribution, solubility 
and charge. The most common proteolytic enzyme 
is trypsin, which cleaves proteins specifically and ef-
ficiently at the C-terminal side of  lysine and arginine 
residues.[18] These basic residues are adequately dis-
tributed over a protein sequence resulting in the gen-
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Figure 1: General proteomics workflow.
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eration of  ideal peptide length for successful peptide sequencing by MS. Alternative proteases 
are also employed, sometimes in combination with trypsin, leading to significantly high protein 
sequence coverage. For example, Lys-C protease cuts at the C-terminal side of  lysine and is also 
active at high concentration of  denaturing agent. Thus, Lys-C can be combined with trypsin, 
which is more sensitive to reagent’s concentration, to maximize the protein digestion. Recently, 
a complementary enzyme was introduced in proteomics, called Lys-N, which cleaves at the N-
terminal side of  lysine. The resulting peptides produce simplified fragmentation spectra when 
electron transfer dissociation (ETD) is used as a fragmentation technique.[19] 
Digestion of  protein mixtures results in a much larger number of  proteolytic peptides than 
the initial number of  proteins, hampering the chance for all those peptides to be sequenced 
by MS during a single LC-MS analysis. There are two main parameters limiting the analysis of  
complex peptide mixture and preventing full proteome identification. First, the instrument has 
a finite peptide sequencing speed. The other limitation is the dynamic range of  measurement. 
Therefore, the complexity of  the sample is often reduced in order to increase the possibility 
for the mass spectrometer to detect as many peptides as possible. The most common strategy 
to reduce complexity is the use of  additional step(s) of  peptide separation. In fact, proteomics 
is tightly linked and highly dependent on separation technologies. Though sample fractiona-
tion here is reported as step 3, the selection of  an appropriate separation method is often the 
first step in designing a proteomic workflow. Often, peptide fractionation is based on liquid 
chromatography (LC) and several LC modes can be employed, which are mainly based on hy-
drophobicity, hydrophilicity, charge state, and size of  peptides.[20] An extensive discussion of  
LC methods for peptide separation, their combination in multidimensional formats and relative 
applications in proteomics can be found in chapter 2.
The complexity of  the proteome also includes protein modifications, such as phosphoryla-
tion. One of  the major challenges in the analysis of  PTMs, especially phosphorylation, is their 
relative low stoichiometry in comparison to ‘regular’ unmodified proteins. This will cause the 
majority of  modified proteins (and peptides) to be masked by the more abundant unmodified 
analogues. To cope with this issue, a plethora of  enrichment techniques are being developed. 
A number of  methods that selectively target phosphorylated peptides also exist, which can be 
applied after (Step 4) or before sample fractionation. Several enrichment strategies take advan-
tages of  the chelating properties of  some metals toward the phosphate group, such as immo-
bilized Fe3+ ions,[21] or Metal Oxide Affinity Chromatography, such as TiO2[22] or ZrO2.[23] 
Some non-affinity based techniques,  mainly chromatography based, offer additional strategies 
for enrichment. The most common are anion-exchange, mixed-bed, and hydrophilic interac-
tion liquid chromatography. For a more detailed discussion of  phosphoproteomic enrichment 
methods see sections 4.1 and 4.2.
In the last separation step (Step 5), which is often interfaced directly to MS via electrospray ion-
ization (ESI), peptides are separated employing reversed-phase (RP) chromatography. RP has 
shown superior separation power, efficiency, and reproducibility compared to other LC modes, 
and has an excellent buffer compatibility with ESI. In fact, RP still remains the workhorse of  
separation methods in single-shot proteomics as well as last dimension in multidimensional 
strategies prior to MS analysis. 
The mass spectrometer, then, determines the mass-to-charge (m/z) of  peptides eluting from 
the LC column and electrosprayed into the MS. The instrument can isolate and select pep-
tide ions for fragmentation in order to provide direct information on peptide sequences. The 
achievable proteome coverage depends on several parameters, including power, length and 
resolution of  LC separation, dynamic range of  detection, mass accuracy, scanning speed and 
fragmentation type of  the mass spectrometer. Further discussion about fragmentation, MS 
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instrumentation and characteristics can be found in section 2.
The final step of  the presented workflow is data analysis, referring to a set of  bioinformatics 
tools required to compare the experimental MS/MS data to theoretical spectra, generated in 
silico from genomic databases, to obtain matches that fit the theoretical data with high prob-
ability. With this approach, candidate fragmentation spectra can be selected according to the 
peptide precursor mass, yielding a confident identification even when the MS/MS spectrum 
would not contain enough information to deduce the peptide sequence by direct interpretation. 
A drawback of  this approach is that databases can be sometimes quite large and may result in 
false identifications. Therefore, robust statistical validations need to the applied to get an indi-
cation of  inaccurate assignments or false positive matches in the datasets.

1.2 Proteomics strategies 
From an extensive menu of  available options for each single step, individual choices can be 
combined into different workflows and MS strategies, each addressing different types of  
biological inquiries.[12, 15] The most frequently used strategy is referred to as ‘shotgun’ or 
“discovery proteomics”.[24] There, peptide precursor ions are detected in a survey scan and 
automatically selected using a process called data-dependent analysis. This strategy results in 
large datasets containing vast numbers of  proteins and can enable quantitative comparisons 
between different samples either via stable isotope labeling or without labeling.[7, 14, 25] Shot-
gun proteomics does not require any prior knowledge of  the composition of  the sample, and 
thus each protein is newly discovered. In “directed proteomics”, precursors are only selected 
for fragmentation if  they are detectable in a survey scan and present on a list of  predetermined 
precursor ions; an ‘inclusion list’.[26, 27] This strategy results in datasets that identify and 
quantify specific, predetermined segments of  a proteome at a higher level of  reproducibility, 
compared to discovery proteomics. In “targeted proteomics”, only predetermined peptides are 
selected for detection and quantification in a sample. The main mass spectrometric method 
that supports targeted proteomics is ‘selected reaction monitoring’ (SRM) also referred to as 
‘multiple reaction monitoring’.[28, 29] In SRM, specific MS assays are generated a priori for 
each targeted peptide, and then used to selectively detect and quantify analytes in multiple 
biological samples.[30] This method can generate highly reproducible and accurate datasets for 
small, preselected fractions of  a proteome (typically one to a few hundreds peptides) at a wide 
dynamic range.[31] Finally, with recent advances in instrumentation, a forth strategy called 
“data-independent analysis”[32-35] is emerging in which no selection of  the precursor ion oc-
curs. Rather, all precursors are fragmented, either over the whole mass range or in swaths of  
smaller mass ranges.[36] Each of  these strategies captures a different subset of  the total pro-
teome space, balancing trade-offs in comprehensiveness, reproducibility, selectivity, sensitivity, 
accuracy and dynamic range.[37]
In the following sections, several steps of  the general workflow are described and discussed in 
more detail, as well as many aspects related to proteomics strategies, to help understanding the 
impact of  the work presented in this thesis. 

2 MASS SPECTROMETRY
MS has become the method of  choice for the identification of  peptides, and therefore pro-
teins, in proteomics. A peptide can be identified based on the m/z of  the precursor ion in 
combination with the m/z of  product ions obtained by fragmenting the precursor in MS/MS 
mode. Following this approach, any protein can be theoretically identified by MS, making it an 
essential instrument in proteomics. 
A mass spectrometer can be described as consisting of  4 different parts: ionization source, 
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mass analyzer, detector, and data processing system. A sample is introduced into the mass spec-
trometer through the ionization source. Ions are separated according to their m/z in the mass 
analyzer and captured by the detector. In a new round, ions can be selected and fragmented 
in a collision cell that can be tandem-in-space or tandem-in-time, after which the product ions 
are measured in the mass analyzer. The detector records the number of  ions at each m/z value 
and, finally, a data processing system generates the mass spectrum in a suitable form. The fol-
lowing sections will give a brief  overview of  operational principles and key features of  these 
technologies.

2.1 Ionization
Analysis in a mass spectrometer is performed under vacuum. To introduce a biological sample 
into a mass spectrometer, compounds must be converted to gas-phase ions without extensive 
degradation. In proteomics, this is typically performed by soft-ionization techniques, such as 
MALDI or ESI. 
In MALDI, ions are generated from a solid state. The sample is mixed with a matrix and co-
crystallized on a MALDI target plate by vaporization of  the solvents. A rapid laser hits the plate 
and induces heating of  the matrix ‘s crystals by accumulation of  a large amount of  energy. This 
excitation energy, which is thought to be partly transferred to the analytes, caused desorption 
of  the matrix and desolvatation of  the analytes. In this process, peptides are predominantly 
converted into singly protonated ion species.[38, 39] 
Unlike MALDI, the ESI source produces ions from a solution. The analyte is dissolved in 
a solvent and dispersed into a fine aerosol through electrostatic charging.[40] In this stage, 
the volatile solvent in the droplet evaporates, sometimes aided by heating or use of  an inert 
nebulizing gas. As the solvent evaporates, the charge density of  the droplets increases until 
the so called Rayleigh point is reached. At this juncture, Coulombic repulsion exceeds droplet 
surface tension and fission occurs.[41] Two models have been proposed to explain the final 
generation of  gas-phase ions: the Ion Evaporation Model (IEM)[42] and the Charged Residue 
Model (CRM).[43] According to the IEM, gas-phase ions can be ejected directly from shrinking 
droplets before the Rayleigh limit is reached. This can occur during asymmetric droplet fis-
sion, when charge repulsions between similarly charged ions 

Figure 2: Illustration of  the instrumental 
setup to initiate electrospray (A), where a 
high voltage is applied between sample tip 
and counter electrode and schematic repre-
sentation of  the two models (B, C) explain-
ing the formation of  ions during electrospray 
ionization. B depicts the IEM model that 
holds mainly for smaller molecules such as 
peptides, where solvent evaporation leads to 
smaller and smaller droplets until ions will 
evaporates directly from the droplet sur-
face. C depicts the CRM model associated 
to larger molecules such as intact proteins. 
The shrinking droplets will force the charged 
molecules closer together until repulsions of  
charges leads to Coulombic explosions and 
the formation of  single ions in the gas phase.
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exceeds the surface tension of  the droplet. In this way small molecules are capable of  leaving 
larger droplets as charged ion species. In CRM, the initial droplet undergoes several cycles of  
solvent evaporation and asymmetric Coulombic explosions, until droplets contain on average 
only one charged molecule. The gas-phase ion is formed when all the solvent is evaporated and 
the ion will retain the residual charge carried by the ion in the solution before the final evapora-
tion. ESI typically produces multiply charged ions, depending on the size of  the ion and the 
amino acid sequence. These two theories are depicted in Figure 2.
The largest advantage of  ESI over MALDI, and the reason why it is now the most prominent 
ionization technique in proteomics, is that it can be conveniently interfaced to LC separation 
techniques.[44] Electrospray ionization is obtained applying a high voltage (1-6 kV) between 
the silica emitter at the end of  the separation pipeline and the inlet of  the MS, creating a con-
tinuous flow into the MS. An important development in ESI techniques includes nano-ESI,[45] 
in which the flow rate is lowered to a nanoliter-per-minute regimen. Reducing the flow rate at 
which peptides elute from the column, as well as the diameter of  the emitter opening, increases 
the sensitivity of  the electrospray process. This is caused by a higher efficiency in ion creation 
and better transfer into the MS. To suit nanoliter flow rates, RP-LC is performed with capillary 
columns of  tens of  micrometer inner diameter. 

2.2 Mass analyzers
In the mass analyzer, ions are stored and separated according to their m/z. Several types of  
mass analyzers exist that determine m/z based on different principles. Ion trap, Orbitrap and 
ion cyclotron resonance separate ions based on their m/z resonance frequency; quadrupoles 
use m/z trajectory stability; time-of-flight analyzers use velocity or flight time.[46] Each mass 
analyzer has unique properties, such as mass range, analysis speed, resolution, ion transmis-
sion, sensitivity and dynamic range. Hybrid instruments are combinations of  mass analyzers to 
address specific needs.[10, 11] Here, quadrupoles, ion traps, Fourier transform ion cyclotron 
resonance (FT-ICR) and Orbitrap mass analyzers will be discussed since these types of  mass 
spectrometers have been used extensively in the works reported in following chapters. 

2.2.1. Quadrupoles
Quadrupoles consist of  4 perfectly parallel, circular or ideally hyperbolic shaped rods. To each 
rod a combination of  a static (DC) and oscillating (RF) electric field is applied.[47] 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  ions have no stable trajectories, 
they leave the ion path and collide with one of  the rods, being discharged. Ions with a stable 
trajectory through the quadrupole move with a circular motion in the x- and y-axis, resulting in 
a corkscrew kind of  motion through the rods. A schematic representation of  a quadrupole MS 
and ions trajectory is reported in Figure 3.
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 amplitude is 
set such that only ions with one m/z have stable trajectories and all the other ions are instable, 
the quadrupole acts as a mass filter. When the DC potential is set to ground and only the RF-
potential is applied, the quadrupole functions as a wide band mass filter and it can be used as an 
ion guide to transport ions between different sections of  an instrument. Furthermore, quadru-
poles can be used as reaction chambers to induce ion fragmentation. Ions entering an RF-only 
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quadrupole filled with an inert gas and possessing a sufficient kinetic energy, will collide with 
the gas molecules and will be fragmented. Mass filtering of  the fragments is then achieved in 
another mass analyzer downstream.  
Quadrupoles are often used in tandem MS studies and can be found in a triple quadrupole 
mass  configurations (QqQ). Here, the second quadrupole is employed as a collision cell for 
collision induced dissociation (CID) and the third quadrupole as a mass-selective filter of  the 
fragments. 
If  instead of  four rods, six or eight rods are used, the instrument is called respectively hexapole 
or octopole, or in general multipole is used to define multiple rods.

2.2.2 Quadrupole ion trap and linear ion trap
The quadrupole ion trap (QIT),[48] also called 3D-trap, consists of  3 electrodes: a circular 
electrode (ring electrode) and two hyperbolic caps (endcaps), as depicted in Figure 4A. A three-
dimensional quadrupolar field is established between an oscillating electric field to the ring 
electrode while the end-cap electrodes are kept at ground potential. Since there is no DC po-
tential applied, the trap will allow ions of  a broad m/z range to enter the QIT axially through a 
bore in one end-cap electrode. Ions are then excited into stable 3D-trajectories in the centre of  
the electrode assembly, which effectively means the ions are trapped. Discrimination of  m/z is 
performed by applying a fundamental RF voltage to the ring: its frequency is constant but its 
amplitude (V) can be varied. Additional RF voltages of  selected frequencies can be applied to 
the endcaps. Often, helium is used as a buffer gas to help focusing the ions toward the centre 
of  the trap. Collisions with helium dampen the kinetic energy of  the ions, trapping the ions 
more efficiently through collisional cooling. Furthermore, careful control of  resonance exci-
tation can be used to increase the kinetic energy of  the ions to allow fragmentation by CID. 
Trapped ions are ejected by gradually changing the electrode voltages, resulting in unstable 
ajectories of  ions at specific m/z values. 
A different type of  ion trap is the 2D-trap, also called linear ion trap (LIT),[48, 49] in which 
ions are trapped in two dimensions, i.e. along an axis, rather than at the focal point, i.e. at the 
centre of  the trap, as for the 3D-trap. An LIT consists of  a linear quadrupole with two end 
electrodes at the entrance and exit, which can be built of  two plates or short quadrupoles, as 
depicted in Figure 4B. The ions are trapped in an axial motion by a static electric potential on 
end electrodes and can be ejected radially through slots in the rods. The design of  2D-traps 
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Figure 3: Schematic illustration of  a quadrupole mass spectrometer.
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enables a larger ion storage volume compared to 3D-traps, circumventing the problem of  
overfilling the trap, referred to as “space-charge” effects, which limits the maximum load of  
an ion trap due to ion repulsions. Higher storage volumes lead to an increase in dynamic range 
and sensitivity.

2.2.3 FT-ICR 
An FT-ICR instrument determines the m/z of  ions based on their cyclotron frequency in a 
strong and constant magnetic field.[50] It is built from a superconductive magnet and a box-
shaped cell with six electrodes aligned with the magnetic field. The cell consists of  two pairs 
of  opposite metal plates that are electrically coupled in pair, and two cylinders, at the end of  
the cell, functioning as trapping electrodes.  The two pairs-electrodes are used as excitation and 
detection plates. Due to the magnetic field, ions inside the cells are trapped on stable orbital 
oscillations depending on their m/z and magnetic field strength. Next to the magnetic field, a 
pulsed RF-potential is applied to one pair of  opposite metal plates to induce resonance exci-
tation of  oscillating ions. These cyclotron frequencies are then sensed by the detector plates 
and the image current is Fourier transformed to obtain a mass spectrum. With FT-ICR instru-
ments, ions can be stored for a relatively long period of  time (several seconds) in the cell with 
a very high vacuum system, achieving mass resolutions of  more than 100.000 FWHM with 
sub-ppm mass accuracy. ICR mass analyzers can in principle be used for analyzing fragment 
ions; however, due to their great resolving power but low scan speed, they are commonly used 
for precursor spectrum acquisition. To address the slow acquisition rate in MS/MS mode, the 
FT-ICR analyzer is, nowadays, often combined with a linear ion trap analyzer, where ICR is 
used for MS and LIT for MS/MS. 

2.2.4 Orbitrap 
The Orbitrap is a relatively new mass analyzer which consists of  a central spindle-shaped elec-
trode and a surrounding barrel-shaped electrode that is split in half, separated by an insulating 
ring.[51] Ions are injected into the Orbitrap and trapped by an electrostatic field applying a DC 
voltage to the central electrode while the outer barrel is set to ground potential. Ions oscillate 
axially around the central electrode in a harmonic orbit, moving back and forth along its axis. 
The frequency of  these axial oscillations is inversely proportional to the square root of  the 
m/z of  the ion. 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. The signals 
are converted into frequencies with the help of  a Fourier transform and the frequencies are 
deconvoluted into m/z values to obtain a mass spectrum. In an Orbitrap, a mass resolution 
of  over 100.000 FWHM [52] can be achieved. dependent on the time span the ions oscillate 
around the central electrode, with mass accuracies lower than 2 ppm or even in the ppb range 
when an internal calibration is applied. 

2.2.5 Hybrid instruments
Nearly all modern mass spectrometers are hybrid instruments which are combinations of  
multiple mass analyzers to satisfy specific analytical requirements. For instance, FT-ICR and 
Orbitrap mass spectrometers are typically hybridized with a linear ion trap, such as the LTQ. 
MS measurements, where high mass resolution and accuracy is essential, are performed in the 
FT-ICR cell or Orbitrap, while MS/MS measurements are performed in the LTQ which has 
a faster scanning speed and where high mass accuracy is not essential. Figure 4C depicts an 
LTQ-Orbitrap instrument.
One example of  a hybrid instrument is the Orbitrap Velos,[16] where quadrupoles and 
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multipoles, three linear ion traps and an Orbitrap are combined. 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). The scanning of  the 
fragments is conducted in the second trap at a relative lower pressure. The ions are ejected 
through slits in the rods in order to reach the detectors. 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 that is curved, the so called “C-trap”. The C-trap is used 
to accumulate and focus ions in order to allow rapid and homogeneous injection of  large ion 
populations into the Orbitrap. The Orbitrap analyzer is then utilized to read out the m/z with 
high resolution. The mass spectrometer has an additional multipole for fragmentation, which 
is a dedicated higher-energy collisional dissociation cell (HCD collision cell). In this case, the 
fragment analysis is performed in the Orbitrap.[53]

2.3 Peptide fragmentation
Tandem mass spectrometers are capable of  fragmenting peptide ions and to record the result-
ing product mass spectra. By measuring not only the m/z of  intact peptides but also the m/z 
of  their fragments, the amino acid sequence can be determined and isobaric/isomeric peptides 
can be distinguished. 
The most popular means of  peptide ion fragmentation in proteomics is collision-induced dis-
sociation (CID),[54] where protonated peptides are accelerated by an electric potential in the 
vacuum of  the mass spectrometer and then allowed to collide with an inert neutral gas (typi-
cally helium, nitrogen or argon). Through the collisions, the kinetic energy of  the peptide ion is 
partially converted into internal energy that is distributed over the molecule, disrupting bonds 
and causing the peptide ion to fragment. This dissociation is typically initiated by a ‘mobile’ 

Figure 4: Schematic pictures of: (A) quadrupole ion trap, (B) linear ion trap and (C) hybrid LTQ-Orbitrap mass 
spectrometer.
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proton that weakens amide bonds in the peptide backbone.[55] CID can be performed in a col-
lision cell that is tandem-in-space or in an ion trap that is tandem-in-time.[56] Fragmentation in 
a collision cell typically occurs on a short timescale (microseconds), usually involving multiple 
collisions, with the first one being the strongest, and at ‘high’ collision energy (from tens of  
eV to several keVs). In an ion trap, CID fragmentation occurs through slow heating. Here, the 
precursor undergoes multiple collisions with gas molecules, increasing the internal energy of  
the ion until dissociation occurs. The activation time is typically several milliseconds, but only 
a few eV of  collision energy is required. 
CID typically results in the disruption of  single amide bonds with the formation of  two types 
of  fragments: b ions with the N-terminal end of  the peptide and y ions with the C-termini, 
according to the Roepstorff-Fohlman nomenclature as reported in Figure 5A and B [57] How-
ever, dependent on the amino acid sequence and the type of  mass spectrometer, also additional 
fragment ions can arise such as immonium ions, internal fragments or peaks that represent the 
neutral loss of  ammonia, water or a phosphate group from a phosphorylated residue. Fur-
thermore, some bonds are more likely to be broken, such as those N-terminal of  proline or 
between acidic residues.[58] This semi-random 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.
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An alternative electron-driven dissociation method, namely electron transfer dissociation 
(ETD),[59] is becoming more popular in proteomics since it is particularly suited for PTM 
analysis. In fact, acid labile modifications, such as phosphorylation and glycosylation, are left 
intact during ETD fragmentation. In ETD, electrons are transferred from a radical anion mol-
ecule to multiply protonated peptide cations causing backbone fragmentation at the N-Cα 
bond of  amino acids. The predominant ions found in ETD spectra are c-type fragments at the 
N-termini and z-type fragments at C-termini, as exemplified in Figure 5C.[57] One disadvan-
tage of  ETD is the low conversation rate from precursor to fragment ions, resulting in charge 
reduced (but non-fragmented) precursor ions.
ETD and CID are complementary fragmentation techniques with respect to charge state. Sev-
eral studies have demonstrated that ETD leads to a more efficient fragmentation for higher 
charged peptides and to the poor dissociation of  doubly charged peptides.[60] In contrast, CID 
efficiently fragments doubly charged peptides and struggles more with increasing charge state. 
As modern high resolution mass spectrometers can determine the charge state of  the precur-
sor based on its isotopic distribution, and can also perform both fragmentation techniques, 
they can be programmed to choose the most appropriate technique automatically based on the 
charge state. Thus, combining both fragmentation techniques, more complete information on 
peptide sequences can be gained.[61]

3 PEPTIDE AND PROTEIN IDENTIFICATION
Tandem 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 be-
come a futile exercise. The predominant method to assign sequences to MS spectra is database 
searching.[13, 62] Database search algorithms, like Mascot,[63] first generate a candidate list 
of  theoretical peptides that coincides with the mass of  the precursor, within a defined mass 
window. The generation of  the theoretical peptides is accomplished by in silico digestion of  
proteins from a specific protein database. Two main parameters affecting the theoretical num-
ber of  candidate peptides, thus the size of  the 
database  and specificity of  the enzyme used for digestion, and possible modifications (both 
in vivo and in vitro). A very unspecific protease will lead to a long list of  theoretical peptides. 
Moreover, peptides containing missed cleavages need to be taken into account, further increas-
ing the search space. Then, when PTMs are expected, the search engine has to take multiple 
versions of  the same peptide into account, where each contains one or more of  the possible 
modifications. 
The principles and assumptions of  each search algorithm and their particular scoring functions 
can be slightly different. However, they all fundamentally exploit the same known rules regard-
ing peptide fragments and generate lists of  possible fragments and their masses. The match-
ing between experimental and theoretical spectra is determined within the defined MS/MS 
mass window, which depends on the mass accuracy and mass precision of  the mass analyzer 
employed for fragment read-out. For each peptide spectrum match (PSM) a score is reported 
that reflects the quality of  the correlation. Again, each search algorithm scores matches and 
calculates penalties differently. When matching thousands of  spectra against millions of  possi-
ble candidate, the chance of  obtaining an incorrect assignment exists. 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). 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. The E value corresponds to the number 
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of  times the score is expected only by chance. 
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 employed. 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 or randomizing the sequences of  
the original or ‘target’ database.[64] Any hit that is returned when searching against this decoy 
database (true negative) is equated to a false positive hit in the normal database. The FDR can 
then be calculated for a conservative threshold score by dividing the number of  decoy PSMs 
by the total number of  PSMs.[65] Typically, a peptide score threshold is chosen where the 
FDR is 1%. However, debate is still ongoing about how FDR should be exactly calculated, and 
whether these FDRs are really reliable. 

4 PHOSPHOPROTEOMICS
Protein phosphorylation is a ubiquitous post-translational modification involved in several key 
intracellular processes including metabolism, excretion, homeostasis, transcriptional and trans-
lational regulation, cellular signaling and communication.[66] It is a reversible PTM that typi-
cally leads to changes in the conformation, activity and interactions of  a protein within a very 
short timeframe. Phosphorylation often occurs at multiple residues of  a protein (which can 
be serine, threonine and tyrosine residues) and in most cases is catalyzed by different protein 
kinases. Mass spectrometry (MS)-based phosphoproteomics has been gradually accepted as a 
powerful tool to analyze protein phosphorylation in a variety of  biological contexts. However, 
significant analytical barriers still persist, hampering the routine application of  phosphopro-
teomics. First, protein phosphorylations are present at substoichiometric levels. Second, the 
detection by MS is further impaired by low ionization efficiency and signal suppression in pres-
ence of  non-phosphorylated species.[67] 

4.1 Enrichment strategies
The success of  phosphoproteomics by mass spectrometry greatly relies on the use of  selective 
enrichment strategies, which decreases the background of  unphosphorylated peptides, improv-
ing phosphopeptides identification by MS/MS sequencing. There are many phosphoproteomic 
enrichment strategies, depending on the type of  sample and goals, and they are mainly applied 
after proteolytic digestion. Figure 6 gives an overview of  some strategies currently available. 
The most widely applied method is chemical coordination by affinity chromatography. Two 
common approaches in this area are immobilized metal ion affinity chromatography (IMAC)
[68] or metal oxide affinity chromatography (MOAC) with materials such as porous titanium 
dioxide microspheres (TiO2).[22] With IMAC, metal ions (Fe3+, Al3+, Co2+, Ga3+, Ti4+) are che-
lated to coated beads, forming a stationary phase to which negatively charged phosphopeptides 
can selectively bind under acidic pH, leaving the vast majority of  un-phosphorylated peptides 
in the flow through. Phosphopeptides are then eluted at alkaline pH.[21] One of  the issues as-
sociated with this technique is the high level of  unspecific binding with very complex peptide 
mixtures containing multiple acidic amino acid residues, reducing the selectivity of  the method. 
One approach to circumvent this issue is the derivatization of  the carboxyl groups on acidic 
residues by O-methyl esterification, though complete derivatization is challenging.[68] Another 
approach is based on the pH adjustment.[69] By acidification of  the IMAC loading buffer (be-
low pH 2), acidic residues are neutralized by protonation, while phosphopeptides (more acidic) 
will retain their negative charge and their binding affinity toward the IMAC resin.[70] 
The specificity of  TiO2 for phosphopetides has been suggested to be based on Lewis acid-
base interactions and is considered to be more specific than IMAC.[22] Unspecific binding of  
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non-phosphorylated peptides can be further reduced by using various organic acids including 
2,5-dihydroxybenzoic acid (DHB), DMSO, phthalic acid or glycolic acid in the loading buffer.
[71] TiO2 and IMAC are often performed offline employing microcolumns. However, also on-
line strategies have been described for TiO2 in combination with RP, due to its good compat-
ibility with RP. In an optimized design, a triple stage precolumn consisting of  a RP part, a TiO2 
section and again a RP part is used.[72] Here, peptides are first trapped onto the RP. When 
eluting onto the TiO2 by increasing the ACN concentration, non-phosphorylated peptides are 
directly moved toward the next RP part while phosphopeptides are retained in the TiO2 sec-
tion. The elution of  phosphopeptides onto the second RP precolumn occurs by increasing the 
pH above 9, followed by an ACN gradient to achieve the final separation into the analytical 
column. This on-line approach allows the identification of  phosphorylated and regular pep-
tides in an automated manner, decreasing sample loss, and can also be applied in large scale 
experiments, in conjunction with ion-exchange chromatography. 
Another strategy, SIMAC,[73] which stands for sequential elution from IMAC, combines the 
strengths of  both IMAC and TiO2, allowing the enrichment of  mono- and multiply phospho-
rylated peptides from highly complex samples. In SIMAC, after an initial IMAC enrichment, 
the unbound fraction (flow through) and weekly bound singly phosphopeptides, which usually 
elute at acidic condition, are collected for another round of  enrichment using TiO2. Multiply 
phosphopeptides elute from the initial IMAC at basic condition (alkaline pH) and do not re-
quire another step of  enrichment.

Figure 6: Strategies for phospho-specific enrichment. Most commonly used strategies for phosphoprotein and 
phosphopeptide enrichment are based on immunoprecipitation and affinity chromatography.
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4.2 Fractionation strategies
Each enrichment technique is expected to be even more powerful when combined with pre-
fractionation methods to decrease sample complexity prior to enrichment. Several LC meth-
ods are especially suited for this purpose, such as ion exchange chromatography or hydro-
philic interaction liquid chromatography (HILIC). For large-scale phosphoproteomic studies, 
strong cation exchange (SCX) is the most efficient prefractionation technique prior to either 
IMAC[74] or TiO2 chromatography[75], since SCX can also separate and isolate distinct groups 
of  phosphopeptides from the bulk  of  non-phosphorylated peptides. HILIC can be combined 
with enrichment techniques prior or after any enrichment step.[76] In fact, in HILIC chro-
matography, polar compounds are highly retained, such as polar PTMs, providing a means 
to enrich those analytes and to decrease the background before a more specific enrichment 
strategy. However, HILIC is also employed after the affinity enrichment  to dig deeper into the 
enriched pool and to achieve a better protein coverage. This topic will be further discussed in 
chapters 2 and 6.
Each fractionation method has specific drawbacks and advantages and, in general, it would be 
desirable to keep the workflow as simple as possible, with relatively few sample preparation 
steps in order to maximize the sensitivity. The more sample handling, the greater the risk of  
losing phosphopeptides onto, surfaces of  tubes and tips and metallic LC components. How-
ever, this is less critical with a high amount of  starting material and sometimes multiple steps 
are necessary to obtain a more comprehensive picture.

4.3 Phosphotyrosine enrichment
In nature, tyrosine phosphorylation occurs at low frequency compared to serine and threonine 
phosphorylation and its investigation relies almost exclusively on immunoaffinity precipita-
tions. This approach is obviously limited by the specificity of  the antibody. However, selective 
phosphotyrosine antibodies exist and can be utilized for the enrichment of  phosphotyrosine at 
both protein and peptide levels.[77, 78] When performed at protein level, it can be difficult to 
determine the exact site of  phosphorylation since Tyr phosphorylated and non-phosphorylat-
ed peptides resulting from protein digestion are both present in the mixture; also, proteins that 
bind to the Tyr phosphorylated proteins might be co-precipitated. Thus, immunoprecipitation 
is nowadays often performed at peptide level in order to obtain a sample that predominantly 
contain Tyr phosphopeptides.[79, 80] Moreover, (chemical) stable isotope labeling approaches 
can be implemented prior to immunoprecipitation for quantification so that potential variation 
introduced during sample handling can be decreased. Major disadvantages of  using immuno-
precipitation strategies at peptide level is the large amount of  protein starting material required 
for an efficient enrichment and the  lot-to-lot variability of  the antibody.[81]

4.4 Phosphopeptide sequencing
In order to achieve site-specific phosphorylation information, it is important to be able to as-
sign the phosphorylation to the correct residue. However, sequencing of  phosphopeptides by 
tandem MS can induce the loss of  the labile phosphate group. For instance, using CID typi-
cally results in the partial elimination of  the phosphoric group (H3PO4, 98 Da, neutral loss) of  
phosphoserine and phosphothreonine. Most collision energy is then used for this fragmenta-
tion, resulting in a lower residual energy for peptide backbone fragmentation and in inadequate 
sequence information. This phenomenon is less common with phosphotyrosine and, generally, 
a characteristic immonium ion at m/z 216 in the fragment spectrum can be used as an indicator 
of  its presence in the sequence.[77] 
A few approaches can be used to overcome this issue. First, the ion originating from the loss 
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of  phosphoric acid can be automatically selected and further fragmented by MS3,[74] provid-
ing more phosphopeptide sequence information. Second, a multi-stage activation (MSA), also 
called ‘pseudoMS3’, can be employed.[82] Herein, simultaneous fragmentation of  the precur-
sor ion isolated from the first MS and the theoretical neutral loss originated from the same ion 
occurs , combining MS2 and MS3 in a hybrid spectrum. Then, alternative fragmentation tech-
niques to CID can also be employed, enhancing the dissociation of  phosphopeptides at the 
peptide backbone rather than at the phosphoester group. One efficient fragmentation method 
for phosphopeptide analysis is ETD, where phosphogroups are left intact on the resulting c 
and z fragment ions, enabling the identification of  specific phosphorylation sites.[83]

5 QUANTITATIVE PROTEOMICS
Quantification is of  central importance in MS-based proteomics but also one of  the most chal-
lenging tasks.[84, 85] Quantitative information comes in two forms: the absolute amount of  
protein in the sample, such as the determination of  copy number of  a protein in a cell, or the 
relative change in protein amount between two or more physiological states or in response to 
specific stimuli, drug treatments, etc. Mass spectrometry is not inherently a quantitative tech-
nique due to the fact that proteolytic peptides exhibit a wide range of  physicochemical proper-
ties resulting in large differences in the MS response. However, in most proteomics workflows, 
quantitative information can be extrapolated in a number of  ways. One major approach is 
based on the stable isotope dilution theory [86, 87] which states that a stable isotope-labeled 
peptide is chemically identical to its native counterpart during chromatographic and/or mass 
spectrometric analysis. Since a mass spectrometer can recognize the mass difference between 
labeled and unlabeled form, quantification is then performed comparing their respective signal 
intensities. More recently, alternative strategies have emerged, often referred to as label-free 
quantification.
Each quantification method has its particular strengths and weaknesses, though now they are 
starting to mature to an extent at which they can be meaningfully applied to biological stud-
ies on a proteomic scale. Regardless of  the method chosen for labeling, the mass difference 
imparted by the addition of  isotope labels has to be sufficiently large to distinguish the labeled 
and unlabeled form, or light and heavy isotope of  the peptides, in the mass spectrum. Assum-
ing that their MS response, such as ionization efficiency, is the same and that the introduction 
of  different isotopes does not alter the chromatographic co-elution, quantification can be per-
formed comparing their respective signal intensities.

5.1 Absolute quantification
Absolute quantification of  protein amounts can be achieved by the addition of  a known con-
centration of  a stable isotope-labeled peptide (internal standard) to a protein digest and the 
subsequent comparison between the mass spectrometric signals of  standard versus endog-
enous peptide in the sample.[88] To reduce interference from background ions, quantification 
can be performed on specific fragments of  the peptide generated in the mass spectrometer us-
ing SRM or MRM.[89] In principle, absolute quantification is highly accurate and reproducible 
compared to label free and relative quantification. However, there are also certain limitations. 
First, the internal standard is introduced at a late stage in the sample preparation workflow and 
any sample manipulation prior to adding the synthetic peptides may bias the results. Second, 
the selection of  appropriate internal standards requires previous identification of  the endog-
enous peptide in the sample. Third, the synthesis of  internal standards is rather expensive. In 
fact, this approach is attractive mostly for studies focusing on the determination of  one or a 
few specific proteins of  interest, for instance the validation of  potential biomarkers in large 
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clinical studies.[90]

5.2 Relative quantification
For relative quantification, two main approaches are employed: stable isotope-based and label-
free methods. Isotope-based methods incorporate heavy versions of  specific molecules into 
peptides, either by chemical derivatization or by metabolic labeling.[7] The label can be intro-
duced in the sample in different ways and at various points of  the proteomics workflow, as 
showed in Figure 7. Since every preparative step is associated with a loss of  analytes, the most 
accurate quantification can be expected if  the label is introduced as early as possible in the 
workflow.

Label-free proteomics refers to the absence of  an isotopic label and to the fact that quantifica-
tion is performed by directly comparing MS measurements of  different samples.[91] This can 
be achieved by comparing the signal intensity for any given peptide identified in separate runs 
to determine their relative abundance or employing the number of  acquired spectra match-
ing to a peptide/protein as an indication for its respective amount in a given sample. [92] An 
obvious advantage of  label-free methods is the possibility of  applying it to any type of  sam-
ple. Frequently, a rough quantification is provided that will be sufficient to guide subsequent 
follow-up biological studies or more accurate quantitative experiments. A clear disadvantage 
of  label-free methods is the need for several replicates and the probability of  introducing er-
rors during sample processing and analysis, especially in presence of  interfering substances, 
such as abundant background proteins. The major difficulty is to minimize the fluctuation in 
LC-MS performance, above all variations of  chromatographic profiles, in order to allow peak 
comparisons between different runs at the same retention time. Some of  these limitations can 
be minimized by normalizing between runs with spiked-in calibrants, using abundant non-
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Figure 7: Introduction of  stable isotopes at different levels in the proteomics workflow, as indicated by the 
boxes. 
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changing peptides as landmarks between runs, and employing appropriate software for peaks 
matching inter-runs.[93]

5.2.1. Metabolic labeling
The earliest possible point for introducing a stable isotope signature into proteins is by meta-
bolic labeling during cell growth and division. This is commonly realized by substituting natural 
14N or 12C sources during cell culturing  with their heavier isotopes, such as 15N or 13C,[86] or by 
substituting one or more essential amino acids with their heavy-labeled counterparts in order 
to obtain their full incorporation into newly synthetized proteins.[94] A principal advantage 
of  metabolic incorporation is that the label is introduced in living cells. Thus, differentially 
treated samples can be already combined at the level of  intact cells, before lysis, digestion and 
fractionation. In this way, the accuracy of  quantification will not be altered by biochemical and 
MS procedures as these will affect both protein populations equally. Another advantage is the 
absence of  side products or reactions, because the incorporation of  isotopes is highly specific. 
However, the cost and time required for creating and maintaining these systems are often quite 
high, limiting their use in routine experiments.
Stable isotope labeling by amino acids in cell culture (SILAC)[94] is a metabolic labeling strat-
egy that has proven to be a simple and powerful approach in quantitative proteomics. Cells are 
grown in minimal culture conditions that lack essential amino acids. Stable isotope containing 
versions of  these amino acids are then provided in growth media in order to obtain in vivo 
incorporation. After several cell doublings, the complete cellular proteome will contain the sup-
plied amino acid. Several amino acids can be used in the SILAC approach, however arginine 
and lysine are commonly used when combined with trypsin digestion since every peptide will 
be labeled at the carboxyl-terminus (except the one corresponding to C-terminal peptide).
Metabolic labeling is generally performed on cell systems that are grown in culture, although 
fruit flies,[95] plants[96] and rats[97] have, amongst other, also been isotopically labeled by sup-
plying them with isotopically labeled sources.

5.2.2. Chemical labeling
When metabolic labeling cannot be applied, for example in case of  human biopsies in biomedi-
cal research, a post-biosynthetic labeling approach, such as chemical labeling, is the method 
of  choice. In chemical modification-based approaches, isotope-bearing chemical reagents are 
directed towards reactive sites on peptides or proteins. With the possibility to target multiple 
functional groups in the polypeptide chain, a huge number of  chemical-labeling methods have 
been reported.[7] Notably, only a few have been applied in real experiments due to non-specific 
and incomplete labeling. In fact, even small amounts of  side reactions would lead to an increase 
in sample complexity and a tremendous complication of  the MS interpretation.
The prototypical example of  chemical labeling is the isotope-coded affinity tag (ICAT), which 
is used for labeling at protein level.[87] The chemical reagent consists of  a reactive group that 
is cysteine-directed, a polyether linker region with up to eight deuteriums, and a biotin group 
that allows recovery of  labeled species. During a classical ICAT experiment, protein samples 
are denaturated, reduced and modified with the respective ICAT reagents. Samples can be 
pooled prior to proteolysis, avoiding biases introduced during sample digestions. However, 
some practical issues limited the use of  ICAT, especially its applicability for only cysteine-
containing proteins. 
Other common labeling techniques target the primary amine groups (lysine and amino termini) 
of  proteins/peptides, and can be specific and largely complete. One example is stable-isotope 
dimethyl labeling,[98] where triplex dimethyl labeling can be quickly generated by using a com-
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bination of  isotopomers of  formaldehyde and cyanoborohydride, carrying deuterated and 13C 
atoms. This approach is generally applied to tryptic peptides resulting in the introduction of  
dimethyl labels differing in at least 4 Da in their mass. To minimize sample loss, peptides can 
be labeled during solid phase extraction or directly online in the LC-MS setup, combining sev-
eral sample handling steps.[99] This approach is particularly cost-friendly, with no limitations 
regarding the amount of  sample that is to be labeled, and is applicable to any biological experi-
ment. However, one of  the major issues associated with deuterium containing tags (dimethyl 
labeling as well as other methods) is the chromatographic behavior in reversed phase or other 
LC modes. Deuterium displays subtle chemical differences from hydrogen, resulting in reten-
tion time shifts during LC that can affect the quantification.[100] This topic will be largely 
discussed in chapter 5. 
Carboxylic acids in side chains of  glutamic and aspartic acids, as well as C-termini of  peptides, 
can be isotopically labeled by esterification employing deuterated alcohols.[101] This chemical 
approach is particularly interesting for quantification of  phosphopeptides because esterifica-
tion blocks the acidic groups preventing their unspecific binding to ion metals while purifying 
phosphopeptides on IMAC columns.[68] In this way, the specificity of  phosphoenrichment 
can be improved.
Another method that has gained popularity is the use of  isobaric tags, implemented into two 
main techniques called isobaric tag for relative and absolute quantification (iTRAQ)[102] and 
tandem mass tag (TMT).[103] These approaches use N-hydroxy-succinimmide chemistry to 
link the isobaric molecule to the primary amine of  a peptide but add an innovative concept: a 
tag that generates a specific reporter ion in fragmentation spectra. In fact, these labels consist 
of  a reporter moiety, a balance group to counterbalance the differential weight of  the reporter, 
and an ester to link the peptide. In MS, differentially labeled peptides cannot be distinguished 
because they are isobaric and will not further increase the MS spectral complexity. But dur-
ing MS/MS the reporter ions is cleaved off  and those  signals are then used to determine the 
relative abundance of  each labeled sample. Moreover, this multiplexing strategy is available in 
4- or 8-plex formats for iTRAQ,[104] and 6-plex for TMT,[105] which allows the analysis of  
multiple samples in a single analysis, increasing analytical throughput. However, an important 
requirement for isobaric tags approach is a good chromatographic separation, as co-eluting 
peptides of  similar mass would contribute to the same reporter ion. Furthermore, specific MS 
instrumentation is required to observe reporter ions at low m/z, typically TOF instruments or 
current generation of  Orbitrap mass spectrometers with HCD capabilities.[106] 

6. OUTLINES OF THE THESIS
In the last decade, the field of  proteomics has rapidly progressed with substantial advances in 
many aspects of  the proteomics platform, particularly nanoLC separation, MS instrumenta-
tion and bioinformatics tools. However, significant improvements are still needed to generate 
proteome-wide data for limited number of  cells.  By enhancing the sensitivity of  the LC-MS 
analysis, identification of  lower abundant proteins can be achieved. The work described in this 
thesis highlights some relevant advances that can help accelerate proteomics towards a high 
level of  depth in regard to proteome coverage and how these achievements can find ample 
application in several research lines. 
In chapter 2, recent advances in peptide separation by multidimensional liquid chromatography 
are reviewed. The most common LC-based techniques employed in proteomics are reversed-
phase (RP), ion-exchange (IEX) and hydrophilic interaction liquid chromatography (HILIC). A 
detailed overview of  these separations, as well their combination in multidimensional formats, 
are provided. Moreover, various instrumental setups and examples of  their applicability in 
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proteomics research are thoroughly described.  
In chapter 3, we introduce and evaluate the use of  HILIC based strategies for the separation of  
complex peptide mixtures. Two zwitterionic stationary phases, ZIC-HILIC and ZIC-cHILIC, 
differing in the spatial orientation of  their charged groups on the chromatographic material, 
are fully characterized with respect to separation efficiency and a number of  peptide physico-
chemical properties affecting peptide retention. We extensively tested the performances of  
these HILIC materials as first dimension in an off-line 2D-LC strategy, in combination with 
RP, for the analysis of  low amounts (a few micrograms) of  human cell digests. The protein 
identifications observed from such a level of  material demonstrates that HILIC can rival tradi-
tional multidimensional strategies employed in proteomics. 
In chapter 4, we apply the 2D ZIC-cHILIC-RP strategy to the analysis of  a limited number 
of  FACS-sorted colon stem cells. With an optimized sample preparation and workflow, we 
enabled for the first time the in-depth global proteome analysis of  10,000 colon stem cells, 
obtaining a high proteome coverage.
In chapter 5, we describe the feasibility of  the dimethyl labeling method in combination with 
ZIC-cHILIC technology for quantitative proteomics. We address the potential issue of  isotope 
effects perturbing the essential co-elution of  differently labeled peptides under ZIC-cHILIC 
separation. The deuterium effect can be largely eliminated by choosing appropriate pH condi-
tions which favors a mixed-mode ZIC-cHILIC separation based on combined hydrophilic and 
ionic interactions. This optimized approach is a suitable quantitative strategy, resulting in the 
quantification of  thousands of  proteins with negligible biases.
In chapter 6, we combine the HILIC separation with a phosphopeptide enrichment approach 
based on Ti4+-IMAC to develop an efficient approach with the aim of  maximizing the cover-
age of  the cellular phosphoproteome. We design and systematically compare three strategies 
including: a sole Ti4+-IMAC enrichment (1D); Ti4+-IMAC enrichment followed by HILIC frac-
tionation (2D); a pre-fractionation based on strong cation exchange, followed by Ti4+-IMAC 
enrichment and a further step of  fractionation by HILIC (3D). This work demonstrates the 
need to carry out extensive fractionation for deep mining of  the phosphoproteome and shows 
that the choice of  an appropriate analytical strategy mainly depends on sample amount and/
or desirable analysis time. 
In chapter 7, we summarize our expertise in the HILIC separation field into a protocol for 
sensitive shotgun proteomics. A few technical hurdles need to be addressed in order to imple-
ment HILIC in a highly sensitive proteomics workflow for the analysis of  limited amounts 
of  starting material. In the protocol, we report on our latest robust set-up for a ZIC-cHILIC 
chromatographic separation in a two-dimensional format. We give advice and propose practical 
solutions to issues that can be encountered during the development of  a HILIC-based analyti-
cal strategy.
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Abstract
Shotgun proteomics dominates the field of  proteomics. The foundations of  the strat-
egy 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 types of  ion exchange and reversed phase chromatography. The thirst 
to achieve comprehensivity, when it comes to proteome coverage and the global char-
acterization of  post translational modifications, has led to the introduction of  several 
new separations. In this review, we attempt to provide a historical perspective to sepa-
rations in proteomics as well as indicate 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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1. INTRODUCTION
The proteome describes the entire compliment of  proteins in a given biological system ex-
pressed at a certain time under a particular condition. The field of  proteomics includes the 
systematic investigations of  distribution, abundance, modifications, 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 spectrometry (MS/MS) [5] 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 is also referred to as the bottom-up strategy [7, 8] in order to distinguish 
it from the top-down protein-centric strategy [9-11] and has been demonstrated to be the 
more powerful strategy. This approach has made 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. Also, 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  abun-
dance.[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 high resolving power are required to maximize the separation of  peptides 
before the mass spectrometric analysis. Improved resolving power can help decrease competi-
tion between peptides during ionization and reduce the likelihood of  ion suppression, increas-
ing the possibility for the detection of  low-abundance peptides (and the protein of  origin). 
Not surprisingly, despite the rapid and massive advances in separation and instrument tech-
nology, 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, 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 in either on-line or off-line mode, 
have been introduced to enhance in-depth proteome analysis and these approaches are now 
considered routine parts of  the shotgun proteomics pipeline. The obvious need for separa-
tion/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. Electrophoretic based 
separations are covered in an accompanying review in this issue.[22] We will discuss, in-depth, 
each separation methodology, especially their roles in hyphenated multidimensional formats 
and what is required to maximize the resolution, reduce sample complexity, widen the overall 
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dynamic range and consequently increase the proteome coverage.

1.1 Orthogonality and peak capacity
Amino acids possess a number of  physicochemical properties that can be used as the 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 reversed phase, RP, and hydro-
philic interaction liquid chromatography, HILIC), charge (ion exchange chromatography, IEX) 
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. Electrostatic repulsion-hydrophilic inter-
action chromatography (ERLIC) and HILIC with zwitterionic materials are two examples of  
chromatographic separations where the selectivity for peptides is based on the combination of  
charge and hydrophilic interactions. Figure 1 illustrates schematically the selectivity of  six dif-
ferent types of  stationary phases on the basis of  polarity, hydrophobicity and charge (negative 
and positive) of  peptides, anticipating their orthogonality in multidimensional combinations.
[23] One can expect that ion exchange chromatography, which separates 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. Along 
the same lines HILIC, employing a zwitterionic stationary phase, or ERLIC (a HILIC variant), 
using anion exchange stationary phase, can potentially display a higher orthogonality towards 
RP than anion or cation exchange since the peptide selectivity is driven by a combination of  
polar and ionic interactions.
Giddings first formalized the concept of  multidimensional chromatographic separations in 
1984.[24] When two separations systems based on different (non-correlative) retention mecha-
nisms are coupled, the resulting 2D system has a higher resolving power than each single 
dimension. 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.[25] The peak capacity in multidimensional strategies can be 
maximized by combining methods that separate peptides on the basis of  different physico-
chemical properties; the final peak capacity for 2D separation results from the peak capacities 
in both separation dimensions[26]. 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 con-
siderations limit the achievable peak capacity in 2D-LC. First of  all, a situation of  perfect or-
thogonality can rarely be achieved due to the fact that existing LC separation methods display 
a mixture 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,[24, 26] resulting in a lower peak capacity 
than expected.

1.2 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 interrup-
tion;[27] or in an off-line way, based on fractions’ collection in the first dimension and their 
analysis in the following dimension.[28] The collection of  multiple fractions from an effi-
cient separation/fractionation in the first dimension, in concert with a fast and comprehensive 
analysis in the second LC dimension, is a crucial step. When this step is carefully optimized, it 
can offer a significant advantage in terms of  analysis time, reducing number of  fractions and 



37

2

content of  overlap between adjacent fractions.
Off-line set-ups are often more simple in design and operation, and each dimension can be 
fully and independently optimized.[29] 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, reana-
lyzed. 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, 
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 ap-
proaches with a uncompromised optimization of  each single dimension.
When using on-line set-ups, sample handling is notably reduced since there is continuity in the 
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sample transfer between consecutive dimensions realized via the use of  switching valves, addi-
tional 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.[30, 31] On-line hyphenation possesses certain 
advantages compared to off-line designs, for instance it can decrease the overall analysis time. 
However, it has also more stringent requirements, such as the solvent used 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 resolution achieved in the first dimension. 
In addition, whatever the 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.

1.3 Multidimensional separation combined with mass spectrometry
The successful combination of  multidimensional separations with mass spectrometry for pro-
teins and peptides analysis was achieved with the advent of  the soft ionization techniques MAL-
DI[32, 33] and ESI,[34-36] which paved the way for modern bench-top MS proteomics, assist-
ed by the continuous development of  new powerful MS instrumentations.[37] While MALDI 
is usually combined with gel-based separations, high-pressure liquid chromatography(HPLC) 
separations are more frequently coupled to instruments with an ESI source requiring a con-
tinuous flow. This has allowed HPLC to become a standard front end for many proteomics 
applications, giving rise to several LC-MS set-ups.[5, 21, 38, 39]
Although MS technology has and will continue to rapidly improve with the advent of  higher 
speed, higher resolution and more sensitive instrumentation,[40, 41] even the best dynamic 
range capabilities tolerated by MS are lower than the wide dynamic range of  proteins present 
in samples. Thus, the deeper and comprehensive characterization of  proteomes still largely re-
lies on efficient separation technologies prior to MS. Orbitrap and QToF instrumentations, in 
ideal circumstances, can observe over approx. 4 orders of  dynamic range. If  in the same scan 
there are peptides exhibiting a higher dynamic range, the peptide that is of  lower abundance, 
often, will not be observed. If  the LC can separate the high and low abundance peptides, then 
there is more chance for the mass spectrometer to successfully observe and sequence the lower 
abundance peptide. 
Several chromatographic techniques have been employed in 2D-LC configurations, whereby 
the second dimension is generally performed by RP[42, 43] due to its better compatibility with 
electrospray ionization (ESI) MS,[44] high resolving power and the advantageous sample de-
salting when the first dimension requires salt gradients. The vast majority of  2D-LC analyses 
implemented today utilize SCX coupled to RP in both on-line[45] and off-line[46] modes, 
mainly because of  the good orthogonality of  these two separations. Other 2D-LC strategies 
have been emerging in recent years as promising alternatives to this combination, including 
size exclusion chromatography (SEC),[47] affinity purification chromatography (AFC),[48] 
different types or combinations of  ion exchangers,[49, 50] anion and cation mixed-bed ex-
change,[51] and HILIC. [17, 23, 52-54] 
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, IEX, including anion and cation exchangers, 
and HILIC, with different types 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.
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2. REVERSED-PHASE CHROMATOGRAPHY
Reversed-phase chromatography was introduced as a peptide separation method in 1976.[55] 
Though other types of  chromatographic separations have undergone significant developments 
over the last decade, 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 hy-
drophobic 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 tend 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 between 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 em-
ployed in RP-LC-MS for peptides separation is acetonitrile, since it offers the best compromise 
in hydrophobicity, volatility, viscosity and MS compatibility.[56]  
Columns often use silica particles as the 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  pep-
tides. This effect can be minimized by 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 LC-MS, the RP separation is usually performed under acidic 
conditions. At those pH values, carboxyl-groups of  peptides are also protonated and neutral, 
while basic amino acidic residues (lysine, arginine and histidine) and free N-termini are posi-
tively charged. This charge can actually improve retention of  peptides if  one chooses the cor-
rect 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 is a better ion pairing reagent, its use is limited since it 
causes ionization suppression due to the strength of  its salt bridge formation. 
Nowadays, the RP stationary phases used most often are C18 resins, silica derivatized to pos-
sess an alkane chain containing 18 carbons, which can also be referred to as an octadecasilyl-
group (ODS). Columns are capillary-scale (internal diameters are below 100 µm) and combined 
with nano-ESI-MS.[30, 36, 57, 58] 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.[44] 
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.[36, 59] One of  the most important parameters that affects separation efficiency is the 
linear velocity (cm/s), as a 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 made to increase the resolving power,[60] sensitivity[61-64] and 
speed of  analysis[65] in 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, 
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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, although it 
is well known that higher temperatures decrease the viscosity of  the mobile phase, leading to 
a decrease in pressure. This can facilitate the use of  longer columns and/or smaller particles, 
improving the separation power.[66] 
A measure of  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 hundred,[19, 42, 67]  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.[68] 
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.[68] 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 opti-
mized ESI sensitivity.[42] However, their use presents several technical issues that have to date 
effectively precluded the routine use of  <50 µm i.d. LC columns. First of  all, the fabrication of  
columns with i.d.’s less than 30 µm is extremely difficult. One reason is the agglomeration of  
particles, which can prevent successful packing.[42] 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  reduced sample loading ca-
pacity. The second major obstacle is the increased back pressure during the packing procedure. 
In general, the back pressure created by a column is inversely proportional to the square of  the 
packing material diameter,[69] 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 range of  1000 bar. Special pumping equipment is required 
to operate such systems, called ultrahigh-pressure liquid chromatography (UHPLC). We refer 
to the excellent review of  Jorgenson for more details.[70] Even though the use of  columns 
with small i.d.s and small particles working at high pressures is not yet standard, several ap-
proaches have proven high potential in terms of  separation power.[19, 71] 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. Applying the maximum pressure achievable (up to 4100 bar) reduced 
the analysis time, but partly compromised the separation power.[72] 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.[73] A peak capacity of  over 1000 has been shown by Shen et al. after 180 min analysis 
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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.[42] 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.[74] 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 nano-
liter flow rate range (200-300 nL/min) provides, at present, the predominant approach for 
miniaturized systems. This is a set of  parameters that can be relatively easily achieved packing 
in-house columns. Such columns are now also becoming available in chip form[75, 76] which 
allows a broader group of  researchers to build and operate nanoLC systems. 
An appealing alternative that potentially avoids the difficulties of  packing traditional C18 col-
umns 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 col-
umns 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.[77] Their use has great advantages when increasing column length and decreas-
ing inner diameter. Luo et al. reported the preparation and applicability of  a long (70 cm) silica-
based monolithic columns with i.d. of  20 µm[78] and, subsequently, a shorter 25 cm with 10 
µm i.d. column,[79] providing high efficiency in separation at low back pressure. In contrast, 
the group of  Tanaka used extremely 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 mil-
lion theoretical plates. They further reported a peak capacity of  380 in 215 min by the use of  a 
3 meter column.[80] Recently, Iwasaki et al. used a 3.5 meter-long silica based monolithic col-
umn (100 µm i.d.) at ambient temperature, with pressures less than 200 bar, resulting in a peak 
capacity over 600 during a 41h gradient.[81] However, monolithic columns suffer from some 
important limitations: first, the synthesis of  each is unique, resulting in low column-to-column 
reproducibility; second, monolithic columns can easily be overloaded, which represents a seri-
ous obstacle when high sample amounts are being injected.

2.1 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 com-
binations of  orthogonal separation methods have been employed for more comprehensive 
analyses, as reported in other excellent reviews[21, 82] 
The combination of  RP as both first and second dimensions in 2D-LC strategies does not look 
promising at first glance, due to the similar hydrophobic-based retention in both dimensions. 
However, the selectivity for peptides under RP separation, based on 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 combinations are 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 selectivity showed a high correlation, thus the 
combination of  two different types of  RP columns provides only 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 peptide selectivity than the stationary phase.[83-86] Since 
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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 
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 better retained at low pH where the carboxylic acids are proto-
nated/neutralized (increased hydrophobicity), while basic peptides are better retained at high 
pH, due to the deprotonation/neutralization of  basic residues (Figure 3). In this respect the 
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., be-
tween 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 be-
tween 8 and 10) and histidine residues 
(pKa app. 6). The total deprotonation 
of  histidine and the partial to total 
deprotonation of  the N-terminus at 
a pH of  10 change the hydrophobic-
ity, whereas at a pH of  7.8 or 8.5 the 
N-termini may still be protonated (see 
Figure 4). 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, 83]
Nevertheless, the orthogonality of  RP-
RP in multidimensional systems needs 
further improvements. A strategy to 
address this problem was recently pro-
posed by the group of  Zou.[91] This 
mainly theoretical approach is based 
on 2D high pH-low pH RP-RP com-
bined with a new fractionation plus 
pooling scheme where the early frac-
tions are pooled with late fractions and 
then analyzed in the second RP dimen-
sion. In this way the separation space 
in the second dimension is used more 
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efficiently and, as a consequence, the orthogonality is increased.[91] A recent application of  
low-pH RP and high-PH RP with multiple concatenated fractions has shown some benefits 
compared to the conventional SCX-RP strategy, not solely in terms of  peptide identifications, 
but also related to the decrease in sample loss and sample processing time since the desalting 
step is not needed for the 2D LC-MS analysis.[92]
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 strat-
egies 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-DVB[85] or specifi-
cally 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 relatively 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]

3. ION EXCHANGE CHROMATOGRAPHY
Ion exchange chromatography (IEX) has been used for peptide separation on HPLC systems 
for a number of  decades.[93-97] 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 popula-
tion competitively displaces the peptide. A higher concentration of  salt is required for more 
strongly 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 sta-
tionary phase. Principally, there are two main forms of  IEX; cation exchange (CX) and anion 
exchange (AX).

3.1 Strong Cation Exchange-RP
Cation exchange (CX) materials were proven applicable for separating peptides in the 1980’s[94-
97] and the first attempts in two dimensional peptide separations containing a CX step were 
also conducted at that time.[98] Over the last decade, the combination of  CX with RP has 

  
pKint 

(Nozaki&Tanford)[87] 
pKint 

(Thurlkill)[88] 
pKint 

(Gurd Lab)[89] 
pKint 

(Wuthrich Lab)[90] 
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  
α-Amino 7.5  8 8.1  x 
Lys 10.4  10.4  10.5  11 
Arg 12 x x x 

Table 1: Internal pKa values of  the side chains of  different amino acids and the N- and C-terminus as 
measured by different groups.[88]
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been the most popular multidimensional approach for peptide separation. In CX the station-
ary 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 work over a wide pH range. The most common functional groups in 
SCX materials are strong acids, commonly 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 
negative charge. Working at a low pH of  approximately 3 is common in SCX of  peptides. The 
application of  weak cation exchange (WCX) materials on the contrary is restricted to a smaller 
pH range (above approx. pH 4), which explains the rarity of  their use in shotgun proteomics. 
At a pH of  3, 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 4. 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 high orthogonality makes these two techniques good partners 
for two dimensional separation approaches.[23] When SCX is combined with RP, 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 the last 
dimension.[68, 99] 
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 con-
ducted by Gilar et al.[23] For SCX they determined peak capacities of  63, 85 and 113 using 20, 
40, and 80 min gradients, respectively. RP-LC reached a peak capacity over 350 during a 100 
min gradient.[68] Even higher values can be reached when working with ultra-high pressures. 
For example, Köcher et al. managed a separation with a peak capacity of  700 when utilizing 2 
µm material in combination with ultrahigh pressure and gradients of  up to 10 hours.[19] 

SCX-RP has been applied to a great number of  research topics. Numerous proteomes or sub-
proteomes of  bacteria,[100] fungi,[30, 45, 101] animals[75] and plants[102] have been analyzed 
by 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.[103]
The easiest way of  combining SCX and RP is by constructing an off-line setup like the original 
from Takahashi et al.[98]. Here, the sample is first separated by SCX and fractions are col-
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lected, as depicted in Figure 6. As a consequence, there can be a big disparity in SCX and RP 
column size. Thus, there are no limitations in the SCX separation. The SCX column dimen-
sions can be chosen depending on the sample amount to be analyzed and the optimum flow 
rate can be used. Also, all common buffer systems can be utilized for SCX, due to the possibil-
ity of  removing unwanted constituents prior to RP-LC-MS analysis. Thus, non-MS-compatible 
phosphate buffers and salts such as sodium or potassium chloride are often applied for elution 
and the collected fractions are desalted prior to MS analysis. Furthermore, acetonitrile is com-
monly added to the mobile phases of  the SCX separation. The addition of  acetonitrile to the 
buffers reduces nonspecific binding to the support material. As a consequence the influence of  
the hydrophobicity of  the peptide on the retention can be minimized,[104] and thus the sepa-
ration 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 off-line setups.
[23, 30, 50, 68] After the SCX separation the acetonitrile can be removed by concentrating the 
sample by vacuum centrifugation. 
Furthermore, additional steps such as phosphopeptide enrichment can be conducted between 
SCX and RP.[75] An additional great advantage of  an off-line approach is that selected frac-
tions of  interest can be concentrated, further processed, analyzed, reanalyzed or stored until 
further needed. The biggest disadvantage of  the off-line approach are the sample losses, due to 
the sample handling between the different dimensions.
In addition to the off-line setup, various on-line setups have been used for SCX-RP of  pep-
tides. The on-line-approaches can be further divided into column-switching and multidimen-
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sional 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.[45, 101] Here, the SCX column and the subsequent RP column are com-
bined 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. Prior to the next salt step, the peptides are eluted from the RP phase into the mass spec-
trometer 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 re-
duces the time of  the total analysis. One disadvantage of  MudPIT is the limited sample amount 
that can be loaded. Furthermore, the loaded sample needs to be desalted prior to loading onto 
the system. In order to desalt on-line a triphasic column (RP-SCX-RP) can be utilized as de-
picted in Figure 6c. The additional RP material acts as a trap and is used to desalt the sample 
prior to the SCX-RP separation.[105] 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,[106] which turned out to be problematic in combination 
with MS.[45] Soon, they were substituted by the volatile salt ammonium acetate.[45, 71, 101, 
105] Besides the advantage of  being the easiest on-line setup, the major drawback is the limited 
lifetime of  the MudPIT columns and the general risk of  on-line approaches that if  an error 
occurs during the long run a great part of  the sample might be lost. Another development is 
the combination of  ultrahigh-pressure liquid chromatography (UHPLC), operating at >1300 
bar, with MudPIT (UHP-MudPIT).[71] Still, UHPLC is a relatively new technique and not easy 
to operate. Operating a triphasic UHP-MudPIT setup at elevated temperatures has proved to 
be beneficial compared to operating at room temperature. More identifications were achieved 
at a temperature of  45°C. By analyzing the cytosolic and membrane fractions using a 45 cm 
MudPIT column and a 20 hour 6-step run at 45°C, 46% of  the proteome of  Escherichia coli 
could be identified, which corresponds to almost 1900 proteins.[100] 
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. in-
vestigated the use of  weak anion exchange (WAX) and SCX material in a mixed bed.[51] 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-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. The 2:1 WAX:SCX 
blend afforded the most peptide identifications. In addition, they observed an improved or-
thogonality with the mixed bed compared to SCX alone. They stated that the increased or-
thogonality most likely contributes significantly to the improved identification rate.[51] 
In column-switching based on-line 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 on-line system to analyze whole proteins coupled to MS.[47] Since then, 
diverse setups have been 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 affords more freedom in the flow rates applied for the initial SCX separation.[107] 
Furthermore, results can differ when a pump is used to deliver the buffers for gradient elution 
from the SCX[108] or step elution is conducted by injection of  SCX elution buffer with de-
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fined 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, relatively fast analysis due to automation and the 
applicability to minor amounts of  sample, make these developments exciting. 

3.2 SCX-RP for the Enrichment of  Post-Translationally 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 enrich-
ment of  sub groups of  phosphorylated tryptic peptides, which was first conducted with SCX 
by the group of  Gygi.[75] Here, the pH of  the SCX buffers is kept at approximately 3. In 
this pH range carboxylic acid residues, being predominantly protonated as their pKa value is 
higher than three (Table 1),[88] 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 4. 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 less-charged regular 
peptides is possible.[50, 75, 108, 109] These pools are multiply phosphorylated peptides and 
singly phosphorylated peptides, that contain only a single basic amino acid. Singly phosphoryl-
ated peptides with more than one basic amino acid have the same net charge as non-phospho-
rylated peptides with one basic residue less. Thus, these classes of  phosphopeptides co-elute 
with regular peptides and need further enrichment for which immobilized metal affinity chro-
matography (IMAC)[110, 111] or TiO2[112-114] is most commonly used.
The enrichment of  N-terminal acetylated peptides is also possible with SCX at a pH of  3.[109, 
115-118] 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.[109] 
One explanation is that the orientation of  the peptide also has an influence in the SCX separa-
tion. 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  both regular and phosphorylated peptides 
is oriented towards the stationary phase.[119] 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 accounts for 
N-terminal acetylated peptides being less well-retained compared to phosphorylated peptides 
(as depicted in Figure 7).
Recently, we published a three dimensional separation approach for the enrichment of  basic 
phosphopeptides which combines SCX at a pH of  3 with a subsequent SCX separation at a pH 
of  1. In this tandem SCX approach, the phosphate switches from being negatively charged to 
neutral upon change of  pH while all other standard amino acids remain the same. This change 
enables separation of  phosphopeptides from regular peptides in the second SCX dimension. 
This approach allowed the identification of  over 10,000 basic phosphopeptides.[120] 

3.3 Anion Exchange-RP
The second form of  IEX is anion exchange (AX). AX was proven to be applicable for separat-
ing peptides in the 1980s.[93] Anion exchange (AX)-RP has also been used for multidimen-
sional approaches since that time[121, 122] and has been automated and miniaturized.[123] 
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Inversely to CX, in AX the sta-
tionary phase contains positively 
charged residues that undergo 
Coulombic interactions with ani-
onic sites of  the analytes. Even 
though peptides have acidic resi-
dues, 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 to be retained by 
AX.[124] The reason for this is the 
high pKa values of  the side chains 
of  lysine and arginine, as given in 
Table 1.[88] 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 tri-
methylamino-, while in WAX functional groups such as diethylaminoethyl- are used. SAX is in 
general more popular, due to it being applicable 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, such as those 
from acidic proteins from brain[122] or phosphorylated peptides.[50, 124-128] 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 step[125] or gradient elution.[124, 126, 128] Due to 
the obvious bias of  AX towards acidic solutes, AX has been combined with SCX in various 
ways in order to complement each other.[49, 50, 126, 129] Dai and coworkers[49] have used 
SCX as a first dimension in their off-line 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  poorly resolved peptides 
with SAX. Recently, Hennrich et al. [50] 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). These two to three fractions contain thousands 
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of  phosphopeptides. One of  these fractions was further separated by WAX in order to over-
come 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 off-line SCX-WAX-RP 
approach over 11,000 unique phosphopeptides could be identified from just this one SCX 
fraction.[50]
A complete on-line 3 dimensional system has been developed by Zhou et al. (Figure 8).[130] 
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 proteomes of  Escherichia coli and 
Saccharomyces cerevisiae. In addition, they found that sampling 101 instead of  51 fractions 
in the final RP dimension added less than 5% protein and 6% unique peptide identifications.
[130] This is 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.[131]
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.[132] Phillips and co-workers[132] used a commercially avail-
able 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 com-
bined an anion exchange (AX) and RP functionality and was used in an off-line setup. As the 
separation with the RP/AX stationary phase is based on hydrophobic and electrostatic interac-
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tions, 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 homo-
geneous distribution of  tryptic peptides with the RP/AX column when compared to SCX. In 
addition, the RP/AX setup resulted in at least 50% more unique peptide identifications. 

4. HYDROPHILIC INTERACTIONS CHROMATOGRAPHY
The term HILIC was coined by Alpert in 1990[133] to describe normal-phase chromatogra-
phy 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 similar conditions were employed for a carbohydrate separation.[134] 
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 reten-
tion.[133] A sufficiently polar stationary phase and a typically low aqueous mobile phase (5-20 
% water in ACN)[133] are employed creating a water-enriched liquid layer around the polar sta-
tionary phase. The separation is achieved by partitioning of  analytes from the dynamic mobile 
phase into this stagnant aqueous layer around the stationary phase.[133, 135] Elution is then 
obtained by increasing the water content of  the mobile phase. Factors governing the retention 
are both hydrogen bonding[136], 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.[133] In HILIC, the retention of  peptides increases with increas-
ing 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 hy-
drophilicity. Several papers and reviews have attempted to examine the variables involved in 
peptide retention under HILIC conditions,[135-138] 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.[139, 140]
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 quan-
tity of  metals, [141, 142] and derivatized silica, which can be neutral stationary phases, such as 
TSKgel Amide-80;[138] ionic stationary phases, such as the weak cation-exchanger PolyCAT 
A,[143] the cation exchanger polysulphoethyl A,[133] the weak anion exchanger PolyWAX 
LP;[127] zwitterionic stationary phases, such as ZIC-HILIC[144, 145] and ZIC-cHILIC.[54] 
Each of  these materials is capable of  generating a semi-immobilized aqueous layer on their 
polar surface.[133] However, different stationary and mobile phases display different retention 
characteristics, and the type of  salt employed can also influence the retention behavior.[146]
When peptide separation is performed using a neutral hydrophilic TSKgel Amide-80 station-
ary phase, the primary interaction is claimed to be hydrogen bonding. The retention is mostly 
based on the overall hydrophilicity of  the analytes,[137, 147] although some electrostatic ef-
fects might play a role under specific buffer’s conditions, especially when employing silica-
based materials.[127, 140] The main advantage of  this kind of  HILIC stationary phase is the 
use of  ‘salt-free’ buffers, when not considering as salts the use of  volatile electrolytes in the 
mobile phase such as TFA and formic acid. The elution is predominantly obtained by increas-
ing 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 multidi-
mensional strategies when HILIC is used as first step. 
With ionic stationary phases, besides polarity, electrostatic interactions can also play an impor-
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tant role in increasing or decreasing the selectivity for peptides,[133, 135] but the downside of  
those ionic interactions is the need of  higher salt concentration in the buffer to disrupt the 
attractive interactions and to obtain the elution,[127, 141] which may cause dramatic ionization 
suppression and negative effects with MS detection. The choice of  salts is, however, limited by 
their solubility in highly organic buffers,[140] and ammonium formate and acetate are typically 
chosen for their good compatibility with MS. A novel method utilizing ‘saltless’ pH gradient 
with a WCX-HILIC chromatography was described for the automated on-line separation of  
hypermodified histone peptides, directly introduced via nanoelectrospray into the mass spec-
trometer, improving the ionization and sensitivity during the MS analysis.[148]
When zwitterionic materials with <20 mM salt concentrations are employed, a good compro-
mise between selectivity and compatibility can be achieved since peptide separation involves 
both hydrophilic and electrostatic interactions,[149] but the latter interactions are weaker com-
pared to normal ionic exchangers and do not require high salt concentration for the elution.
[135] An advantageous property of  zwitterionic stationary phases relies on the amphoteric 
character of  their functional moieties, containing two oppositely charged groups in close prox-
imity at a stoichiometric ratio, the charges of  which are permanent and unaffected by pH 
changes. Hence, assuming the same charge distribution on the stationary phase, the optimiza-
tion of  the mobile phase pH is mainly 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 proto-
nation or deprotonation of  certain amino acids, affecting their hydrophilicity and, consequent-
ly, their retention in HILIC mode.[52] 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).[54] 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). 

4.1 HILIC in multidimensional strategies
HILIC is a relatively new player in the proteomics field, providing particular advantages in com-
parison 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 sensitivity[146, 150, 151] and suggesting that HILIC can be 
an interesting final dimension.[152] Second, the ideal applicability for polar compounds allows 
the analysis of  highly hydrophilic species that would be otherwise lost under RP analysis.[153] 
Third, the high orthogonality or complementarity to RP makes HILIC a suitable candidate in 
multidimensional approaches for the analysis of  complex samples.[23, 52] 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 resolution[54] and poten-
tially allowing the enrichment of  polar protein post translation modifications (PTMs),[53] such 
as glycosylation,[52, 154] phosphorylation[147, 155] and N-acetylation.[52] 
The successful combination of  HILIC with RP in two-dimensional systems relies on their op-
posite selection for polarity on peptide retention. HILIC chromatography is strongly affected 
by other factors, such as SCX, RP at high pH and SEC. Boersema et al.[52] further confirmed 
the competitive level of  orthogonality for HILIC when compared to SCX, though a different 
stationary phase was employed, showing less clustering of  similarly charged peptides, as high-
lighted in Figure 10. This behavior was explained on the basis of  the mixed-mode interaction 
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with the zwitterionic stationary phase, where peptides are on one hand retained by charge, due 
to electrostatic interactions, and on the other hand 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 wa-
ter) 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  
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HILIC with RP in on-line formats 
is difficult as it would demand the 
use of  larger second dimension 
columns in order to dilute the elu-
ent from the first dimension. To 
overcome this problem, we[54] 
recently designed an off-line 2D 
system based on the combination 
of  zwitterionic HILIC and RP in 
nanoscale format, which repre-
sents a refinement from an earlier 
set-up developed by Boersema et 
al.[52] In the new design, as sche-
matically shown in Figure 11, the 
HILIC eluent is directly collected 
during the separation as 1-min 
fractions into a 96 well plate al-
ready containing an acidified wa-
ter solvent. Since the HILIC sepa-
ration 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 causes sample loss and contamination, and to allow a direct analysis of  the fractions 
with the subsequent RP-LC-MS/MS. This 2D-ZIC-cHILIC-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 strat-
egy with an actual small-scale sample, we[17] 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.

4.2 HILIC for the analysis of  PTMs
Given the suitability for the separation of  highly polar molecules, HILIC would seem to 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. [148] developed an effective on-line HILIC-MS method for the analysis of  com-
plex mixture of  modified histone forms enabling to chromatographically distinguish isobaric 
modifications such as trimethylation and acetylation and allowing the thorough characteriza-
tion of  the human histones H3.2 and H4. Since a general overview of  HILIC applications for 
PTMs analysis was provided in an earlier review,[53] here we report solely the latest endeavours 
in implementing HILIC in the phosphoproteomics and glycoproteomics fields.
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Phosphopeptides are, in theory, good candidates for analysis by HILIC because of  the in-
creased overall hydrophilicity and their higher negative charge in comparison to regular pep-
tides. McNulty et al.[147] showed that HILIC could be a good first dimension in multidimen-
sional systems for the targeted analysis of  phosphopeptides. They compared the combinations 
of  HILIC (using the TSKgel Amide-80 stationary phase) and IMAC in alternate sequences 
(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 obtained 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, em-
ploying TSKgel Amide-80 stationary phase, cannot be used as an efficient enrichment strategy, 
but represents a good fractionation prior to any more specific phospho-enrichment approach 
to improve the selectivity. We[54] have investigated the use of  two zwitterionic materials, ZIC-
HILIC and ZIC-cHILIC, for phosphoproteomics. These two stationary phases exhibit an op-
posite spatial arrangement of  their charged groups, with ZIC-HILIC possessing a negative 
charge as a distal moiety on the surface, and 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 reten-
tion. Since the phosphopeptides were evenly spread throughout the fractions in both cases, no 
obvious differences were found between the two zwitterionic materials, demonstrating that in 
this case the inverted charge arrangement on these stationary phases did not affect the separa-
tion. In fact, the surface charge properties of  these 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, in principle, favor generating a positive 
charge.[145] This result confirmed that HILIC itself  is not an efficient enrichment approach 
for phosphoproteomics, requiring the combination with more specific strategy.[147] 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, as has been done with glycopeptide 
enrichment.[156]
Due to the high complexity and heterogeneity of  protein glycosylation, the analysis of  this 
PTM is at the present a challenging task. The investigation of  complex glycopeptide pools and 
insightful glycan structural elucidation require good chromatographic separations in combi-
nation with glycoenrichment strategies.[157] 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.[158] 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 sites from human plasma proteins. A 
modified protocol was reported by Thaysen-Andersen et al.[159] to extend this technique for 
site-specific characterization of  low amounts of  N-glycosylated 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 com-
prehensive glycoprofiling of  the tissue inhibitor of  metalloproteinases-1. 
For glycopeptides separation, Takegawa et al. [160, 161] already highlighted the potential of  
HILIC. They showed that ZIC-HILIC columns allowed a high resolution separation of  iso-
meric glycoforms based on structural recognition. Different glycopeptides containing neutral 
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and sialylated N-glycans as well as released N-glycans were well separated.[160, 161] Wohlge-
muth et al.[152] 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 these two chromatographic techniques are comple-
mentary for glycopeptide separation and their combination considerably improved the site-
specific elucidation of  glycans.
Mysling et al.[162] described an efficient glycoproteomic approach based on ZIC-HILIC sepa-
ration 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 ana-
lytes 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,[156] with 
a preferential decrease in hydrophilicity of  ‘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 lowers the pH of  the mobile phase, affecting the long term 
stability of  ZIC-HILIC silica-based resins. 

4.3 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-hydrophilic 
interaction chromatography).[127] An ion-exchange stationary phase is used with a highly or-
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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 
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ganic 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 partition-
ing, despite charged peptides being repelled to some extent by similar charges present on the 
stationary phase. Since hydrophilic interactions, on one hand, and electrostatic repulsions, on 
the other hand, have opposite effects on peptide retention, an isocratic resolution of  heteroge-
neous peptides can be achieved. 
The ERLIC separation, based on anion exchange chromatography in combination with hydro-
philic 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[163]. 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, in their hands, 
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 sub-
sequently confirmed their results extending the strategy in a quantitative setting with iTRAQ 
labeled peptides.[164]
The ERLIC technique has been recently introduced as a potential phosphopeptide enrichment 
method using a WAX column[127] as an alternative to immobilized metal affinity chroma-
tography (IMAC) and Lewis acids, such as titania,[165] and zirconia.[166] 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, al-
lowing their selective isolation from a peptide mixture. In addition, the retention is further im-
proved 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 fractiona-
tion 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 strate-
gies. The ERLIC approach enriched more selectively for multiply phosphorylated peptides 
with acidophilic motifs, while SCX-IMAC covered a wider variety of  motifs, including acido-
philic 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.[167] A recent publication has demonstrated that when ERLIC is combined with an 
efficient phospho-enrichment strategy, such as IMAC, prior to the separation, its performance 
becomes comparable to other common strategies (in this case SCX and HILIC) in terms of  
phosphopeptide identifications. In this work ERLIC also produced (relatively) the highest pro-
portion of  multiply phosphorylated peptides.[168] This work, once again, confirms that, in 
order to achieve optimal phosphopeptide coverage, it is necessary to decrease the background 
of  nonphosphorylated species which suppress the identification by MS of  lower abundant 
components.[169]
Zarei et al.[170] also systematically compared 3 different chromatographic techniques, ER-
LIC, HILIC and SCX, coupled to TiO2 as a specific phosphopeptide enrichment, evaluating 
the fractionation performance of  each workflow based on the number of  detected phospho-
peptides, percentage of  singly and multiply phosphorylated peptides, and their distribution 
over the applied gradients. The majority of  phosphopeptides in SCX and HILIC were singly 
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phosphorylated, 63% and 68%, respectively, whereas in ERLIC 69% were multiphosphoryl-
ated, confirming that ERLIC has a higher efficiency to bind and fractionate multiphosphoryl-
ated peptides versus SCX and HILIC. However, the use of  TFA as electrolyte in the mobile 
phase is not ideal in ERLIC separation since it forms ion pairs with basic residues present on 
peptides, rendering them more hydrophobic. More importantly, the TFA can also bind to the 
positively charged surface of  the ERLIC stationary phase reducing the available surface charge 
for phosphopeptide binding, which can explain the under-representation of  singly phosphoryl-
ated peptides when compared to multiply phosphorylated peptides. 
Theoretically ERLIC can be applied for the enrichment of  other types of  protein post-trans-
lational modifications, as long as they display sufficient charges, either negative or positive. 
Zhang et al.[171] reported an optimized ERLIC-based protocol for the simultaneous enrich-

ment of  glyco- and phosphopeptides 
from mouse brain membrane, pro-
viding the opportunity to study the 
interaction of  two different PTMs. 
Phosphopeptides mostly contained 
one phosphogroup, thus one nega-
tive charge, while N-linked glyco-
peptides possessed, presumably, 
extra negative charges originating 
from negatively charged sialic acid 
groups present on the sugars. 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  approxi-
mately 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 elu-
tion gradient allowed not only the 
enrichment of  both phospho- and 
glycopeptides, but also a differential 
distribution of  these two modified 
peptides in different fractions, with 
the phosphopeptides eluting earlier 
and the glycopeptides eluting mainly 
in later fractions (see Figure 13). This 
approach resulted in the identifica-
tion of  519 glycoproteins and 337 
phosphorylation sites from a rela-
tively small amount of  sample (1 mg 
in replicate analyses). In addition, the 
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optimization of  the sample preparation in combination with the efficient fractionation allow 
the identification of  phosphorylated membrane proteins, which are particularly difficult to 
identify due to their intrinsic higher hydrophobicity and low abundance of  phosphopeptides. 
An interesting finding was that more than 40% of  these membrane proteins were simultane-
ously phosphorylated and glycosylated, suggesting that these two PTMs could modulate pro-
tein function in a cooperative way.

5. 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 multi-
dimensional 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 well established with vendors 
providing excellent choices. However, in recent years the promise shown by ERLIC, HILIC 
and mixed bed material have raised new possibilities 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 one to 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 UHPLC pressures 
and columns exploiting such equipment. We expect that the power of  separations and the pro-
teomics results from their use will continue to improve at an exponential rate. 

6. ACKNOWLEDGEMENTS
The authors acknowledge all members of  the Heck-group. We’d also like to thank the groups 
of  Dr. Martin Gilar, Dr. Jarrod Marto, Dr. John Yates, Dr. Peter Højrup and Dr. Siu Kwan 
Sze for providing figures. This work was in parts supported by the PRIME-XS project, Grant 
Agreement Number 262067, funded by the European Union Seventh Framework Program; 
The Netherlands Proteomics Centre, embedded in The Netherlands Genomics Initiative, and 
the Centre for Biomedical Genetics; and The Netherlands Organization for Scientific Research 
(NWO) with the VIDI Grant 700.10.429 for SM.
 



59

2

7. REFERENCES
[1] Chait BT. Mass Spectrometry in the Postgenomic Era. Annual Review of  Biochemistry. 2011;80:239-
46.
[2] Yarmush ML, Jayaraman A. Advances in proteomic technologies. Annual Review of  Biomedical En-
gineering. 2002;4:349-73.
[3] Aebersold R, Mann M. Mass spectrometry-based proteomics. Nature. 2003;422:198-207.
[4] Yates JR, Ruse CI, Nakorchevsky A. Proteomics by Mass Spectrometry: Approaches, Advances, and 
Applications.  Annual Review of  Biomedical Engineering. 2009. p. 49-79.
[5] Yates JR. Mass spectral analysis in proteomics. Annu Rev Biophys Biomolec Struct. 2004;33:297-316.
[6] Shteynberg D, Deutsch EW, Lam H, Eng JK, Sun Z, Tasman N, et al. iProphet: Multi-level Integra-
tive Analysis of  Shotgun Proteomic Data Improves Peptide and Protein Identification Rates and Error 
Estimates. Molecular & Cellular Proteomics. 2011;10:doi: 10.1074/mcp.M111.007690.
[7] McDonald WH, Yates JR. Shotgun proteomics: Integrating technologies to answer biological ques-
tions. Curr Opin Mol Ther. 2003;5:302-9.
[8] McDonald WH, Yates JR. Shotgun proteomics and biomarker discovery. Dis Markers. 2002;18:99-105.
[9] Reid GE, McLuckey SA. ‘Top down’ protein characterization via tandem mass spectrometry. J Mass 
Spectrom. 2002;37:663-75.
[10] Tran JC, Zamdborg L, Ahlf  DR, Lee JE, Catherman AD, Durbin KR, et al. Mapping intact protein 
isoforms in discovery mode using top-down proteomics. Nature. 2011;480:254-8.
[11] Kellie JF, Tran JC, Lee JE, Ahlf  DR, Thomas HM, Ntai I, et al. The emerging process of  Top Down 
mass spectrometry for protein analysis: biomarkers, protein-therapeutics, and achieving high throughput. 
Molecular BioSystems. 2010;6:1532-9.
[12] Cox J, Mann M. Quantitative, High-Resolution Proteomics for Data-Driven Systems Biology. In: 
Kornberg, RD, Raetz CRH, Rothman JE, Thorner JW,, editor. Annual Review of  Biochemistry. 2011. 
80:p. 273-99.
[13] Anderson NL, Anderson NG. The human plasma proteome: history, character, and diagnostic pros-
pects. Molecular & cellular proteomics : MCP. 2002;1:845-67.
[14] Tyers M, Mann M. From genomics to proteomics. Nature. 2003;422:193-7.
[15] Tolley L, Jorgensen JW, Moseley MA. Very high pressure gradient LC/MS/MS. Analytical Chemistry. 
2001;73:2985-91.
[16] Nagaraj N, Wisniewski JR, Geiger T, Cox J, Kircher M, Kelso J, et al. Deep proteome and transcrip-
tome mapping of  a human cancer cell line. Mol Syst Biol. 2011;7:548.
[17] Di Palma S, Stange D, van de Wetering M, Clevers H, Heck AJR, Mohammed S. Highly Sensitive Pro-
teome Analysis of  FACS-Sorted Adult Colon Stem Cells. Journal of  Proteome Research. 2011;10:3814-9.
[18] Beck M, Schmidt A, Malmstroem J, Claassen M, Ori A, Szymborska A, et al. The quantitative pro-
teome of  a human cell line. Mol Syst Biol. 2011;7:549.
[19] Köcher T, Swart R, Mechtler K. Ultra-High-Pressure RPLC Hyphenated to an LTQ-Orbitrap Velos 
Reveals a Linear Relation between Peak Capacity and Number of  Identified Peptides. Analytical Chem-
istry. 2011;83:2699-704.
[20] Nagaraj N, Kulak NA, Cox J, Neuhaus N, Mayr K, Hoerning O, et al. Systems-wide perturbation 
analysis with near complete coverage of  the yeast proteome by single-shot UHPLC runs on a bench-top 
Orbitrap. Molecular & Cellular Proteomics. 2011. doi:10.1074/mcp.M111.013722
[21] Fournier ML, Gilmore JM, Martin-Brown SA, Washburn MP. Multidimensional separations-based 
shotgun proteomics. Chemical Reviews. 2007;107:3654-86.
[22] Ramautar R, Heemskerk AAM, Hensbergen PJ, Deelder AM, Busnel J-M, Mayboroda OA. CE-MS 
for proteomics: recent developments and applications. Journal of  Proteomics. 2012.
[23] Gilar M, Olivova P, Daly AE, Gebler JC. Orthogonality of  separation in two-dimensional liquid 
chromatography. Anal Chem. 2005;77:6426-34.



60

2

[24] Giddings JC. Two-dimensional separations - concept and promise. Analytical Chemistry. 
1984;56:1258A-1270A.
[25] Giddings JC. Maximum number of  components resolvable by gel filtration and other elution chro-
matographic methods. Analytical Chemistry. 1967;39:1027-1028.
[26] Giddings JC. Concepts and comparisons in multidimensional separation. Journal of  High Resolution 
Chromatography. 1987;10:319-23.
[27] Dixon SP, Pitfield ID, Perrett D. Comprehensive multi-dimensional liquid chromatographic separa-
tion in biomedical and pharmaceutical analysis: a review. Biomedical Chromatography. 2006;20:508-29.
[28] Majors RE. High Performance Liquid Chromatography Columns and Column Technology: A State-
of-the-Art Review (Parts I and II). Journal of  Chromatographic Science. 1980;18:393&487.
[29] Vollmer M, Horth P, Nagele E. Optimization of  two-dimensional off-line LC/MS separations to 
improve resolution of  complex proteomic samples. Analytical Chemistry. 2004;76:5180-5.
[30] Peng J, Elias JE, Thoreen CC, Licklider LJ, Gygi SP. Evaluation of  multidimensional chromatogra-
phy coupled with tandem mass spectrometry (LC/LC-MS/MS) for large-scale protein analysis: the yeast 
proteome. Journal of  Proteome Research. 2003;2:43-50.
[31] Wagner K, Miliotis T, Marko-Varga G, Bischoff  R, Unger KK. An automated on-line multidimen-
sional HPLC system for protein and peptide mapping with integrated sample preparation. Analytical 
Chemistry. 2002;74:809-20.
[32] Karas M, Hillenkamp F. Laser desorption ionization of  proteins with molecular masses exceeding 
10,000 daltons. Analytical Chemistry. 1988;60:2299-301.
[33] Tanaka K. The origin of  macromolecule ionization by laser irradiation (Nobel lecture). Angew 
Chem-Int Edit. 2003;42:3860-70.
[34] Whitehouse CM, Dreyer RN, Yamashita M, Fenn JB. Electrospray interface for liquid chromato-
graphs and mass spectrometers. Analytical Chemistry. 1985;57:675-9.
[35] Fenn JB, Mann M, Meng CK, Wong SF, Whitehouse CM. Electrospray ionization for mass spectrom-
etry of  large biomolecules. Science. 1989;246:64-71.
[36] Wilm M, Mann M. Analytical properties of  the nanoelectrospray ion source. Analytical Chemistry. 
1996;68:1-8.
[37] Makarov A, Scigelova M. Coupling liquid chromatography to Orbitrap mass spectrometry. Journal of  
Chromatography A. 2010;1217:3938-45.
[38] Domon B, Aebersold R. Review - Mass spectrometry and protein analysis. Science. 2006;312:212-7.
[39] Romijn EP, Krijgsveld J, Heck AJR. Recent liquid chromatographic-(tandem) mass spectrometric 
applications in proteomics. Journal of  Chromatography A. 2003;1000:589-608.
[40] Olsen JV, Schwartz JC, Griep-Raming J, Nielsen ML, Damoc E, Denisov E, et al. A Dual Pressure 
Linear Ion Trap Orbitrap Instrument with Very High Sequencing Speed. Molecular & Cellular Proteom-
ics. 2009;8:2759-69.
[41] Andrews GL, Simons BL, Young JB, Hawkridge AM, Muddiman DC. Performance Characteristics 
of  a New Hybrid Quadrupole Time-of-Flight Tandem Mass Spectrometer (TripleTOF 5600). Analytical 
Chemistry. 2011;83:5442-6.
[42] Shen Y, Smith RD. Proteomics based on high-efficiency capillary separations. Electrophoresis. 
2002;23:3106-24.
[43] Emmett MR, Caprioli RM. Micro-electrospray mass-spectrometry - ultra-high-sensitivity analysis of  
peptides and proteins. J Am Soc Mass Spectrom. 1994;5:605-13.
[44] Shen Y, Smith RD, Unger KK, Kumar D, Lubda D. Ultrahigh-Throughput Proteomics Using Fast 
RPLC Separations with ESI-MS/MS. Analytical Chemistry. 2005;77:6692-701.
[45] Wolters DA, Washburn MP, Yates JR, 3rd. An automated multidimensional protein identification 
technology for shotgun proteomics. Anal Chem. 2001;73:5683-90.
[46] Wang N, Xie C, Young JB, Li L. Off-Line Two-Dimensional Liquid Chromatography with Maxi-



61

2

mized Sample Loading to Reversed-Phase Liquid Chromatography-Electrospray Ionization Tandem 
Mass Spectrometry for Shotgun Proteome Analysis. Analytical Chemistry. 2009;81:1049-60.
[47] Opiteck GJ, Jorgenson JW, Anderegg RJ. Two-Dimensional SEC/RPLC Coupled to Mass Spectrom-
etry for the Analysis of  Peptides. Analytical Chemistry. 1997;69:2283-91.
[48] Geng M, Ji J, Regnier FE. Signature-peptide approach to detecting proteins in complex mixtures. 
Journal of  chromatography A. 2000;870:295-313.
[49] Dai J, Jin W-H, Sheng Q-H, Shieh C-H, Wu J-R, Zeng R. Protein Phosphorylation and Expression 
Profiling by Yin-Yang Multidimensional Liquid Chromatography (Yin-Yang MDLC) Mass Spectrometry. 
Journal of  Proteome Research. 2006;6:250-62.
[50] Hennrich ML, Groenewold V, Kops GJPL, Heck AJR, Mohammed S. Improving Depth in Phos-
phoproteomics by Using a Strong Cation Exchange-Weak Anion Exchange-Reversed Phase Multidimen-
sional Separation Approach. Analytical Chemistry. 2011;83:7137-43.
[51] Motoyama A, Xu T, Ruse CI, Wohlschlegel JA, Yates JR, 3rd. Anion and cation mixed-bed ion ex-
change for enhanced multidimensional separations of  peptides and phosphopeptides. Analytical Chem-
istry. 2007;79:3623-34.
[52] Boersema PJ, Divecha N, Heck AJ, Mohammed S. Evaluation and optimization of  ZIC-HILIC-RP 
as an alternative MudPIT strategy. Journal of  Proteome Research. 2007;6:937-46.
[53] Boersema PJ, Mohammed S, Heck AJ. Hydrophilic interaction liquid chromatography (HILIC) in 
proteomics. Anal Bioanal Chem. 2008;391:151-9.
[54] Di Palma S, Boersema PJ, Heck AJR, Mohammed S. Zwitterionic Hydrophilic Interaction Liquid 
Chromatography (ZIC-HILIC and ZIC-cHILIC) Provide High Resolution Separation and Increase Sen-
sitivity in Proteome Analysis. Analytical Chemistry. 2011;83:3440-7.
[55] Gruber KA, Stein S, Brink L, Radhakrishnan A, Udenfriend S. Fluorometric assay of  vasopressin and 
oxytocin: a general approach to the assay of  peptides in tissues. Proceedings of  the National Academy 
of  Sciences. 1976;73:1314-8.
[56] Guo DC, Mant CT, Taneja AK, Parker JMR, Hodges RS. Prediction of  peptide retention times in 
reversed-phase high-performance liquid-chromatography .1. Determination of  retention coefficients of  
amino-acid-residues of  model synthetic peptides. Journal of  Chromatography. 1986;359:499-517.
[57] Chervet JP, Ursem M, Salzmann JP. Instrumental Requirements for Nanoscale Liquid Chromatogra-
phy. Analytical Chemistry. 1996;68:1507-12.
[58] Meiring HD, van der Heeft E, ten Hove GJ, de Jong APJM. Nanoscale LC–MS(n): technical design 
and applications to peptide and protein analysis. Journal of  Separation Science. 2002;25:557-68.
[59] Schmidt A, Karas M, Dulcks T. Effect of  different solution flow rates on analyte ion signals in nano-
ESI MS, or: When does ESI turn into nano-ESI? J Am Soc Mass Spectrom. 2003;14:492-500.
[60] Shen Y, Zhang R, Moore RJ, Kim J, Metz TO, Hixson KK, et al. Automated 20 kpsi RPLC-MS and 
MS/MS with Chromatographic Peak Capacities of  1000-1500 and Capabilities in Proteomics and Me-
tabolomics. Analytical Chemistry. 2005;77:3090-100.
[61] Wilkins JA, Xiang R, Horvath C. Selective enrichment of  low-abundance peptides in complex mix-
tures by elution-modified displacement chromatography and their identification by electrospray ioniza-
tion mass spectrometry. Analytical Chemistry. 2002;74:3933-41.
[62] Xiang R, Horvath C, Wilkins JA. Elution-modified displacement chromatography coupled with elec-
trospray ionization-MS: On-line detection of  trace peptides at femtomole level in peptide digests. Analyti-
cal Chemistry. 2003;75:1819-27.
[63] Ficarro SB, Zhang Y, Lu Y, Moghimi AR, Askenazi M, Hyatt E, et al. Improved Electrospray Ioni-
zation Efficiency Compensates for Diminished Chromatographic Resolution and Enables Proteomics 
Analysis of  Tyrosine Signaling in Embryonic Stem Cells. Analytical Chemistry. 2009;81:3440-7.
[64] Masuda T, Sugiyama N, Tomita M, Ishihama Y. Microscale Phosphoproteome Analysis of  10.000 
Cells from Human Cancer Cell Lines. Analytical Chemistry. 2011;83:7698-703.



62

2

[65] Wang XL, Stoll DR, Carr PW, Schoenmakers PJ. A graphical method for understanding the kinetics 
of  peak capacity production in gradient elution liquid chromatography. Journal of  Chromatography A. 
2006;1125:177-81.
[66] Dolan JW. Temperature selectivity in reversed-phase high performance liquid chromatography. Jour-
nal of  chromatography A. 2002;965:195-205.
[67] Thakur SS, Geiger T, Chatterjee B, Bandilla P, Frohlich F, Cox J, et al. Deep and Highly Sensitive 
Proteome Coverage by LC-MS/MS Without Prefractionation. Molecular & Cellular Proteomics. 2011;10.
[68] Gilar M, Daly AE, Kele M, Neue UD, Gebler JC. Implications of  column peak capacity on the sepa-
ration of  complex peptide mixtures in single- and two-dimensional high-performance liquid chromatog-
raphy. Journal of  Chromatography A. 2004;1061:183-92.
[69] Gehrke CW, Wixom RL. Chromatography : a science of  discovery: Hoboken, N.J. : Wiley; 2010.
[70] Jorgenson JW. Capillary Liquid Chromatography at Ultrahigh Pressures. Annual Review of  Analytical 
Chemistry. 2010;3:129-50.
[71] Motoyama A, Venable JD, Ruse CI, Yates JR. Automated ultra-high-pressure multidimensional pro-
tein identification technology (UHP-MudPIT) for improved peptide identification of  proteomic samples. 
Analytical Chemistry. 2006;78:5109-18.
[72] MacNair JE, Lewis KC, Jorgenson JW. Ultrahigh pressure reversed-phase liquid chromatography in 
packed capillary columns. Analytical Chemistry. 1997;69:983-9.
[73] MacNair JE, Patel KD, Jorgenson JW. Ultrahigh-Pressure Reversed-Phase Capillary Liquid Chro-
matography: Isocratic and Gradient Elution Using Columns Packed with 1.0-µm Particles. Analytical 
Chemistry. 1999;71:700-8.
[74] Hsu JL, Huang SY, Chen SH. Dimethyl multiplexed labeling combined with microcolumn separation 
and MS analysis for time course study in proteomics. Electrophoresis. 2006;27:3652-60.
[75] Ballif  BA, Villen J, Beausoleil SA, Schwartz D, Gygi SP. Phosphoproteomic analysis of  the develop-
ing mouse brain. Molecular & Cellular Proteomics. 2004;3:1093-101.
[76] Raijmakers R, Berkers CR, de Jong A, Ovaa H, Heck AJ, Mohammed S. Automated online sequential 
isotope labeling for protein quantitation applied to proteasome tissue-specific diversity. Molecular & Cel-
lular Proteomics. 2008;7:1755-62.
[77] Tanaka N, Kobayashi H, Nakanishi K, Minakuchi H, Ishizuka N. Peer Reviewed: Monolithic LC 
Columns. Analytical Chemistry. 2001;73:420 A-429 A.
[78] Luo Q, Shen Y, Hixson KK, Zhao R, Yang F, Moore RJ, et al. Preparation of  20-µm-i.d. Silica-
Based Monolithic Columns and Their Performance for Proteomics Analyses. Analytical Chemistry. 
2005;77:5028-35.
[79] Luo Q, Tang K, Yang F, Elias A, Shen Y, Moore RJ, et al. More Sensitive and Quantitative Proteomic 
Measurements Using Very Low Flow Rate Porous Silica Monolithic LC Columns with Electrospray Ion-
ization-Mass Spectrometry. Journal of  Proteome Research. 2006;5:1091-7.
[80] Miyamoto K, Hara T, Kobayashi H, Morisaka H, Tokuda D, Horie K, et al. High-Efficiency Liquid 
Chromatographic Separation Utilizing Long Monolithic Silica Capillary Columns. Analytical Chemistry. 
2008;80:8741-50.
[81] Iwasaki M, Miwa S, Ikegami T, Tomita M, Tanaka N, Ishihama Y. One-Dimensional Capillary Liquid 
Chromatographic Separation Coupled with Tandem Mass Spectrometry Unveils the Escherichia coil Pro-
teome on a Microarray Scale. Analytical Chemistry. 2010;82:2616-20.
[82] Sandra K, Moshir M, D’hondt F, Tuytten R, Verleysen K, Kas K, et al. Highly efficient peptide sepa-
rations in proteomics: Part 2: Bi- and multidimensional liquid-based separation techniques. Journal of  
Chromatography B. 2009;877:1019-39.
[83] Gilar M, Olivova P, Daly AE, Gebler JC. Two-dimensional separation of  peptides using RP-RP-
HPLC system with different pH in first and second separation dimensions. Journal of  separation science. 
2005;28:1694-703.



63

2

[84] Delmotte N, Lasaosa M, Tholey A, Heinzle E, Huber CG. Two-Dimensional Reversed-Phase × 
Ion-Pair Reversed-Phase HPLC: An Alternative Approach to High-Resolution Peptide Separation for 
Shotgun Proteome Analysis. Journal of  Proteome Research. 2007;6:4363-73.
[85] Toll H, Oberacher H, Swart R, Huber CG. Separation, detection, and identification of  peptides 
by ion-pair reversed-phase high-performance liquid chromatography-electrospray ionization mass spec-
trometry at high and low pH. Journal of  chromatography A. 2005;1079:274-86.
[86] Manadas B, English JA, Wynne KJ, Cotter DR, Dunn MJ. Comparative analysis of  OFFGel, strong 
cation exchange with pH gradient, and RP at high pH for first-dimensional separation of  peptides from 
a membrane-enriched protein fraction. Proteomics. 2009;9:5194-8.
[87] Nozaki Y, Tanford C. [84] Examination of  titration behavior. In: Hirs CHW, editor. Methods in En-
zymology: Academic Press; 1967. p. 715-34.
[88] Thurlkill RL, Grimsley GR, Scholtz JM, Pace CN. pK values of  the ionizable groups of  proteins. 
Protein Sci. 2006;15:1214-8.
[89] Keim P, Vigna RA, Morrow JS, Marshall RC, Gurd FRN. C-13 nuclear magnetic-resonance of  pen-
tapeptides of  glycine containing central residues of  serine, threonine, aspartic and glutamic acids, aspara-
gine, and glutamine .53. J Biol Chem. 1973;248:7811-8.
[90] Richarz R, Wuthrich K. C-13 NMR chemical-shifts of  common amino-acid residues measured in 
aqueous-solutions of  linear tetrapeptides H-GLY-GLY-X-L-ALA-OH. Biopolymers. 1978;17:2133-41.
[91] Song C, Ye M, Han G, Jiang X, Wang F, Yu Z, et al. Reversed-phase-reversed-phase liquid chromatog-
raphy approach with high orthogonality for multidimensional separation of  phosphopeptides. Analytical 
Chemistry. 2010;82:53-6.
[92] Wang Y, Yang F, Gritsenko MA, Wang Y, Clauss T, Liu T, et al. Reversed-phase chromatography with 
multiple fraction concatenation strategy for proteome profiling of  human MCF10A cells. Proteomics. 
2011;11:2019-26.
[93] Dizdaroglu M. Weak anion-exchange high-performance liquid-chromatography of  peptides. Journal 
of  Chromatography. 1985;334:49-69.
[94] Isobe T, Takayasu T, Takai N, Okuyama T. High-performance liquid-chromatography of  peptides on 
a macroreticular cation-exchange resin - application to peptide-mapping of  bence-jones proteins. Analyti-
cal Biochemistry. 1982;122:417-25.
[95] Cachia PJ, Vaneyk J, Chong PCS, Taneja A, Hodges RS. Separation of  basic peptides by cation-
exchange high-performance liquid-chromatography. Journal of  Chromatography. 1983;266:651-9.
[96] Mant CT, Hodges RS. Separation of  peptides by strong cation-exchange high-performance liquid-
chromatography. Journal of  Chromatography. 1985;327:147-55.
[97] Alpert AJ, Andrews PC. Cation-exchange chromatography of  peptides on poly(2-sulfoethyl 
aspartamide)-silica. Journal of  Chromatography. 1988;443:85-96.
[98] Takahashi N, Takahashi Y, Putnam FW. Two-dimensional high-performance liquid-chromatography 
and chemical modification in the strategy of  sequence-analysis - complete amino-acid-sequence of  the 
lambda light chain of  human immunoglobulin-d. Journal of  Chromatography. 1983;266:511-22.
[99] Issaq HJ, Chan KC, Janini GM, Conrads TP, Veenstra TD. Multidimensional separation of  peptides 
for effective proteomic analysis. J Chromatogr B. 2005;817:35-47.
[100] Fränzel B, Wolters DA. Advanced MudPIT as a next step toward high proteome coverage. Proteom-
ics. 2011;11:3651-6.
[101] Washburn MP, Wolters D, Yates JR, 3rd. Large-scale analysis of  the yeast proteome by multidimen-
sional protein identification technology. Nat Biotechnol. 2001;19:242-7.
[102] Bayer EM, Bottrill AR, Walshaw J, Vigouroux M, Naldrett MJ, Thomas CL, et al. Arabidopsis cell 
wall proteome defined using multidimensional protein identification technology. Proteomics. 2006;6:301-
11.
[103] Van Hoof  D, Munoz J, Braam SR, Pinkse MW, Linding R, Heck AJ, et al. Phosphorylation dynamics 



64

2

during early differentiation of  human embryonic stem cells. Cell Stem Cell. 2009;5:214-26.
[104] Burke TWL, Mant CT, Black JA, Hodges RS. Strong cation-exchange high-performance liquid-
chromatography of  peptides - effect of  non-specific hydrophobic interactions and linearization of  pep-
tide retention behavior. Journal of  Chromatography. 1989;476:377-89.
[105] McDonald WH, Ohi R, Miyamoto DT, Mitchison TJ, Yates JR. Comparison of  three directly cou-
pled HPLC MS/MS strategies for identification of  proteins from complex mixtures: single-dimension 
LC-MS/MS, 2-phase MudPIT, and 3-phase MudPIT. Int J Mass Spectrom. 2002;219:245-51.
[106] Link AJ, Eng J, Schieltz DM, Carmack E, Mize GJ, Morris DR, et al. Direct analysis of  protein 
complexes using mass spectrometry. Nat Biotechnol. 1999;17:676-82.
[107] Davis MT, Beierle J, Bures ET, McGinley MD, Mort J, Robinson JH, et al. Automated LC-LC-
MS-MS platform using binary ion-exchange and gradient reversed-phase chromatography for improved 
proteomic analyses. Journal of  Chromatography B. 2001;752:281-91.
[108] Lim KB, Kassel DB. Phosphopeptides enrichment using on-line two-dimensional strong cation ex-
change followed by reversed-phase liquid chromatography/mass spectrometry. Analytical Biochemistry. 
2006;354:213-9.
[109] Gauci S, Helbig AO, Slijper M, Krijgsveld J, Heck AJ, Mohammed S. Lys-N and trypsin cover 
complementary parts of  the phosphoproteome in a refined SCX-based approach. Analytical Chemistry. 
2009;81:4493-501.
[110] Gruhler A, Olsen JV, Mohammed S, Mortensen P, Faergeman NJ, Mann M, et al. Quantitative 
phosphoproteomics applied to the yeast pheromone signaling pathway. Molecular & Cellular Proteomics. 
2005;4:310-27.
[111] Villen J, Gygi SP. The SCX/IMAC enrichment approach for global phosphorylation analysis by 
mass spectrometry. Nature Protocols. 2008;3:1630-8.
[112] Lemeer S, Pinkse MWH, Mohammed S, van Breukelen B, den Hertog J, Slijper M, et al. Online au-
tomated in vivo zebrafish phosphoproteomics: From large-scale analysis down to a single embryo. Journal 
of  Proteome Research. 2008;7:1555-64.
[113] Benschop JJ, Mohammed S, O’Flaherty M, Heck AJR, Slijper M, Menke FLH. Quantitative phos-
phoproteomics of  early elicitor signaling in Arabidopsis. Molecular & Cellular Proteomics. 2007;6:1198-
214.
[114] Olsen JV, Blagoev B, Gnad F, Macek B, Kumar C, Mortensen P, et al. Global, in vivo, and site-
specific phosphorylation dynamics in signaling networks. Cell. 2006;127:635-48.
[115] Mischerikow N, Heck AJR. Targeted large-scale analysis of  protein acetylation. Proteomics. 
2011;11:571-89.
[116] Aivaliotis M, Gevaert K, Falb M, Tebbe A, Konstantinidis K, Bisle B, et al. Large-scale identification 
of  N-terminal peptides in the halophilic archaea Halobacterium salinarum and Natronomonas pharaonis. 
Journal of  Proteome Research. 2007;6:2195-204.
[117] Dormeyer W, Mohammed S, van Breukelen B, Krijgsveld J, Heck AJR. Targeted analysis of  protein 
termini. Journal of  Proteome Research. 2007;6:4634-45.
[118] Helbig AO, Gauci S, Raijmakers R, van Breukelen B, Slijper M, Mohammed S, et al. Profiling of  
N-Acetylated Protein Termini Provides In-depth Insights into the N-terminal Nature of  the Proteome. 
Molecular & Cellular Proteomics. 2010;9:928-39.
[119] Alpert AJ, Petritis K, Kangas L, Smith RD, Mechtler K, Mitulovic G, et al. Peptide Orientation Af-
fects Selectivity in Ion-Exchange Chromatography. Analytical Chemistry. 2010;82:5253-9.
[120] Hennrich ML, van den Toorn HWP, Groenewold V, Heck AJR, Mohammed S. Ultra Acidic Strong 
Cation Exchange Enabling the Efficient Enrichment of  Basic Phosphopeptides. Analytical Chemistry. 
2012;84:1804-8.
[121] Takahashi N, Ishioka N, Takahashi Y, Putnam FW. Automated tandem high-performance liquid-
chromatographic system for separation of  extremely complex peptide mixtures. Journal of  Chromatog-



65

2

raphy. 1985;326:407-18.
[122] Matsuoka K, Taoka M, Isobe T, Okuyama T, Kato Y. Automated high-resolution 2-dimensional 
liquid-chromatographic system for the rapid and sensitive separation of  complex peptide mixtures. Jour-
nal of  Chromatography. 1990;515:313-20.
[123] Holland HA, Jorgenson JW. Separation of  nanoliter samples of  biological amines by a comprehen-
sive 2-dimensional microcolumn liquid-chromatography system. Analytical Chemistry. 1995;67:3275-83.
[124] Dai J, Wang LS, Wu YB, Sheng QH, Wu JR, Shieh CH, et al. Fully Automatic Separation and Iden-
tification of  Phosphopeptides by Continuous pH-Gradient Anion Exchange Online Coupled with Re-
versed-Phase Liquid Chromatography Mass Spectrometry. Journal of  Proteome Research. 2009;8:133-41.
[125] Nuhse TS, Stensballe A, Jensen ON, Peck SC. Large-scale analysis of  in vivo phosphorylated mem-
brane proteins by immobilized metal ion affinity chromatography and mass spectrometry. Molecular & 
Cellular Proteomics. 2003;2:1234-43.
[126] Nie S, Dai J, Ning ZB, Cao XJ, Sheng QH, Zeng R. Comprehensive Profiling of  Phosphopeptides 
Based on Anion Exchange Followed by Flow-Through Enrichment with Titanium Dioxide (AFET). 
Journal of  Proteome Research. 2010;9:4585-94.
[127] Alpert AJ. Electrostatic repulsion hydrophilic interaction chromatography for isocratic separation 
of  charged solutes and selective isolation of  phosphopeptides. Anal Chem. 2008;80:62-76.
[128] Han GH, Ye ML, Zhou HJ, Jiang XN, Feng S, Jiang XG, et al. Large-scale phosphoproteome 
analysis of  human liver tissue by enrichment and fractionation of  phosphopeptides with strong anion 
exchange chromatography. Proteomics. 2008;8:1346-61.
[129] Wagner Y, Sickmann A, Meyer H, Daum G. Multidimensional nano-HPLC for analysis of  protein 
complexes. J Am Soc Mass Spectrom. 2003;14:1003-11.
[130] Zhou F, Sikorski TW, Ficarro SB, Webber JT, Marto JA. Online Nanoflow Reversed Phase-Strong 
Anion Exchange-Reversed Phase Liquid Chromatography–Tandem Mass Spectrometry Platform for 
Efficient and In-Depth Proteome Sequence Analysis of  Complex Organisms. Analytical Chemistry. 
2011;83:6996-7005.
[131] Ficarro SB, Zhang Y, Carrasco-Alfonso MJ, Garg B, Adelmant G, Webber JT, et al. Online Nano-
flow Multidimensional Fractionation for High Efficiency Phosphopeptide Analysis. Molecular & Cellular 
Proteomics. 2011;10.
[132] Phillips HL, Williamson JC, van Elburg KA, Snijders APL, Wright PC, Dickman MJ. Shotgun pro-
teome analysis utilising mixed mode (reversed phase-anion exchange chromatography) in conjunction 
with reversed phase liquid chromatography mass spectrometry analysis. Proteomics. 2010;10:2950-60.
[133] Alpert AJ. Hydrophilic-interaction chromatography for the separation of  peptides, nucleic acids and 
other polar compounds. J Chromatogr. 1990;499:177-96.
[134] Linden JC, Lawhead CL. Liquid-chromatography of  saccharides. Journal of  Chromatography. 
1975;105:125-33.
[135] Hemstrom P, Irgum K. Hydrophilic interaction chromatography. J Sep Sci. 2006;29:1784-821.
[136] Yoshida T. Peptide separation by Hydrophilic-Interaction Chromatography: a review. J Biochem 
Biophys Methods. 2004;60:265-80.
[137] Yoshida T. Peptide separation in normal phase liquid chromatography. Analytical Chemistry. 
1997;69:3038-43.
[138] Yoshida T. Calculation of  peptide retention coefficients in normal-phase liquid chromatography. 
Journal of  Chromatography A. 1998;808:105-12.
[139] Guo Y, Gaiki S. Retention and selectivity of  stationary phases for hydrophilic interaction chroma-
tography. Journal of  Chromatography A. 2011;1218:5920-38.
[140] Guo Y, Gaiki S. Retention behavior of  small polar compounds on polar stationary phases in hydro-
philic interaction chromatography. Journal of  Chromatography A. 2005;1074:71-80.
[141] Jandera P. Stationary and mobile phases in hydrophilic interaction chromatography: a review. Ana-



66

2

lytica Chimica Acta. 2011;692:1-25.
[142] Jandera P. Stationary phases for hydrophilic interaction chromatography, their characterization 
and implementation into multidimensional chromatography concepts. Journal of  Separation Science. 
2008;31:1421-37.
[143] Lindner H, Sarg B, Meraner C, Helliger W. Separation of  acetylated core histones by hydrophilic-
interaction liquid chromatography. Journal of  Chromatography A. 1996;743:137-44.
[144] Intoh A, Kurisaki A, Fukuda H, Asashima M. Separation with zwitterionic hydrophilic interaction 
liquid chromatography improves protein identification by matrix-assisted laser desorption/ionization-
based proteomic analysis. Biomedical Chromatography. 2009;23:607-14.
[145] Jiang W, Irgum K. Tentacle-type Zwitterionic stationary phase, prepared by surface-initiated graft 
polymerization of  3- N,N-dimethyl-N-(methacryloyloxyethyl)-ammonium propanesulfonate through 
peroxide groups tethered on porous silica. Analytical Chemistry. 2002;74:4682-7.
[146] Fountain KJ, Xu J, Diehl DM, Morrison D. Influence of  stationary phase chemistry and mobile-
phase composition on retention, selectivity, and MS response in hydrophilic interaction chromatography. 
Journal of  Separation Science. 2010;33:740-51.
[147] McNulty DE, Annan RS. Hydrophilic interaction chromatography reduces the complexity of  the 
phosphoproteome and improves global phosphopeptide isolation and detection. Molecular & Cellular 
Proteomics. 2008;7:971-80.
[148] Young NL, DiMaggio PA, Plazas-Mayorca MD, Baliban RC, Floudas CA, Garcia BA. High Through-
put Characterization of  Combinatorial Histone Codes. Molecular & Cellular Proteomics. 2009;8:2266-84.
[149] Di Palma S, Raijmakers R, Heck AJR, Mohammed S. Evaluation of  the Deuterium Isotope Effect 
in Zwitterionic Hydrophilic Interaction Liquid Chromatography Separations for Implementation in a 
Quantitative Proteomic Approach. Analytical Chemistry. 2011;83:8352-6.
[150] Weng N. Bioanalytical liquid chromatography tandem mass spectrometry methods on underivatized 
silica columns with aqueous/organic mobile phases. Journal of  Chromatography B. 2003;796:209-24.
[151] Grumbach ES, Diehl DM, Neue UD. The application of  novel 1.7 µm ethylene bridged hybrid par-
ticles for hydrophilic interaction chromatography. Journal of  Separation Science. 2008;31:1511-8.
[152] Wohlgemuth J, Karas M, Jiang W, Hendriks R, Andrecht S. Enhanced glyco-profiling by specific gly-
copeptide enrichment and complementary monolithic nano-LC (ZIC-HILIC/RP18e)/ESI-MS analysis. 
Journal of  Separation Science. 2010;33:880-90.
[153] Xu RN, Boyd B, Rieser MJ, Ei-Shourbagy TA. Simultaneous LC-MS/MS quantitation of  a highly 
hydrophobic pharmaceutical compound and its metabolite in urine using online monolithic phase-based 
extraction. Journal of  Separation Science. 2007;30:2943-9.
[154] Palmisano G, Lendal SE, Engholm-Keller K, Leth-Larsen R, Parker BL, Larsen MR. Selective en-
richment of  sialic acid-containing glycopeptides using titanium dioxide chromatography with analysis by 
HILIC and mass spectrometry. Nature Protocols. 2010;5:1974-82.
[155] Wu C-J, Chen Y-W, Tai J-H, Chen S-H. Quantitative Phosphoproteomics Studies Using Stable 
Isotope Dimethyl Labeling Coupled with IMAC-HILIC-nanoLC-MS/MS for Estrogen-Induced Tran-
scriptional Regulation. Journal of  Proteome Research. 2011;10:1088-97.
[156] Ding W, Nothaft H, Szymanski CM, Kelly J. Identification and quantification of  glycoproteins using 
ion-pairing normal-phase liquid chromatography and mass spectrometry. Molecular & Cellular Proteom-
ics. 2009;8:2170-85.
[157] Scott NE, Parker BL, Connolly AM, Paulech J, Edwards AVG, Crossett B, et al. Simultaneous 
Glycan-Peptide Characterization Using Hydrophilic Interaction Chromatography and Parallel Fragmen-
tation by CID, Higher Energy Collisional Dissociation, and Electron Transfer Dissociation MS Applied 
to the N-Linked Glycoproteome of  Campylobacter jejuni. Molecular & Cellular Proteomics. 2011;10:doi: 
10.1074/mcp.M000031-MCP201.
[158] Hägglund P, Matthiesen R, Elortza F, Højrup P, Roepstorff  P, Jensen ON, et al. An Enzymatic De-



67

2

glycosylation Scheme Enabling Identification of  Core Fucosylated N-Glycans and O-Glycosylation Site 
Mapping of  Human Plasma Proteins. Journal of  Proteome Research. 2007;6:3021-31.
[159] Thaysen-Andersen M, Thøgersen IB, Nielsen HJ, Lademann U, Brünner N, Enghild JJ, et al. Rapid 
and Individual-specific Glycoprofiling of  the Low Abundance N-Glycosylated Protein Tissue Inhibitor 
of  Metalloproteinases-1. Molecular & Cellular Proteomics. 2007;6:638-47.
[160] Takegawa Y, Deguchi K, Keira T, Ito H, Nakagawa H, Nishimura S-I. Separation of  isomeric 
2-aminopyridine derivatized N-glycans and N-glycopeptides of  human serum immunoglobulin G by 
using a zwitterionic type of  hydrophilic-interaction chromatography. Journal of  Chromatography A. 
2006;1113:177-81.
[161] Takegawa Y, Ito H, Keira T, Deguchi K, Nakagawa H, Nishimura S-I. Profiling of  N- and O-gly-
copeptides of  erythropoietin by capillary zwitterionic type of  hydrophilic interaction chromatography/
electrospray ionization mass spectrometry. Journal of  Separation Science. 2008;31:1585-93.
[162] Mysling S, Palmisano G, Hojrup P, Thaysen-Andersen M. Utilizing Ion-Pairing Hydrophilic Interac-
tion Chromatography Solid Phase Extraction for Efficient Glycopeptide Enrichment in Glycoproteom-
ics. Analytical Chemistry. 2010;82:5598-609.
[163] Hao P, Guo T, Li X, Adav SS, Yang J, Wei M, et al. Novel Application of  Electrostatic Repulsion-
Hydrophilic Interaction Chromatography (ERLIC) in Shotgun Proteomics: Comprehensive Profiling of  
Rat Kidney Proteome. Journal of  Proteome Research. 2010;9:3520-6.
[164] Hao P, Qian J, Ren Y, Sze SK. Electrostatic Repulsion-Hydrophilic Interaction Chromatography 
(ERLIC) versus Strong Cation Exchange (SCX) for Fractionation of  iTRAQ-Labeled Peptides. Journal 
of  Proteome Research. 2011;10:5568-74.
[165] Zhou H, Low TY, Hennrich ML, van der Toorn H, Schwend T, Zou H, et al. Enhancing the Iden-
tification of  Phosphopeptides from Putative Basophilic Kinase Substrates Using Ti (IV) Based IMAC 
Enrichment. Molecular & Cellular Proteomics. 2011;10:doi: 10.1074/mcp.M110.006452.
[166] Kweon HK, Håkansson K. Selective Zirconium Dioxide-Based Enrichment of  Phosphorylated 
Peptides for Mass Spectrometric Analysis. Analytical Chemistry. 2006;78:1743-9.
[167] Gan CS, Guo T, Zhang H, Lim SK, Sze SK. A Comparative Study of  Electrostatic Repulsion-Hy-
drophilic Interaction Chromatography (ERLIC) versus SCX-IMAC-Based Methods for Phosphopeptide 
Isolation/Enrichment. Journal of  Proteome Research. 2008;7:4869-77.
[168] Chen X, Wu D, Zhao Y, Wong BHC, Guo L. Increasing phosphoproteome coverage and identifica-
tion of  phosphorylation motifs through combination of  different HPLC fractionation methods. Journal 
of  Chromatography B. 2011;879:25-34.
[169] Chien K-y, Liu H-C, Goshe MB. Development and Application of  a Phosphoproteomic Method 
Using Electrostatic Repulsion-Hydrophilic Interaction Chromatography (ERLIC), IMAC, and LC–MS/
MS Analysis to Study Marek’s Disease Virus Infection. Journal of  Proteome Research. 2011;10:4041-53.
[170] Zarei M, Sprenger A, Metzger F, Gretzmeier C, Dengjel J. Comparison of  ERLIC–TiO2, HILIC–
TiO2, and SCX–TiO2 for Global Phosphoproteomics Approaches. Journal of  Proteome Research. 
2011;10:3474-83.
[171] Zhang H, Guo T, Li X, Datta A, Park JE, Yang J, et al. Simultaneous Characterization of  Glyco- 
and Phosphoproteomes of  Mouse Brain Membrane Proteome with Electrostatic Repulsion Hydrophilic 
Interaction Chromatography. Molecular & Cellular Proteomics. 2010;9:635-47.



68

2



69

3

Chapter 3
ZIC-HILIC and ZIC-cHILIC 

provide high resolution separation and 
increase sensitivity in proteome analysis

Serena Di Palma, Paul J. Boersema, Albert J. R. Heck, and Shabaz Mohammed

Anal Chem. 2011 May 1;83(9):3440-7.

Abstract
The complexity of  peptide mixtures that are analyzed in proteomics necessitates frac-
tionation by multidimensional separation approaches prior to mass spectrometric 
analysis. In this work, we introduce and evaluate Hydrophilic Interaction Liquid Chro-
matography (HILIC) based strategies for the separation of  complex peptide mixtures. 
The two zwitterionic HILIC materials (ZIC-HILIC and ZIC-cHILIC) chosen for this 
work differ in the spatial orientation of  the positive and negative charged groups.  On-
line experiments revealed a pH-independent resolving power for the ZIC-cHILIC 
resin while ZIC-HILIC showed a decrease in resolving power at an acidic pH.  Subse-
quently, we extensively evaluated the performances of  ZIC-HILIC and ZIC-cHILIC 
as first dimension in an off-line 2D-LC strategy in combination with reversed phase 
(RP), with respect to peptide separation efficiency and how the retention time cor-
relates with a number of  peptide physicochemical properties. Both resins allowed the 
identification of  more than 20,000 unique peptides corresponding to over 3500 proteins 
in each experimental condition from a remarkably low (1.5 µg) amount of  starting ma-
terial of  HeLa lysate digestion. The resulting data allows the drawing of  a comprehen-
sive picture regarding ZIC- and ZIC-cHILIC peptide separation characteristics. Fur-
thermore, the extent of  protein identifications observed from such a level of  material 
demonstrates that HILIC can rival or surpass traditional multidimensional strategies 
employed in proteomics. 
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1. INTRODUCTION
A primary driving force in the development of  enabling technologies in mass spectrometry 
(MS) based proteomics is the ability to identify ever smaller amounts of  proteins originating 
from samples of  increased complexity[1]. Currently, the best strategy for the analysis of  pro-
tein mixtures is proteolytic digestion prior to LC-MS/MS to convert hard-to-handle proteins 
by MS into chemically well-behaved peptides. Such an approach overcomes many issues as-
sociated with protein mixture analysis[2]. The greatest challenges reside in cumulative effects, 
including limited sample material[3-5], fast and non-reproducible sample degradation, the vast 
dynamic range in protein abundances and the presence of  a plethora of  post-translational 
modifications[6]. While proteomics is expected to yield direct biological insights, all of  these 
difficulties render any comprehensive project an exhausting and often humbling exercise[7].  
The analysis of  peptides in the background of  highly complex proteomic samples demands 
analytical techniques with very high resolving power[8]. To tackle this challenge, different sepa-
ration strategies have been introduced for the analysis of  complex mixtures, highlighting the 
nearly indispensable role of  LC coupled to MS in proteomics research[9]. It is generally accept-
ed that no single stage of  chromatography is capable of  fully resolving the complex mixture 
of  peptides that results from a complex proteolytic digest. Therefore, combining two or even 
more orthogonal (multimodal) separation procedures have been introduced, which dramati-
cally improve the overall separation power and result in a much larger number of  identified 
peptides [2, 8, 10-12]. In theory, the peak capacity of  the system is the product of  the peak 
capacity of  each orthogonal dimension[13]. While it has been demonstrated that increasing the 
number of  dimensions of  separation prior to MS analysis increases the number of  peptides 
that may be identified, a balance between the time invested and the final results obtained must 
be carefully considered[1]. 
Several different types of  chromatography may be used in tandem but the last separation step 
is typically reversed-phase (RP) LC at nanoliter flow rates since it can provide a high resolving 
power, effective desalting of  the samples and good compatibility with ESI and MS detec-
tion[14]. Several first dimensions, not all of  them LC-based, have been demonstrated to be very 
powerful in tandem with RP, including strong-cation exchange (SCX)[2, 15-17], strong-anion 
exchange (SAX)[18], anion and cation mixed-bed ion exchange (ACE)[19], in-gel [20-22] or 
in-solution isoelectric focusing techniques (OFFGEL)[23]. 
Relatively new in the field of  proteomics is the use of  hydrophilic interaction liquid chromatog-
raphy (HILIC [24]) as a first dimension for 2D LC proteomic strategies[13] with promising re-
sults[25, 26]. Compared to all commonly used peptide separation modes, HILIC has one of  the 
highest degrees of  orthogonality to RPLC[13]. Although the retention in HILIC increases with 
increasing polarity or hydrophilicity, opposite to the trend observed in RP, HILIC is not a vari-
ation of  NPLC as the HILIC technique employs water-miscible solvents compatible with mass 
spectrometry and the elution is achieved by a water gradient [24, 27-29]. Samples are loaded at 
high organic solvent concentration and eluted by increasing the polarity of  the mobile phase.
Interestingly, several quite different HILIC stationary phases have been introduced[30] includ-
ing derivatized silica materials, such as the cation exchanger polysulphoethyl A [24], the weak 
cation exchanger Polycat A[31], the weak anion exchanger PolyWAX[32], TSKgel amide-80[26, 
33], and zwitterionic ZIC-HILIC[25, 34-36]. Although their exact mechanisms of  chromato-
graphic action are quite different, they all generate a hydrophilic layer around their functional 
groups. Zwitterionic separation materials, which we employ in this study, are uniquely charac-
terized by carrying both positive and negative charges on the surface. The electrostatic inter-
actions between those two oppositely charged groups in close proximity at a stoichiometric 
ratio, relatively weaken the interactions of  this stationary phase with the charged analytes when 
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compared to normal ionic exchangers such as SCX.
In the present study we explore the capabilities of  two different HILIC zwitterionic stationary 
phases in a MuDPIT proteomics workflow, evaluating them in terms of  peptide separation ef-
ficiency and total peptide/protein identification when used in combination with RP-LC MS/
MS. Analysis of  cell lysate digest at amounts equating to approximately 1.5 micrograms were 
performed and trends in the identified peptide populations evaluated. Under such conditions, 
each configuration was capable of  identifying approximately 3500 proteins and 20,000 unique 
peptides demonstrating that HILIC can represent a powerful foundation for a sensitive multi-
dimensional strategy. 

2. EXPERIMENTAL SECTION
Chemicals and Materials. Bovine serum albumin, α- and β-casein, iodoacetamide and am-
monium acetate were supplied by Sigma-Aldrich (Steinheim, Germany). Lys-C was obtained 
from Roche Diagnostics (Mannheim, Germany). Ammonium bicarbonate and dithiothreitol 
(DTT) were purchased from Fluka (Buchs, Switzerland). HPLC-S gradient grade acetonitrile 
was purchased from Biosolve (Valkenwaard, The Netherlands). Acetic acid was obtained by 
Merck KGaA (Darmstadt, Germany) and high purity water obtained from a Milli-Q purifica-
tion system (Millipore, Bedford, MA). Formic acid was obtained from Merck (Darmstadt, Ger-
many). Sep-Pak Vac tC18 1 cm3 cartridges were obtained from Waters Corporation (Milford, 
MA). 
Preparation of  a Protein Standard Mixture. For the optimization and evaluation of  the 
on-line ZIC and ZIC-cHILIC system, we prepared a model standard peptide mixture consist-
ing of  combined protein digests of  bovine serum albumin (BSA) and α- and β-casein. Each 
protein was digested separately and subsequently mixed in a 1:1:1 ratio. 2.5 µL of  45 mM 
DTT were added to 10 µl of  4 µg/µL dissolved protein and incubated at 37 °C for 30 min. 
Subsequently, 2.5 µL of  110 mM iodoacetamide were added to the mixture and kept at room 
temperature in the dark for 30 min. The mixture was diluted 6 times with 50 mM ammonium 
bicarbonate and 1 µg of  trypsin was added for overnight digestion at 37 °C. The mixture was 
diluted in buffer A for subsequent LC separation.
Sample preparation. A total of  5.6 µL of  45 mM DTT was added to 40 µL of  1 µg/µL dis-
solved HeLa cell lysate and incubated at 50 °C for 30 min. After cooling down, 12.5 µL of  100 
mM iodoacetamide were added to the mixture and kept at room temperature in the dark for 30 
min. Subsequently, 5 µL of  a 0.1 µg/µL Lys-C solution were added to the mixture and kept at 
37 °C for 4 h. The mixture was diluted 4 times with a 50 mM ammonium bicarbonate solution 
(2M urea final concentration). A total of  1.2 µg of  trypsin was added for overnight digestion 
at 37 °C. The sample was desalted using Sep-pak C18 and the eluent was dried in vacuo, recon-
stituted in 10% formic acid and stored at -20 °C until required. For subsequent LC separation 
the sample was diluted in buffer A.
HILIC-LC Buffers. For HILIC at pH 6.8 buffer A was 95% acetonitrile, 0.5% acetic acid and 
5 mM ammonium acetate; buffer B was 5 mM ammonium acetate. For pH 3.5 buffer A was 
95% acetonitrile, 2% formic acid and 5 mM ammonium acetate;  buffer B 0.07% formic acid 
and 5 mM ammonium acetate. 
RP-LC Buffers. Buffer A for nano-LTQ-Orbitrap analysis was 0.1 M acetic acid; buffer B was 
80% acetonitrile and 0.1 M acetic acid.
On-line system: HILIC-MS.  ZIC/ZIC-cHILIC–MS was performed on an “inert” Dionex 
“Ulitimate” LC system using a vented column setup. The trapping column was a ZIC-HILIC, 
100 µm × 20 mm, 3.5 µm, 200 Å or a ZIC-cHILIC 100 µm × 20 mm, 5 µm, 200 Å; the analyti-
cal column was ZIC-HILIC, 75 µm × 250 mm, 3.5 µm, 200 Å or a ZIC-cHILIC 75 µm × 250 
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mm, 5 µm, 200 Å. All columns were packed in-house. Trapping was performed at 5 µL/min for 
10 min at 100% buffer A; elution was achieved with a gradient of  0-55 % buffer B in 40 min 
at a flow rate of  0.35 mL/min passively split to 300 nL/min. Column output was coupled with 
an LTQ-FTICR mass spectrometer. Nanospray was achieved using a distally coated fused silica 
emitter (New Objective, Cambridge, MA) biased to 2.2 kV. The LTQ-FT-ICR was operated in 
positive ion mode, from 350 to 1500 m/z in MS mode and with an AGC value of  5.00e+05. 
The two most intense parent ions (with a threshold above 500) were isolated and fragmented 
by CID in data-dependent mode with an AGC value of  1.00e+04. Ions were fragmented in the 
linear ion trap using CID with normalized collision energy of  35 and 30 ms activation time. 
Off-line 2D-LC system: HILIC-RP-MS. First dimension analysis as described above. One-
min fractions were collected during the elution in a 96 plate with each well containing 40 µL 
of  10% formic acid per fraction. No additional sample modification was performed before 
the fractions’ analysis. A volume of  20 µL of  collected fractions was used for subsequent 
nanoLC-LTQ-Orbitrap-MS (Orbitrap Discovery, Thermo). An Agilent 1100 series LC system 
was equipped with a Reprosil, 100 µm × 20 mm, 5 µm, 120 Å trapping column and a Reprosil, 
50 µm × 250 mm, 3 µm, 120 Å analytical column. Trapping was performed at 5 µL/min for 10 
min with solvent A (0.1M acetic acid); elution was achieved with a gradient from 13 to 28 % 
in 57 min and up to 50 % in 25 min of  solvent B, with a flow rate of  0.35 mL/min passively 
split to 100 nL/min. The column effluent was directly introduced into the ESI source of  the 
MS. Nanospray was achieved using a distally coated fused silica emitter biased to 1.7 kV. The 
mass spectrometer was operated in data dependent mode to automatically switch between MS 
and MS/MS.
Protein identification. Raw MS data were converted to peak lists using Bioworks Browser 
software, version 3.1.1. These peak lists were searched using the Mascot search engine (ver-
sion 2.2.0) against a concatenated target-decoy database containing the IPI Human database 
(version 3.52, 148380 sequences).  The settings were: trypsin with maximum 2 missed cleav-
ages, carbamidomethyl (C) as fixed modification, oxidation (M) and phosphorylation (S, T) as 
variable modifications. In order to circumvent issues related to MS calibration and to generate 
a significant level of  false positives, peptides tolerance was initially set to 50 ppm for the MS 
level mass accuracy and 0.9 Da for MS/MS. Subsequently, the peptide identifications were 
filtered for true mass accuracy (precursor mass should be between >-5ppm to <15ppm) and 
to a minimum score of  20 using an in-house developed tool, called Rockerbox [37]. The result 
corresponded to an FDR below 1%. Distributions for the mass accuracy of  the filtered data-
set can be found in supplementary Figure 5 and the peptide score distribution can be found 
in supplementary Figure 6.  Supplementary data 1 contains zipped files of  the direct Mascot 
HTML output of  the filtered files. For the purposes of  identifying peptide populations for the 
HILIC fractionation, a further level of  filtering related to unique peptides was performed and 
if  a peptide was found in more than one fraction, it was assigned only to the first fraction. Final 
peptide lists can be found in Supplementary Table 3.

3. RESULTS AND DISCUSSION
The aim of  this study was to explore the potential of  two different HILIC zwitterionic station-
ary phases in a MuDPIt proteomics workflow. Therefore, we first optimized and evaluated, 
using standard proteins mixtures, two on-line nanoflow zwitterionic (ZIC-HILIC and ZIC-
cHILIC) MS/MS configurations (Figure 1). 

3.1 On-line system: HILIC-MS
Separation of  peptides using zwitterionic materials in HILIC mode involves both hydrophilic 
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and ionic interactions. ZIC-HILIC is a sulfobetaine type of  zwitterionic stationary phase that 
possesses a slight negative surface charge due to the spatial orientation of  the sulfonic group 
at the distal end of  the zwitterionic moiety[38]. The inverted zwitterionic stationary phase, 
here termed ZIC-cHILIC, has a cholinate group as zwitterionic material and exhibits an op-
posite charge arrangement, with the quaternary ammonium as a distal moiety and the nega-
tively charged phosphoric group in the proximal location to the bead surface (Figure 1). We 
hypothesized that this opposite spatial orientation would affect peptide separation due to the 
enhanced interactions of  the distal ammonium group with negatively charged acid peptides 
and/or phosphopeptides. To test such a hypothesis, we examined first the chromatographic 
behavior and retention time of  several model peptides from standard mixtures using either 
ZIC-HILIC or ZIC-cHILIC at two different pHs. We showed previously[25] that HILIC can 
be performed at different pHs, and pH 3.5 and 6.8 are optimal for orthogonality (with RP) 
and separation, respectively. A benefit of  zwitterionic stationary phases relies on the fact that 
the charge of  the chromatographic material does not change at different pH values. However, 
the charge state of  the peptide in the buffer is affected by the pH, which in turn affects the 
peptide’s hydrophilicity and, thus, its retention. 
A first step in our evaluation was to develop an effective on-line nano-LC system based on 
either ZIC-HILIC or ZIC-cHILIC stationary phases. The initial efforts involved the optimi-
zation of  mobile phases (in terms of  organic content and salt concentration), loading buff-
ers, flow rate and gradient. The choice of  the optimal mobile phases was related not only to 
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Figure 1: a) Schematic design of  the nano on-line HILIC-MS systems (1) and first-dimensional separation 
configurations (2) used in this study. After fractionation, the eluent was collected as one-minute fractions in a 96 
well plate containing 10 % formic acid and subsequently analysed by nano-RP-LC-MS.  b) Schematic work-
flow of  different settings employed with the above offline configuration (2) for all experiments performed: pH 
3.5, ZIC-HILIC (- -); pH 6.8, ZIC-HILIC (— ·); pH 3.5, ZIC-cHILIC (···); pH 6.8, ZIC-cHILIC 
(—). For each fractionation, the same amount of  sample, corresponding to 3 µg of  lysate, were used and 1.5 
µg of  each were analysed in the RP second dimension.
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electrospray ionization and MS compatibility[39], but also to separation efficiency and peptide 
solubility. According to the hydrophilic partitioning model[24], it is crucial to keep the water 
concentration in the eluent within certain limits (> 3%) to maintain sufficient hydration of  the 
stationary phase particles and to ensure minimal peptide solubility. 
To test these configurations, equal amounts of  peptide standard mixtures were injected into 
the ZIC-HILIC or ZIC-cHILIC LC system. Comparing the two ZIC-HILIC chromatograms, 
the resolving power at pH 3.5 was slightly lower than at pH 6.8 (Figure 2 a, b), while using 
ZIC-cHILIC the separation was equally good at both pH values: peaks were found to have a 
FWHM < 0.3 min and, particularly at higher pH, were sharper and almost baseline-separated 
(Figure 2 c, d). 

In general, the observed patterns of  elution appeared to be consistent with a HILIC-based 
separation mode in which polar peptides are more retained in comparison to less polar pep-
tides. To further investigate trends correlated to the peptide net charge, we compared the reten-
tion times of  ‘model peptides’chosen from the standard mixture at the two pH values. Their 
extracted ion chromatograms for the ZIC-cHILIC configuration are shown in Figure 3, while 
their sequences, amino acid composition in terms of  basic, acidic, polar and non-polar residues 
and relative net charge at the two pH conditions are listed in Supplementary Table 1. Examina-
tion of  the retention times of  these peptides showed a trend of  longer retention time at higher 
pH, related to the increasing number of  ionized acidic residues and, thus, increased polarity. For 
example, the presence of  six acidic residues in the peptides 6 and 7 (see Supplementary Table 
1) adds six extra negative charges at a pH of  6.8 and increases the overall polarity of  these pep-
tides, enhancing the interaction with the zwitterionic material and, thus, extending the retention 
time.   A relevant shift in the retention times of  those two peptides was indeed observed at a 
pH of  3.5, most likely due to the change in ionization of  the acidic residues and net charge vari-
ations. To confirm our hypothesis, we also analyzed the behavior of  peptides with less acidic 
residues whose net charged is less influenced by the change in pH. Retention of  peptides 3 
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Figure 2: LC-MS chromatograms of  a 2 pmol standard peptide mixture using the ZIC-HILIC and ZIC-
cHILIC online configurations (trap column: 0.1 x 20 mm, analytical column: 0.075 x 20mm) connected to an 
LTQ-FT-ICR mass spectrometer. (a) ZIC-HILIC base peak chromatograms with a running buffer at a pH 
of  3.5, (b) ZIC-HILIC base peak chromatograms with a running buffer at a pH of  6.8, (a) ZIC-cHILIC 
base peak chromatograms with a running buffer at a pH of  3.5, (a) ZIC-cHILIC base peak chromatograms 
with a running buffer at a pH of  6.8. 
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and 5, which have only three acidic 
residues, were only partly affected 
by the pH of  the buffer. Similar 
behavior was observed for the ZIC-
HILIC material (data not shown 
and described earlier[25]) showing 
the same dependency on the pH of  
the buffer. We also observed that 
most of  the phosphopeptides elut-
ed at the end of  the gradient, which 
is not surprising since phosphopep-
tides are generally more polar than 
their non-phosphorylated coun-
terpart[26]. However, in addition 
to phosphorylated peptides, those 
peptides containing multiple hydro-
philic amino acids also eluted later, 
providing thus no obvious enrich-
ment of  phosphopeptides.

3.2 Gradient optimization
We next optimized the gradient in 
terms of  separation for an off-line 
configuration. Concurrently, the aim 
was to find a good compromise in 
terms of  optimum resolution in the 
first dimension and acceptable time 
invested for the analysis of  all the 
fractions in the second dimension in 
an offline configuration. Gradients 
of  45, 60, 75, 90 and 120 minutes 
were evaluated for ZIC-cHILIC at pH 3.5 (Supplementary Table 2) and 6.8 (data not shown). 
The separation obtained with the short gradients of  45 and 60 min provided the best peak ca-
pacity and a resolution comparable to RP (Supplementary Figure 1). No further improvements 
were achieved through shallower, longer, gradients. Similar results and behavior were observed 
also for the ZIC-HILIC system. The optimal resolution at shorter analysis times prompted us 
to choose the 60-min run time as optimal for an off-line fractionation in our 2D-LC strategy.

3.3 Off-line 2D-LC system: HILIC-RP-MS
To prepare our configuration for adaptation into a high-throughput proteomics workflow, we 
designed an off-line system combining ZIC-HILIC or ZIC-cHILIC separation, as a fractiona-
tion step, with a RP second dimension (Figure 1b). Since the high organic buffer used in first 
dimension does not allow a direct hyphenation with RP, the eluent of  the HILIC separation 
was collected during the run as 1-minute fractions in a 96 well plate already containing 40 µL 
of  10% FA in each well. Thus, sample handing was reduced and the fractions were sufficiently 
large and aqueous, decreasing evaporation, allowing direct compatibility with the subsequent 
RP nano-LC-MS/MS analysis. 
We examined the performance of  the 2D-HILIC-RP systems with complex proteome samples 
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Figure 3: Extracted ion chromatograms from 7 selected pep-
tides separated by ZIC-cHILIC online using a running buffer 
pH of  3.5 (top) and 6.8 (bottom). The peptide numbers cor-
respond with those used in Supplementary Table 1.  
(1) LFTFHADICTLPDTEK (2) VPQLEIVPNpSAEER 
(3) YKVPQLEIVPNpSAEER (4) ECCHGDLLECADDR 
(5) TCVADESHAGCEK (6) DIGpSEpSTEDQAMEDIK 
(7) FQpSEEQQQTEDELQDK.
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consisting of  a human cell lysate digestion. Separations for 3 µg of  HeLa cell lysate digest were 
performed by ZIC-HILIC and ZIC-cHILIC as first dimension at a pH of  3.5 or 6.8 using the 
same optimized 60-minute analysis. In the 20-minute range, wherein most peptides were ex-
pected to elute, 20 single-minute fractions were collected.  Half  of  each collected HILIC frac-
tion was subsequently injected and further separated and analyzed by a nano RP-LC run using 
a 120-min analysis time. Overall we thus analyzed by LC MS/MS maximally 1.5 microgram of  
a cell lysate digestion. 
The use of  ZIC-HILIC as a first dimension allowed the identification of  28316 unique pep-
tides assigned to 4180 proteins at pH 6.8 and 14482 peptides assigned to 2816 proteins at pH 
3.5. The better separation of  ZIC-HILIC at pH 6.8 led to more peptides being identified after 
fractionation. In contrast, near-identical numbers of  peptides (and proteins) were identified 
using ZIC-cHILIC at both pH 6.8 and pH 3.5. (Figure 4), which is in line with the similar chro-
matographic resolution observed for the simple mixtures analyzed (see Figure 2 c, d). Note, 
these experiments do not indicate which set of  conditions are superior since no replicates are 
performed but the results do demonstrate that the overall separation efficiency of  both ZIC-
HILIC and ZIC-cHILIC is comparable (Supplementary Table 3). For comparison, analyzing 
1.5 µg of  the same sample solely on the second RP dimension led to less than 800 proteins and 
approximately 2200 unique peptides being identified, highlighting the high-quality separation 
power of  our 2D-HILIC-RP-LC-MS system. 
The distribution of  unique peptides identified in each of  the HILIC fractions was investi-
gated for both the ZIC-HILIC and ZIC-cHILIC configurations running at either neutral or 
acidic pH (Figure 5). Peptides were nearly equally distributed throughout the 20-minute elution 
window, more so when operating the HILIC systems at a pH of  6.8. We found that shorter 
peptides eluted in general in the early HILIC fractions, whereas larger peptides were found in 
the later fractions, possibly due to the fact that the polar backbone provides a major contribu-
tion to the retention profile. A detailed comparative evaluation in terms of  basicity, acidity, 
hydrophilicity, hydrophobicity, net charge and miss cleavages is provided in Figure 6 for ZIC-
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Figure 4: Total number of  unique protein and peptide identifications detected from 1.5 microgram of  cell 
lysate digest, using the different evaluated zwitterionic HILIC RP LC MS/MS configurations.  The Venn 
diagrams reveal the numbers and overlap of  the a) proteins and b) peptides.
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cHILIC (ZIC-HILIC analysis available as Supplementary Figure 2). 
Analysis of  the effect of  the peptides net charge on the retention time in HILIC showed an 
opposite trend at the two applied pH values (green lines), in line with the above described 
results (Figure 3 and Supplementary Table 1). A strong negative charge trend was observed at 
pH 6.8, likely due to deprotonation of  acidic residues and the increased number of  negatively 
charged phosphopeptides, while a positive charge trend at pH 3.5 could be observed and is 
most likely the consequence of  peptides containing histidine residues, which are deprotonated 
above pH 6. Similar net charge trend lines were emerging from the ZIC-HILIC fraction analy-
sis, underlying that the change of  HILIC material only partially affects this mechanism.
The trend lines also clearly revealed that the HILIC selectivity is mostly driven by the peptide 
hydrophilicity, consistently with the hydrophilic partitioning model. As expected, early frac-
tions were largely comprised of  hydrophobic peptides (violet line) while an obvious increase in 
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polarity (light blue line) was observed in the late fractions at either pHs, related to the increased 
number of  acidic (red line) and basic (blue line) residues in the peptides. In summary, the ob-
served trends confirm that HILIC separation is governed by a mixed-mode mechanism based 
on both hydrophilic and ionic interactions.
In our earlier work[25] we established that the orthogonality of  ZIC-HILIC to RP is depend-
ent on the pH of  the running buffer. At a pH of  3 a higher orthogonality was seen than at 
higher pH. In this work, we observe that this pH dependent orthogonality is again apparent 
both for the ZIC-HILIC and ZIC-cHILIC configurations (Supplementary Figure 3). On aver-
age larger differences in retention times were observed in the late HILIC fractions compared 
to the earlier fractions, confirming the effect of  changing the net charge state of  the peptides. 
Nevertheless, in general our data highlight that high separation power (obtained at a pH of  6.8) 
is a more relevant aspect than increased orthogonality (obtained at a pH of  3.5) when the aim 
is to detect as many peptides as possible from complex lysate digests.  
Since the observed trend lines are very similar for ZIC-HILIC and ZIC-cHILIC, we conclude 
that the separation efficiency is not significantly affected by the different charge arrangement 
in the functional groups of  these stationary phases. The zeta-potential measurements of  a 
phosphorylcholine type of  zwitterionic stationary phase [36], which should behave as our ZIC-
cHILIC, have been previously reported.  The authors studied the surface charge properties of  
these materials (alongside sulfobetaine derivatives) in a wide range of  pH (pH 3-7) and showed 
that all these materials have a negative surface charge, although their spatial charge arrangement 
‘should’ favor generating a positive charge. We believe that our data is indicating similar results 
for ZIC-cHILIC and ZIC-HILIC stationary phases; however, further investigation is required.

3.4 Enrichment of  phosphorylated peptides 
Prompted by the work of  McNulty et al., who used a HILIC stationary phase coupled with 
IMAC for phosphoproteomic studies[26], we next investigated the suitability of  our zwitteri-
onic HILIC configurations for targeted analysis of  phosphopeptides. Phosphopeptides are in 
theory ideal candidates for enrichment because of  their increased overall hydrophilicity and 
their higher negative charge. 
The distribution of  phosphorylated peptides under ZIC-HILIC and ZIC-cHILIC separations 
was evaluated at pH 6.8 and pH 3.5 (Figure 7). Although a higher amount of  phophopeptides 
was found with ZIC-HILIC at pH 6.8, no obvious enrichment in specific HILIC fractions was 
observed at either pHs. The spread distribution of  these phosphopeptides through all fractions 
convinced us that zwitterionic HILIC alone as used here cannot be used as an efficient strategy 
for phosphoproteomics. 
It is noteworthy that we detected nearly 900 unique phosphopeptides in the analysis of  only 
1.5 µg of  lysate using the ZIC-HILIC configuration at a pH of  6.8 and almost 500 phospho-
peptides using ZIC-cHILIC.  To our knowledge, this is a remarkably high number of  phospho-
peptides for such a small amount of  starting material demonstrating, once again, the separa-
tion power of  the configuration. Interestingly, this phosphopeptides population was obtained 
purely through sample complexity reduction and no enrichment. 
We believe that the enrichment efficiency of  phosphopeptides by HILIC may be possible by 
the addition of  an ion pairing reagent, such as TFA, in the mobile phase minimizing the overlap 
of  phosphopeptides and non-phosphorylated peptides, as the addition of  a hydrophobic ion 
pairing reagents, will preferentially reduce polar/ electrostatic interactions of  ‘regular’ pep-
tides[40] [41] and thus increase the hydrophilicity difference between ‘regular’ and phospho-
peptides. Unfortunately, TFA in the buffer will significantly lower the pH of  the mobile phase, 
which will affect the long-term stability of  the stationary phase. 
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4. CONCLUSIONS
One of  the holy grails of  proteomics, still far out of  reach, is the single cell single proteome 
concept. Analyzing the proteome of  small amount of  cells is a challenging task at present, and 
a suite of  special analytical tools is required to deal with these types of  sample. Many tech-
niques commonly used to handle large number of  cells with good outcomes cannot be directly 
applied to a small number of  cells. The zwitterionic HILIC based approaches demonstrated 
here describe a major step forward towards more sensitive proteome analysis. We discovered 
that the zwitterionic materials which have opposite orientations generated similar separations 
although the separation power of  ZIC-cHILIC was more independent of  pH.  The use of  
two orthogonal separation techniques such as zwitterionic-HILIC and RP, the first capable to 
retain peptides based on the hydrophilicity and weak ionic interactions, the second one based 
on the hydrophobicity, in combination with nanoflow rate LC system and high resolution mass 
spectrometry, has allowed the identification of  thousands of  proteins from a very modest 
amount (1.5 µg) of  starting material. 
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6. SUPPORTING INFORMATION AVAILABLE
Tables listing peptides and proteins identified over ZIC-HILIC and ZIC-cHILIC fractiona-
tions at pH 3.5 and 6.8. Supplementary Table 1 lists the number of  basic, acidic, non-polar and 
polar residues, and net charges at pH 3.5 and 6.8 for the analysis of  peptides used in the Figure 
3. Supplementary Table 2 contains the 5 LC methods used for the gradient optimization. Sup-
plementary Table 3 summarizes the results for proteins and peptides identifications obtained 
using the 4 different fractionation methods for the analysis of  the same amount of  HeLa 
digest. Supplementary Figure 1 shows LC-MS chromatograms obtained by the ZIC-cHILIC 
configuration with a running buffer of  pH 3.5 using different gradient times, ranging from 45 
to 120 min. Supplementary Figure 2 shows the analysis of  peptide characteristics observed 
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in ZIC-HILIC fractions at a pH of  3.5 and 6.8 in terms of  basicity, acidity, net charge, polar-
ity and number of  missed cleavages. Supplementary Figure 3 shows the normalized peptide 
retention times of  all peptides detected using ZIC-cHILIC and ZIC-HILIC at the two applied 
pH conditions. Supplementary Figure 4 shows the distribution of  phosphorylated peptides 
over ZIC-HILIC and ZIC-cHILIC fractions at a pH of  3.5 and 6.8. Supplementary Figure 5 
shows the mass accuracy of  the filtered datasets for all the four different conditions and sup-
plementary Figure 6 the peptide score distribution at selected ion score ranges. This material is 
available free of  charge at http://pubs.acs.org.
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Abstract
In proteomics, multidimensional liquid chromatography combined with mass spec-
trometry has become a standard technique to reduce sample complexity and tackle the 
vast dynamic range. Such fractionation is necessary to obtain a comprehensive analysis 
of  biological samples such as tissues and cell lines. However, extensive fractionation 
comes at the expense of  sample losses, hampering the analysis of  limited material. 
We previously described a highly sensitive multidimensional chromatographic strat-
egy based on a combination of  hydrophilic interaction liquid chromatography and 
reversed phase chromatography, which allows proteomic analysis with minimal sample 
losses. Here we apply this strategy to the analysis of  a limited number of  FACS-sorted 
colon stem cells extracted from mouse intestine, obtaining a proteome coverage com-
parable to current methods that generally require 100-fold more starting material. We 
propose that this alternative multidimensional chromatographic technology will find 
ample application such as in the analysis of  distinct cellular populations obtained by 
laser microdissection.
 



84

4

1. INTRODUCTION
In the last few years, characterisation of  proteomes has accelerated dramatically, driven by 
the completion of  many genomes and the rapid evolution of  protein sample preparation and 
mass spectrometry technologies.[1, 2]  Improvements in reversed phase chromatography have 
now made it possible to identify several thousand proteins in a single analysis using a few 
micrograms of  material.[3]  Still, comprehensive proteomic experiments often require several 
millions of  cells corresponding to milligrams of  protein.  
The current generation of  mass spectrometers has exquisite sensitivity and mass accuracy and 
can successfully sequence and quantify proteins using nanograms of  material.[4, 5] The need 
for larger amounts of  material originates from the requirement to fractionate the tens of  thou-
sands of  proteins present in a cell which all vary in abundance.[6]  Each fractionation step 
involves sample loss and, when planning an experiment with limited material, it is necessary to 
create a balance between minimal sample preparation for sensitivity [4] and adequate fractiona-
tion for comprehensivity.[2, 7, 8] 
The most common strategy for global proteome screens involves the use of  two peptide level 
separations where the second separation is predominantly nanoliter flow reversed phase (RP) 
chromatography.[8]  Strong cation exchange (SCX) has proven to be very popular as the initial 
separation step since it also has advantages for phosphopeptide enrichment.[7, 9]  To improve 
sensitivity in the SCX-RP approach, ‘online’ configurations have been developed, even though 
they suffer from necessary compromises in terms of  separation quality.[8] Although SCX is 
by far the most dominant player as a primary stage in multidimensional peptide separation 
technologies, alternative approaches are constantly being explored. For instance, our laboratory 
(and others) has been exploring the potential of  hydrophilic interaction liquid chromatography 
(HILIC) as the primary stage. [10, 11] During this journey we have discovered that quite a few 
technical hurdles had to be overcome before it could be efficiently implemented in a highly 
sensitive proteomics workflow.  	
Adult stem cells, present in the majority of  multi-cellular organisms albeit at typically very low 
numbers, are characterized by their ability to renew themselves and/or differentiate into a di-
verse range of  specialized cell types. It is unsurprising that large efforts are being placed in the 
proteomic characterization of  the stem cell function. [12-14] Most of  this work has been per-
formed on cultured (embryonic) stem cells, where the sample amount typically does not pose a 
serious limitation. In contrast, adult stem cells have to be extracted from the organism, putting 
a severe constraint on the amount of  starting material. Therefore, more sensitive proteomic 
strategies, such as the one described here, are essential.  
In the intestine, identification and characterisation of  downstream Wnt target genes led to the 
discovery of  Lgr5,[15] a gene that is uniquely expressed in the stem cells of  several adult tissues 
such as intestine, hair follicles and stomach.[16, 17]  A breakthrough in these studies has been 
the generation of  a mouse strain in which GFP has been knocked into the Lgr5 locus.[16] A 
cell sorting method has been established that allows a very high enrichment (>95%) of  these 
GFP+ cells, albeit in rather small quantities for proteomics.[18] Here we report on our latest 
endeavours in implementing HILIC-RP in a proteomic workflow, improving significantly the 
sensitivity, combining excellent multidimensional separation power with minimal sample losses, 
and enabling for the first time the in-depth global proteome analysis of  10,000 colon stem cells, 
directly after the extraction from the mouse intestine. 

2. EXPERIMENTAL SECTION
Materials. Protease inhibitor cocktail and Lys-C were obtained from Roche Diagnostics 
(Mannheim, Germany). Iodoacetamide (IAA) and ammonium acetate were supplied by Sigma-
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Aldrich (Steinheim, Germany). Ammonium bicarbonate and dithiothreitol (DTT) were pur-
chased from Fluka (Buchs, Switzerland). HPLC-S gradient grade acetonitrile was purchased 
from Biosolve (Valkenwaard, The Netherlands). Acetic acid was obtained by Merck KGaA 
(Darmstadt, Germany) and high purity water obtained from a Milli-Q purification system (Mil-
lipore, Bedford, MA). Formic acid was obtained from Merck (Darmstadt, Germany). Oasis 
and Sep-Pak Vac tC18 1 cm3 SPE cartridges were obtained from Waters Corporation (Milford, 
MA).  
HeLa cell digestion. HeLa cells were grown in free suspension until confluence was reached. 
After harvesting the cells, lysis was carried out by resuspending them in lysis buffer containing 
50 mM ammonium bicarbonate, 8M urea, EDTA free protease inhibitor cocktail, 1mM potas-
sium fluoride, 1mM sodium orthovanadate and 5mM potassium phosphate.  The suspension 
was vortexed and incubated for 20 min on ice. After spinning down unbroken cells and debris 
at 1000g for 10 min at 4 °C the protein concentration was determined by the 2DQuant Kit 
(GE Healthcare, Diegem, Belgium). A total of  5.6 µL of  45 mM DTT was added to 40 µL of  1 
µg/µL Hela cell lysate and incubated at 50 °C for 30 min. After cooling down, 12.5 µL of  100 
mM iodoacetamide was added to the mixture and kept at room temperature in the dark for 30 
min. Subsequently, 5 µL of  a 0.1 µg/µL Lys-C solution were added to the mixture and kept at 
37 °C for 4 h. The mixture was diluted 4 times with a 50 mM ammonium bicarbonate solution 
(2M urea final concentration). A total of  1.2 µg of  trypsin was added for overnight digestion at 
37 °C. The sample was desalted using Sep-pak C18 and the eluent was dried in vacuo, reconsti-
tuted in 10% formic acid and stored at -20 °C until required. 
GFP+ Cell Sorting. Freshly isolated colons from Lgr5-EGFP-IRES-CreERT2 mice were in-
cised along their length. The intestinal tissue was washed for 5 minutes in PBS/EDTA (5mM) 
and subsequently incubated in fresh PBS/EDTA for 30 minutes at 4ºC. Vigorous shaking 
yielded free crypts which were incubated in PBS supplemented with 10 mg/ml trypsin and 
DNAse (0.8 µg/µl) for 30 minutes at 37ºC. After incubation, cells were spun down, resus-
pended in SMEM (Invitrogen, Carlsbad, CA) and filtered through a 40µm mesh. Single GFP-
expressing cells were isolated using a MoFlo cell sorter (DAKO, Heverlee, BE). Propidium 
Iodide was used to exclude dead cells. After sorting, the cells were collected in SMEM, spun 
down and snap frozen.
GFP+ cells lysate and digestion. The 30,000 GFP+ colon stem cells were lysed in 8M 
Urea/50 mM ammonium bicarbonate, EDTA-free and phosphatase inhibitor cocktail. The 
sample was reduced with 2µl of  200 mM DTT for 25 min at 56 °C and alkylated with 4 µl of  
200 mM IAA for 30 min in the dark at RT. Subsequently, Lys-C (1:75) was added to the mixture 
and kept at 37 °C for 4 h. The sample was diluted to 2M Urea/50 mM ammonium bicarbonate 
and trypsin was added. Digestion was performed overnight at 37 °C. The sample was desalted 
using OASIS resin C18 before subsequent analysis.
GFP+ cells first dimensional (HILIC) separation and fractionation. First dimensional 
ZIC-cHILIC separation was performed on a Famos/Ultimate LC system, using a vented col-
umn set-up. The trapping column was ZIC-cHILIC (Merck Sequant, Umea, SE), 100 µm × 20 
mm, 5 µm, 200 Å; the analytical column was ZIC-cHILIC, 75 µm × 270 mm, 5 µm, 200 Å. All 
columns were packed in-house. The sample (corresponding to 10,000 GFP+ cells) was injected 
on the trap column just after the desalting. Trapping was performed at 15 µL/min for 10 min at 
100% buffer A (95% acetonitrile, 0.5% acetic acid and 5mM ammonium acetate); elution was 
achieved with a gradient of  0-55 % buffer B (5mM ammonium acetate) in 40 min at a flow rate 
of  0.35 mL/min passively split to 300 nL/min. One-min fractions were collected during the 
elution in a 96 well plate, with each well containing 40 µL of  10% formic acid per fraction. No 
additional sample modification was performed before the fractions’ analysis.
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GFP+ cells second dimensional separation. A volume of  20 µL of  collected fractions (cor-
responding to 5,000 cells) was used for subsequent nanoLC-LTQ-Orbitrap-MS. An Agilent 
1100 series LC system was equipped with a Reprosil, 100 µm × 20 mm, 5 µm, 120 Å trapping 
column and a Reprosil , 50 µm × 400 mm, 3 µm, 120 Å analytical column. Trapping was per-
formed at 5 µL/min for 10 min with solvent A (0.1M acetic acid); elution was achieved with a 
gradient from 13 to 28 % in 110 min and up to 50 % in 30 min of  solvent B (80/20 acetoni-
trile/water (v/v) containing 0.1M acetic acid), with a flow rate of  0.35 mL/min passively split 
to 100 nL/min. The column effluent was directly introduced into the ESI source of  the MS 
(Orbitrap Velos). Nanospray was achieved using a distally coated fused silica emitter biased to 
1.7 kV. The mass spectrometer was operated in data dependent mode to automatically switch 
between MS and MS/MS. Full-scan MS spectra (300–1500 m/z) were acquired with a resolu-
tion of  60,000 at 400 m/z and accumulation to a target value of  500,000. After the survey 
scan, the 20 most intense precursors were selected for collision-induced dissociation in the 
linear ion trap at normalized collision energy of  35%, a q value of  0.25, an activation time of  
10 ms and a target value of  5000. The signal threshold for triggering an MS/MS event was set 
to 500 counts. For internal mass calibration the 445.120025 and 519.138600 ions were used as 
lock mass with a target lock mass abundance of  0%. Charge state screening was enabled, and 
precursors with unknown charge state or a charge state of  1 were excluded. Dynamic exclusion 
was enabled (exclusion size list 180, exclusion duration 90 s).
1D RP-LC analysis. The samples (corresponding to 5000 GFP+ colon stem cells and 100 
ng of  HeLa cells digests) were diluted in 10 % formic acid and injected on the trap column 
for subsequent nanoLC-LTQ-Orbitrap-MS. Details for the LC instrument, solvents and MS 
setting reported in the ‘GFP+ cells second dimensional separation’ section. Trapping was per-
formed at 5 µL/min for 10 min with solvent A; elution was achieved with a gradient from 10 
to 23 % in 230 min and up to 50 % in 40 min of  solvent B, with a flow rate of  0.35 mL/min 
passively split to 100 nL/min. The column effluent was directly introduced into the ESI source 
of  the MS (Orbitrap Velos). Mass spectrometric analysis was performed as described above.
Protein identification. After MS measurement, data was analysed with the Mascot software 
(version 2.2.04). LTQ Orbitrap spectra from GFP+ and HeLa samples were searched against 
SwissProt 56.2 Fasta. The database search parameters were set to consider a peptide tolerance 
of  50 ppm and MS/MS tolerance was 0.9 Da. Further settings: trypsin with 2 missed cleav-
ages; carbamidomethyl (C) as fixed modifications; oxidation (M) and phosphorylation (S, T) as 
variable modifications.  Subsequently, the results were filtered using an in-house program that 
incorporates Percolator.[19]  However, the minimum peptide score was set to 20 (expect value 
≤0.01) which corresponded to an FDR < 1%.

3. RESULTS AND DISCUSSION
A population of  30,000 colon stem cells was FACS sorted and subsequently digested using 
Lys-C and Trypsin. We started with a total of  30,000 cells to have sufficient material for a sys-
tematic evaluation using one-dimensional (1D) and two-dimensional (2D) separations. A por-
tion of  the sample corresponding to 5,000 cells was subjected to a standard 1D RP nanoLC-
MS analysis using a rather long 5 hour gradient elution. The inspection of  the resulting LC-MS 
data revealed the presence of  a number of  abundant non-peptide (singly charged) contami-
nants, most likely introduced into the sample during either isolation of  crypts or in the FACS 
procedure for the isolation of  the GFP marked cells. When we performed a standard protein 
(bovine serum albumin) digestion in the presence of  the FACS solution, no contaminant peaks 
were observed, thus eliminating this solution as the source of  the contamination. Additionally, 
a number of  very dominant highly charged peptide signals dominated the chromatogram (Sup-
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plementary Figure 1a). A standard database search analysis identified only 380 proteins and 
759 unique peptides (Table 1 and Dataset S1). The total number of  protein identifications was 
lower than anticipated, most likely caused by suppression of  the peptide signals by the non-
peptide contaminants.  To test this hypothesis, 100 nanograms of  a HeLa lysate digest (which 
was estimated to be approximately equivalent to the amount of  protein extracted from 5000 
GFP+ cells) was analyzed in an identical fashion. Even though the signal observed in the 1D 
RP LC-MS analysis was somewhat higher for the GFP+ stem cell sample, the HeLa sample 
showed fewer dominant peaks (Supplementary Figure 1b). A standard database search analysis 
of  the HeLa data led to the identification of  1085 proteins and 3643 unique peptides (Table 1 
and Dataset S2), which is in line with expectations for such an amount of  material analyzed us-
ing this LC-MS configuration and comparable to recent results reported by, for instance, Mann 
and co-workers.[4, 20] This higher number of  identifications in the HeLa sample confirms our 
hypothesis that the analysis of  GFP+ stem cells is hampered by the presence of  non-peptide 
contaminants and a high dynamic range caused by certain dominant proteins.
Building on the knowledge gained from our previous work with HILIC,[10, 11, 21] we applied 
a refined highly sensitive ZIC-cHILIC-based system, combining excellent multidimensional 
separation power with minimal sample losses, and optimizing sample preparation in order to 
analyze minute amounts of  FACS-sorted stem cells. The new column material is a resin pos-
sessing a cholinate functional group (Figure 1) which we found to be more pH independent 
whereby the separation power is retained when the pH conditions became more acidic.[11] We 
evaluated a range of  gradients (Supplementary Figure 2) and found that an analysis time of  60 
minutes (containing a gradient of  40 minutes) provided the optimal balance between peptide 
resolving power and number of  fractions.  Peptide peak widths at the base were less than a 
minute allowing the generation of  20-30 one minute peptide fractions in which the majority of  
peptides were distributed.
Then, we applied our ZIC-cHILIC 2D strategy to the analysis of  10,000 colon stem cells. 
These cells were subjected to ZIC-cHILIC fractionation, leading to 27 fractions. Half  of  each 
fraction was, subsequently, separated and analyzed by the same nano RP-LC system used earlier 
but applying shorter 180-minute analyses. The workflow is summarized in Figure 2. Effectively, 

Figure 1: Schematic of  the ZIC-cHILIC-RP design.
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considering the overall 2D-LC-MS/MS workflow, we analyzed 5,000 stem cells, i.e. the same 
amount used for the single-stage RP analysis, having a second batch available as control.  Com-
bining the data of  all ZIC-cHILIC fractions allowed the cumulative identification of  15,775 
unique peptides, originating from 3,775 proteins (Table 1, Dataset S3 and Figure 3a).  The mul-
tidimensional ZIC-cHILIC-RP strategy led to a 20-fold and 10-fold improvement in peptide 
and protein identifications, respectively, when compared to the 1D RP analysis.  The proteome 
coverage we achieved rivals that reached by current “state-of-the-art” proteome analyses that 
often require several millions of  cells.[2, 8, 20] A detailed comparison between the two strate-
gies revealed that only 5 (out of  380) proteins present in the 1D analysis were not observed 
in the multidimensional ZIC-cHILIC-RP experiment, illustrating that very little sample loss 
occurred incorporating the additional separation step (Figure 3c). 
A GO analysis for molecular function and biological processes of  the 3,775 proteins detected 
by our multidimensional ZIC-cHILIC-RP strategy revealed that we cover all functional catego-
ries, including, for instance, 151 proteins involved in transcription, 72 receptor related proteins 
and 41 proteins in translation regulation activity (Supplementary Figure 3 and 4).  Comparing 
the number of  peptide identifications, an increase from 759 to 15,775 unique peptides was 
achieved (Table 1, Figure 3b).  Only 101 peptides observed in the 1D analysis were not identi-
fied in the 2D experiment, which potentially may be attributed to the incompatibility of  certain 
peptides with the HILIC solvents. This low number corresponds to approximately 0.6% of  the 
total of  15,775 unique, confidently (i.e. FDR < 1%) identified peptides in our ZIC-cHILIC-RP 
experiment. 
Evidently, multidimensional 
separation strategies introduce 
an undesired extension of  the 
analysis time, in our case from 
5 hours to 80 hours. However, 
resolving the identifications 
to a fraction by fraction basis, 
it is evident that the majority 
of  peptides are observed in a 
core of  20 fractions (Figure 
3a). Optimizing the choice 
of  fractions and customizing 
further the used LC gradients 
may reduce the analysis time 

Method Cell type Amount Peptides Proteins 

1D RP-LC HeLa 100 ng 3643 1085 

1D RP-LC Stem cells 5000 cells 759 380 

2D HILIC-RP-LC Stem cells 5000 cells 15775 3775 

Table 1: Direct comparison between the two single-stage RP analyses 
and the ZIC-cHILIC-RP strategy in terms of  total unique peptides 
and proteins identified from HeLa and GFP+ stem cell digests at 
the reported amount of  starting material. The ZIC-cHILIC-RP frac-
tionation method results in the identification of  20 times more unique 
peptides assigned to almost 10 times more proteins.
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Figure 2: Schematic representation of  the employed workflow for the isolation of  adult colon stem cells from 
mouse intestine and the subsequent proteomic analysis performed by the HILIC multidimensional strategy.
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for our ZIC-cHILIC-RP strategy to 40 hours, without any significant loss of  data.  
To further confirm the quality and reliability of  our ZIC-cHILIC-based strategy, we compared 
the obtained proteome data to previous microarray data from the same colon GFP+ cells and 
observed that 95% of  the proteins detected in our study were also found to be expressed at the 
mRNA level. Furthermore, 21% of  the GFP+ colon stem cell specific genes could be detected 
in our proteomics screen and two of  these proteins, CD44 and EphB3, have been reported 
to be expressed highest at the bottom of  the crypt, where the colon stem cells reside.[22, 23] 

4. CONCLUSIONS
Notwithstanding the huge advances made in proteomics in the last decade, significant im-
provements are still needed to access proteome-wide data for limited number of  cells, for in-
stance originating from laser microdissections, adult stem cells and other scenarios where sam-
ple material will be a limiting factor.  We demonstrate that the multidimensional ZIC-cHILIC 
based strategy developed in our laboratory,[11] when compared to current methods, leads to a 
significant reduction of  sample complexity with nearly negligible sample losses.  In combina-
tion with isotope labeled or label-free based quantification, our method can now probe with 
high-sensitivity specific cell proteomes, requiring just thousands of  cells. 
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Figure 3: Analysis of  FACS-sorted colon stem cells with a 2D ZIC-cHILIC approach and a single-stage 
RP strategy. a: Cumulative number of  identified unique peptides and proteins and distribution of  unique 
peptides across the ZIC-cHILIC fractions and the single-stage RP run, obtained by analyzing 5,000 GFP+ 
colon stem cells from an initial 30,000 cells population. Within each column the distribution of  peptide charge 
(+2, +3, +4 and +5) is indicated. The cumulated total number of  peptides and proteins is indicated with a 
blue and orange line, respectively. Although 2+, 3+ and 4+ peptides elute over quite a number of  fractions, 
a trend of  an increase in peptide charge in the later fractions can be observed. b: Venn diagrams showing the 
overlap of  identified unique peptides between the ZIC-cHILIC-RP approach (reported as combined fractions) 
and the single-stage RP analysis (reported as single run). c: Venn diagrams showing the overlap of  identified 
proteins between the HILIC-RP approach (reported as combined fractions) and the single-stage RP analysis 
(reported as single run). A large overlap is observed suggesting the peptides identified in the single-stage LC run 
are merely higher abundant peptides that are all also detected in the ZIC-cHILIC-RP strategy.
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Supplementary Figure 1: Single-stage RP LC-MS base peak intensity chromatograms (LTQ-
Orbitrap Velos) from (a) sample corresponding to the 30,000 GFP+ colon cell digest and 
loading equivalent to 5000 cells and (b) 100 ng HeLa digests.
Supplementary Figure 2: Gradient optimization of  ZIC-cHILIC at pH 6.8.  The sample for the 
analyses was a peptide mixture consisting of  BSA, alpha- and beta-casein digests.  The peak 
width at half  maximum (FWHM) is indicated alongside total analysis time. Gradients utilized 
for each analysis are specified in Supplementary Table 1.
Supplementary Figure 3: GO biological process and molecular function analysis of  proteins 
(n=3775) identified in the HILIC-RP LC-MS analysis of  5000 GFP+ colon stem cells. Mostly 
proteins involved in metabolic processes and with a catalytic and binding activity were identi-
fied. 
Supplementary Figure 4:  A protein classification analysis of  what was identified in the HILIC-
RP LC-MS analysis of  5000 GFP+ colon stem cells.
Supplementary Table 1: Gradients utilized for each analysis as reported in Supplementary Fig-
ure 2.
Dataset S1: Excel Table containing peptides and protein results for the 1D RP-LC analysis of  
GFP+ cells.
Dataset S2: Excel Table containing all peptides and protein results for the 1D RP-LC analysis 
of  HeLa cells.
Dataset S3: Excel Table containing all peptides and protein results for the 2D HILIC-RP-LC 
analysis of  GFP+ cells.
This material is available free of  charge at http://pubs.acs.org.
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Chapter 5
Evaluation of  the deuterium isotope effect 

in ZIC-cHILIC separations for 
implementation in a quantitative 

proteomic approach
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Abstract
Quantitative methodologies for the global in-depth comparison of  proteomes are fre-
quently based on chemical derivatization of  peptides with isotopically distinguish-
able labeling agents. In the present work, we set out to study the feasibility of  the 
dimethyl labeling method in combination with ZIC-cHILIC (zwitterionic hydrophilic 
interaction liquid chromatography) technology for quantitative proteomics. We first 
addressed the potential issue of  isotope effects perturbing the essential co-elution of  
differently labeled peptides under ZIC-cHILIC separation. The deuterium incorpora-
tion-induced effect can be largely eliminated by favoring the mixed-mode ZIC-cHILIC 
separation based on combined hydrophilic and ionic interactions. Then, we evaluated 
the performance and applicability of  this strategy using a sample consisting of  human 
cell lysate. We demonstrate that our approach is suitable to perform unbiased quantita-
tive proteome analysis, still quantifying more than 2,500 proteins when analyzing only 
a few micrograms of  sample. 
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1. INTRODUCTION
The recent advances in mass spectrometry-based proteomics have allowed the systematic inter-
rogation of  complex proteomes and the identification of  differentially expressed proteins in 
cells, tissues and body fluids, opening new horizons for a broad range of  applications[1]. Mul-
tidimensional liquid chromatography (LC) in combination with mass spectrometry still remains 
the main workflow for proteomic strategies[2]. Hydrophilic interaction liquid chromatography 
(HILIC) has found widespread use in the analytical field since the pioneering work of  Alp-
ert[3]. HILIC has a high degree of  orthogonality to reversed phase (RP) chromatography[4-6], 
which typically is the last separation step prior to MS. Hence, the combination of  HILIC and 
RP provides a powerful alternative in multidimensional separation strategies[5, 7, 8]. 
To explore the dynamics of  a whole proteome requires a systematic assessment of  quantitative 
differences in protein abundance. One of  the most powerful enabling strategies involves the 
use of  stable isotope labeled proteins or peptides introduced by either chemical or metabolic 
labeling[9, 10]. It is well known that the introduction of  stable isotopes into peptides may af-
fect their retention time under RP-LC conditions[11]. While little or no resolution of  peptide 
isoforms has been observed during RP when 13C and 15N were used as coding agents[12, 13], 
deuterated versions (of  coding agents) can show distinctive chromatographic behavior, the so-
called deuterium  effect[14].
Recently, we refined and optimized a multiplex stable isotope labeling approach[15-18], based 
on reductive amination (‘dimethyl labeling’)[19]. The use of  deuterated isotopomers of  for-
maldehyde and sodium cyanoborohydride to incorporate dimethyl labels at the N-terminus or 
the ε-amino group of  lysine residues induces a mass difference of  at least 4 Da and allows the 
comparison of  three samples in parallel[16]. Although dimethyl labeling is inexpensive and ef-
ficiently incorporated into biomolecules, deuterated species are slightly more hydrophilic than 
their non-deuterated counterpart and, when using a HILIC-based separation, the different 
isoforms often fail to co-elute[15]. Consequently, the isotope ratio will vary across the elution 
of  isotopologous peptides[14] and a biased quantification might arise. 
The aim of  the present study is to evaluate and eliminate, if  necessary, the deuterium isotope 
effect in ZIC-cHILIC separations, which would allow us to introduce a highly sensitive and 
powerful quantitative proteomic workflow based on dimethyl labeling[16] and two-dimensional 
ZIC-cHILIC-RP-MS/MS[7]. 

2. EXPERIMENTAL SECTION
Chemicals and Materials. Bovine serum albumin, iodoacetamide, formaldehyde (37%) and 
ammonium acetate were supplied by Sigma-Aldrich (Steinheim, Germany). Ammonium bi-
carbonate, sodium cyanoborohydride and dithiothreitol (DTT) were purchased from Fluka 
(Buchs, Switzerland). HPLC-S gradient grade acetonitrile was purchased from Biosolve (Valk-
enswaard, The Netherlands). Acetic acid was obtained by Merck KGaA (Darmstadt, Germany) 
and high purity water obtained from a Milli-Q purification system (Millipore, Bedford, MA). 
Formic acid was obtained from Merck (Darmstadt, Germany). Sep-Pak Vac tC18 1 cm3 car-
tridges were obtained from Waters Corporation (Milford, MA). 
Sample preparation. For the evaluation of  the deuterium effect under on-line ZIC-cHILIC 
separation, we prepared a standard peptide mixture from bovine serum albumin (BSA), where-
as for the ZIC-cHILIC fractionation we employed a human cell lysate (HeLa). Each sample 
was digested, as described previously[7], and subsequently split in 3 equal aliquots for triple 
dimethyl labeling with the light, medium and heavy isotopes. 
Dimethyl Labeling Reagents.  Each aliquot was desalted and isotope labeled directly onto Sep-
pak C18 according to the original protocol[16] with slight modifications. Per sample/label, 5 
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ml of  labeling solution was prepared: 4.5 ml of  50 mM sodium phosphate buffer pH 7.5 were 
mixed with 250 µl of  4% (vol/vol) formaldehyde in water (CH2O, CD2O or 13CD2O) and 250 
µl of  0.6 M cyanoborohydride in water (NaBH3CN or NaBD3CN). For optimal labeling ef-
ficiency, each of  the SepPak columns (50 mg, 1cc,  C18) was flushed 5 times with 1 ml of  the 
respective labeling reagent (light, intermediate or heavy), for at least 10 minutes. After labeling, 
each channel was washed with RP solvent A to remove the excess labeling solution. The labeled 
sample was subsequently eluted using the appropriate HILIC loading buffer (see below).
HILIC-LC and RP-LC Buffers. For HILIC at pH 6.8, buffer A was 95% acetonitrile, 0.5% 
acetic acid and 5 mM ammonium acetate; buffer B was 5 mM ammonium acetate. For pH 3.5, 
buffer A was 95% acetonitrile, 2% formic acid and 5 mM ammonium acetate;  buffer B 0.07% 
formic acid and 5 mM ammonium acetate. For RP, buffer A was 0.1 M acetic acid; buffer B was 
80% acetonitrile and 0.1 M acetic acid.
On-line (ZIC-cHILIC-MS) and off-line (ZIC-cHILIC-RP-MS) systems. ZIC-cHILIC–
MS was performed on an “inert” Dionex “Ultimate” LC system using a vented column setup. 
The trapping column was a ZIC-cHILIC 100 µm × 20 mm, 5 µm, 200 Å (Merck SeQuant, 
Umeå, Sweden); the analytical column was a ZIC-cHILIC 75 µm × 250 mm, 5 µm, 200 Å. All 
columns were packed in-house. Trapping was performed at 10 µL/min for 10 min at 100% 
buffer A; elution was achieved with a gradient of  0-55 % buffer B in 40 min at a flow rate 
of  0.35 mL/min passively split to 300 nL/min. Column output was coupled with an LTQ-
Orbitrap mass spectrometer (Orbitrap Discovery, Thermo). In the off-line approach, the first 
dimensional analysis was performed as described above. During ZIC-cHILIC elution, one-min 
fractions were collected in a 96-well plate with each well containing 40 µL of  10% formic acid 
per fraction. A volume of  20 µL of  collected fractions was used for subsequent nanoLC-LTQ-
Orbitrap-MS. An Agilent 1100 series LC system was equipped with a Reprosil, 100 µm × 20 
mm, 5 µm, 120 Å trapping column and a Reprosil, 50 µm × 400 mm, 3 µm, 120 Å (Dr. Maisch 
GmbH, Ammerbuch, Germany) analytical column. Trapping was performed at 5 µL/min for 
10 min with solvent A (0.1M acetic acid); elution was achieved with a gradient from 13 to 28 % 
in 57 min and up to 50 % in 25 min of  solvent B, with a flow rate of  0.35 mL/min passively 
split to 100 nL/min. The column effluent was directly introduced into the ESI source of  the 
MS. Further details for MS analysis can be found in our previous work[7].
Data Analysis. For protein identification and quantification, raw MS data were converted to 
peak lists using Proteome Discoverer software, version 1.2 (Thermo Fisher Scientific, Bremen). 
Peak lists were searched using MASCOT software (version 2.3.04) against a concatenated da-
tabase containing the Uniprot human database (version 56.2) and an equivalent decoy database 
which was created using MaxQuant [20]. Further settings included the enzyme trypsin with 2 
missed cleavages, carbamidomethyl (C) as fixed modification; oxidation (M), phosphorylation 
(S, T), dimethyl (K) and (N-terminal), dimethyl 2H(4) (K) and (N-terminal), dimethyl 2H(6) 
13C(2) (K) and (N-terminal) as variable modifications. Peptide tolerance was initially set to 50 
ppm for +2, +3 charged peptides, and MS/MS tolerance was 0.6 Da. The mgf  files were subse-
quently filtered by mass-accuracy (final mass accuracy was ±7 ppm) using a Proteome Discov-
erer mass filter. A minimum peptide score was set to 20 and globally the data corresponded to 
an FDR < 1%. Other filters used were a peptide length between 7 and 36 amino acids, peptide 
rank 1. Proteome Discoverer was used in a quantitative mode; extracted ion chromatograms 
(XIC) were integrated for all peptides to calculate the relative peptide ratios of  ‘light’, ‘medium’ 
and ‘heavy’ forms. To evaluate the quantitation quality, the log2 Heavy/Light, Medium/Light 
and Heavy/Medium ratios were calculated, and each dataset (pH 3.5 and 6.8) was normalized 
using the median of  all values. For the evaluation of  the deuterium isotope effect upon frac-
tionation, the datasets were filtered for unique peptides per fraction. For each peptide identified 
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in two consecutive fractions, the average log2 Heavy/Light, Medium/Light or Heavy/Medium 
ratios between the two fractions were calculated, and the absolute difference between the ob-
served ratios and the average ratios in those fractions was used as a measure of  deviation.

3. RESULTS AND DISCUSSION

3.1 Peptide separation by ZIC-cHILIC 
When using multidimensional chromatography, quantitative analysis based on isotope labeling 
strategies requires that each isotopic peptide analogue co-elutes during every chromatographic 
separation or fractionation step. When partial resolution of  the isotopic forms of  a peptide 
occurs, a substantial error in the isotope ratio determination may be introduced in quantifica-
tion measurements.
We started with the evaluation of  a potential deuterium isotope effect on the chromatographic 
resolution of  differentially labeled peptides using a simple one dimensional ZIC-cHILIC sepa-
ration under two different conditions, i.e. at acidic and nearly neutral pH. Separation of  pep-
tides using zwitterionic materials, such as ZIC-c, in HILIC mode involves both hydrophilic and 
ionic interactions, even though the latter interactions are weaker when compared to normal 
ion exchangers[21]. Factors governing the retention include: hydrogen bonding[22], 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[3]. 
One advantageous property of  zwitterionic materials relies on the fact that the charge of  their 
functional groups is permanent and unaffected by pH changes. Recently, two pH conditions, 
one nearly neutral and one acidic, have been extensively evaluated in our group with respect to 
their influence on peptide retention in ZIC-cHILIC[7]. We showed that ZIC-cHILIC selectiv-
ity at pH 6.8 was mostly driven by the peptide hydrophilicity, consistent with the hydrophilic 
partitioning model, whereas at pH 3.5 the retention was governed by a stronger mixed-mode 
mechanism based on hydrophilic and ionic repulsive ionic interactions (Figure 1). 
As normal tryptic peptides 
are mainly positively charged 
at pH 3.5, this mechanism 
may favor the electrostatic 
repulsion with the more ex-
posed quaternary ammoni-
um on the ZIC-cHILIC sur-
face, creating an ERLIC-like 
mode[23] (electrostatic re-
pulsion-hydrophilic interac-
tion chromatography) where 
analytes are on one side re-
pelled by similar charges, on 
the other side retained on the 
aqueous layer by hydrophilic 
partitioning. Proposed fac-
tors governing the analytes’ 
retention at the two pH con-
ditions are summarized in 
Table 1. 
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Figure 1: Schematic representation of  the mechanism of  retention 
in HILIC mode using ZIC-cHILIC stationary phase at an acidic 
and neutral pH.
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3.2 Deuterium isotope effect in ZIC-cHILIC retention at acidic and neutral pH
Boersema et al. reported previously a deuterium isotope effect within zwitterionic HILIC 
based separations when fractionating triple dimethyl labeled samples[15]. In contrast, when 
Guo et al. investigated the deuterium isotope effect on a non-ionic TSK-gel Amide 80 HILIC 
stationary phase, no isotope effect was found[24]. It seems that these different findings are 
related to the specific HILIC-mode involved in the separation mechanisms when using these 
two different HILIC materials.
In general, deuterated peptides are slightly more hydrophilic than their non-deuterated coun-
terparts and this increased hydrophilicity might lead to partial or even complete resolution of  
differentially labeled peptides under HILIC separation conditions[15]. Taking into account 

ZIC-cHILIC 
Hydrophilic 
Partitioning 

Hydrogen 
Bondings 

Electrostatic 
Interactions 

Dipole-Dipole 
Interactions 

pH 3.5 ++ ++ ++ ++ 

pH 6.8 +++ ++ + ++ 

Table 1: Proposed factors governing the analytes’ retention on ZIC-cHILIC stationary phases at a pH of  
3.5 and 6.8. At neutral pH values, the hydrophilicity is a more dominant factor when compared to the ionic 
interactions, while at acidic pH the separation is largely governed by a stronger mixed-mode mechanism based 
on more balanced hydrophilic and ionic interactions.
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Figure 2: Comparison of  the deuterium isotope effect when the analysis of  a triple dimethyl sample is per-
formed on-line at a pH of  3.5 and 6.8 using ZIC-cHILIC separation. a) LC-MS chromatograms (black 
lines) of  a triplex dimethyl labeled BSA (1 pmol) at the two indicated pH values and extracted ion chromato-
grams (XIC) of  the light (L) (light blue and orange), medium (M) (red and green) and heavy (H) (blue and 
purple) isotopes of  two peptides (AFLGSFLYEYSR and LHTLFGDELK). (b, d) MS spectra and (c, e) 
overlaid XICs of  L, M and H isotopomers of  the two peptides reported in panel a with the same colors assigned 
to each isotope and relative retention times at indicated buffer pHs. 
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the ZIC-cHILIC separation mechanism proposed above, we hypothesized that the deuterium 
isotope effect would hamper the co-elution of  isotopologous peptides under neutral pH ZIC-
cHILIC separation, due to the hydrophilicity-driven selectivity. However, this effect may be 
partially corrected at acidic pH, where the mixed-mode ERLIC-like HILIC mechanism pro-
vides a more orthogonal separation, minimizing the hydrophilicity difference between deuter-
ated and non-deuterated isotopes potentially improving the co-elution of  different isotopom-
ers.
To test this hypothesis, we used an on-line ZIC-cHILIC strategy at two pH conditions using 
a simple BSA tryptic digest after triplex dimethyl labeling, wherein each peptide exhibits three 
labels varying in the number of  deuterium atoms; the ‘light’ form (L) has no deuterium (D) 
atom, the ‘medium’ (M) has 4 D atoms, the ‘heavy’ (H) has 6 D atoms and 2 13C atoms[16]. As 
the number of  deuterium atoms increases, the resolution of  structurally similar species might 
also increase[12, 14]. We observed that peptide isotopologues varying by at least 4 (M) or 6 (H) 
deuterium atoms exhibited shifts in their retention times in comparison to their non-deuterated 
analogues (L) at pH 6.8. In contrast, such peptide triplets co-eluted at pH 3.5 (Figure 2).  Illus-
trative triplet peaks for two BSA peptides were chosen as examples to show the expected 1:1:1 
ratio between light, medium and heavy labels (Figure 2 b, d). The overlaid extracted ion chro-
matograms of  L, M and H isotopes at pH 6.8 and 3.5 demonstrate the extent of  the deuterium 
effect. At pH 6.8 the deuterated peptides are somewhat resolved upon elution, while at pH 3.5 
the three peaks corresponding to the three labeled species are indistinguishable (Figure 2 c, e). 
Although the overall resolving power is similar for ZIC-cHILIC at either pH value, it seems 
that the separation mechanism in operation at neutral pH resolves peptides containing several 
deuteriums from their non-heavy isotopic counterparts. The observed retention times for the 
more hydrophilic heavy and medium labels were higher than for light labels. In addition, the 
isotope shift was larger between the heavy and the light labels (6 D’s difference) than between 
the medium and the light labels (4 D’s difference). This difference suggests that the ZIC-
cHILIC separation at pH 6.8 is mainly driven by hydrophilicity. In contrast, the co-elution of  
the isotopologue triplets observed at pH 3.5 might be attributed to the mixed-mode separation 
mechanism of  both hydrophilic and electrostatic interactions that is in operation, consistent 
with our hypothesis.

3.3 Deuterium isotope effect in ZIC-cHILIC fractionation in a 2D-ZIC-cHILIC-RP 
strategy
To further validate our initial results and to demonstrate the feasibility of  larger scale dimethyl 
labeling in combination with ZIC-cHILIC fractionation at pH 3.5, we extended our study to an 
off-line multidimensional ZIC-cHILIC–RP strategy. In principle, in any off-line 2D chroma-
tography approach based on the collection of  fractions across a chromatographic peak, there 
is the possibility that a peak is separated over two fractions. Assuming a situation of  imperfect 
co-elution of  the isotopic forms, the isotopic abundances would be different in the two con-
secutive fractions, leading to different calculated ratios for the same analyte and introducing a 
deviation from the ‘true’ ratio in the sample.
A lysate consisting of  HeLa cells was digested using trypsin and three equal aliquots were deri-
vatised with light, medium and heavy labels. A fraction of  the combined sample, corresponding 
to 2 µg for each isotopic form, was fractionated in the first dimension employing ZIC-cHILIC 
at the two different pHs. Subsequently, half  of  each fraction was analysed by RP LC MS/MS. 
A schematic representation of  the employed proteomic workflow is reported in Figure 3.
The combination of  the data generated from all ZIC-cHILIC fractions allowed the cumulative 
identification and quantification of  more than 15,000 unique peptides (FDR < 0.5%) originat-
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ing from more than 2,200 proteins, at each pH condition. Next, we filtered our dataset to keep 
only those peptides found in consecutive fractions and calculated their isotopic ratios (heavy/
light, medium/light and heavy/medium) in both fractions. The percentage of  peptides identi-
fied in consecutive fractions was rather low, corresponding to approximately 15%, demonstrat-
ing that the ZIC-cHILIC separation power was minimally affected when introducing triple 
dimethyl labeled isotopes[7]. 
Theoretically, since differentially labeled peptides were originally present at equimolar amounts, 
the log2 ratios of  H/L, M/L and H/M in consecutive fractions should be approximately the 
same and close to zero.  In practice, when a partial resolution of  the labeled forms of  a peptide 
occurs, the log2 ratios should vary in consecutive fractions. In order to evaluate this effect, we 
calculated the average of  the log2 ratio (H/L, M/L and H/M) of  the same peptides found in 
consecutive fractions and reported the absolute log2 difference as a parameter to estimate the 
deviation from the experimental average value (Figure 4a). In agreement with the 1:1:1 ratio of  
the pooled labeled samples, the measured average of  the log2 ratios was in general very close 
to zero at both pH values. However, the observed trends of  deviation showed that substantial 
differences in the ratios were introduced when the fractionation was performed at pH 6.8. 
In addition, the reported average deviation in the case of  H/L ratio (0.32) was somewhat higher 
in comparison to the average deviation for M/L (0.22) and H/M (0.15) (Figure 4a), confirming 
that the deuterium effect was proportional to the increased number of  deuteriums present in 
the species. In contrast, when we fractionated the sample at pH 3.5, the calculated average de-
viations were more than a factor of  2 lower for both H/L and M/L ratios (0.13 and 0.10) and 
slightly lower for H/M ratio (0.11) when compared to the data obtained at pH 6.8, highlighting 
the limited extent of  deuterium isotope effect on peptide retention time at this acidic pH.  In 
line with these observations, we expected that peptides containing more deuterium atoms after 
labeling would show a more pronounced deuterium effect. Thus, we investigated the deuterium 
effect in two distinct classes of  peptides, differing in the number of  labeling sites:  N-terminally 
labeled (no lysine containing tryptic) peptides and N-terminally plus lysine labeled (lysine tryp-
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Figure 3: Experimental scheme for the quantitative proteomic strategy. After protein lysis and enzymatic 
digestion, peptides were differentially stable isotope dimethyl labeled. By using three differential stable isotopes, 
peptide triplets can be obtained that differ in mass by a minimum of  4 Da, when the digested peptides do not 
contain lysines. In the latter case, the mass shift would be increased proportionally to the number of  labeled 
lysine residues present in the sequence. Then, the 3 labeled samples (light, medium and heavy) were combined 
in an equimolar ratio.  The 6 µg mixture (containing 2 µg per each label) was fractionated by ZIC-cHILIC 
at a pH of  3.5 and 6.8, followed by RP-LC-MS analysis (half  the amount of  20 collected fractions, overall 
corresponding to 3 µg) for quantification using the triplet peaks originating from the different isotopomers.   
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tic and miss cleaved) peptides. At pH 6.8, we could observe higher average deviations in the 
case of  N-terminally plus lysine labeled peptides (for both H versus L and M versus L labels) as 
a consequence of  the higher number of  deuterium atoms (Figure 4b). The trend of  deviation 
at acidic pH was in general lower than at pH 6.8 and similar for both types of  labeled peptides, 
confirming that, even in presence of  additional labeling sites, the deuterium effect is minimal.
To further show the separation occurring at pH 6.8 between light and heavier species and the 
coelution occurring at pH 3.5, we calculated for peptides found in two consecutive fractions 
the difference of  log2 ratios (H/L and M/L) between the earlier and later fraction and used 
this value to visualize the direction of  the deviation. Using this approach, negative values in-
dicated that the light species (less hydrophilic) would be the predominant form in the earlier 
fraction in comparison to heavier species, while a positive value would describe the opposite 
phenomenon. This behavior can be observed in Figure 5: at pH 6.8 the curve of  deviation 
was moved towards negative values (especially in the case of  H/L), indicating a higher bias as 
a consequence of  the light species being resolved from the medium and heavy forms. In con-
trast, at acidic pH the curve was more flat and closer to zero (baseline), underlining that, albeit 
peptides may elute in consecutive fractions, the differently labeled isoforms coeluted during 
the fractionation procedure. 
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Figure 4: a) Average log2 ratios (y axis) of  heavy divided by light (H/L), medium divided by light (M/L) 
and heavy divided by medium (H/M) reported only for those peptides that were identified and quantified in two 
consecutive fractions (x axis) after ZIC-cHILIC fractionation at pH 3.5 and 6.8 from a HeLa lysate sample. 
The error bars represent the deviation (reported as absolute value) from the average log2 value. For instance, 
if  we call i the first fraction where a peptide was found and i+1 the second fraction, the average log2 ratio and 
deviation for H/L were calculated as: Average = (log2 H/Li + log2 H/L i+1)/2; Deviation = |log2 (H/L)
i – log2 H/Laverage|. The average deviations with relative standard deviation were also calculated: at pH 3.5, 
0.13 for H/L (STDEV 0.17), 0.10 for M/L (STDEV 0.15), 0.11 for H/M (STDEV 0.17); at pH 
6.8, 0.32 for H/L (STDEV 0.45), 0.22 for M/L (STDEV 0.32), 0.15 for H/M (STDEV 0.21).
b) Comparison between the average deviations (reported for each ratio) for peptides labeled solely at the N-
termini (no lysine containing tryptic cleaved) versus peptides labeled at both N-terminus and lysine residues 
(lysine tryptic and miss cleaved peptides) at the two pH conditions. In the case of  N-terminally labeled peptides, 
the difference in number of  deuterium atoms is 6 between H and L species, 4 between M and L, 2 between H 
and M. For N-terminally plus lysine labeled peptides, the difference in deuterium atoms increases proportionally 
to the number of  lysine residues.  The analysis is restricted to peptides found in two consecutive fractions
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4. CONCLUSIONS
We demonstrate that ZIC-cHILIC separations at an acidic pH of  3.5, unlike at a neutral pH 
of  6.8, exhibits no deuterium isotope effect. We hypothesize that the negligible effect is due to 
a stronger mixed-mode separation, decreasing the hydrophilicity difference of  deuterated and 
non-deuterated species by enhancing ion-exchange interactions with the zwitterionic station-
ary phase. At a pH of  6.8, charge effects become smaller and hydrophilicity effect enhances, 
leading to the polarity differences of  labels containing hydrogen and deuterium resolvable. 
Furthermore, we show that our two-dimensional approach, at acidic conditions, in combina-
tion with dimethyl labeling represents a highly sensitive proteomic workflow that allows com-
prehensive quantitative analysis of  very modest amount of  starting material.
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Figure 5: Relative difference between M/L and H/L log2 ratios for peptides identified and quantified in 
consecutive fractions. Shown is half  of  the difference between the log2 ratio of  a quantified peptide in two 
consecutive fractions.  If  the light labeled peptide (hydrogen containing, less hydrophilic) is more abundant in 
the first fraction, then the value will be negative. The graphs show that at pH 6.8 more separation of  the light 
labeled peptides in the first of  the two fractions occurs compared to pH 3.5; i.e. more combinations of  fractions 
show negative values.
Overall, using the proposed quantitative strategy based on dimethyl labeling in combination with ZIC-cHILIC-
RP-MS/MS technology at pH 3.5, it is possible to minimize the deuterium effect without compromising the 
separation power. Starting with a few micrograms of  material, we could confidently quantify 17,583 unique 
peptides (FDR < 0.5%), assigned to 2,630 proteins using pH 3.5, and 16,434 unique peptides assigned 
to almost 2,300 proteins at pH 6.8, although the former pH condition possessed better precision due to the 
elimination of  the deuterium isotope effect. 
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Abstract
Mass spectrometry (MS)-based phosphoproteomics has achieved extraordinary suc-
cesses in qualitative and quantitative analysis of  cellular protein phosphorylation. 
Considering that an estimated level of  phosphorylation in a cell is placed at above 
100,000 sites, there is still much room for improvement. Here, we attempt to extend the 
depth of  phosphoproteome coverage while maintaining realistic aspirations in terms 
of  available material, robustness and instrument running time. We developed three 
strategies, where each provided a different balance between these three key param-
eters. The first strategy simply used enrichment by Ti4+-IMAC followed by reversed 
chromatography LC-MS (termed 1D). The second strategy incorporated an additional 
fractionation step through the use of  HILIC (2D). Finally, a third strategy was de-
signed employing first an SCX fractionation, followed by Ti4+-IMAC enrichment and 
an additional fractionation by HILIC (3D). A preliminary evaluation was performed on 
the HeLa cell line. Detecting 3700 phosphopeptides in about 2 hours, the 1D strategy 
was found to be the most sensitive but limited in comprehensivity, mainly due to issues 
with complexity and dynamic range. Overall, the best balance was achieved using the 
2D based strategy, identifying close to 17,000 phosphopeptides with less than 1 mg of  
material in about 48 hours. Subsequently, we confirmed our finding with the K562 cell 
sample. When sufficient material was available, the 3D strategy increased the phos-
phoproteome coverage allowing over 22,000 unique phosphopeptides to be identified. 
Unfortunately, the 3D strategy required more time and over 1 mg of  material before it 
started to outperform 2D. Ultimately, combining all strategies, we were able to identify 
over 16,000 and nearly 24,000 unique phosphorylation sites from the cancer cell lines 
HeLa and K562, respectively. In summary, we demonstrate the need to carry out ex-
tensive fractionation for deep mining of  the phosphoproteome and provide a guide for 
appropriate strategies depending on sample amount and/or analysis time.
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1. INTRODUCTION
Protein phosphorylation is a key component of  cellular signal transduction and plays a critical 
role in many biological processes [1, 2]. Aberrant protein phosphorylation can often be cor-
related with diseases [3, 4]. Hence, comprehensive characterization of  protein phosphorylation 
is crucial [5, 6]. One of  the aims of  phosphoproteomics is to globally identify all phosphoryla-
tion sites present in a cell [7-9] at a given/defined timepoint. However, the task is not simple 
since protein phosphorylation is often of  low stoichiometry and covers a high dynamic range, 
placing considerable strains on its detection by mass spectrometry. 
In the past decade, a multitude of  technological developments have allowed substantial ad-
vances in large-scale phosphoproteome profiling of  tissues [5, 10-12], cancer cells [13-15],stem 
cells [16-19], etc. A common step in most methods involves enrichment of  phosphopeptides. 
Currently, the most commonly used chemical chelation affinity-based methods are immobi-
lized metal ion affinity chromatography (IMAC) using a transition metal (Fe3+ [20], Ga3+[21], 
Zr4+[22] or Ti4+[14, 23])  or metal oxide affinity chromatography (MOAC) with a material such 
as titanium dioxide (TiO2) [24, 25]. However, in the face of  extreme complexity of  cellular 
protein digests, the single step enrichment is not effective enough to identify all phospho-
peptides. Therefore, extensive fractionation using liquid chromatography-based techniques are 
required in conjunction with enrichments in order to reduce the complexity of  the proteome. 
Among fractionation-based techniques, strong cation exchange (SCX)[12, 26-28], strong anion 
exchange (SAX)[29, 30], electrostatic repulsion-hydrophilic interaction chromatography (ER-
LIC) [31] and hydrophilic interaction liquid chromatography (HILIC) [32, 33] represent some 
popular possibilities. However, SCX is by far the most common fractionation technique, where 
peptides are separated depending on their solution-phase charge state at an acidic pH (2.7). In 
fact, SCX combined with IMAC/MOAC has proven effective at identifying/quantifying thou-
sands of  phosphorylation sites in many biological systems [6, 15, 18, 34-36]. However, SCX 
fractionation can hinder the analysis of  phosphopeptides rich in basic residues [14]. Interest-
ingly, contrary to the well-established strategy of  SCX followed by TiO2, Gerber and co-work-
ers have recently reported an alternate strategy wherein TiO2 was followed by SCX [37] and 
demonstrated good reproducibility and a nearly comparable phosphopeptide  identification 
level.  Although great gains have been made through enrichment and fractionation, the field 
is still scratching the surface of  the phosphoproteome, since it has been suggested that over 
100,000 sites are present at any time in a cell[38].  In order to dig deeper, it appears necessary to 
go above and beyond two dimensional chromatography of  an enriched phosphopeptide sam-
ple. Ficarro et al. reported an on-line multidimensional RP-SAX-RP-LC separation system and 
demonstrated an impressively highly efficient separation and phosphopeptide identification 
rate [39]. We recently demonstrated that an additional WAX separation/fractionation between 
SCX and RP-LC can lead to a significant increase in the number of  identified phosphopeptides 
[40].  
Apart from effective phosphopeptide enrichment and separation, efficient MS analysis of  
phosphopeptides is also crucial for profiling a phosphoproteome. For instance, peptide frag-
mentation technologies such as CID, ‘HCD’ and ETD have shown distinct advantages toward 
phosphopeptides with differing  physicochemical characteristics [41], where some reports have 
exemplified that CID possesses sensitivity and speed [42], ‘HCD’ has more comprehensive 
fragmentations and lower neutral losses [43] and ETD is more efficient for sequencing highly 
charged phosphopeptides [14, 44, 45]. Mass spectrometers such as the LTQ-Orbitrap Velos or 
Elite [46] provide a powerful platform for deep phosphoproteome analysis due to their sensi-
tivity, speed and possession of  all three fragmentation technologies. 
Recently, we developed a high-resolution and highly sensitive HILIC separation [47, 48], as 
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well as a less biased phosphopeptide enrichment approach based on Ti4+-IMAC [14, 23]. To 
leverage the strength of  both these technologies, here we combined them to develop an ef-
ficient approach with the aim of  maximizing the coverage of  the cellular phosphoproteome. 
We therefore designed and systematically assessed three strategies including a sole Ti4+-IMAC 
enrichment (1D), Ti4+-IMAC enrichment followed by HILIC fractionation (2D), and SCX-
Ti4+-IMAC followed by HILIC fractionation (3D). The evaluation was carried on two human 
cancer cell lines (i.e. HeLa and K562, the latter system is often used as model for chronic 
myeloid leukemia (CML)), generating phosphoproteome resources of  respectively 17,000 and 
nearly 24,000 unique phosphorylation sites. 

2. EXPERIMENTAL SECTION
All experimental procedures are depicted in Figure 1. 
Cell culture and sample preparation. HeLa cells were cultured in DMEM and K562 were 
cultured in RPMI 1640 media, both supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin at 37 °C in 5% CO2. Cells were lysed in buffer containing 50 mM am-
monium bicarbonate (pH 8.0), 8 M urea, 1 mM sodium orthovanadate, complete EDTA-free 
protease inhibitor mixture (Roche) and phosSTOP phosphatase inhibitor mixture (Roche) with 
ultrasonication for 1 min at 60 W using 30 cycles with 50% duty. Cell debris was then removed 
by centrifugation at 20000 × g for 15 min at 4 °C. Protein concentration was measured using 
a Bradford assay (BioRad, Veenendaal, The Netherlands) and then split into 2 mg aliquots for 
enzymatic digestion. Proteins were reduced with 10 mM dithiothreitol for 30 mins at 56 °C and 
alkylated by addition of  20 mM iodoacetamide for 30 min and incubation in the dark at room 
temperature. Lysates were then digested using Lys-C at an enzyme/protein ratio of  1/50 and 
incubation for 4 h at 37 °C. Then the solution was diluted to a final urea concentration of  2 M 
with 50 mM ammonium bicarbonate, and trypsin was added with at an enzyme/protein ratio 
of  1/50 and incubated at 37 °C overnight. The digestion was quenched by acidification to 2% 
formic acid. The digests were desalted using Sep-Pak C18 cartridges, dried in vacuo and stored 
at -80 °C for further use. 
SCX for peptide fractionation (only for 3D strategy). The desalted digests were recon-
stituted in 10% formic acid and then loaded onto a C18 cartridge (50 mm × 4.6 mm) (Aqua, 
Phenomenex) using an Agilent 1100 HPLC system and SCX fractionation was carried out as 
described before [14, 27]. After combining a few neighbor ‘blank’ fractions, a total of  22 frac-
tions were collected and distinguished into 3 main populations corresponding to +1, +2, and 
>+2 charged state peptides, according to the separation obtained in SCX-mode and recorded 
by the UV chromatogram. Each fraction was desalted using 50cc Sep-Pak C18 cartridges (Wa-
ters Corporation). The eluted peptides were then dried in vacuo and reconstituted in the Ti4+-
IMAC loading buffer for phosphopeptide enrichment. 
Phosphopeptide enrichment (for 1D, 2D and 3D strategies). The Ti4+-IMAC beads were 
prepared as previous reports [14, 23, 49]. The Ti4+-IMAC Gel-loader tips were built using a C8 
plug and the Ti4+-IMAC beads (500 µg of  beads/200 µl pipette tip). To reduce variations of  
enrichment processes, in parallel spin tip enrichment was used in this study. The Ti4+-IMAC 
spin tip was constructed by placing the gel loader tip into an eppendorf  tube with a centri-
fuge column adaptor. The spin tip enrichment is clean, fast and easy to use and each tip can 
enrich phosphopeptides up to 250 µg of  cellular protein digest. The prepared spin tip was 
conditioned by using 30 µl of  loading buffer (80% ACN/6% TFA) and centrifugation at 2500 
× g for 2 min. Non-fractionated protein digests or the desalted SCX fractionations in 80% 
ACN/6% TFA were applied to the spin tip and centrifuged at 1000 × g for 30 min.  Then, 
the spin tip was sequentially washed with 30 µl of  washing buffer 1 (50% ACN, 0.5% TFA 
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containing 200 mM NaCl) and additional washing buffer 2 of  30 µl of  50% ACN/0.1% TFA, 
each centrifuge at 1500 × g for 15 min, respectively.  The bound peptides were eluted into a 
new collection tube (already containing 35 µl of  10% formic acid) with 20 µl of  10% ammo-
nia by centrifugation at 1500 × g for 15 min. A final elution was performed with 2 µl of  80% 
ACN/2% formic acid for 2 min.  The collected eluate was further acidified by adding 3 µl of  
100% formic acid.  For 1D strategy, the enriched phosphopeptides was directly injected to RP 
for LC-MS/MS analysis. For 2D and 3D strategy, the resulting phosphopeptides were then 
desalted using the OASIS system (Waters Corporation, Milford, MA) and eluted directly with 
the HILIC loading buffer containing 95% ACN, 2% formic acid and 5 mM ammonium acetate, 
ready for the HILIC fractionation.
HILIC for the enriched phosphopeptides fractionation (for 2D and 3D strategies). The 
fractionation of  the enriched phosphopeptides by HILIC was performed on an “inert” Dionex 
Ultimate LC systems using a vented column setup and operated as reported previously [47].  

Figure 1: Schematic 
overview of  the evalu-
ated 1D, 2D and 
3D phosphoproteome 
strategies. HeLa or 
K562 cells lysates 
were digested into pep-
tides using a double 
digestion with Lys-C/
trypsin. The resulting 
peptides were acidified 
and then desalted us-
ing a Sep-Pak C18 
column. Aliquots were 
prepared for Ti4+-IM-
AC enrichment or for 
the SCX pre-fraction-
ation. A, In the 1D 
strategy, Ti4+-IMAC 
enriched samples were 
subjected to a direct 
2 hours LC-MS 
analysis. B, In the 2D 
strategy, Ti4+-IMAC 
enriched samples were 
first fractionated by 
HILIC. Subsequent-
ly, HILIC fractions 
were subjected to 2 
hour LC-MS analy-
ses. C, In the 3D strategy, SCX was first used to fractionate the digest. The SCX fractions were desalted 
and pooled into three discrete populations based on the expected charge states of  “1+”, ”2+”, and “3+ or 
higher”. Subsequently, these 3 populations were enriched using Ti4+-IMAC. Afterwards, each of  the enriched 
phosphopeptides population was fractionated by HILIC, and the fractions subjected to 2 hour LC-MS analyses. 
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The enriched phosphopeptides from un-fractionated HeLa or K562 digests (for 2D) or from 
SCX fractions  were  loaded on a home-packed HILIC column (ZIC-cHILIC, 100 µm × 20 
mm, 5 µm, 200 Å) at 100% loading buffer (95% ACN, 2% formic acid, and 5 mM ammonium 
acetate).  The analytical HILIC column (ZIC-cHILIC, 75 µm × 200 mm, 5 µm, 200 Å) was in 
line with the HILIC trap column, connected via a T-piece (see the detailed schematic in our 
previous work [47]. The flow rate during loading step was set at 10 µl/min. The flow though 
the trap column was collected during the 10-min loading step and dried in vacuum for further 
RP-LC-MS/MS analysis. Eluting buffer consisted of  0.07% formic acid, containing 5 mM am-
monium acetate. Elution was achieved with a gradient of  0-55% in 40 min at a flow rate of  0.35 
ml/min passively split to 300 nl/min. During HILIC elution, 1-min fractions were collected in 
a 96-well plate, with each well containing 40 µl of  10% formic acid per fractions, from 24 min 
to 38 min and 2-min fractions were taken from both early (20-23 min) and late (39-50 min) 
gradient. Half  of  each of  HILIC fractions was subjected to RP-LC-MS/MS analysis. 
Mass spectrometric analysis. The peptides were subjected to a reversed phase nano-LC-
MS/MS analysis consisting of  an Agilent 1200 series HPLC system (as described before [50]) 
connected to an LTQ-Orbitrap Velos Mass Spectrometer equipped with an electron transfer 
dissociation (ETD) source (ThermoFisher Scientific, Bremen, Germany).  The HPLC sys-
tem was equipped with a 20 mm ReproSil-Pur 120 C18-AQ (Dr. Maisch GmbH, Germany) 
trapping column (home packed; 100 µm, 5 µm) and a 400-mm ReproSil-Pur 120 C18-AQ 
(Dr. Maisch GmbH, Germany) analytical column (home packed; 50 µm, 3 µm). Trapping was 
performed at 5 µl/min in solvent A (0.1 M acetic acid in ddH2O) for 10 min.  Elution was 
performed with a gradient from 10% to 26% (v/v) solvent B (0.1 M acetic acid in 80%/20%: 
ACN/ ddH2O) in 65 min followed by a gradient of  26%–50% (v/v) in 25 min and up to 100% 
in 3 min, 100% for 2 min and finally back to 100% solvent A for 15 min with a total analysis of  
120 min. The flow rate was passively split from 0.6 ml/min to 100 nl/min. During the gradient, 
the column effluent was directly introduced into the ESI source of  the MS.  Nanoelectrospray 
was achieved using a distally coated fused silica emitter (360 µm outer diameter, 20 µm inner 
diameter, 10 µm tip inner diameter; constructed in house) biased to 1.7 kV. The LTQ-Orbitrap 
Velos instrument was operated in the data-dependent mode to automatically switch between 
MS and MS/MS. MS data were acquired with a data-dependent decision tree method as previ-
ously described [51].  Briefly, survey full-scan MS spectra were acquired after accumulation to 
a target value of  5e5 in the linear ion trap from m/z 350 to m/z 1500 in the Orbitrap with a 
resolution of  60,000 at m/z 400. For internal mass calibration, the 445.120025 ion was used 
for lock mass with a target lock mass abundance of  0%. Charge state screening was enabled 
and precursors with unknown charge state or a charge state of  1 were excluded. Dynamic 
exclusion was enabled (exclusion size list 500, exclusion duration 40 s). After the survey scans, 
the ten most intense precursors were subjected to HCD, ETD-IT or ETD-FT fragmentation. 
A programmed data-dependent decision tree determined the choice of  the most appropriate 
technique for a selected precursor [51]. Essentially, doubly charged peptides were subjected 
to HCD fragmentation and more highly charged peptides were fragmented using ETD. The 
normalized collision energy for HCD was set to 40% and the target value was set to 3e4. The 
resulting fragments were detected in the Orbitrap with resolution 7500. Supplemental activa-
tion was enabled for ETD. The ETD reagent target value was set to 2e5 and the reaction time 
to 50 ms. The ten most intense precursor ions were sequentially isolated to a target value of  
5000 and fragmented in the high-pressure linear ion trap collision cell with ETD. The resulting 
fragments were detected in either the LTQ or Orbitrap. 
Data analysis. All MS data were processed with Proteome Discoverer (version 1.3, Thermo 
Scientific) with standardized workflows. In details, peak lists containing HCD and ETD frag-
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mentation were generated with Proteome Discoverer with a signal-to-noise threshold of  3. The 
ETD non-fragment filter was also taken into account as precursor peak removal within a 4 Da, 
charge-reduced precursor removal within a 2 Da, and removal of  known neutral losses from 
charge-reduced precursor within a 2 Da (the maximum neutral loss mass was set to 120 Da). 
All generated peak lists were searched against a Swissprot database (version 56.2, taxonomy 
filter was set to Homo sapiens) using Mascot software (version 2.3.02 Matrix Science, UK). 
The database search was performed with the following parameters: a mass tolerance of  ±50 
ppm for precursor masses; ±0.6 Da for ETD-ion trap fragment ions; ±0.05 Da for HCD and 
ETD-orbi trap fragment ions, allowing two missed cleavages, cysteine carbamidomethylation 
as fixed modification and methionine oxidation, phosphorylation on serine, threonine, and 
tyrosine and protein N-terminal acetylation as variable modifications. The enzyme was speci-
fied as trypsin and the fragment ion type was specified as electrospray ionization FTMS-ECD, 
ETD-TRAP, and ESI-QUAD-TOF for the corresponding mass spectra. A decoy search was 
enabled. The resulting results were filtered for a 1% false discovery rate (FDR) at the PSM 
level utilizing the percolator-based algorithm [52]. In addition, only PSMs with Mascot score 
≥ 20 were accepted. We grouped potential phosphorylation sites into three classes depending 
on their site localization probabilities by phosphoRS, which was developed by Mechtler group 
[53] and is implemented in Proteome Discoverer. In the category with highest confidence in 
localization (class I), the site has a localization probability for the phospho-group of  at least 
0.7. In class II, the localization probability is between 0.7 and 0.3, Class III sites had the lo-
calization probabilities below 0.3. All classified sites were listed in supplementary material. All 
results in terms of  all PSM, phospho-PSMs, unique phosphopeptides, unique phosphorylation 
sites, phosphoproteins, phosphopeptide specificity are summarized in Table 1 and 2 and can be 
found in details within supplementary information. 
Functional annotation. For functional annotation analysis of  phosphoprotein data sets, we 
used the annotation tool PANTHER [54] and Ingenuity Pathway Analysis (IPA) [55]. Canonical 
pathways analyses were performed with p value of  0.05 (Fisher’s exact test). Phosphorylation 
motifs enriched in our phosphoproteome data sets were obtained with the Motif-X algorithm 
at a significance of  p<10-6 [56].To predict which protein kinase phosphorylated the identified 
phosphorylation site, we used the algorithm of  group-based prediction system (GPS)[57]. GPS 
provides an high-throughput approach for prediction of  phosphorylation site-specific kinase. 

3. RESULTS 
3.1 Quality of  enrichment
The major aim of  this study was to develop and evaluate efficient methods to gain further 
depth in the profiling of  cellular phosphoproteomes, whereby we use a relatively new affin-
ity material, a polymer-based Ti4+-IMAC spin tip. First, we evaluated the optimal loading of  
the Ti4+-IMAC spin tips by applying differing amounts of  K562 lysate digests (0.1, 0.25, 0.5 
and 1 mg). We found that the number of  identified phosphopeptides reached a plateau when 
250 µg of  starting material was brought onto the Ti4+-IMAC spin tips, whereby 90% of  the 
~3000 enriched peptides were phosphopeptides. At higher loading amounts the specificity 
became lower. This result convinced us to perform the enrichment steps on sample amount 
corresponding to maximally 250 µg of  digest and to pool together multiple enriched aliquots 
to obtain higher amount of  materials (when necessary).

3.2 Evaluation of  1D, 2D and 3D strategies employing HeLa cells: 2D provides the best 
balance when working with limited materials 
The challenge of  combining multiple dimensions of  chromatography is to create a balance be-
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tween the gain in resolving power versus the time required for the fractions’ analysis, also tak-
ing into account the additional sample loss occurring with any extra separation step. An initial 
thorough evaluation of  the performance of  the 1D (Ti4+-IMAC-RP), 2D (Ti4+-IMAC-HILIC-
RP) and 3D (SCX-Ti4+-IMAC-HILIC-RP) strategies was performed using a HeLa digest (see 
Figure 1 for a schematic workflow). After HeLa cells digestions, we made 250 µg aliquots. For 
the 1D and 2D strategies, we next performed a Ti4+-IMAC based enrichment on a number of  
these aliquots and the enriched peptides were further pooled. First, enriched phosphopeptides 
corresponding to 125 µg of  HeLa digests were analyzed by a single 2-hour RP-LC-MS/MS 
analysis. From this 1D experiment we could already identify 3,726 unique phosphopeptides 
(FDR < 1%) originating from 1,570 phosphoproteins. We achieved a specificity level of  85%, 
and a phosphopeptide identification frequency of  > 1600 per hour MS time (see Table 1).  
We next evaluated our 2D strategy on an equivalent amount of  material. Specifically, enriched 
phosphopeptides were subjected to HILIC fractionation and a total of  20 fractions were col-
lected and analyzed with a 2-hour RP-LC-MS/MS analysis. In this experiment, we identified 
9,066 unique phosphopeptides. The overall phosphopeptide selectivity (80%) was quite similar 
when compared to the 1D strategy (85%); however, due to the longer analysis time, the phos-
phopeptide identification frequency dropped to ~ 160 per hour MS time (see Table 1). To see 
where we gained mostly from the pre-fractionation, we calculated the number of  unique phos-
phopeptides observed in each HILIC fraction and then plotted the results for each fraction as 
a heat map (Figure 2A). We observed a Gaussian distribution where the main phosphopeptide 
fractions were found spanning the middle of  the 20-min separation window (Figure 2A, (col-
umn 2D-125 µg-RP)).  We analyzed the separation power of  the HILIC and discovered that 
most of  phosphopeptides (90%) appeared solely in one of  the HILIC fractions. 
Next, we wanted to investigate if  the sample amount was limiting the outcome of  the 2D sepa-
ration strategy. We repeated the 2D experiment with more input material, corresponding to 500 
µg. This led to an almost double number of  unique identified phosphopeptides, equivalent to 
16,637.  Approximately 86% of  the phosphopeptides identified from the 2D experiment using 
125 µg were also observed in the 500 µg scale experiment (Figure 3B). Such a high overlap sug-
gests a good reproducibility with limited issues related to stochastic sampling.
Afterwards, we evaluated whether dynamic range (and complexity) was playing a restrictive role 
in the effective identification of  phosphopeptides. In fact, when increased the analysis time 
by 20 folds with the 2D approach versus the 1D, we only improved results by a factor of  5. 
Thus, we performed a 3D experiment (Figure 1) on a 500 µg scale using an aliquot of  the same 
HeLa digest. This 3D strategy was based on an initial step of  pre-fractionation, using a well-
established SCX system [27], prior to the 2D approach. Thus, the resulting fractions from SCX 
were first desalted, then subjected to phosphopeptide enrichment using the Ti4+-IMAC spin-
tips system, and finally fractionated by HILIC. Our SCX roughly separates tryptic peptides in 
three categories based on their charge at pH 2.7, namely ‘1+’ (here referred as ‘early pool’), 
‘2+’(referred as ‘ middle pool’), and ‘3+ or higher’ (referred to as the ‘late pool’) [14, 27, 58].  
Each of  these three charge-based pools was treated as an individual population. The three sets 
of  HILIC fractions deriving from the 3 SCX populations (in total 3 x 21 fractions) were ana-
lyzed by 2 hours of  RP-LC-MS/MS. A total of  4,738, 4,167 and 5,018 unique phosphopeptides 
were identified from the early, middle and late pool, respectively (Table 1). Notably, the enrich-
ment selectivity in the three pools showed differences, in which the early pool had the highest 
level of  specificity (96%), the middle and the late pool resulted in lower specificities of  ~70% 
(Table 1). The high specificity observed for the early pool underlies the benefit of  using a dual 
(phospho)enrichment by SCX and Ti4+-IMAC (or any chelation strategy) toward low charge 
phosphopeptides [14]. In fact, the early pool from SCX mainly contains singly phosphorylated 
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peptides. The reason for the 
lower specificity in higher 
charge SCX fractions was 
expected and most likely due 
to higher sample complexity 
and higher difficulty in bind-
ing phosphopeptides with 
multiple basic residues to the 
Ti4+-IMAC spin-tips [14]. 
We further evaluated the ben-
efit of  performing an SCX 
pre-fractionation, followed 
by an additional HILIC frac-
tionation. We calculated again 
the number of  unique phos-
phopeptides observed in 
each HILIC fraction as a heat 
map. We could observed, 
within the HILIC fractions, 
three distinct profiles for the 
three different SCX pools 
(Figure 2A): for the early 
pool, a maximum peptide 
identification was observed 
for fractions 7-10; for the 
middle pool, the maximum 
identification was centered 
around fractions 10-12, while 
for the late pool around frac-
tions 11-13. Finally, when 
merging results of  all three 
pools together, we could 
achieve 11,980 unique phos-

phopeptides with an overall specificity of  81%. The overlap of  identified phosphopeptides 
between the 2D and 3D strategies was 70%. Surprisingly, the cumulative identification in the 
3D strategy was lower than within the 2D strategy (11,980 versus 16,637), at least when using 
the same amount of  material  (Table 1). 
Upon the level of  peptides observed in the 1D, 2D and 3D strategies, it became quite appar-
ent that extending the number of  dimensions could induce sample loss, and compromise the 
analysis. In fact, additional sample handing processes are required to desalt the SCX fractions 
before IMAC enrichment, and the IMAC samples need to be further handled for subsequent 
HILIC fractionation. Unsurprisingly, the total loss was greater for the 3D strategy than the 2D 
strategy, justifying the lower identification (for 3D). 

3.3 Evaluation of  1D, 2D and 3D strategies on K562 cells: 3D provides the highest phos-
phoproteome coverage when sample is not limited
To further pinpoint the strengths/weaknesses of  the 2D and 3D strategy, we chose to evalu-
ate their performance with significantly more sample amount and employing a different cell 

Figure 2. Heat maps displaying the number of  unique phosphopep-
tides detected in each HILIC fraction in 2D or 3D strategies. In gener-
al, a Gaussian distribution was observed with respect to the number of  
peptides versus the fraction number. In the 2D approach, the fractions 
containing most phosphopeptides were observed in the middle of  the 20-
min separation window. In the 3D HeLa experiment, the ‘early’ pool 
had its maximum at ~ fractions 7-10; the ‘middle’ at fractions 10-12 
and ‘late’ at fractions 11-13.  The K562 3D dataset showed similar 
trends, although with higher identification rates. A displays data for the 
HeLa phosphoproteome; B for the K562 phosphoproteome.  
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line, K562. After di-
gestion, the sample 
was analyzed with 1D, 
2D and 3D strategies, 
as described for the 
HeLa cells (Figure 1). 
As a starting point, we 
evaluated how much 
material was required 
employing K562 sam-
ples to generate maxi-
mal results in 1D anal-
yses. We found that the 
amount of  material re-
quired was higher than 
for HeLa; in fact, we 
needed 750 µg, while 
only 125 µg for HeLa. 
A total of  4,104 unique 
phosphopeptides on 
1,763 proteins could be 
identified, with nearly 
100% specificity (Ta-
ble 2), analyzing 750 µg 
of  K562 with the 1D 
strategy. The number 
of  sites obderved for K562 was comparable to that for HeLa. Next, we performed triplicate 
2D experiments, analyzing double amount of  material as for 1D (1.5 mg). Each 2D analysis 
generated ~14,000 unique phosphopeptides and, when combining together, a total of  19,800 
unique phosphopeptides could be identified with 50% overlap among the 3 experiments (Fig-
ure 3C).  We also performed only one time our 2D strategy with an increased amount of  
material corresponding to 3 mg, allowing the identification of  nearly 17,000 unique phospho-
peptides (Table 2). Significantly, up to 70% of  phosphopeptides were identified in common 
between any two 2D experiments, confirming the good reproducibility of  the 2D strategy. 
Although the 3 mg experiment provided a 20% increase over the 1.5 mg experiment, it was not 
a dramatic achievement. The result highlighted that, increasing the sample amount up to 3 mg, 

Table 1. Summary for the HeLa analysis of  all PSMs, Phospho-PSMs, unique identified phosphopeptides, 
unique phosphorylation sites, phosphoproteins,  phosphopeptide specificity, MS analysis time and identifica-
tion efficiency. a represents the total amount of  sample that was subjected to LC-MS/MS analysis. b the total 
amount in the 3D experiment was 500 µg. 

Figure 3: Venn diagrams displaying the overlap of  identified phosphopep-
tides between several 1D, 2D and 3D strategies. A and B display overlaps for 
HeLa experiments employing 1D and 2D strategies. C shows overlaps for trip-
licate analyses with 2D approaches for K562 cells. D shows the overlap between 
the cumulative data of  1.5 mg of  K562 cells in triplicate using 2D strategies 
versus the 3D experiment starting with 3 mg of  K562 lysate.  
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the final LC-MS step was partly saturated and incapable of  handling the high complexity and 
dynamic range within each HILIC fraction. 
To confirm the finding, we analyzed this high amount of  material (3 mg K562 digests) employ-
ing the 3D strategy, since an extra dimension should reduce further sample complexity. In total, 
from 66 LC-MS analyses we identified 9,155, 10,655 and 6,131 unique phosphopeptides from 
the early, middle and late SCX pools, respectively (Table 2). Merging the three SCX data sets, 
we detected in total 22,148 unique phosphopeptides on 4,708 phosphoproteins, corresponding 
to a 32% increase compared to the 2D experiment (22,148 versus 16,722) on the same amount 
of  sample material. In fact, the additional orthogonal SCX step decreased sample complexity 
and increased the phosphoproteome depth, although requiring about three times more LC-MS 
time. Notably, this 3D strategy generated more unique phosphopeptides than the sum of  the 
triplicate 2D strategy, though both experiments used similar levels of  material (3 mg versus 1.5 
mg X 3) and the same LC-MS analysis time. Furthermore, overlapping these two results, we 
found 14,978 unique phosphopeptides identified in common, representing nearly 60% (Figure 
3D). 

3.3 The HeLa and K562 cancer cell phosphoproteomes at a glance
Integrating all data led to a total of  16,740 unique phosphorylation sites on 4,284 phosphopro-
teins for the HeLa cell line and 23,196 unique phosphorylation sites on 5,116 phosphoproteins 
for the K562 cell line (Tables 1 and 2). Over 80% of  the sites were Class I, i.e. unambiguous 
(see data analysis in experimental section for definition). Over 40% of  phosphorylation sites 
in both the HeLa and K562 data sets were previously unreported, based on comparison with 
the PhosphositePlus [59] and the Phospho.ELM database (Phospho.ELM 9.0, Sep 2010) [60]. 
Of  note, we could identify a total of  339 (for HeLa) and 363 (for K562) phosphorylated 
membrane proteins and 276 (for HeLa) and 331 (for K562) phosphorylated protein kinases, 
indicative of  the depth of  our phosphoproteome analysis. To the best of  our knowledge, this 
data constitutes the most comprehensive phosphorylation maps of  HeLa and K562 cell lines 
to date. We assessed the HeLa and K562 phosphoproteome separately in terms of  canonical 
pathways, enriched motifs and dominant (major kinases pathways) kinases involved. Extensive 
studies have shown that the most cellular signaling pathways rely on sequential and coordinated 
phosphorylation of  constituent pathway proteins to relay and propagate the initial signal [5]. 
A canonical pathway analysis was performed by fitting the identified phosphoproteins from 
HeLa or K562 into known pathways using IPA. A total of  257 (for HeLa) and 263 (for K562) 
pathways were identified by Ingenuity in each phosphoproteome data set, respectively. Clearly, 

Table 2: Summary for the K562 analysis of  all PSMs, Phospho-PSMs, unique identified phosphopeptides, 
unique phosphorylation sites, phosphoproteins,  phosphopeptide specificity, MS analysis time and identifica-
tion efficiency. a represents the total amount of  sample that was subjected to LC-MS/MS analysis. b the total 
amount in the 3D experiment was 3 mg. 

Analytical strategy Sample amounta All PSMs Phospho 
PSMs Selectivity No. of unique 

phos-peptides 
No. of unique 

phos-sites 
No. of unique 
phos-proteins 

MS analysis 
time (h) 

Identification efficiency 

sites per hour sites per ug material 

1D 750 μg 5783 5718 99% 4104 3776 1763 2 1888 5 

Triplicate-2D 

1.5 mg-replicate 1 58952 42952 73% 14539 12127 3763 48 253 8 
1.5 mg-replicate 2 44214 39301 89% 14060 11877 3753 48 247 8 
1.5 mg-replicate 3 48532 37846 78% 13178 11041 3609 48 230 7 

2D 3 mg 62724 56499 90% 16722 13963 4132 48 291 5 

3Db 

Early pool 43037 35028 81% 9155 8861 3167 48 185 9 
Middle pool 48570 38172 79% 10655 10093 3511 48 210 10 

Last pool 21999 15404 70% 6131 5347 2408 48 111 5 
Summary of 3D 3 mg 113682 88634 78% 22148 18055 4708 144 125 6 

Summary of 1D, 2D and 3D 10.25 mg 328104 270950 83% 28993 23196 5116 386 60 7 
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phosphoproteins significantly influence a broad range of  cellular pathways within both HeLa 
and K562. The analysis indicated that most of  the phosphoproteins are globally involved in 
common cellular pathways such as the protein ubiquitination pathway and the ERK/MAPK 
signaling pathway. For instance, the highest frequency of  protein phosphorylation was found 
in DNA methylation and transcriptional repression signaling pathways in both HeLa (78%) 
and K562 (83%) cells.
Another example is the ERK/MAPK pathway, which is a key ubiquitous pathway that trans-
duces cellular information on growth, differentiation and carcinogensesis within a cell [61]. 
We found that 77 phosphoproteins (for HeLa) and 92 phosphoproteins (for K562) were con-
nected with the ERK/MAPK pathway. Although the coverage of  canonical signaling pathways 
in HeLa and K562 was quite similar, we did observe the involved proteins with different phos-
phorylation patterns. One prominent expected example is the BCR/ABL fusion gene that has 
constitutive tyrosine kinase activity in K562 cells. A well-known hallmark in the K562 cell line 
is CML (chronic myeloid leukemia) signaling pathway, which is initialized by tyrosine phospho-
rylated BCR/ABL [62]. We mapped 42 phosphoproteins from HeLa and 50 phosphoproteins 
from K562 involved in this pathway, respectively. An illustrative example of  how the current 
dataset and strategies may be used to sample and map the CML signaling pathway is shown in 
Figure 4. 

3.4 Overview of  the identified phosphorylation site in HeLa and K562 cells
The distribution of  serine, threonine and tyrosine phosphorylation sites of  HeLa and K562 
are similar to previous large-scale phosphoproteomic studies [5, 8], i.e. for serine phosphoryla-
tion ~83%, for threonine ~15% and for tyrosine ~2%. We also analyzed the distribution of  
phosphosites per protein (Figure 5A) and found that 60% of  total HeLa phosphoproteins 
and 65% of  total K562 phosphoproteins contain more than one site, in agreement with the 
findings reported on mouse tissue phosphoproteomes [5]. For a global view, we compared all 
identified phosphorylation sites from HeLa and K562. A total of  9,858 phosphorylation sites 
were identified to be in common (Figure 5B). The high overlap may be indicative of  a (more 
than likely) biased approach. A second (less likely) reason is that these technologies are catching 
the majority of  the abundant and most common phosphorylations present in cells.
Motif-X was used to see if  different kinase families are more or less active in the two cell lines 
[56]. We obtained 143 and 154 motifs from HeLa and K562 with high significance (P<10-6), 
respectively. The enriched motifs broadly contained proline-directed, acidic, basic, tyrosine and 
non-typical motifs.

4. CONCLUSIONS
In the last decade, extensive efforts in technology development for MS-based phosphoprot-
eomics have allowed remarkable progress in large-scale phosphoproteomics. However, remain-
ing limitations of  current analytical strategies lie in inefficient separation, low specificity and 
inherent bias of  phosphopeptide enrichment methods, which still hamper optimal profiling of  
cellular protein phosphorylation. In this study, we combined analytical strategies by leverag-
ing the strength of  Ti4+-IMAC and HILIC, as well as SCX, with an aim of  maximal in-depth 
characterization of  the cellular phosphoproteome. For the 1D strategy, we could achieve a high 
specificity (nearly 90%) of  phosphopeptide enrichment without any fractionation, limiting LC-
MS analysis time to 2-3 hours. When applying HILIC to separate the enriched phosphopep-
tides (2D), we could double the number of  phosphopeptide identifications. Importantly, the 
additional HILIC separation shows highly orthogonal characteristic with RP-LC and, thus, 
provides a feasibility of  increasing the coverage of  the phosphoproteome. Besides, our 2D 
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experiment could cover over 80% phosphopeptides detected in the 1D experiment, emphasiz-
ing that there is little bias introduced by HILIC. Here, the superior performance of  the 2D 
strategy can be attributed to a few facts. First, Ti4+-IMAC enrichment enables us to efficiently 
recover all types of  phosphorylated peptides. Second, the low abundant phosphopeptides are 
better separated from the high abundant phosphopeptides by the additional HILIC fractiona-
tion and, therefore, more easily detected by MS. Third, multiple MS analyses could alleviate 
MS under-sampling, which is often present in shotgun proteomics. The 2D strategy proved to 
be the method of  choice when sample material was limited and only showed levels of  satura-
tion when analyzing up to 3 mg. Above this level of  material, dynamic range represented the 
bigger issue and the benefits of  a 3D strategy by SCX-Ti4+-IMAC-HILIC became apparent. 
Considering that the level of  phosphorylation present in a cell may be above 100,000 sites at 
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any given timepoint, we have to conclude that we likely still do not reach comprehensivity. Our 
data, however, reveal strong overlap in-between replicate analysis, indicating that robust phos-
phoproteomics datasets can nowadays be generated.  
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Figure 5. Overview of  the identified phosphorylation sites in HeLa and K562 cells. A, Histogram depicting 
the number of  sites detected per phosphoprotein. B, Global overlap of  identified phosphorylation sites between 
HeLa and K562 experiments. C, Relative contribution of  different kinase subfamilies as predicted by the 
algorithm “group-based prediction system” [57]. 
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ZIC-cHILIC as a fractionation method for 
sensitive and powerful shotgun proteomics
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Abstract
Multidimensional liquid chromatography (LC) combined with mass spectrometry 
(MS) has become a standard technique in proteomics to reduce sample complexity and 
tackle the dynamic range in protein abundance. Fractionation is necessary to obtain a 
comprehensive analysis of  complex biological samples such as tissue and mammalian 
cell lines. However, extensive fractionation comes at the expense of  sample loss, pre-
senting a bottle-neck in the analysis of  limited amounts of  material. In this protocol, 
we describe a two-dimensional chromatographic strategy based on a combination of  
hydrophilic interaction liquid chromatography (HILIC; with a zwitterionic packing 
material, ZIC-cHILIC) and reversed phase (RP) chromatography, which allows prot-
eomic analyses with minimal sample loss. Experimental aspects related to obtaining 
maximum recovery will be discussed, including how to optimally prepare samples for 
this system. Examples involving protein lysates originating from cultured cell lines and 
cells sorted by flow cytometry will be used to show the power, sensitivity and versatility 
of  the technique. Once the ZIC-cHILIC fractionation system has been optimized and 
standardized, this protocol requires approximately 5-6 days, including sample prepara-
tion and fraction analysis.
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1. INTRODUCTION
In the past decade, mass spectrometry-based proteomics has allowed the systematic characteri-
zation of  complex proteomes, thereby becoming an essential tool for biologists and biochem-
ists in their efforts to understand the molecular mechanisms regulating cellular systems.[1, 2] 
Most proteomics research still requires large amounts of  starting material, with several tens 
of  millions of  cells- corresponding to milligrams of  protein- often being used to access low 
abundance components.[3]
However, one of  the ultimate aspirations of  proteomics is the ability to perform single-cell 
single-proteome analyses and to identify all proteins in a particular biological system, such as a 
specific cell type or subcellular components/subfractions.[4-9] Rapid innovations in mass spec-
trometric instrumentation,[10] including improvements in speed and sensitivity, have allowed 
the analysis of  cell populations numbering as low as the thousands.[6, 7, 11]  To achieve such 
a level of  detection, each section of  the proteomics pipeline needs to be optimized. Focus on 
sample preparation [12, 13] and peptide separations[14-20]  are essential and can represent the 
key to success for ultra-sensitive proteomics analyses.[4, 6, 7, 21-23] 
The most common strategy for global proteome screenings involves the use of  two-dimen-
sional separations at the peptide level, where the second separation is predominantly nanoliter-
flow reversed phase (RP) chromatography and the first dimension is one of  many different 
techniques that display an orthogonal mechanism of  separation towards RP, increasing the 
overall resolving power.[24-31] Strong cation exchange (SCX) has proven to be the most domi-
nant player in two-dimensional strategies because of  its good orthogonality and additional 
advantages in the enrichment of  specific post-translational modifications.[25, 32-35] However, 
SCX suffers certain limitations regarding the quality of  separation, in that clusters of  similarly 
charged tryptic peptides co-elute;[36] in addition, the amount of  salt needed for peptide elu-
tion can compromise the second step of  separation, requiring sample clean-up before the final 
LC-MS analysis.
Alternative approaches to SCX-RP are constantly being explored, in particular by varying the 
first stage of  chromatography.[37] HILIC represents such an alternative for SCX, and has 
found widespread use in the analytical field since the pioneering work of  Alpert.[38-40] Several 
different HILIC stationary phases have been used so far,[41] including derivatized silica materi-
als, which can be neutral,[42, 43] ionic,[38, 44, 45] and zwitterionic, such as ZIC-HILIC[46, 47] 
and ZIC-cHILIC.[48]. Although the exact mechanisms of  chromatographic action are differ-
ent,[37] they share common advantages. HILIC separations are ideal for the analysis of  polar 
and highly hydrophilic compounds, and they often require low salt concentration (or volatile 
salts) in the buffers, allowing direct coupling to ESI-MS.[49-51] Moreover, HILIC has been 
shown to have one of  the highest degrees of  orthogonality to RP of  all commonly used pep-
tide separation modes, including SCX, RP at high pH and size exclusion chromatography[36, 
52] and it therefore represents an appealing and excellent alternative as a first dimension in 
two-dimensional strategies.
The application of  HILIC with zwitterionic materials is gaining momentum in the proteomics 
field.[36, 40, 46, 48, 53]  Its successful combination with RP in two-dimensional systems relies 
on their opposite selection for polarity on peptide retention. For example, when compared to 
SCX, zwitterionic HILIC results in less clustering of  similarly charged peptides.[36] Zwitteri-
onic separation materials carry both positive and negative charges on their surface, and separa-
tion using them involves both hydrophilic and electrostatic interactions,[54]. However, the elec-
trostatic interactions are weaker than those associated with ionic exchangers, such as SCX.[55]
One of  the major issues associated with the combination of  HILIC and RP in two-dimen-
sional approaches arises from the incompatibility of  the mobile phases when employing an 
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on-line setup. To overcome this problem, we recently designed an off-line 2D system (ZIC-
cHILIC-RP) in a nanoscale format,[48] which represents a refinement from an earlier setup 
developed in our laboratory.[36] To improve sensitivity and to handle small sample volumes, 
in the new design the column dimensions have been reduced (to 75 µm ID). Furthermore, 
the HILIC eluent is directly collected during the separation and diluted in an acidified water 
solvent, compatible with the second dimension, without further manipulation. As the HILIC 
separation is performed at a flow rate of  nanoliters per minute, the volume necessary to dilute 
the HILIC eluent is on the microliter scale, creating idyllic samples for the consecutive RP-LC-
MS step. This 2D method has shown excellent resolution in both first and second dimension 
with minimal sample loss, and has enabled highly sensitive proteome analyses when compared 
to current methods that often require more input material.[5, 48] The sample preparation and 
experimental setup have been optimized for small-scale proteome analysis, equal to a few thou-
sand cells or a few micrograms of  proteins (1-10 µg), and has been successfully applied to the 
in-depth proteome analysis of  lysates originating from cultured cell lines[48, 54] or sorted stem 
cells extracted from mice intestinal tissue.[5]
In addition, this strategy is compatible with most of  the stable isotopic quantitative methods 
used in modern proteomics, as far as the differentially labeled peptides are undistinguishable 
species during the chromatographic separation.[54, 56] For instance, we have demonstrated[54] 
the applicability of  our two-dimensional HILIC-RP strategy in combination with dimethyl 
labeling for the comparison of  3 samples in parallel.
The protocol describes how to construct a HILIC system for a 2 dimensional analysis of  a 
sample. The protocol includes column packing, LC setup and gradient optimization. The time 
required for an optimal set-up depends on the level of  expertise of  the reader and assumes 
some experience with nanoLC and column packing. Once the HILIC apparatus has been con-
structed, the protocol requires maximally 5-6 days, including the MS analysis, when starting at 
the sample preparation stage. Naturally, the timeline can vary as a function of  the number of  
fractions one wants to analyze and length of  LC-MS gradient that is chosen. 

2. EXPERIMENTAL DESIGN	
During our optimization, we discovered that a few technical hurdles had to be addressed be-
fore HILIC could be efficiently employed in a highly sensitive proteomics workflow. In this 
protocol we report our latest robust set-up for implementing a ZIC-cHILIC chromatographic 
separation in a 2D ZIC-cHILIC-RP strategy.
The following experimental design has been optimized in our laboratory and can be modified 
or adapted according to the sample under study and the user’s need:
1. Each step of  sample preparation prior to the HILIC fractionation, which includes cell lysis, 
protein digestion and sample clean-up, has to be optimized for low microgram-scale amounts 
of  starting material. However, sample preparation can be adjusted for higher amount of  start-
ing material (Supplementary Method 1). When performing the protocol for the first time, it is 
advised to test any single step on a small sample amount (< 10 µg), such as a simple protein 
mixture consisting of  BSA, α- and β-casein. The optimization of  sample preparation is crucial 
to maximizing sample recovery and minimizing sample loss occurring when handling small and 
low-volume samples.
2. The sample desalting and clean up before the HILIC fractionation is essential to remove 
undesirable salts, reagents and buffers that may compromise the separation, thus decreasing 
the resolving power. Peptides must be concentrated in a high-organic content buffer, prefer-
ably the HILIC loading buffer, to enhance the binding efficiency toward the HILIC material.
3. The gradient elution for HILIC fractionation is chosen according to sample complexity and 
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number of  fractions one wants to collect. The goal of  selecting a suitable gradient is to find 
a good compromise in terms of  optimum resolution during the HILIC separation in the first 
dimension, and in terms of  acceptable time invested for the analysis of  all the fractions in the 
second dimension.
4. Before using the off-line setup for sample fractionation, the HILIC separation should be 
monitored in an on-line manner, preferably with an MS read-out, or, alternatively, a UV de-
tector. The on-line screening can be performed using a standard tryptic peptide mixture (for 
instance with a mixture of  BSA, α- and β-casein digests) to easily allow the evaluation of  the 
retention time window appropriate for fractionation. When this step is carefully optimized, it 
gives the advantage of  selecting the right number of  fractions to be analyzed in the subsequent 
second dimension, reducing the MS analysis time.
5. The protocol is illustrated mainly for the qualitative proteome analysis of  small-scale samples 
obtained by cultured cells and from tissue extraction combined with FACS-sorting, but it can 
be adapted or modified for sample coming from different origins, such as cells isolated by laser 
microdissection, subcellular components or subfractions, etc. When a specific sample type is 
analyzed for the first time, it is strongly recommended to test and optimize each step of  the 
sample preparation, in particular lysis, protein extraction, and digestion. The procedure re-
ported here, is, in theory, generally applicable to any source of  sample. However, the volume of  
lysis buffer, reduction and alkylation reagents have to be adjusted according to sample volume/
amount (or size, if  for instance it is a dissected sample). Moreover, the digestion efficiency 
should be evaluated and optimized where attention should be paid to the concentration of  the 
solution and the ratio between enzyme and substrate.
6. The HILIC system has been tested for sample amounts ranging from 1 to 10 µg. However, 
the size of  the trap and analytical columns can be increased to accommodate the need of  ana-
lyzing a higher amount of  sample.
7. The method can also be combined with most of  the quantitative strategies used in proteom-
ics, such as metabolic and chemical labeling. As an optional step, here we report on how to 
implement the dimethyl labeling, which is itself  described in detail in a previous protocol,[57] 
in this two dimensional HILIC-RP pipeline. The dimethyl labeling is introduced at the peptide 
level and can allow the relative quantification and comparison of  3 samples in parallel, without 
compromising the sensitivity of  the analysis. It can be easily performed during the step of  
on-column sample clean-up, solely adding an extra step to the qualitative ‘standard’ protocol. 
When considering quantitative experiments, keep in mind the variation observed at the bio-
logical level is higher than the variation observed at the stable isotope labeling and proteomics 
analysis level (i.e. biological replicates are far more important than technical replicates).
8. The RP-LC-MS set-up description is omitted in this protocol. However, the procedure re-
lated to column packing is applicable also for RP trap and analytical columns, and the vented 
column design has been extensively described in previous work.[58, 59]

3. MATERIALS
REAGENTS
* ZIC-cHILIC, Zwitterionic Bonded Phase on Silica 5 µm, 200 Å (Merck SeQuant, cat. no. 
2612-000)
* Fused silica with 75 µm ID and 360 µm OD (Polymicro, cat. no. TSP075375)
* Fused silica with 100 µm ID 360 µm OD (Polymicro, cat. no. TSP100375) 
* Formamide, (Merck, cat. no. 104008)
* Kasil potassium silicate solution (PQ Europe, cat. no. 1624)
* Acetone (Merck cat. no. 100014)
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* Ethanol 96% (Anthonides, cat. no. I-A5.102.46A)
* Acetic acid (Merck, cat. no. 1.00063)
* Acetonitrile (ACN) (Biosolve, cat. no. 012007)
* Ammonium acetate (Sigma-Aldrich, cat. no. A1542) 
* Formic acid (Fluka, cat. no. 94318)
* High purity water obtained from a Milli-Q purification system (Millipore)
* Urea (Merck, cat. no. 66612)
* Ammonium bicarbonate (NH4HCO3; Fluka, cat. no. 09830)
* Complete Mini EDTA-free cocktail (Roche, cat. no. 11.836.170.001)
* PhosphoSTOP Phosphatase Inhibitor cocktail (Roche, cat. no. 04.906.845.001)
* DL-dithothreitol (DTT) (Sigma-Aldrich, cat. no. 43815)
* Iodoacetamide (IAA) (Sigma-Aldrich, cat. no. I6125)
* Trypsin (Promega, cat. no. V528A)
* Lysyl endopeptidase (Lys-C) MS grade (Wako Chemicals, cat. no. 129-02541)
* HeLa cell pellet (Cil Biotech, cat. no. cc-01-10-50)
* Bovine serum albumin (BSA; Sigma-Aldrich, cat. no. A2153)
* Alpha-casein (Sigma-Aldrich, cat. no. C6780)
* Beta-casein (Sigma-Aldrich, cat. no. C6905)

Optional reagents for dimethyl labeling:
* Formaldehyde (CH2O) (37% (vol/vol), Sigma, cat. no. 252549)
* Formaldehyde (CD2O) (20%, 98% D, Isotec, cat. no. 492620)
* Formaldehyde (13CD2O) (20%, 99% 13C, 98% D, Isotec, cat. no. 596388)
! CAUTION Formaldehyde solutions and formaldehyde vapors are toxic; prepare solutions in 
a fume hood.
* Sodium cyanoborohydride (NaBH3CN) (Fluka, cat. no. 71435)
* Sodium cyanoborodeuteride (NaBD3CN) (96% D, Isotec, cat. no. 190020)
* Sodium dihydrogen phosphate (NaH2PO4) (Merck, cat. no. 1.06346)
* Di-sodium hydrogen phosphate (Na2HPO4) (Merck, cat. no. 1.06580)
Oasis C18 solvents
* Conditioning solvent: 100% acetonitrile.
* Equilibrating/washing solvent: 10% (vol/vol) formic acid in water.
* Eluting solvent: ZIC-cHILIC solvent A (see below).
HPLC solvents
* ZIC-cHILIC: solvent A, 95% (vol/vol) acetonitrile, 2% (vol/vol) formic acid and 5 mM am-
monium acetate; solvent B, 0.07% (vol/vol) formic acid and 5 mM ammonium acetate; final 
pH is 3.5 for both solvents.
* RP: solvent A, 0.6% (vol/vol) acetic acid, pH 2.9; solvent B, 0.6% (vol/vol) acetic acid and 
80% (vol/vol) ACN, pH 3.5.

4. EQUIPMENT
* Silica cutter (CRS)
* Oven, 100°C (Tamson)
* Magnetic stirrer (Ikamag)
* Pressure bomb	
* Tank of  compressed Helium
* Microscope (Cole Farmer, 1477.53.031)
* TFE Teflon tubing 0.3 mm (Sigma, cat. no. 58698-U)
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* Eppendorf  Centrifuge 5417R (Eppendorf)
* LTQ Orbitrap mass spectrometer (Thermo Fisher) and/or OrbitrapVelos  (Thermo) 
* NanoHPLC system (Dionex ‘Ultimate’)
* NanoHPLC system (1100 Agilent)
* Milli-Q purification system (Millipore)
* Oasis Vac tC18 3cc cartridges (Waters Corporation)
* Visiprep DL Vacuum manifold system (Supelco)
* Flow control valve liners for the Visiprep-DL (Supelco)
* Vacuum centrifuge (Thermo Scientific)
* Vortex mixer (VWR)
* Vacuum manifold (Waters Corporation)
* Oasis HLB µElution plate 30 µm (Waters Corporation, cat. no. 186001828BA)
* Low-binding Eppendorf  tubes (Eppendorf, cat. no. 0030.108.116)
* PicoTip emitter Silica tip (New Objective, cat. no.  FS360-20-10)

5. REAGENT SETUP
Lysis buffer
The lysis buffer is prepared in 50 mM NH4HCO3(40 mg/10 mL). For 10 mL, the lysis buffer 
contains: 4.8 g urea (for a final concentration of  8M); 1 tablet of  Complete Mini EDTA-free 
cocktail; 1 tablet of  phosphoSTOP Phosphatase Inhibitor cocktail. Δ CRITICAL It is recommended 
to first dissolve urea with a lower volume of  NH4HCO3 solution (i.e. 7 mL), and then to bring 
it to a final volume of  10 mL. Δ CRITICAL It is strongly suggested to prepare all the reagents 
fresh and to add the two tablets just before use. Keep the lysis buffer on ice.
Protein reduction and alkylation reagents
Prepare 25 mM DTT (3.8 mg/mL) and 50 mM IAA (9.2 mg/mL), both in 50 mM NH4HCO3.
Δ CRITICAL It is recommended to prepare these reagents just before use.
Standard peptide mixture
A standard peptide mixture consisting of  combined protein digests of  bovine serum albumin 
(BSA), α- and β-casein is prepared. Each protein is digested separately and subsequently mixed 
in a 1:1:1 ratio. Per protein, a 5 µg/µL of  solution is prepared in water. Per 10 µL of  solution, 
add 2 µL of  25 mM DDT and incubate at 30 °C for 40 min. Subsequently, add 4 µL of  50 mM 
IAA and incubate at room temperature (20-22 °C) in the dark for 30 min. Then, add another 
aliquot of  2 µL of  25 mM DDT, and incubate at 30 °C for 40 min. The mixture is diluted 5 
times with 50 mM ammonium bicarbonate, and 1 µg of  trypsin is added for overnight diges-
tion at 37 °C. The digest is stored at -20 °C and thaw before use. The sample is diluted in 
HILIC solvent A prior to injection.
Optional for quantitative strategy: on-column dimethyl labeling reagents
* Per sample/label: 900 µl of  50 mM sodium phosphate buffer pH 7.5 (prepared by mixing 
200 µl of  50 mM NaH2PO4 with 700 µl of  50 mM Na2HPO4) is mixed with 50 µl of  4% (vol/
vol) formaldehyde in water (CH2O, CD2O or 13CD2O) and 50 µl of  0.6 M cyanoborohydride in 
water (NaBH3CN or NaBD3CN).
Δ CRITICAL It is recommended to prepare these reagents just before use and keep them on 
ice. See previous protocol for details.[57]
* For the correct isotope combinations of  formaldehyde and cyanoborohydride, follow this 
scheme: Light label CH2O combined with NaBH3CN 

Intermediate label CD2O combined with NaBH3CN 
Heavy label 13CD2O combined with NaBD3CN 
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Δ CRITICAL Labeling reagent mixtures should be kept at 4 °C and not stored longer than 24h 
to ensure labeling efficiency.

6. EQUIPMENT SETUP
On-line ZIC-cHILIC-MS system.
The on-line ZIC-cHILIC-MS is performed on a HPLC system directly coupled to an MS. Our 
setup employs a Dionex “Ultimate” LC system, where the column effluent is introduced into 
the ESI source of  an LTQ-Orbitrap (or other) mass spectrometer via a distally coated fused 
silica emitter biased to 2.2 kV. The voltage is applied directly to the metal coated tip using the 
standard Thermo nanospray source. The HPLC is equipped with a 100 µm × 20 mm, 5 µm, 
200 Å, ZIC-cHILIC trap column, and a ZIC-cHILIC 75 µm × 200 mm, 5 µm, 200 Å, analytical 
column, according to a vented column setup, as shown in Figure 1. 
The trap column is employed for rapid loading and concentration of  the sample. When the 
system is designed without trap column, the sample loading might require longer time, thus 
pre-concentration of  the sample is needed. All columns are packed in-house (see details in the 
procedure). The trap column is designed with a double frit (Figure 2). The regular frit at the 
front end of  the column allows for the column packing; the second frit at the back side of  the 
column prevents back-flushing of  the packed material during large pressure changes or unfore-
seen pressure shocks (e.g. system depressurizing). The analytical column has a single frit since 
it is less likely to unpack. The tubing connections from the LC pump to the column system are 
constructed with 100 µm fused silica capillary. The six-port valve is used as a switching valve to 
control both the flow direction and the on/off  switching of  the flow restrictor. 
Trapping is performed at 100% solvent A with an unsplit flow rate of  10 µL min-1 for 10 min 
or more, depending on the sample injection volume. During the trapping, the flow restrictor 
is shut off  by a plug, while the high-flow restriction of  the analytical column is used to direct 
the flow to the waste outlet (a fused silica capillary of  200 µm × 300 cm which possesses no 
resistance to the applied flow rate). Hence, there is no flow through the analytical column in 
this valve position (defined in Figure 1 as trap mode). During the analytical separation, a linear 
gradient of  solvent B passes through both trap and analytical columns. This is achieved by 
switching the valve to open the flow restrictor and close the waste outlet (defined in Figure 1 
as analysis mode), and increasing the pump flow rate at the predetermined value of  0.30 mL 
min-1, passively split via the restrictor to nanoliters per minute flow rates. The actual column 
flow rate depends on several parameters, including the resistance offered by the restrictor and 
the column backpressure, which relates to the packing material size, the column length and 
inner diameter of  the capillary. With our current column setup and with a restrictor capillary 
of  50 µm × 350 cm, the column flow is expected to be ~300 nl min-1 at 100% solvent A (see 
Table 1 for more details).

Valve position 
Pump flow 

rate µL min-1 
Restrictor 

Column flow 
rate 

Solvent  
Expected pressure 

(bar) 

Trap mode 10 closed 10 µL min-1 100 % A ~ 40-50 

Analysis mode 

100 open ~ 100 nL min-1 100 % A ~ 20 

200 open ~ 200 nL min-1 100 % A ~ 35-40 

300 open ~ 300 nL min-1 100 % A ~ 55-60 

300 open ~ 250 nL min-1 50% A ~ 105-115 

Table 1: Expected pressure value at the specified solvent composition and flow rate.
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Off-line ZIC-cHILIC-RP system: 
fractionation. In the offline ZIC-
cHILIC-RP-MS, the first dimensional 
fractionation is performed using the 
settings described above, but the col-
umn output is not connected with the 
ESI-MS. During the ZIC-cHILIC elu-
tion, the column effluent is directly 
collected as 1-min or 2-min fractions 
(depending on the gradient used and 
the number of  fractions one wants to 
obtain) in a 96-well plate, with each 
well containing 40 µL of  10% for-
mic acid per fraction. The operator 
can choose the amount and volume 
appropriate for subsequent nanoLC-
RP-MS analysis, although we recom-
mend approximately half  the volume 
(20 µL). 
Off-line ZIC-cHILIC-RP-MS sys-
tem: analysis of  fractions. For the 
fractions analysis most of  the reversed 
phase nanoLC-MS configurations can 
be used. It is preferable to employ a 
system that contains a trap column so 
as to accommodate the sample vol-
umes generated by the HILIC frac-
tionation. In our case an Agilent 1100 
HPLC system is connected to a mass 
spectrometer and is equipped with a 
100 µm × 20 mm C18 trapping col-
umn and a 50 µm × 400 mm C18 ana-
lytical column, using a vented column 
configuration. Trapping is performed 
at 5 µL min-1 for 10 min with RP sol-
vent A; whereas gradient elution is 
performed at a column flow rate of  
~100 nl min-1 (see schematic in Figure 
3). Further details for MS analysis can 
be found in our previous work.[48, 60] 

7. PROCEDURE
Packing the HILIC nanoLC col-
umns	           О TIMING ~ 7-8 h
1 |  Porous ceramic frits for the 
trap and analytical columns (steps 
1-5)  Create a 20 cm-fused silica cap-
illary with a 100 µm ID for the trap 

Trap

Waste

Analytical 

Binary
Pump

Injection
Valve

Plug

Analytical          75 µm ID, 20 cm
Trap          100 µm ID, 2-3 cm

Waste
Restrictor

Plug

Binary
Pump

Injection
Valve

Waste

Trap mode

Analysis mode

Restrictor
Waste

Restrictor          50 µm ID, 35 cm
Waste           200 µm ID, 30 cm

Trap Analytical 

Voltage
2.2 kV

Pump �ow
10 µL / min

Pump �ow
300 µL / min

Column �ow
~300 nL / min

Voltage
2.2 kV

Figure 1: Schematic representation of  the nanoflow ZIC-
cHILIC system. Valve positions are given for the loading 
step (trap mode) and analytical separation (analysis mode). 
At the moment of  sample loading, the flow rate is 10 µL 
min-1 through the trap column only. During this step, no flow 
passes through the analytical column. After 10 min, the valve 
is switched to analysis mode, allowing the flow to pass through 
both trap and analytical column. The pump flow rate is 300 
µL min-1, passively split via the restrictor to ~300 nL min-1. 
At this stage the ESI-MS spectra are acquired. 

0.5 cm

�ow direction

d

a empty
fused silica

c single-frit
column

b frit

double-frit
column

0.5 cm2 cm1 cm

Figure 2: Schematic representation of  the fused silica capil-
laries during different steps of  the packing procedure. The 
procedure starts with an empty fused silica (a), a silica with 
frit (b), a single-frit column (c), and, at the end, a double-frit 
column (d).
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column and a 50 cm-fused silica capillary with a 75 µm ID for the analytical column.
2 |  Prepare the frit solution in a glass vial by mixing 300 µL of  potassium silicate and 100 µL 
of  formamide. Vortex immediately upon the addition of  formamide.[61] The amount of  rea-
gents can be adjusted as long as the final ratio of  potassium silicate/formamide is 3:1.
3 |  Dip one extremity of  the 75 and 100 µm ID fused silica capillaries into the glass vial for a 
few seconds (2-3 sec).
Δ CRITICAL STEP  Check that the frit mixture has entered the fused silica capillaries, reach-
ing a height of  1-2 cm.
4 |  Place the tubing into an appropriate vessel and place in a pre-heated oven, which is at 
100°C, for one hour in order for the frit solution to polymerize.
5 |  Clean the outside of  the frit-containing silica capillaries with EtOH.

6 |  Trap column with double frit (step 6-28) Cut the frit-ending of  the 100 µm silica with 
a high-precision silica cutter to obtain a frit of  5 mm (see Figure 2, b)
Δ CRITICAL STEP  Perform this operation under a source of  light or using a microscope.
7 |  Place a glass vial containing 1 mL of  acetone into the pressure bomb.
8 |  Insert the silica, with the frit inside the glass vial, through the high-pressure vessel until 
almost reaching the bottom of  the vial.
9 |  Connect the pressure bomb to the compressed helium tank and set the pressure to 50 bar.
! CAUTION Wear protective glasses.
Δ CRITICAL STEP  Check that there is flow through the silica.
10 |  Rinse the capillary for 2 min with acetone and switch off  the bomb.
11 |  Prepare the ZIC-cHILIC slurry putting a mini spoon (corresponding to approximately 
1 mg) of  the material into a glass vial and adding 2 mL of  fresh acetone and a mini magnetic 
stirrer. 
12 |  Place the vial with slurry in the pressure bomb and switch on the magnetic stirrer.
13 |  Insert the silica, with the open-end (without the frit) facing the glass vial, through the 
high-pressure vessel until almost reaching the bottom of  the vial.
14 |  Connect the bomb to compressed helium and set the pressure to 50 bar.
15 |  Fill the 100 µm silica with ~2 cm of  ZIC-cHILIC slurry (see Figure 2, c)
16 |  Release the pressure slowly to avoid back-flow of  the slurry.
17 |  Prepare a fresh 1 mL of  acetone in a glass vial and place it in the pressure bomb.
18 |  Rinse the packed capillary (trap column) with 1 mL of  acetone.
19 |  Turn off  the pressure when the acetone vial is dried and remove the column from the 

sample/
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Figure 3: Schematic design of  a two-di-
mensional HILIC-RP approach, adapt-
ed from Di Palma et al.[5] The sample is 
first concentrated on a ZIC-cHILIC trap 
column and afterwards separated at nano-
liter flow rates in the analytical column. 
One-minute fractions are directly collected 
in a 96-well plate already containing an 
acidified aqueous solvent. Subsequently, 
the fractions are directly analyzed by RP-
LC-MS with a RP trap column for sam-
ple desalting and enrichment, followed by 
the separation and MS detection.
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bomb.
Δ CRITICAL STEP  Use a microscope to check if  the column is properly packed, without any 
gaps between the frit and the material.
? TROUBLESHOOTING
20 |  Dry the column with air.
21 |  Cut the column at the open-end at 2 cm away from the packed material.
22 |  Prepare a fresh frit solution in a glass vial, as reported in the step above.
23 |  Dip the open-end of  the column in the frit solution for 1-2 seconds.
Δ CRITICAL STEP  This step should be performed under a source of  light at an angle that 
allows the operator to monitor the frit solution migrating through the capillary for less than 1 
cm, without reaching the ZIC-cHILIC material.
24 |  Place the trap into the oven at 100°C for one hour to let the frit polymerize.
25 |  Clean the outside of  the silica column with EtOH
26 |  Cut the second frit of  the column at a height of  approximately 5 mm (see Figure 2,d)
Δ CRITICAL STEP  Perform this operation under a source of  light or using a microscope.
27 |  Check the ability of  the second frit to prevent back-flush. This operation can be per-
formed connecting the trap column (at the end of  the second frit) with an empty fused silica 
(100 µm ID x 20 cm) via a 2 cm-Teflon tubing. Afterwards, the 20 cm-fused silica is flushed 
with 50% ACN/H2O via the pressure bomb at 50 bar. When quickly releasing the pressure, the 
packing material should not back-flush through the empty fused silica.
! CAUTION Wear protective glasses.
Δ CRITICAL STEP  Do not reverse the flow direction to avoid unpacking of  the material.
Δ CRITICAL STEP  If  the resistance offered by the second frit is too high, and no solvent 
passes through the column when flushing it, the length of  the second frit can be shortened to 
less than 5 mm.
28 |  Label the trap-column indicating the direction of  the flow toward the first frit.

29 |  Analytical column (step 29-35) Cut the frit-ending of  the 75 µm silica with a high-
precision silica cutter to obtain a length of  5 mm.
30 |  Repeat steps 7-13 (as described for the trap column).
31 |  Connect the bomb to compressed helium and set the pressure to 50 bar.
32 |  Fill the 75 µm silica with approximately 20 cm of  ZIC-cHILIC slurry. 
33 |  Repeat steps 16-19 (as described for the trap column).
Δ CRITICAL STEP  Use a microscope or a source of  light to check if  the column is properly 
packed, without any gaps between the frit and the material (see Figure 4a to visualize the ap-
paratus employed during the column packing; and Figure 4b to monitor how the column looks 
while packing)
? TROUBLESHOOTING
34 |  Cut the column at the open-end at 1 cm away from the packed material.
35 |  Label the analytical column indicating the direction of  the flow toward the frit.

ZIC-cHILIC-LC design					     О TIMING ~ 2-3 weeks
36 |  On-line HILIC setup (step 36-44) Connect the trap column to the fused capillary 
coming from the LC pump and the flow restrictor via the first T-piece (see Figure 1 and 4c).
Δ CRITICAL STEP  The trap has to be connected to obtain a flow direction towards the first 
frit.
37 |  Flush the trap with 100% HILIC solvent A in analysis mode at 100 µL min-1 for 15 min 
and then increase the pump flow rate to 300 µL min-1 for 15 min.
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Δ CRITICAL STEP  Before increasing the pump flow rate to 300 µL min-1, monitor if  the 
pressure is at the expected value of  ~20 bar when flushing the trap with 100 µL min-1 (see 
Table 1). If  the pressure is higher than expected, try to shorten the length of  the flow restrictor 
to decrease the flow through the trap column.
? TROUBLESHOOTING
38 |  Decrease the flow rate to 10 µL min-1 and, after 1 sec, switch the valve to trap mode 
(blocking of  restrictor line).
Δ CRITICAL STEP  Check if  the pressure stabilizes, after 3-4 min, at ~40-50 bar (see Table 1).
? TROUBLESHOOTING
39 |  Connect the analytical column to the trap column and the waste line via the second T-
piece (see Figure 1 and 4c).
40 |  Switch the valve to analysis mode (restrictor line open).
41 |  Initially, apply a flow rate of  100 µL min-1 for 15 min and, then, increase the flow rate to 
300 µL min-1 for 15 min.
Δ CRITICAL STEP  Check if  the pressure is as expected at both flow rate values, as reported 
in Table 1.
? TROUBLESHOOTING
42 |  Monitor the flow rate through the analytical column at 300 µL min-1.
Δ CRITICAL STEP  The column flow rate can be measured via a 0.3 mm ID Teflon sleeve 
butt-connected to the end of  the analytical column. Checking the distance that the flow needs 
to travel through the Teflon sleeve in one minute, it is possible to calculate the column flow. If  
the distance is between 4-5 mm, the flow through the column is ~300 nl min-1.
43 |  Connect the column output to a coated silica emitter via the Teflon tube, and into the 
ESI-MS (see Figure 4d).
44 |  Set the capillary voltage at 2.2 kV and monitor the electrospray and MS signal.
Δ CRITICAL STEP  The capillary voltage can be adjusted in order to obtain a stable electro-
spray. Usually, for flow rates of  200-300 nl min-1, an ideal voltage is between 1.7 and 2.2 kV.
? TROUBLESHOOTING
45 |  Gradient optimization (step 45-47) Set up different gradients, as reported in Table 2 

for 45-, 60- and 75-minute analysis runs, or choose a more appropriate gradient, according to 
your need.
46 |  Test the gradients injecting into the on-line HILIC setup a standard peptide mixtures 
consisting of  BSA, α- and β-casein digests. See Reagent Setup for preparation. 
Δ CRITICAL STEP  It is recommended to inject first a small amount of  peptide mixture (~ 
1 picomole) to avoid column overloading. After checking the chromatogram and MS signal 
(TIC), the sample concentration can be increased according to the observed results. Sample 
volume depends on the available sample loop. We suggest to employ a loop of  20-25 µL. 
? TROUBLESHOOTING

Analysis 
time (min) 

Trapping 
condition 

Analysis flow 
rate 

Gradient Equilibration 

45 10 min 
0% B 

10 µl min-1 
300 µl min-1 

10-62% B in 16 min, 62-70% in 5 min, 70% for 2 min 10 min 
0% B 

300 µl min-1 
60 10-55% B in 31 min, 55-70% in 5 min, 70% for 2 min 

75 10-45% B in 46 min, 45-70% in 5 min, 70% for 2 min 

Table 2: Gradients of  45, 60 and 75 minutes used for fractionation by HILIC
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47 |  Monitor the chromatographic separation, in terms of  resolution (peak width at FWHM), 
retention time and the MS signal. 
Δ CRITICAL STEP  If  the observed peaks are broad (FWHM > 1 minute), the separation 
can be optimized by testing more/less shallow gradients and increased/decreased flow rates 
to improve the resolution (narrower peaks) and to change the elution window. Be aware that 
each LC system can have different lag time between the pump gradient and the actual column 
gradient, which can cause shifts in the elution profile.
? TROUBLESHOOTING

Sample preparation					     О TIMING ~ 2 days
48 |  Cell lysis Lyse the cells as described in options A, B and C respectively for cultured cells, 
FACS-sorted cells and other sources of  cells. See Supplementary Method 1 for an alternative 
sample preparation approach that would be appropriate for larger amounts/volumes of  start-
ing material. 
A. For cultured cells (1-10 µg or ~10,000-100,000 cells of  expected starting material); 
(i)	 Resuspend the cells  with at least 20 µL of  lysis buffer and vortex for 10 min at 4 °C
B. For FACS sorted cells (10,000-100,000 cells)
(i)	 Resuspend the sorted cells in at least 20 µL of  lysis buffer and vortex for 10 min at 4 
°C
Δ CRITICAL STEP  If  the sorting procedure is optimized to obtain the sorted cells in a vol-
ume below 50 µL, it is recommended to lyse the cells soon after the sorting procedure. In this 

analytical

Frit

HILIC 
material

a

trap

b c

d

Figure 4: Experimental setups including a) column packing employing a vessel connected with the pressure 
bomb and a microscope for monitoring the packing efficiency; b) column during the packing procedure where the 
frit (between two top  arrows) and the packed material (between two bottom arrows) are visible under a source of  
light; c) vented column setup connected to the LC system; d) analytical column output connected to the ESI-MS 
source for on-line HILIC configuration.
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case, we suggest to add urea or a concentrated urea solution directly to the sorted cells in order 
to obtain a urea final concentration between 6M and 8M.
Δ CRITICAL STEP  If  the cells are sorted in a volume higher than 50 µL, the sample can be 
dried  down and resuspended in 20 µL of  lysis buffer. 
C. For other sources of  sample corresponding to <10 µg of  starting material
(i)	 If  the samples have a different origin (distinct cellular population isolated by laser 
microdissection, subcellular components, embryos, etc.), add enough lysis buffer to cover the 
pellet, starting with 20 µL, and vortex for 10 min at 4 °C. 
Δ CRITICAL STEP  It is suggested not to sonicate the sample, independent from its origin. 
Sample recovery might be lower.

49 |  Protein reduction and alkylation (step 49-54) Per 20 µL of  solution, add 2 µL of  DTT 
from 25 mM stock to obtain a final concentration of  approximately 2 mM.
50 |  Vortex, spin down and incubate for 40 min at 30 °C or at room temperature (20-22 °C) 
for 1h with gentle agitation
51 |  Add to the solution 2 µL of  IAA from 50 mM stock to obtain a final concentration of  
4 mM. 
52 |  Vortex, spin down and incubate for 30 min in the dark at room temperature
53 |  Add to the solution 2 µL of  DTT from 25 mM stock to obtain a final concentration of  
4 mM together with the previous amount 
Δ CRITICAL STEP  This step is recommended to reduce over-alkylation
54 |  Vortex, spin down and incubate at room temperature for 1h with gentle agitation.

55 |  Enzymatic digestion (step 55-58) Add Lys-C endopeptidase from a diluted stock (e.g. 
0.01 µg/uL) at an enzyme/protein ratio 1:50 to 1:100 (suggested volume 2-10 µL) and incubate 
for 4 hr at 37° C. 
Δ CRITICAL STEP  This step is recommended to improve the efficiency of  the digestion. 
Lys-C operates successfully at high concentration of  urea converting insoluble proteins into 
soluble peptides, which are more easily accessible to trypsin.
56 |  Dilute the solution at least 5 times with 50 mM NH4HCO3 (pH 7.8), to obtain a urea 
concentration below 2M.
57 |  Add trypsin at an enzyme/substrate ratio of  1:50 to 1:100 from a diluted stock (e.g. 0.01 
µg/uL) (suggested volume 2-10 µL) and incubate overnight at 37° C. An excess of  enzyme 
usually does not represent an issue and the steps with Lys-C and/or trypsin can be repeated, 
when a ratio 1:100 is used to increase the efficiency of  the digestion.
58 |  Quench the trypsin digestion by acidifying the solution with formic acid to a final con-
centration of  1-5% to obtain a final sample volume between 100 and 200 µL
Δ CRITICAL STEP  Do not add directly 100% formic acid but preferably use a solution di-
luted in water (e.g. 40-50 %)

59 |  OASIS sample clean-up - and optional dimethyl labeling (steps 59-69) Condition 
one column of  the OASIS cartridge with 200 µL of  ACN.
60 |  Equilibrate with 200 µL of  10% formic acid (FA) twice.
61 |  Load the tryptic peptide digest.
62 |  Wash with 200 µL of  10% FA twice.
63 |  Optional step for dimethyl labeling (steps 63-64) Flush each of  the OASIS columns 
(maximally three columns containing the three samples to be differentially labeled) five times 
with 200 µL of  the respective labeling reagent (light, intermediate or heavy).
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64 |  Wash with 200 µL of  10% formic acid (FA) twice to remove the excess of  labeling rea-
gents.
65 |  Elute the tryptic peptides (after step 62) or the labeled tryptic peptides (after step 64) 
according to the steps 66-67.
66 |  Elute with 25 µL of  HILIC solvent A (this volume can be increased if  the HILIC system 
is designed to allow the injection of  a higher sample volume)
Δ CRITICAL STEP  Collect the 1st eluate in one low-binding Eppendorf  tube and store it in 
the refrigerator at 4 °C.
67 |  Elute a second time with 100 µL of  HILIC solvent A and dry down the eluate.
Δ CRITICAL STEP  Collect the 2nd eluate in another low-binding Eppendorf  tube and dry it 
for 10-15 min by vacuum centrifugation 
Δ CRITICAL STEP  Due to the high amount of  organic solvent in which the eluate is dis-
solved, the sample can be dried relatively quickly. Monitor the speed of  the drying process. It is 
preferable to reduce the sample to maximally 1-2 µL and to avoid complete dryness.
68 |  Reconstitute the second eluate with the 25 µL of  the 1st eluate, vortex and spin down.
69 |  Optional for dimethyl labeled samples Mix the 3 differentially labeled samples at a 1:1:1 
ratio and bring to the desirable final volume for the HILIC injection by vacuum centrifugation.

Two dimensional ZIC-cHILIC-RP-MS			   О TIMING ~ 3 days
! CAUTION: Wear protective glasses.
70 |  First dimension separation: Condition column prior to HILIC fractionation (steps 
70-72) Before the fractionation, condition the LC system, including the HILIC columns. Start 
by equilibrating both the trap and analytical column with 100% solvent A for 10-15 min at 300 
µL min-1 with the switching valve in analysis mode (flow restrictor open).
Δ CRITICAL STEP  Monitor the pressure. After full equilibration, it should be in the range 
50-60 bar, as reported in Table 1.
? TROUBLESHOOTING
71 |  Decrease the pump flow rate to 10 µL min-1 and, after one second, set the switching valve 
in trap mode (flow restrictor closed).
Δ CRITICAL STEP  The pump flow rate has to be set to the actual loading flow rate just 
before starting the analysis to keep both columns fully equilibrated and to ensure a correct 
pressure value during the injection and loading of  the sample.
? TROUBLESHOOTING
Δ CRITICAL STEP  An expected pressure value in trapping mode is 40-50 bar, as reported in 
Table 1. This value can fluctuate depending on the column length and backpressure offered by 
the packing material and double frit. It is suggested to adjust the flow rate between 5 and 20 µL 
to obtain a pressure value below 100 bar.
? TROUBLESHOOTING
72 |  From a 96-well plate, inject a standard sample into the ZIC-cHILIC–MS configuration in 
order to compare the acquired chromatogram with your standard reference.
Δ CRITICAL STEP   It is recommended to run a standard peptide mixture, prior to the sample 
analysis, choosing the gradient and settings that will be employed with the real sample to moni-
tor the system equilibration, chromatographic separation, and elution window.
? TROUBLESHOOTING
73 |  First dimension separation: HILIC fractionation (steps 73-78) Place the sample (25 
µL) in a 96-well plate.
74 |  Inject it onto the off-line ZIC-cHILIC-LC system for sample fractionation. See EQUIP-
MENT SETUP for details about LC configuration and settings.
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75 |  Collect the flow through (FT) of  the trapping column via the waste line in an Eppendorf  
tube during the loading step (10 min).
76 |  Dry down the FT by vacuum centrifugation.
77 |  Fill 18-26 wells of  a 96-well plate with 40 µL of  10% F.A, according to the chosen gradi-
ent time, and keep the plate in a cooled autosampler in order to prevent evaporation
78 |  Collect one-minute (or two-minute fractions) into subsequent wells, following the frac-
tionation scheme timeline reported in Table 3 for analysis runs of  45, 60 and 75 minutes.

79 |  Second dimension separation: fractions’ analysis by RP-MS (steps 79-81) Recon-
stitute the FT in 40 µL of  10% F.A.
80 |  Analyze the fractions and FT directly by RP-LC-MS/MS injecting half  volume (20 µL). 
81 |  Store the second half  at -80 °C for an optional re-analysis.

Data Searching 						      О TIMING ~ 1-2 days
82 |  Parameters setting for data searching. Search the tandem mass spectra against an ap-
propriate database, e.g., Swiss-prot, using an appropriate search algorithm, e.g., Mascot (http://
www.matrixscience.com/). Include the enzyme trypsin in your search and set carbamidomethyl 
(C) as fixed modification and oxidation (M) as variable modification. With a quantitative analy-
sis employing the 3 differential isotopic labelings, add dimethyl (K) and (N-terminal), dimethyl 
2H(4) (K) and (N-terminal), dimethyl 2H(6) 13C(2) (K) and (N-terminal) as variable modifica-
tions. For peptide identification, a minimum mascot score of  20 and an FDR below 1% are 
chosen. In this protocol, the Proteome Discoverer software package (Thermo Scientific) was 
used to process the data but other software packages, which also support the dimethyl labeling 
quantitation, are available, e.g. MaxQuant, [62] etc.

Timing
Packing the HILIC nanoLC columns:   ~ 7-8 h
Steps 1-5, Porous ceramic frits for the trap and analytical columns: ~1.5 h
Steps 6-28, Trap column with double frit:  ~ 2-3 h
Steps 29-35, Analytical column:  ~ 2-3 h
ZIC-cHILIC-LC design:  ~ 2-3 weeks
Steps 36-44, On-line HILIC setup:  ~ 5-6 days
Steps 45-47, Gradient optimization: ~ 5-6 days
Sample preparation:  ~ 2 days
Step 48, Cell lysis: ~ 1h
Steps 49-54, Protein reduction and alkylation:  ~ 2 h
Steps 55-58, Enzymatic digestion: ~ 4h and overnight
Steps 59-69, OASIS sample clean-up - and optional dimethyl labeling:  ~ 2-3 h
Two dimensional ZIC-cHILIC-RP-MS: ~ 3 days

Analysis run 
(min) 

2-min fractions 
from/to (min) 

1-min fractions 
from/to (min) 

2-min fractions 
from/to (min) 

Total fractions 
n° 

45 18-23 24-34 35-42 18 
60 20-25 26-38 39-46 20 

75 20-31 32-47 48-55 26 

Table 3: Suggested fraction collection timeline 
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Steps 70-78, First dimension separation: HILIC fractionation:  ~ 2-3 h
Steps 79-81, Second dimension separation: fractions’ analysis by RP-MS.:  ~ 2-3 days
Data searching: ~ 1-2 days
Step 82 Parameters setting for data searching.

Troubleshooting
Troubleshooting advice can be found in the following Table 4.

8. ANTICIPATED RESULTS
In this protocol, we describe a setup for enabling a powerful and highly sensitive proteome 
analysis on minute amounts of  sample, ranging from 1 µg to a maximum of  10 µg, regardless 
of  its biological origin. For the implementation of  the HILIC separation in the 2D off-line 
configuration, we optimized the gradient profile to find a balance between optimal resolution 
in the first dimension and desirable time for fractions’ analysis in the second dimension. We 
evaluated three analysis times (45, 60, and 75 min), as illustrated in Figure 5, and we could ob-
serve a good resolution independent of  the chosen analysis time. We found the 60-min run to 
be a good balance between separation power and analysis time, which corresponds to the col-
lection of  approximately 20 fractions. A suggested timeline for fraction collection using these 
3 gradients is reported in Table 3.
To provide an example of  the performance of  our two-dimensional method on a low-scale ex-
periment, we have applied it to the proteome analysis of  human cell lines [48, 54]. The HILIC 
fractionation was performed on 3 µg of  HeLa cells digest scale with the 60-min analysis time. 
In the range wherein most peptides were expected to elute, single-minute fractions were col-
lected to obtain a maximum of  20 fractions. Half  of  each fraction was subsequently injected 
and further analyzed by RP-LC run with an analysis time of  120-min. Overall, we analyzed 
approximately 1.5 µg of  the 
digest by LC-MS/MS with 
a total analysis time of  40 
hours. This strategy allowed 
the identification of  ap-
proximately 20,000 unique 
peptides assigned to almost 
3,600 proteins. The distri-
bution of  unique peptides 
in each HILIC fractions 
showed a Gaussian profile, 
with maximal identifications 
observed between fractions 
5-9, corresponding to the 
range of  elution between 
25 and 30 minute during 
the 60-min run. Then, we 
observed that shorter and 
more hydrophobic peptides 
eluted on average earlier 
than larger and more hydro-
philic peptides, consistently 
with the HILIC retention 

20 25 30 35 45 50
Time (min)

45 min

60 min

75 min

40 55

Figure 5: LC-MS chromatograms for the analysis of  1 picomole of  
a standard peptide mixture (BSA, α- and β-casein) using the ZIC-
cHILIC configuration with different gradient times, as reported in Table 
2, ranging from 45 to 75 min. Adapted from Di Palma et al.[48]
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mode (see Figure 6).
To probe the sensitivity of  this strategy with an actual small-scale sample, we also analyzed 
10,000 adult colon stem cells (from initial 30,000 cells sorted by flow cytometry) directly after 
the extraction from the mouse.[5] The results showed trends similar to those obtained by HeLa 
cells, enabling the identification of  15,775 unique peptides originating from 3,775 proteins 

and providing in-depth proteome coverage that usually requires at least 10 times more starting 
material.
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 Table 4: Troubleshooting advice.

Step(s) Problem Possible reason Solution 
19, 33 Gap in the packing of 

the column 
There has not been a constant 
flow of packing material or the 
material got trapped somewhere 

Agitate the column close to the gap area 
with your fingers or tap the column with 
a ruler to help removing the obstruction 

    Flush the column with 20% ACN/H2O 
employing the pressure bomb set at 50 
bar for at least 1h 

      Wash the column overnight with the LC 
in analysis mode setting 50% solvent A 
at 300 uL min-1 

37, 41, 
70 

High back-pressure in 
analysis mode 

Restrictor is blocked Replace the restrictor line 

  Restrictor is too long Shorten the restrictor's length or choose 
a larger ID restrictor line 

   T-piece connections or 
switching valves are blocked 

Wash the component and, if the issue 
persists, replace the part 

    Trap or analytical column  is 
blocked (least likely) 

Replace the part 

37, 38, 
71 

High back-pressure in 
trap mode 

Waste line, trap column or 
switching valve is blocked 

Replace the part 

37, 38, 
71 

Low pressure or no 
pressure in trap mode 

Trap column is overused or one 
of the frits is damaged 

Replace the trap 

   Leakage at the T- piece 
connections 

Reconnect the column to the T-piece 

44 No MS signal No electrospray Replace the silica emitter if used for long 
time 

    Check if there is flow through the 
column 

    Set the capillary voltage at appropriate 
values according to the column flow rate: 

    for 100-200 nL min-1, ~ 1.5-1.7 kV 
    for 200-300 nL min-1, ~ 1.7-2.2 kV 
    Obstruction and/or leakage at 

Teflon sleeve 
Replace/reposition sleeve 

44 Unstable MS signal Unstable electrospray See suggestions as for no MS signal 
   Split electrospray or droplets at 

the tip of the emitter 
Set the silica emitter at an optimal 
position into the ESI source 

46, 47, 
72 

Broad peaks Dead volumes in the flowpath Check the sleeve after the analytical 
column 

  Column is not properly packed 
or contains a gap as can be 
observed under a microscope 

Use the suggestions as for gap in the 
packing of the column or replace it 

    Sample overloading Try to reduce sample amount injection 
47, 72 Peak tailing Sub-optimal gradient 

 
A gap is present somewhere 
after the pre-column first 
connection 

Try to adjust the gradient using a steeper 
slope 
Check all appropriate connections 

47, 72 Fluctuation in retention 
time 

Analytical column is not fully 
equilibrated 

Wash the column with 100% solvent A 
before starting a new run 

    Check if the equilibration step at the end 
of the gradient is enough to allow the re-
conditioning 
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   Solvent A/B mixer is unstable 

or LC pumps are not working 
properly 

Check the components and eventually 
contact supplier to replace the part 

   LC pumps are not working 
properly 

Check it and eventually replace it 

   Air bubbles in the system Purge the lines at high flow rate 
   Temperature instability Monitor the temperature in the room 

with a proper airco system  
      Use a column oven 
47, 72 Lower peak intensity 

than expected 
The sample is not completely 
injected 

Avoid bubbles or particles in the sample 
with a centrifugation step before 
injection 

    Check if there is a leakage in the 
injection system 

    Check if sample volume is appropriate 
for sample loop size 

    Check if all the sample volume is 
correctly delivered into the sample loop 

      
 
 
 
Ionization is compromised 

Check if the flow during the trapping 
condition allows the sample to reach and 
completely pass through the trap column 
Replace the silica emitter and apply 
appropriate voltage. 

47, 72 Incomplete 
chromatogram or 
missing peaks 

Trap column overloaded Collect the flow through the trap via the 
waste line and test it for the missing 
peaks 

    Reduce sample amount injected 
   Inefficient trap column Replace the trap column 
   Adsorption to metallic 

component of the injection and 
LC system 

Wash the system with a chelating agent 
such as EDTA 

    Sample is dissolved in a high 
concentration of aqueous 
solvent to be efficiently trapped 

Dry down sample in vacuum centrifuge 
and redissolve in 100% buffer A 
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SUMMARY
Peptide mass spectrometry (MS) is an invaluable analytical method for biological and biomedi-
cal research. This technique, when integrated with liquid chromatography (LC) and database 
search tools, allows highly sensitive qualitative characterization and highly accurate quantita-
tive comparison of  proteomes. Continuous technological advances in MS instrumentation and 
peptide fractionation strategies lead to an in depth knowledge of  proteomes, although a full 
proteome coverage is still far out of  reach due to extreme differences in protein abundances 
and post-translational modifications (PTMs). Moreover, the targeted analysis of  subsets of  
proteomes, for instance phosphorylated proteins, requires specialized enrichment methods to 
gain insights into cellular processes that would be inadequately covered by analyzing the whole 
proteome.
Though the field of  proteomics has rapidly evolved in recent years, improvements are still re-
quired to increase the sensitivity and dynamic range of  LC-MS. In the framework of  this thesis, 
several technological developments are described to advance proteomics towards sensitivity 
and comprehensivity, and their applicability is demonstrated in different research lines.

In chapter 1, the concept of  proteomics is introduced and several practical aspects of  a prot-
eomics workflow are highlighted. A universal proteomics workflow does not exist as different 
research questions and the availability of  instruments require different approaches. However, 
several components come back in many proteomics experimental procedures. Generally, one 
of  the first steps is the lysis of  a biological sample followed by enzymatic digestion. As the 
complexity of  the sample  increases tremendously by the digestion, several ways of  fractiona-
tion can be applied, such as strong cation exchange (SCX) and hydrophilic interaction liquid 
chromatography (HILIC). To isolate proteins or peptides containing certain PTMs, enrichment 
techniques can be applied before or after sample fractionation such as immobilized metal af-
finity chromatography, TiO2 or antibody based immunoprecipitation. The most important step 
in a proteomics experiment is the sequencing of  peptides by LC-MS to identify the protein 
contents of  the sample. This is performed by matching the masses of  intact peptides and their 
fragments with the theoretical masses as derived from genomic databases.

In chapter 2, we aimed to highlight some of  the advances and new developments that have 
been made in the area of  liquid chromatographic-based separations. We choose to focus on 
specific LC methods which represent some of  the major breakthroughs in peptide separation 
science and whose applicability will rapidly increase in the proteomic field; namely, reversed-
phase (RP), ion exchange (IEX), and hydrophilic interaction liquid chromatography (HILIC). 
Each separation methodology is discussed in depth, especially their roles in hyphenated mul-
tidimensional formats. Special emphasis is given to aspects such as maximizing the resolution, 
reducing sample complexity, widening the overall dynamic range and, consequently, increasing 
the proteome coverage.

In chapter 3, two specific zwitterionic-type HILIC stationary phases are evaluated and further 
optimized for two dimensional-LC (2D-LC) configurations. Exploring the capabilities of  both 
ZIC-HILIC and ZIC-cHILIC, we observed a mixed mode separation consisting of  (strong) 
polar and (weak) electrostatic interactions between peptides and stationary phase. The final 
separation mechanism can be altered by adjusting the pH of  the solvent as this affects the 
hydrophilicity and charge of  peptides. We discovered that, although the two zwitterionic mate-
rials have opposite charge orientations, they generated similar separations. However, it became 
apparent that the separation power of  ZIC-cHILIC was more pH-independent, while ZIC-
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HILIC separation was negatively affected at an acidic pH.  
We then implemented these zwitterionic HILIC stationary phases in a multidimensional pro-
teomics workflow, in combination with RP chromatography, and evaluated them in terms of  
peptide separation efficiency and sensitivity. The use of  two orthogonal separation techniques, 
such as zwitterionic HILIC and RP, in combination with nanoflow rate LC systems and high 
resolution mass spectrometry, allowed the identification of  thousands of  proteins from a very 
modest amount (µg) of  starting material. 

In chapter 4, we applied the ZIC-cHILIC-RP multidimensional strategy to the analysis of  a 
limited number of  (FACS) sorted colon stem cells extracted from mouse intestine. We demon-
strated that this robust set-up leads to a significant reduction of  sample complexity with nearly 
negligible sample losses. In fact, our method required just thousands of  cells to probe with high 
sensitivity a specific population of  adult colon stem cells. We obtained a proteome coverage 
comparable to current methods that generally requires 100-fold more starting material. 

In chapter 5, we studied the feasibility of  combining a quantitative approach based on dimethyl 
labeling with the ZIC-cHILIC separation for quantitative proteomics. We addressed the poten-
tial issue of  deuterium isotope effect that would introduce an error during the quantification. 
In fact, the incorporation of  deuterium atoms via dimethyl labeling could alter the fundamental 
co-elution of  differently labeled peptides under ZIC-cHILIC separations. We demonstrated 
the influence of  choosing a specific pH of  the solvent to eliminate the deuterium isotope ef-
fect. At pH 6.8, hydrophilicity is the major factor governing peptide retention, hampering the 
co-elution of  hydrogen- and deuterium-containing labeled peptides due to differences in their 
polarity. In contrast, at acidic pH values there is a stronger mixed-mode separation, which de-
creases the hydrophilicity difference of  deuterated and non-deuterated species. We evaluated 
our findings in the multidimensional ZIC-cHILIC-RP strategy and showed that our approach 
is suitable to perform unbiased quantitative proteome analysis, resulting in the quantification 
of  thousands of  proteins.

In chapter 6, we combined our high-resolution and highly sensitive ZIC-cHILIC separation 
with a specific phosphopeptide enrichment method based on Ti4+-IMAC with the aim of  maxi-
mizing the coverage of  cellular phosphoproteomes. We designed and systematically compared 
three analytical strategies including: i) a single Ti4+-IMAC enrichment; ii) Ti4+-IMAC enrich-
ment followed by HILIC fractionation; iii) an SCX-based pre-fractionation, followed by Ti4+-
IMAC enrichment and a further step of  fractionation by HILIC. The evaluation was carried 
on two human cancer cell lines (i.e. HeLa and K562). The comparison between the 3 different 
workflows showed that an extensive fractionation, as reported for the last strategy, is necessary 
to achieve comprehensivity and in-depth phosphoproteome coverage. However, this comes at 
the expense of  higher sample amounts and longer MS analysis time. Ultimately, we were able to 
identify over 20,000 and nearly 29,000 unique phosphorylation sites from HeLa and K562 cell 
lines, respectively, generating useful phosphoproteome resources for the scientific community.

In chapter 7, we described a detailed protocol to implement HILIC fractionation into a sensi-
tive shotgun proteomics strategy. Analyzing the proteome of  small amount of  cells is a chal-
lenging task at present, and a suite of  special analytical tools is required to deal with these 
types of  sample. Many techniques commonly used to handle large number of  cells with good 
outcomes cannot be directly applied to a small number of  cells. The zwitterionic HILIC based 
approaches described in this protocol represents a major step forward towards more sensitive 
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proteome analysis. Experimental aspects related to obtaining maximum recovery from sample 
preparation, and how to optimally prepare samples for this system, are discussed. Examples 
involving protein lysates originating from cultured cell lines and cells sorted by flow cytometry 
are used to show the power, sensitivity and versatility of  the technique.
We proposed ZIC-cHILIC as an alternative fractionation method for ultrasensitive proteom-
ics that will find ample application in the analysis of  distinct cellular populations, for instance 
obtained by laser microdissection.
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NEDERLANDSE SAMENVATTIG
Peptide massa spectrometrie (MS) is een bruikbare analytische methode voor biologisch en bi-
omedisch onderzoek. Wanneer deze techniek geïntegreerd wordt met vloeistofchromatografie 
(liquid chomatography; LC) en databank zoekmachines zijn uiterst gevoelige kwalitatieve pro-
fileringen en zeer nauwkeurige kwantitatieve vergelijkingen van proteomen mogelijk. Voort-
durende technologische ontwikkelingen in MS instrumentatie en peptide scheidingstechnieken 
leiden tot een diepgaande kennis van proteomen. De analyse van een volledig proteoom is 
evenwel nog buiten bereik vanwege extreme verschillen in eiwithoeveelheden en post-transla-
tionele modificaties (PTMs). Verder zijn specifieke verrijkingsmethoden nodig voor de gerichte 
analyse van delen van een proteoom, zoals bijvoorbeeld gefosforyleerde eiwitten. Door deze 
verrijkingsmethoden kan inzicht worden verkregen in cellulaire processen die niet volledig ge-
detecteerd kunnen worden wanneer het complete proteoom wordt onderzocht. 
Hoewel het onderzoeksveld van proteomics zich snel heeft ontwikkeld in de afgelopen jaren 
zijn verbeteringen nog steeds nodig om de gevoeligheid en het dynamische bereik van LC-MS 
te verhogen. In het kader van dit proefschrift zijn verscheidene technologische ontwikkelingen 
beschreven die proteomics vooruit brengen in gevoeligheid en omvattendheid en de toepas-
baarheid is aangetoond in verscheidene onderzoekslijnen.

In hoofdstuk 1 is het concept van proteomics geïntroduceerd en verscheidene praktische as-
pecten van een proteomics werkstroom zijn uitgelicht. Een universeel proteomics draaiboek 
bestaat niet, omdat verschillende onderzoeksvragen en beschikbaarheid van instrumenten ver-
schillende benaderingen vergen. Toch komen verscheidene onderdelen terug in veel experi-
mentele proteomics procedures. In het algemeen is de lysis van een biologisch monster een van 
de eerste stappen, gevolgd door enzymatische digestie. Omdat de complexiteit van het mon-
ster sterk verhoogd wordt door de digestie, kunnen verscheidene manieren van fractionering 
worden toegepast, zoals kation uitwisselingschromatografie (strong cation exchange; SCX) en 
hydrofiele interactie vloeistofchromatografie (hydrophilic interaction liquid chromatography; 
HILIC). Om eiwitten of  peptiden te isoleren die bepaalde PTMs bevatten kunnen verrijking-
stechnieken worden toegepast vóór of  na de monsterfractionering, zoals geïmmobiliseerde 
metaalaffiniteitschromatografie (immobilized metal affinity chromatography; IMAC), TiO2 of  
op antilichaam gebaseerde immunoprecipitatie. De belangrijkste stap in een proteomics ex-
periment is de aminozuurvolgordebepaling van peptiden met LC-MS om de eiwitten in een 
monster te bepalen. Dit wordt gedaan door middel van het vergelijken van de massa’s van 
intacte peptiden en hun fragmenten met de theoretische massa’s die afgeleid kunnen worden 
uit genoom databanken.

In hoofdstuk 2 lichtten we enkele nieuwe ontwikkelingen uit die gedaan zijn in het veld van op 
LC gebaseerde scheidingen. We richtten ons daarbij op specifieke LC methoden die beschouwd 
kunnen worden als belangrijke doorbraken in peptide scheidingsonderzoek en waarvoor snel 
vele toepassingen in proteomics gevonden zullen worden; namelijk omgekeerde fase (reversed-
phase; RP), ionenuitwisseling en HILIC. Deze scheidingsmethoden werden in detail bespro-
ken, daarbij richtend op hun toepassingen in multidimensionaal gekoppelde opstellingen. Spe-
ciale aandacht werd gegeven aan aspecten als het maximaliseren van resolutie, vermindering 
van monstercomplexiteit, vergroten van het dynamisch bereik en de als gevolg daarvan meer 
omvattende proteoomanalyse. 

In hoofdstuk 3 zijn twee specifieke zwitterion-type HILIC stationaire fases geëvalueerd en 
verder geoptimaliseerd voor gebruik in twee dimensionale LC (2D-LC) opstellingen. Terwijl we 
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de eigenschappen van zowel ZIC-HILIC als ZIC-cHILIC bestudeerden namen we een tweel-
edig scheidingsmechanisme waar, bestaand uit (sterke) polaire en (zwakkere) electrostatische 
interacties tussen de peptiden en de stationaire fase. Het uiteindelijke scheidingsmechanisme 
kan worden gewijzigd door aanpassing van de pH van de buffers, omdat dit de hydrofiliciteit 
en lading van peptiden verandert. We hebben ontdekt dat de twee zwitterionische materialen 
resulteren in vergelijkbare scheidingsprofielen, ondanks de tegengestelde ladingsoriëntaties. De 
scheidingskracht van ZIC-HILIC bleek negatief  beïnvloed te worden door een lage pH, terwijl 
ZIC-cHILIC minder pH gevoelig bleek te zijn. 
We implementeerden daarna de zwitterionische HILIC stationaire fases in een multidimension-
ale proteomics werkstroom in combinatie met RP chromatografie en evalueerden de peptide-
scheidingsefficiëntie en gevoeligheid. Het gebruik van twee orthogonale scheidingstechnieken, 
zoals zwitterionisch HILIC en RP, in combinatie met nano-LC systemen en MS met hoge 
resolutie, maakte de identificatie van duizenden eiwitten in een kleine hoeveelheid (µg) van 
uitgangsmateriaal mogelijk.

In hoofdstuk 4 hebben we de multidimensionale ZIC-cHILIC-RP methode toegepast in de 
analyse van een slechts beperkt aantal met flowcytometrie gesorteerde stamcellen die geëxtra-
heerd waren uit de dikke darm van een muis. We hebben aangetoond dat deze solide opstelling 
tot een verlaging van de monstercomplexiteit leidt met verwaarloosbaar verlies van materiaal. 
Inderdaad hadden we met onze methode slechts enkele duizenden cellen nodig om met hoge 
gevoeligheid een populatie van volwassen darmstamcellen te karaktariseren. We bereikten een 
diepgaande proteoomanalyse die vergelijkbaar is met huidige methoden die meer dan 100 keer 
zoveel uitgangsmateriaal vergen.

In hoofdstuk 5 hebben we de haalbaarheid getest van de combinatie van een kwantitatieve aan-
pak gebaseerd op dimethyl labelen met ZIC-cHILIC scheiding voor kwantitatieve proteomics. 
We hebben het potentiële probleem van een deuterium isotoopeffect besproken dat de kwanti-
fikatie negatief  zou kunnen beïnvloeden. Inderdaad kan de incorporatie van deuteriumatomen 
door middel van dimethyl labelen er voor zorgen dat verschillend gelabelde peptiden niet meer 
tegelijkertijd elueren tijdens ZIC-cHILIC scheidingen. We hebben aangetoond dat de keuze 
van een specifieke buffer pH het deuterium effect kan oplossen. Met pH 6.8 is hydrofiliciteit 
de belangrijkste bepaler voor peptideretentie wat er toe kan leiden dat waterstof  en deuterium 
bevattende gelabelde peptiden met hun licht verschillende polariteit niet meer gelijktijdig elu-
eren. Daarentegen kan een zure pH het hydrofiliciteitsverschil tussen gedeutereerde en niet-
gedeutereerde peptiden verlagen vanwege een sterker effect van electrostatische interacties in 
de peptideretentie. De resultaten van de multidimensionale ZIC-cHILIC-RP aanpak tonen aan 
dat onze methode geschikt is voor nauwkeurige kwantitatieve proteoomanalyse en resulteert in 
de kwantificatie van duizenden eiwitten. 

In hoofdstuk 6 hebben we onze hoge resolutie en erg gevoelige ZIC-cHILIC scheidingsmeth-
ode gecombineerd met een specifieke fosfopeptide verrijkingsmethode die gebaseerd is op 
Ti4+-IMAC met het maximaliseren van de diepgang van analyse van cellulaire fosfoproteomen 
als doel. We hebben drie analytische strategieën ontworpen en systematisch geanalyseerd: i) 
enkel verrijking met Ti4+-IMAC; ii) Ti4+-IMAC verrijking gevolgd door HILIC fractionering; iii) 
een op SCX gebaseerd pre-fractionering, gevolgd door Ti4+-IMAC verrijking en een volgende 
HILIC factioneringsstap. De evaluatie vond plaats gebruik makend van twee human kankercel-
lijnen (HeLa en K562). De vergelijking van de drie verschillende werkstromen toonde aan dat 
een uitgebreide fractionering, zoals in strategie iii, nodig is voor een diepgaande analyse van het 
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fosfoproteoom. Daar staat dan weer wel een hoger vereisde hoeveelheid monster en langere 
MS analysetijd tegenover. Alles bij elkaar genomen konden we meer dan 20,000 en ongeveer 
29,000 unieke fosfopeptiden identificeren van respectievelijk HeLa en K562 cellen, waarmee 
we een bruikbare fosfoproteoom informatiebron hebben gegenereerd voor de wetenschap-
pelijke gemeenschap.

In hoofdstuk 7 hebben we in een gedetailleerd protocol beschreven hoe HILIC fractionering 
in een gevoelige “shotgun” proteomics strategie geïntegreerd kan worden. Het is tegenwoordig 
nog een uitdagende taak om het proteoom van kleine hoeveelheden cellen te analyseren. Een 
reeks aan speciale analytische methoden is vereist voor het behandelen van dit soort mon-
sters. Vele van de technieken die normaal gesproken voor de analyse van grote hoeveelheden 
cellen worden gebruikt kunnen niet direct gebruikt worden voor kleine hoeveelheden cellen. 
De op zwitterionische HILIC gebaseerde procedures die in dit protocol worden beschreven 
betekenen een belangrijke stap voorwaarts voor gevoeligere proteoomanalyse. We bespraken 
enkele experimentele aspecten die belangrijk zijn voor een optimale monstervoorbereiding om 
een maximale opbrengst te genereren. We gebruikten voorbeelden van eiwitlysaten verkregen 
uit gecultiveerde cellijnen en cellen gesorteerd met flowcytometrie om de scheidingskracht, 
gevoeligheid en veelzijdigheid van de techniek aan te tonen.
We stelden ZIC-cHILIC voor als een alternatieve fractioneringsmethode voor ultragevoelige 
proteomics dat een ruime toepassing zal vinden in de analyse van specifieke cel populaties zoals 
bijvoorbeeld verkregen met laser capture microdissectie.
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“There are and have been and will be an infinite number of things on 
earth. Individuals all different, all wanting different things, all knowing dif-
ferent things, all loving different things, all looking different. Everything 
that has been on earth has been different from any other thing. That is 
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tance of life… I see something that seems wonderful; I see the divineness 
in ordinary things.”

					     Diane Arbus. November 28, 1939
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