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Thesis Abstract

Proteomics is one of the most effective ways to study protein regulation including characterizing
the changes in protein quantity as a result of biological perturbation. Liquid chromatography paired
with tandem mass spectrometry (LC-MS/MS) is the most commonly used analytical technology
in this field. After two decades of technological advancements, the quantitation of the total human
proteome still precludes us. These advancements have allowed for high throughput quantitation of
near tens of thousands of proteins in hours of analysis time. However, 30% of the proteome remain
elusive in routine proteomic analysis. Current LC-MS/MS methods rely on increasing the number
of peptides identified to yield more protein identifications. But it has been shown by Bekker-Jensen
et al. that this is a logarithmic relationship with diminishing returns.

This diminishing return is because a majority of the peptides belong to high abundance or
large proteins and are highly redundant. Prior peptide-centric approaches have shown promising
improvements to proteome coverage by enriching a subset of peptides containing specific amino
acids for analysis rather than analyzing the whole digested proteome. By reducing the number of
peptides necessary to analyze and the overall protein identification redundancy, these approaches
can potentially bypass the logarithmic relationship between peptide and protein identifications. We
aim to develop a peptide-centric approach that can be generally applicable for a variety of sample
types by enriching a subset of peptides that have a particular physicochemical property via
chromatographic approaches. Therefore, our approach is named Proteome-Selective Isolation
Chromatography (P-SLICY). In this thesis, we will describe the fundamental topics within
proteomics, chromatography, and mass spectrometry and the innovations towards understanding

peptide chromatography to develop P-SLICY.
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Chapter 1 Introduction

1.1 Biological importance and study of proteins

There are approximately 3 trillion cells that compose the human body and these cells work in
unison to support the survival of the organism.! A variety of cell types exists, each with their
phenotype, role, and purpose.? Proteins are a class of molecules that contribute immensely to the
behaviour and function of the cell.®# The set of proteins expressed by the organism is the proteome
and cells can have different proteome composition depending on their cell type. Fundamentally,
proteins are biopolymers that contain specific arrangements of amino acids defined by the
organism’s genome.>®® There are twenty naturally occurring amino acids that participate in the
construction of proteins and the sequence is critical towards protein function. Furthermore, proteins
often operate in conjunction with other proteins through complexes’~® or pathways to execute
cellular tasks.1%-12 Aberrations to these proteins, their interactions, and the involved pathways can
result in disease and hence, proteins are a key research subject for future medical interventions and
diagnostics.t314

The research of proteins and their relationship with disease can involve the study of a
protein’s function, structure, localization, interaction, and regulation. For instance, the disruption
of a protein’s function can be found in diseases like cystic fibrosis where amino acid mutations in
the CFTR protein, a chloride transporter, compromises the transporter’s ability to traffic chloride
out of the cell.*>17 In conditions like Parkinson’s disease, mis-folding events that alter a protein’s
structure can contribute to neurodegeneration.*®2% Alterations to a protein’s sequence or structure

can lead to improper localization of the protein. The mutation in the protein ATP7B impedes the

protein’s ability to express at the cell membrane and results in the observed copper accumulation



for Wilson’s disease.?!?? These mark a few examples of many diseases that are associated with
changing the protein properties.

Aside from studying proteins in isolation, it is important to contextualize how the proteins
interact with one another. Protein-protein interactions (PPI) involve the noncovalent interaction
between multiple proteins.?®*?* In the case of human immunodeficiency virus infections, the viral
glycoprotein gp120 can interact with the human CCRS receptor to initiate the viral infection of the
cell.?2?5 Hence, pharmacological intervention to disrupt this interaction can minimize the virus’s
ability to replicate using the human cell’s machinery. Beyond PPI, other interactions can manifest
as pathways, involving the interaction of a series of molecules, that results in changes to the cell.
These pathways can be involved in biological processes such as signaling, apoptosis, metabolism.
Ultimately, aberrations to these processes can alter the proteome composition in a cell. Studying
the changes in the proteome composition is part of the protein regulation subfield.

Protein regulation studies the generation, modification, and degradation of proteins.2%%’
Each of these processes are complex involving many proteins and pathways. For instance, the
process of generating a protein is not trivial and, in a simplified view, includes the (i) construction
of the transcriptional protein complex at the promoter region of the gene, (ii) trafficking proteins
into the nucleus from the cytosol, (iii) processing the transcriptional product to be viable for protein
synthesis, (iv) trafficking the processed transcriptional product to the cytosol, (v) generation of
nucleic acid-amino acid complexes as building blocks for synthesis, (vi) recruiting chaperones to
fold the protein into a correct structure. There are many regulatory components that control each
process in this simplified view of protein generation. Furthermore, each regulatory components
can be regulated by other factors as well and it is unclear if there is a unified regulator that provides

the context of the cell state or phenotype. Dysregulations that occur during these processes can lead
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to changes in the composition of the cellular proteome.!® Temporal information can be powerful to
investigate how protein regulation change over time and how alterations to the regulation can
induce disease-like phenotypes in cells, since these are all dynamic processes involving rates of
change for each protein. In an ideal scenario, continuous monitoring of the molecular changes can
provide temporal information. This is similar to how chemical reactions are monitored via reaction
rates to determine the mechanistic involvement of reactants, intermediates, and products.?® Except
biology is complex. Cellularly, there are many reactions that are occurring simultaneously that can
involve the same set of proteins. This makes it difficult to delineate which proteins are reactants,
intermediates, or products. Therefore, this continuous approach is not yet possible on the whole
proteome. Instead, researchers are using taking “snapshots” of the proteome to infer the changes
over time.

The study of regulation as a “snapshot” can be done by analyzing the concentration of the
proteins in the proteome at a particular time.?%-% This can be a limitation in some studies, but until
future technologies can overcome these limitations, it allows us to understand which proteins are
participates in a cellular response or disease. By comparing the proteome responses between
disease versus not disease states, we aim to find the proteins involved with a disease. This type of

analysis is differential expression.3334

1.1.1 Analytical Methods for Studying Proteins via Differential Expression

There are many biological techniques that are utilizing the concept of differential expression. A
recent example is the lateral flow antibody tests used to screen if a particular patient has a
coronavirus disease 2019 (COVID-19) infection. An antibody is a type of protein that can recognize

a target protein through specific binding and is a useful tool for protein detection. In this case, the



target protein is the spike protein on the virus's surface. By sampling the patient’s mucosa and
subjecting the sample to an antibody test, the results can classify the patients with viral protein as
COVID-19 positive and otherwise, COVID-19 negative. In this simple scenario, we are evaluating
the differential expression of a viral protein in two different conditions.

To evaluate higher complexity problems such as degree of infection, the spike protein would
not be able to provide sufficient context and a different set of molecules would be needed 3>
Currently, there are biological questions that do not have existing molecular assays to help answer
and need discovery methodologies to find the molecules that differentially express. A potential
approach to bridge this gap for proteins is proteomics, the study of the proteome.

One of the aims of proteomics is to understand changes in protein expression without pre-
determining a group of proteins for analysis.3” This aim is part of discovery proteomics. The
challenge in this subdomain is trying to detect all ~20,000 proteins that the human cell can
express.®4! Using antibody tests will be laborious involving at least ~20,000 tests per biological
condition. Furthermore, only ~3000 human proteins have commercially available antibodies.
Researchers in proteomics integrate mass spectrometry (MS) as the analytical platform because
this technology can analyze any protein. Therefore, practitioners use MS as an unbiased discovery
tool. MS is a tool that measures the mass to charge ratio (m/z) of molecules. The m/z is critical to
identify the identity of the protein. Analyzing the intact protein with MS is part of top-down
proteomics. There are technical limitations that prevent top-down proteomics from studying a wide
range of protein concurrently in high-throughput methods. Therefore, researchers cut proteins into
shorter fragments that are peptides. Proteases are enzymes used to cleave proteins into smaller
peptides. The MS then analyze the peptides as surrogate to determine the proteome composition of

the sample. This latter approach is called bottom-up proteomics and it is the most commonly used
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method.*? The workflow to generate the peptides analyzed in bottom-up proteomics is shown in
Figure 1.1. Conventionally, we start with sample which can be cell lines, tissue, or biological fluids.
The first step is to isolate and solubilize proteins by using detergents and other chaotropic agents.
For cell lines and tissues, this the lysis step is critical to disrupt the cell membrane. Upon isolation

of the proteins, we use proteases to digest proteins into peptides.
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Figure 1.1: Sample preparation workflow to generate peptides for bottom-up proteomics

Peptides have directional sequences. When writing out the sequence of a peptide, the left
side of the peptide is the N-terminus, and the right side is the C-terminus. The sequences GGGGT
and TGGGG are not the same peptide as the directional sequences are different. However, when
using MS directly, these two peptides will have the same m/z value; thus, distinguishing them will
be difficult. The specialized procedure, tandem MS (often written as MS/MS) can sequence the
peptide inside the mass spectrometer. We can determine the sequence by fragmenting the peptide
with high-energy ions inside the instrument.*® During peptide fragmentation, we characterize the
amino acids that break off the peptide in sequential order to reconstitute the peptide sequence. An
additional liquid chromatography (LC) step can separate peptides to improve (expand time for the
analysis) their delivery into the MS and can resolve peptides with similar m/z based on the peptides’
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chemical properties.* By physically connecting the two approaches in series, the resulting method
is LC-MS/MS.

At the time of writing, LC-MS/MS is the gold standard for bottom-up proteomics.*
However, there are still significant challenges to detecting all the proteins the human genome
encodes. Proteins express across a large dynamic range and depending on samples can span 8
orders of magnitude or more.**~4’ Current approaches in LC-MS/MS have difficulty detecting the
lower abundance proteins due to the peptide signals from high abundance proteins overshadowing
lower abundance species. Consider, for an analogy, that LC-MS/MS can only detect 100 total
proteins and there are three different proteins in the sample. If protein A has 100 copies in the
sample, protein B has 10 copies, and protein C has 1 copy, there is only a 1% chance that protein
C will be detected. In this oversimplified analogy, the limited capacity of the LC-MS/MS can
undermine the signals relating to the low abundance protein C. Researchers address this problem
by expanding the capabilities of the mass spectrometers.®-% Despite efforts in thisregard, the MS
capacity is still limiting the detection of the whole human proteome. Shishkova et al. suggests that
in addition to MS enhancements, LC approaches also should improve.®” We agree with this
perspective and from our experiences with peptide chromatography, we conclude that
chromatographic advancements can allow deeper interrogation of the expressed proteome. Hence,
we will describe the fundamentals of chromatography and MS in the following sections to

contextualize how we are approaching improving protein detection and quantitation in this thesis.



1.2 Chromatography

1.2.1 Introduction to Liquid Chromatography

Chromatography is the method for separating complex mixtures into individual compounds.®® Each
compound has their own unique chemical properties that is defined by their structure that varies
the compound’s interaction strength with other molecules. In chromatography, the material used to
separate compounds is called the stationary phase. The stationary phase engages in noncovalent
interactions with compounds in a complex mixture and their interaction strength will vary the
resolution of separation. A mobile phase solvent carries the compounds through the
chromatographic column containing the stationary phase and the balance between the compound-
stationary phase and compound-mobile phase interaction allows for individual compounds to be
isolated from mixtures. The extraction of the compounds from the stationary phase is done by the
elution process. If the compound has stronger interaction with the mobile phase, then the compound
will leave the stationary phase material and associate with the mobile phase to elute. This
relationship is visualized in Figure 1.2 where the blue peptide has a stronger interaction with the
mobile phase therefore eluting from the sorbent. Conversely, the orange peptide has a stronger
interaction on the stationary phase to retain on the column. The retention time when the compounds
elute from the column depends on the interaction strength between the compound, the stationary
phase, and the mobile phase. Modern liquid chromatography approaches often rely on the high-

pressure liquid chromatography (HPLC) instruments to facilitate this separation process.>®*°



Mobile Phase ®

Figure 1.2 Peptide interaction with stationary phase and mobile phase during chromatographic

separation.

1.2.2 Chromatographic Interactions

1.2.2.1 Compound-stationary phase interactions

Conceptually, the compound-stationary phase interactions are modelled via the Langmuir
isotherm® which describes the occupation of compounds on available interaction sites found on
the stationary phase, as seen in Figure 1.3. In this model, a compound can adsorb on or desorb from
an interaction; however, each interaction site can only accommodate one molecule as the
assumption is that only one layer of interaction can occur. In reality, adsorption and desorption
processes are more complex and can involve multiple layers of interaction sites. Furthermore, each
compound will have different interaction strength with the stationary phase. However, this
simplified explanation can aid in conceptualizing most chromatographic topics. When more
molecules occupy the stationary phase, it becomes more challenging for another molecule to adsorb

onto the stationary phase. Increasing the stationary phase surface area will increase the number of



available interaction sites; thus, in chromatography, it is beneficial to have a higher surface area.

This topic will be elaborated in Section 1.2.2.4.

Cannot adsorb
on occupied site

Figure 1.3: Peptide adsorption on the available interaction sites on the stationary phase sorbent.

Incoming peptides can access unoccupied sites but cannot adsorb on occupied sites.

The chromatographic interaction with a compound can be tuned based on the interaction
strength with the stationary phase. In chromatography, we refer to this interaction strength as
affinity. The balance between the affinity for the stationary phase and the mobile phase establishes
the basis for achieving good chromatographic separation. Therefore, in the following subsections,
we will explain the types of interaction between the compound, stationary phase, and mobile phase

to understand how we optimize chromatographic processes for proteomics research.
1.2.2.2 Types of stationary-phase interactions

Stationary phase interactions conventionally refer to the non-covalent interaction such as London
dispersion forces, van der Waals interaction, ionic interaction, dipole-dipole moments. In the

context of peptide separation via liquid chromatography, we can summarize these interactions into
9



hydrophobic, hydrophilic, and electrostatic interaction that modulate a majority of peptide-
stationary phase interactions. Hydrophobicity is the physical property of a compound to repel
water. The solubility ratio of the compound in octanol (a hydrophobic solvent) and water quantifies
this physical parameter. Compounds with higher hydrophobicity will have high octanol solubility
and low water solubility. Of the 20 amino acids that build proteins and peptides, 9 are hydrophobic
which are alanine, valine, leucine, isoleucine, methionine, proline, phenylalanine, tyrosine,
tryptophan. Hydrophilicity is the opposite of hydrophobicity. For this physical property, the
compounds tend to be polar and have higher solubility in water than octanol. There are 11 amino
acids of the 20 that are hydrophilic such as lysine, arginine, histidine, aspartic acid, glutamic acid,
cysteine, serine, threonine, asparagine, glutamine, glycine. Electrostatic interaction is the attraction
or repulsion of two charged molecules. If the compound and the stationary phase have opposing
charge polarity, they electrostatically attract. However, if they both have the same charge polarity,
they repel. Only 5 amino acids of the 20 in their ionic forms can participate in electrostatic
interactions with a charged stationary phase which are lysine, arginine, histidine, aspartic acid, and
glutamic acid. Furthermore, the terminal ends of peptides will be charged which can participate in
electrostatic interaction. Stationary phases can interact with the peptide in different ways depending
on the sorbent properties and ionization state of individual residues and terminal ends. This can be
modulated by altering the pH or incorporating additives in the mobile phase.

With respect to stationary phase materials, used in the initial HPLC development in mid
20" century, they appeared in two main forms.®? They were classified as the 'normal-phase' and
'reversed-phase' and they were named as such due to historical reasons. Silica-based columns with
hydrophilic surfaces in conjunction with more hydrophobic stationary phases were initially used,

hence, they are called normal phase. The surface of silica is decorated with hydrophilic hydroxy
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(OH) groups. Thus, the hydrophilic surface is appropriate for polar interactions with hydrophiles
as seen in Figure 1.4. However, hydrophobes do not interact well in this type of system, therefore,
hydrophobic modifications to the silica were made. Thus, since hydrophobicity is the opposite
behaviour to hydrophilicity, this mode is called reversed phase (RP).%3 The separation of this class
of compound improves with a silica surface that is modified with long hydrophobic chains typically
in lengths of 18 carbons. Resulting from this, the RP sorbent is called C18. Aside from hydrophobic
molecules, there were demands to separate small ionic compounds which normal phase was not
sufficient to retain these analytes. As a result, ion exchange (IEX) was implemented to support

electrostatic separation between the compound and the stationary phase.*
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Figure 1.4: Difference in retention properties between polar normal phase sorbent and non-polar

reversed phase sorbent.

In proteomics, the stationary phase options are mainly RP, hydrophilic interaction liquid
chromatography (HILIC), or ion exchange (IEX).®>% Normal phase is less popular due to poor
compatibility of non-polar solvents electrospray ionisation technique used in with LC-MS/MS.%’

HILIC is used instead of normal phase separation of hydrophilic peptides as this method utilizes
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water mixable organic solvents such as acetonitrile — compatible with electrospray ionization. In
practice, RP is the most prevalent separation mechanism in proteomics due to presence of
hydrophobic residues in the vast majority of peptides.®®®® These peptides have a strong interaction
between its hydrophobic regions with the RP stationary phases to retain on the column shown in
Figure 1.5. Conversely, hydrophilic peptides have low retention on RP and elute early during the
separation procedure. HILIC has the opposite characteristics to RP where the hydrophilic peptides
have higher retention on the column.®®-"t In HILIC, the peptide interaction is different from other
separation mechanisms. Usually, HILIC is considered a variation of normal phase mode as it uses
mixtures of water and non-polar solvents as mobile phases. Therefore, water will have strong
hydrophilic interaction with the hydrophilic stationary phase surface illustrated in Figure 1.5. The
retention of the peptide depends on partitioning with the water layer rather than direct interaction
with the stationary phase.’>" Finally, IEX is applicable to separate different groups of charged
peptides where RP and HILIC cannot achieve this.”*"® There are two subtypes of IEX. The first
subtype is strong cation exchange (SCX), which uses an anionic surface to attract cationic
molecules for separation electrostatically. The second subtype is strong anion exchange (SAX)

which has a cationic surface to attract anionic molecules.
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Figure 1.5: Interaction of peptides with RP, HILIC, and IEX stationary phases
1.2.2.3 Localization of chromatographic interactions

With the understanding of the types of stationary phase, we need to establish where the interactions
occur, and the location of the interaction sites. The chromatographic sorbent defines the surface
area of a stationary phase and the higher the surface area, the more interaction sites are available.
The porosity of the particles is an important parameter to consider where smaller pore sizes can
accommodate more pores on the sorbent and increase surface area.®%8! However, the size of the
pores should be 4-10 times the size of the compounds being separated to avoid poor
chromatographic separation.®2 There will be size exclusion effects that are not representative of the
chromatographic interaction if the pore size is too small. In proteomics, 100 A to 200 A pore sizes
can accommodate the separation of peptides. When deciding the pore size to be used for peptide

separation, one must consider the peptide-ion pair size. Formic acid (FA), for instance, will be able
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to form larger hydrated ions readily. Hence, the most popular 100 A pore size may not be large
enough for peptides to penetrate into the sorbent and utilize the entire surface area.®3

If the peptide can enter the pores, one must also consider the structure of the stationary phase.
Using RP as an example, the C18 structure will contract or expand depending on the mobile phase
composition.®48° This effectively changes the accessible sorbent volume of the stationary phase. %
Since peptides interact directly with the aliphatic structures in C18, the accessible sorbent volume
directly relates to the number of interaction sites. Under aqueous conditions, the C18 structure takes
a contracted form and decreases the accessible sorbent volume. Therefore, at low concentrations
of organic solvent, C18 has fewer interaction sites than at higher organic conditions where the C18
is fully solvated in its extended structure shown in Figure 1.6. Different vendors will have varying
degrees of contraction and extension of the C18 structure. Ideally, the C18 should have extended

structures regardless of conditions to maximize accessible interaction area.

Extended structure
Accessible

interaction area

Contracted structure

Figure 1.6: Illustration of extended and contracted structure for C18 with the accessible interaction

area that differ between the two conformations.

In the extended structure of the stationary phase, there can be residual silanol groups on the
silica from incomplete reaction when modifying the surface with C18. The peptides that interact

with the C18 will exhibit the expected hydrophobic interaction. However, if the peptides interact
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with the silica, the peptides participate in hydrophilic interaction as well.®” If a peptide has multiple
competing mechanisms that simultaneously affect the peptide’s separation, this can widen the peak
and decrease the efficiency of separation. Therefore, the end-capping procedure was introduced to
cap the residual silanols with small aliphatic chains to minimize unintended hydrophilic

interactions.888°

1.2.2.4 Types of mobile-phase interactions

In addition to the stationary phase interaction, the mobile phase also plays a critical role in the
retention of a peptide. Mobile phases are solvents that elute the compounds from the stationary
phase, but they can be a mix of multiple solvents and other eluents’ additives. There are two ways
to mix solvents. The isocratic method involves mixing the solvents to a final fixed composition,
and this mixture is constant throughout the chromatographic separation.®®®! On the other hand, the
gradient method dynamically changes the concentration of the solvents in the mobile phase as the
separation occurs. Isocratic separations are simple to use to separate low complexity mixtures.
Generally, isocratic separation is ideal for analyses involving less than 10 components in the
mixture.® However, isocratic methods are not feasible for complex mixtures involving a wide
breadth of interaction strengths. The mobile phase composition may not be optimal for all analytes.
Therefore, gradient separations are better for the separation of complex mixtures. By varying the
solvent composition over time, this method provides the efficient elution of the analytes. As an
example, RP separations employ gradual increase of organic solvent (acetonitrile, methanol)
concentration in mixtures with water. HILIC separations are opposite: starting with low water

content in water/acetonitrile mixture and increasing it concentration gradually.®® The digested
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human proteome is an extremely complex mixture of peptides, and hence, most separations in
proteomics used gradient methods.%8
Additives can be incorporated into mobile phases to enhance the interaction between the
compounds and stationary phases, and to maintain constant pH.%>-® In proteomics, formic acid
(FA) is commonly used as it facilitates peptide ionization during ESI. Peptides can contain basic
amino acids like lysine (K), arginine (R), and histidine (H). These three amino acids are hydrophilic
and therefore, will have minimal interaction with the stationary phase. At the acidic pH, the basic
amino acids will ionize to carry a positive charge. Negatively charged formate anions in the mobile
phase form ion pairs with the charged basic amino acids to insulate the charge.**°’ Furthermore,
this enhances the hydrophobicity of peptides containing those amino acids and leads to better
retention. Increasing the hydrophobicity of the additive will also increase the hydrophobicity of the
peptides accordingly as seen when using the more hydrophobic trifluoroacetic acid (TFA). The
latter, however, reduces peptide detection sensitivity as it suppresses peptide ionization in ESI. %
Additives can also decrease the retention of peptides in other chromatographic scenarios.
In IEX, charged peptides form strong interactions with the stationary phase. Therefore, ionic salt
additives are necessary to displace peptides from the column by competing for the same interaction
sites.9190 When the salts occupy the interaction sites, the peptides can no longer bind to the sorbent
and will elute off the column. IEX methods often use gradients that change the concentration of
the additive salt to elute peptides rather than changing the organic phase. %% Resulting from this

type of gradient, [IEX modes can separate peptides of different charges.
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1.2.2.5 Interpreting the chromatogram

After separating the molecules through liquid chromatography, the instrument reports a
chromatogram, which contains the elution profiles of all the separated compounds. The x-axis often
represents the elapsed time for the separation process and the y-axis reports the intensity values
from the detector, such as UV absorbance at 210-220 in case of peptides. When peptides elute
under gradient conditions, the signal intensity for the elution process often follows a gaussian
distribution (Figure 1.7A). The corresponding time value for the peak maxima is referred to as
retention time and represents qualitative parameter used for peaks’ identification. In the
overlapping elution shown in Figure 1.7A, peptides 1 and 2 have an RT of 40 minutes and 50
minutes, respectively. However, due to their wide peak distributions, these two peptides are co-
eluting. Hence, when we visualize the total intensity, the chromatogram looks like a peak with a
shoulder to the right. Figure 1.7B demonstrates the simulated chromatogram for 100 peptides with
narrow peak distributions and is highly complex. There are many overlapping or co-eluting peaks,
which is common in peptide separation for bottom-up proteomics.!°*19 When separating hundreds
of thousands of peptides in real-world samples, the chromatogram increases in complexity, as
shown in Figure 1.7C. Clearly, identification of individual peptides based on retention time is
impossible in this case and requires detection devices with higher resolution power such as mass
spectrometers.

To interpret the chromatogram, we can split the visualization into two regions. In Figure
1.7C, the red region represents the signals collected starting from sample injection to the arrival of
the first gradient portion (in case of gradient elution) to the column. This region is known as the

gradient delay time, which corresponds to the internal volume of the plumbing the sample and the
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gradient travelled through prior to reaching the column. The peptides that are identified in this
region do not retain on the column and are considered flowthrough peptides. The yellow region
after this dead volume contains the retention information of the peptides eluting from the column
with respect to the gradient program. Generally, the earlier the elution of a peptide represents a
weaker retention on the column and the later the elution is associated with strongly retaining
peptides. Based on the retention time, we can infer the interaction strength between the peptide and
the chromatographic column. The intensity of a peak observed by the detector, represented by the
y-axis, correlates with the amount of peptide found in the sample. The higher signal, the more of

that peptide is present.
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Figure 1.7: (A) Simulated chromatogram for the separation of two co-eluting peptides. (B)

Simulated chromatogram for 100 peptides with identical peak widths and height to demonstrate

chromatogram complexity with high number of compounds. (C) Experimental LC-MS/MS

chromatogram for the separation of peptides from the tryptic digest of a human whole cell extract.

The region in red denotes the dead time and the elution of flowthrough peptides. The region in

yellow is the area where gradient separation of retained peptides occur.

1.2.3 Applications of Chromatography in Proteomics

In proteomic LC-MS/MS analyses, chromatography is used to separate extremely complex peptide

mixtures prior to analysis in MS system. The most basic methodologies consist of direct connection

of the separation system to mass spectrometer. These methods can be classified as one dimensional
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LC-MS/MS or Single Shot Proteomics (SSP)3°48-%6 as shown in Figure 1.8. The objective is to
identify as much proteins as possible in one injection of the digested proteome using LC-MS/MS.
Chromatographic system is used in this case to spread peptide population and deliver it into the
mass spectrometer in uniform fashion to maximize probability of successful detection.
Multidimensional chromatography (MDC) involves two stages of separation and used for
extremely complex samples, when a single LC separation is insufficient.!%411° The first stage is the
first dimension in MDC where the peptides separate into multiple fractions using an HPLC system.
Subsequently, each fraction is injected into the LC-MS/MS analysis system, which is the second
dimension, to perform multiple SSP experiments. The output from these experiments combine to
represent the results for one sample; hence, MDC is a laborious approach. Typically, in SSP, the
samples are analyzed for 1-2 hours using reversed phase (C18) columns. The shorter run times are
more favourable for high-throughput experimentations. MDC is using different (compared to C18)
separation chemistry and often requires significantly more time than SSP but allows for a deeper

sample interrogation and higher number of protein identification. 10111
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Figure 1.8: The schematic outlining the processes for single shot proteomics and multidimensional

chromatography.
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1.2.3.1 Chromatographic Advancements in Single Shot Proteomics

Interfacing chromatography online with MS is available in a variety of sizes. Smaller (nanolitre
per minute flowrate format — ie. nano-flow) columns are used in proteomics to increase absolute
detection sensitivity, critical for minute proteomic samples.!*?-114 Typically, these columns are 75-
100 pm in inner diameter with a length varying from 100 mm to 500 mm. These smaller columns
typically use a few hundred nanoliters per minute flow rates compared to a few hundred microliters
per minute for analytical size columns (e.g. 4.6 x 150 mm) and results in higher sensitivitiy.}*>-117

In addition to using nanoflow columns, researchers are also decreasing the sorbent particle
sizes to increase peak sharpness. It is common to see researchers changing their column particles
from 5 to 3, to sub-2 pm sorbents.!*812! However, smaller particle sizes correlate to higher column
pressures on an HPLC. This can be a practical problem for LC systems where higher pressures
require specialized equipment and reduce reliability of solvent delivery. Incorporating a column
heater to increase column temperature can decrease the pressure significantly while maintaining
superior peak shape in comparison to 3 pm sorbents.*22-125 The peak shape improvements can lead
to an increase in detection sensitivity for peptides. It is important to note that heating the column
reduces peptide retention and leads to the loss of poorly retained hydrophilic peptides. Therefore,
the optimal particle size depends on many factors, such as type of LC equipment, samples,
requirements for optimal analysis time, etc.

Gradients are also important to consider for improving the detection of peptides in SSP.
There are two predominant methods for designing gradients: linear and non-linear.*?-128 The linear

gradient (for typical reversed-phase C18 separations) increases the concentration of the organic

solvent in the mobile phase at a fixed rate over time. Typically, 40% ACN will be sufficient to elute
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all peptides. Therefore, if the gradient spans over 90 minutes and ACN concentration increases
from 0% to 40%, then the rate of increase is 0.44% ACN/minute. However, linear gradients yield
chromatograms that resemble a gaussian distribution of eluting peptides. The earlier and later
regions in the chromatogram have a low number of peptides in comparison to the middle region.
This is not efficient for peptide detection. Therefore, a non-linear gradient approach addresses this
by accelerating the increase of ACN concentration in the less populated areas to have peptides
distribute equally along the chromatogram.'?® The non-linear gradient is important
chromatographic advancement in proteomics to achieve high quality results that we elaborate in

Section 1.5.
1.2.3.2 Chromatographic Advancements in Multidimensional Chromatography

MDC is an extension of SSP where there is an additional pre-fractionation component prior to LC-
MS/MS.1% The chromatographic method used for the pre-fractionation step is called the first
dimension separation. The subsequent LC-MS/MS procedure performed for each fraction is the
second dimension, and often employ the same chromatography approach of RP HPLC with formic
acid ion-pairing modifier as SSP. Conceptually, MDC is designed to improve detection of peptides
by distributing them uniformly over multiple fractions. Therefore, each fraction will be a less
complex mixture than the unfractionated mixture. An important consideration for MDC is that the
two dimensions should separate peptides with different selectivity.’?® The spread of peptides
improves with increasing difference between the two chromatographic modes and this topic is
explored in Chapter 2. The even distribution of peptides’ population across fractions achieved by
the differences between the two chromatographic modes maximizes the chances for successful

unique peptide identifications by mass spectrometer, which will be further elaborated in Section
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1.3. There are a variety of chromatographic method applicable in the first dimension to improve
peptide detection such as RP HPLC, HILIC, IEX, mixed-mode separation,104-107.109.110
Generally, reversed-phase separations are not suitable as the first dimension techniques
prior to RP HPLC (formic acid) due to similarity in retention mechanisms. % Drastically changing
pH of the eluent allows to alleviate this problem by altering the amino acids’ ionization properties.
Acidic residues are neutral at acidic pH (with formic acid) and ionized at pH 10. Conversely, basic
amino acids are ionized at acidic pH and become neutral at basic pH. Therefore, the same peptide
can have different interactions with the RP sorbent at acidic and basic conditions. Taking advantage
of this difference in interaction, Gilar et al. demonstrated that separating peptides into fractions
using RP at pH 10 is effective to increase peptide detection when acidic pH RP is the second
dimension.'3® Development of silica-based RP sorbents that are stable in a wide range of pH values
from 2-10 was necessary to make pH 10 RP possible.t3! This first dimension technique reduces the
number of peptides that co-elute in acidic pH RP in each fraction. A metric to evaluate this effect

is called separation orthogonality!%4132

and used to evaluate the dissimilarity between two
chromatographic methods for peptide separation, which we elaborate in Section 1.5. Aside from
basic pH RP, C18 stationary phase can be used at any pH depending on pH range stability*33134and
can involve other ion pairing reagents®>%® to improve separation orthogonality. The overall goal
when optimizing these techniques is to minimize the complexity of each fraction to enhance the
overall peptide detection.

Beyond pH 10 RP, SCX is a viable approach to separate peptides in the first dimension of
MDC. One of the first MDC methods in proteomics from Raida et al. used cation exchange

chromatography.'3® Washburn et al. extends this concept using an automated approach to improve

the throughput of MDC.**® The technique is multidimensional protein identification technology
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(MUDPIT). Both methodologies use a salt gradient to elute the peptides; however, other methods
are possible to achieve peptide separation with SCX. Establishing a pH gradient on the LC can also
be an alternative option to separate peptides with different ionization points (pI) on SCX.!3’
Furthermore, using TFA is effective in displacing peptide-stationary phase interaction with peptide-
acid interaction via ion-pairing.'3® There are many creative ways to approach MDC with a variety
of chromatographic modes. This is one of the reasons why there are on-going efforts utilizing MDC
in proteomics. However, be efficient at designing MDC methods, one must understand how peptide

separate. In our workflow, we use peptide retention time prediction models to improve this

understanding and aid in method development.

1.2.4 Peptide retention time prediction models

Peptide retention time prediction models were proposed to improve method development in
chromatography to facilitate selection of eluent conditions for complete separation of peptide
mixtures. In the early 1980s, Rose et al.'®%1%! and Kyte et al.}#? established the quantitative
hydrophobicity scales for understanding how amino acids in the protein sequence influence the
protein’s three-dimensional structure. These hydrophobicity values were obtained from X-ray
crystallography data or reported amino acid physicochemical properties like distribution within
water-octanol biphasic systems. Since HPLC is able to separate compounds based on their
physicochemical interaction with the sorbent, chromatographers attempted to contribute to the
development of representative hydrophobicity scales through chromatographic methodologies.

This notion was supported by Molnar et al.}*® where they established the correlation between

partition coefficients with the C18 retention time of amino acids. In 1980, Meek attempted a
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computational approach to solve for the hydrophobicity values.*** He developed a model that uses
the composition of amino acids to predict the experimental retention time of the 25 peptides chosen
for the study. The resulting variables trained in this linear model corresponded to the
hydrophobicity values of the amino acids when conjugated as a peptide. Subsequent approaches to
solve for amino acid hydrophobicity values was done by Guo et al.}*>1%® which involved
chromatographic separation synthetic peptides that were substituted at one position with each of
the 20 amino acids. Beyond amino acid contribution to retention on C18, Mant et al. later reported
that the length of peptide also influenced the interaction with the stationary phase.'*’ At the time,
the state of the art retention models were additive effects of amino acid composition along with the
peptide length. The accuracy of these models expressed as pearson correlation R? values for linear
correlation of experimental versus predicted retention times has been somewhat misleading as these
models were developed for very small peptide collections such that the models were prone to
overfitting.

During the early 2000s, MS-based proteomics was advancing and required retention time
prediction algorithms to assist with quality control and data validation.*® Since most peptide MS-
based identification strategies have some degree of uncertainty, retention time has been viewed as
an independent parameter to increase confidence of peptide sequence assignments. A variety of

retention time prediction algorithms were developed to accommodate this demand. Methods

149-152 153-159 160,161 At

involved linear regression, statistical learning, and artificial neural networks.
this time, the goal of proteomic researchers was to generate accurate prediction models for practical
use, while chromatographic specialists tried to deepen their insights into actual peptide retention
mechanism. These developments have been fuelled by ever-growing size of high-quality retention

datasets derived from proteomic LC-MS/MS experiments.
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In all these approaches, accuracy was a consistent problem, especially for linear regression
methods. Palmblad et al.*®! and Gilar et al.'®? employed linear regression models to model peptide
retention under a variety of chromatographic conditions and reported the limitations to obtain
accurate predictions. The limitations of all these models were the use of amino acid composition
to model interaction, thus leaving behind peptide sequence in which these resides were connected.
The sequence of peptide has a large influence on a peptide’s physicochemical properties. In 2004,
Krokhin et al. published the Sequence-Specific Retention Time Calculator (SSRCalc) algorithm,
which was the first algorithm to incorporate sequence-specific peptide features.®’ Its first version
considered the alteration of amino acids’ hydrophobicity values depending on proximity to peptide
termini. This resulted in development of the most accurate model in the field at the time. The
algorithm was further refined in later years by incorporating corrections for (i) nearest neighbor
effects, (i1) presence of clusters of hydrophobic amino acids, (iii) presence of proline, (iv)
isoelectric point, (v) peptide length, and (vi) propensity of helical structure formation. 63

SSRCalc became the predominant retention prediction engine in proteomics. Although its
prediction accuracy supersedes other retention prediction model, there were a class of peptides that
consistently has low prediction accuracy. These peptides were speculated to have helical structures
when interacting with reversed-phase and behave differently from random-coil peptides. In 2014,
Krokhin et al. attempted to characterize the retention for this class of peptides by studying
stabilization of peptide helical structures by N-cap motifs.'®* The N-cap motif was initially reported
in 1970s from crystallography studies on the alpha-helical portion of proteins. In terms of peptides
separation through RP, the peptides capable of forming helices will contort into a helix with a
hydrophobic face that maximizes interaction with the C18 phase. Therefore, it is common to

observe helical peptides will have experimental retention times that are much higher than the
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predicted retention time. In this study, it was found that the N-cap motif was consistent among
peptide with high positive retention shift; however, predicting whether the peptide will engage in
helical formation remain elusive.

Due to steady increase in the size of retention datasets (up to few hundred thousand by
2016) there was a resurgence of retention time prediction algorithms that involved incorporating
deep machine learning-based approaches. Gessulat et al. in 2019 developed Prosit'®® which
employed an encoder-decoder model. This scheme tried to learn how peptides interact by extracting
the intangible amino acid relationship-of-relationships using sequential layers of bidirectional
gated recurrent units (GRU). GRUs were also used for the decoders that resolves the retention time
after computing the values through a series of fully connected layers. This large model had a total
of 2 million parameters for modeling retention time of peptides on C18. In 2021, Bouwmeester et
al. published DeepLC that used deep convolutional neural networks (CNN) predict retention of
post-translationally modified peptides.'®® This model tries to extract spatial relationships between
amino acids and understand their interaction with the C18. However, these understandings are also
intangible due to their use of sequential layers that model relationship-of-relationships. These
techniques were able to achieve higher prediction accuracy than SSRCalc. However, these models
have all classical traits of black box approaches. The retention features, which drive peptide
retention cannot be extracted directly through these models.

Therefore, shallow learning models are the best of both worlds. By combining the physics-
driven features from SSRCalc along with the spatial architecture and encoding schemes from Prosit
and DeepLC, we should be able to surgically interrogate what each feature does in these shallow
models. Yeung et al. reported the use of shallow learning models for this approach and found that

GRUs are more effective at modeling peptides sequence with respect to predicting retention
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times.'® Furthermore, they elucidated the underlying parameters that can contribute to amolecule’s
hydrophobicity. Through their optimization of the model space, they found that by restricting
variable space to have only one variable per amino acid — the result variables directly correlate with
hydrophobicity values. However, when more variables were allowed for each amino acid, some
variables emerged to correlate with other physicochemical properties like cross collision section
and accessible surface area. This may implicate that hydrophobicity was driven by cross collision
section and the accessible surface area of an amino acid. Further investigation into shallow learning
models may elucidate explainable features that were not previously obvious for peptide retention

and chromatography.

1.3 Mass Spectrometry

1.3.1 Introduction to Mass Spectrometry

Mass spectrometry is a general term for wide variety of analytical methodologies which allow
measuring masses of molecules.'®® Fundamentally any mass spectrometer consists of three main
components: ionization, mass filtering (separation), and detection. Advanced hybrid mass
analyzers are capable of molecules’ fragmentation followed by mass filtering and detection of
correspondent fragments. This section outlines general principles of operation of hybrid ESI -
quadrupole — orbitrap mass spectrometer capable of ion fragmentation.

Traditionally, MS used harsh ionization methods like electron impact, where an electron
beam excites an incoming molecule to become anion in the gas phase.®®16® This form of ionization
breaks the molecule apart into smaller fragments and is challenging to resolve when multiple
molecules enter into the mass spectrometer. Furthermore, electron impact is not readily compatible

with LC for peptide analysis.'’® Harsh ionization is not applicable to proteomics. Soft ionization
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techniques such as electrospray ionization (ESI)*"*!"? and matrix-assisted laser desorption
ionization (MALDI)!"® yield intact ions that have m/z ratios corresponding to the molecular mass
of the target plus a proton(s) for positively charged peptide ions ([M+H]", ((M+2H]**, etc.). ESI
and MALDI differ in typical charge states observed. MALDI yields predominantly singly charged,
while ESI results in multiply charged molecular ions. Eventually, ESI found much wider
application in proteomics as it can be directly connected to LC for continuous infusion. The intact
peptide m/z is critical for further studies involving a process known as data-dependent acquisition
for peptide identification, which we explain section 1.3.3. As ESI is continuously ionizing
compounds that elute from the LC column, there will be a plethora of analytes that enter the MS
simultaneously. Ion filtering devices are used to measure m/z values and to select specific ions for
fragmentation if required.

Quadrupoles are an ion filtering device that stabilizes the flight path of ions with a particular
m/z. Only the incoming ions with the target m/z progress further into the instrument and all other
ions are destabilized and not analyzed. There are two main types of acquisition experiments
available for quadrupole-orbitrap MS instruments. MS1 is the spectral analysis of all intact ions
that are introduced to the MS at a given time point. The quadrupoles will not filter for this type of
acquisition. Masses of all ions will be measured in a high resolution orbitrap mass analyser as we
want the detector to observe all ions. MS2 is the spectral analysis involving the fragmentation of
target ions. In this scenario, the quadrupoles filter to isolate a specific ion with m/z value determined
in preceding MS1 orbitrap mass measurement. Subsequently, the selected ions are transported to
the collision cell where they collide with inert gas molecules generating fragment ions. In the

context of peptides, the collision cell will fragment the peptides into smaller peptide fragments or
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even amino acids when the high energy ions ablate the peptide. Subsequently fragment ions are
transferred to orbitrap for mass measurement.

There are a variety of mass analyzers available including magnetic sector, time-of-flight,
linear ion traps, quadrupole ion traps, and orbitraps!®®. The instrument we operate throughout this
thesis utilizes orbitrap analyzer. In comparison, the other mass analyzers physically count ions with
ion-counting devices;'’4""" however, orbitrap detectors use image current detection to infer the
number of ions that are inside the detector.2’®17° If a cluster of ions is near an electrode, the ions
can induce a current on the electrode without contact, this is the image current.*® The smaller the
distance between the ions and the electrode, the higher the image current. The orbitrap detectors
have an internal rod, and the electrode is the outer barrel of the detector illustrated in Figure 1.9.
When ions are inside the orbitrap detector, the ions oscillate around the internal rod. If an electronic
excitation is active inside the orbitrap detector, the ions will increase their radius of oscillation that
brings the ions closer to the outer electrode. This will result in an increase in image current on the
electrode. Subsequently, ions will relax back to their original oscillations at different rates
depending on the m/z. Therefore, the image current collected from the start of ion excitation to the
end of relaxation will compass the different frequencies of ion relaxation shown in Figure 1.9.
Upon using the Fourier transform on the image current signal, we can solve which ions are inside
the detector for that scan.'81182 This method has a higher resolution than traditional ion counting
detectors.1®8178179 Therefore, the orbitrap detector is classified as a high-resolution mass analyzer.
This resolution is critical to discern the signals belonging to peptide m/z apart from confounding

signals from adjacent m/z, as seen in Figure 1.9.
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1.3.2 Interpreting an MS spectra

The data generated from an MS is represented as a spectrum. The spectrum reports the number of
ions the MS detected for each m/z value. The MS1 spectra are used for surveying all ionized
peptides entering the mass spectrometer and subsequent decision on which ion to select for
fragmentation. Accurate MS1 measurements are also critical for assigning peptide identity based
on calculated m/z value. However, the mass of intact molecule alone is not sufficient for confident

identification in complex samples. MS2 spectra provided the information needed for confident
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peptide identification as they contain information on positioning of individual amino acid residues
encoded in m/z values of fragment ions. In the context of proteomics, the fragmentation process is
well characterized for peptides when using higher-energy collision dissociation (HCD) in orbitrap-
based MS systems, 183184

Peptides fragment in HCD along the C-N (peptide) bond between the carbon of the carbonyl
and the nitrogen of amino group.'®18 The fragment containing the N-terminal portion of the
peptide is referred to as b-ion. On the other hand, the fragment containing the C-terminal of the
peptide is called the y-ion. Adjacent b or y ions differ by the mass corresponding to the amino acid
residue. Therefore, finding a consecutive series of fragment ions can unequivocally infer the amino
acid sequence.
The b/y ion fragmentation series is unique to a peptide. However, additional difficulties arise from
the fact that b and y ions are present on the same spectra and some fragments could be missed due

to lower intensity signals that may overlap with other fragments.!8’

1.3.3 Data dependent acquisition and protein identification workflows

Initially, the MS1 spectra surveys all ion species entering the mass spectrometer following LC-
separation. From the MS1 spectra, the data dependent acquisition (DDA) algorithm selects ions
above a particular signal intensity threshold as seen in Figure 1.10.1881%0 An intensity threshold is
put in place because low ion count MSI usually leads to poor MS2 spectral quality. The vast
majority of DDA experiments in this thesis follow the same DDA protocol: an initial MS1 is
collected to select the top 20 ions in the spectra for MS2 acquisition. From this type of analysis
that typically is a 1-2 hour LC-MS acquisition, approximately ~60000-80000 MS2 spectra will be

generated. It is important also to note that not all ions in the MS1 are peptide ions. The ions can
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also be electronic noise, chemical noise, or sample contaminants.'%!%! Hence, enhancing peptide
signals would decrease the possibility of analyzing non-peptide ions.

Typically, the algorithm starts collecting MS2 spectra from the most intense ion to the least
intense.881% After the first round of MS2 acquisition, m/z values for fragmented ions are placed
into exclusion list to prevent re-selection until a certain amount of time elapses, which the operator
defines depending on expected width of chromatographic peak.?! There is only a limited amount
of time to collect the necessary information during the elution of a peak. Hence, operators need to
optimize their LC-MS/MS methods to maximize data collection during the elution process.

LC-MS/MS data from DDA experiments contain information on m/z values for the intact
peptides (precursor ions from MS1) and their correspondent fragments from MS2 measurements.

192,193 or MSFragger®* first check in a peptide

Conventional search algorithms like X!Tandem
library (generated from protein sequences database) the potential peptides that have m/z values
matching the precursor m/z. From this list of peptides, an algorithm calculates the b/y ions for each
peptide. Subsequently, the algorithm matches each set experimental MS2 spectra with the
calculated b/y ions for a potential peptide candidate, shown in Figure 1.10. The matching process
attempts to determine the number of matched b/y ions for each peptide candidate. Since the
assumption in most basic DDA algorithms is that each spectrum can identify at most one peptide,
the peptide with the highest number of fragment matches is the identified peptide. This peptide-
spectrum pair is called the peptide-spectrum match (PSM). Each peptide in the library has
additional information such as the protein of origin. Based on a PSM, we can associate the signal

intensity to a protein along with additional LC-MS/MS information. If a peptide maps to multiple

proteins, the operator must decide on the validity of including the peptide for downstream analysis.
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Figure 1.10: Data analysis workflow for the data dependent acquisition outlining the procedure

from MS1 to MS2 to peptide identification of a peptide ion.

1.4 Quantitative Proteomics and Current Methodologies

Now that we have explored the topics of proteomics (Section 1.1), chromatography (Section 1.2),
and mass spectrometry (Section 1.3), how can we apply LC-MS/MS to investigate changes to a
proteome in biological systems? Detecting and identifying proteins is insufficient to contextualize
changes in biological perturbations. To apply principles of differential expression, there needs to
be a way to extract the protein expression information from the MS data. During the peptide and
protein identification process, the protein identification contains the MS information for its
constituent peptides. We can extract signal intensities for each protein to compare the relative
changes at different biological conditions to perform differential expression. There are two main
approaches for quantitation of the proteome involving DDA that are isobaric tag-based quantitation

and label free quantitation.19>1%
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1.4.1 Isobaric Tag-based Multiplex Quantitation Methodologies

An approach to quantifying proteins across different experiments is to incorporate isobaric tags
that acts as a small molecule barcode.%%1%7-1% These tags chemically attach to digested peptides,
allowing us to distinguish which biological experiments the peptides are from. These barcode tags
are designed to have the same mass because the reporter mass of the tag is compensated by a mass
normalizer portion of the molecule by incorporating various stable isotopes, shown in Figure 1.11.
Therefore, labeled peptides of the same sequence from different biological experiments have
identical mass and other chemical properties. When these peptides are mixed after labeling, they
separate together through LC system and simultaneously enter the mass spectrometer. Upon
fragmentation, the reporter ion separates from the mass normalizer. Therefore, the corresponding
MS?2 spectra contain the standard b/y ion fragments and the fragments for the reporter ions in the
low m/z region corresponding to individual labeled samples as shown in Figure 1.11. Since each
isobaric tag reports a different biological condition, the fragment intensity for each tag corresponds
to the peptide intensity in the respective experiments. This is a multiplexed approach to quantify
multiple experiments simultaneously in one LC-MS/MS experiment. The effect of these isobaric
tags on the retention of peptides is explored in Chapter 6.

Gygi et al. demonstrated the first isobaric tag known as isotope-coded affinity tags that were
labeling the cysteine through an alkylation step.2°%2%! The initial commercial offering of such
isobaric tags was known as iTRAQ reagents that utilize N-hydroxysuccinimide (NHS) chemistry
to derivatize peptide’s primary amine sites.?22% The resulting peptide has a mass shift of +144.102
and has higher retention on RP chromatography because the tag is hydrophobic. Due to the

chemical structure of iTRAQ, only 4-plex?®® and 8-plex?%? are available; thus, comparisons for
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differential expression can only evaluate eight conditions simultaneously. This can be limiting for
establishing statistical significance when evaluating differential expression with hypothesis testing
approaches. If the experimental design surpasses eight conditions, then more channels are needed.
The second type of isobaric tags, tandem mass tags (TMT), also utilize NHS chemistry.?% Witha
different chemical structure, this isobaric tag can accommodate up to ten channels. When sample
sets start to expand for comparing multiple conditions with many replicates, ten channels can be
insufficient. Practitioners may need an additional channel to normalize the signals between LC-
MS/MS acquisition.??® Thus, the eleventh channel is made available to accommodate larger studies.
Further expansion of TMT resulted in a new tag structure with the name TMTpro, which allows
for up to 18-plex analysis.??® Novel approaches of mixing multiple isobaric tags in succession gave
rise to a new sub-field known as hyperplexing.?°’-210 This technology can have up to 45 channels
in one LC-MS/MS acquisition.?’® However, these high-plex experiments vary in their consistency
and success.

Complex chemical composition of the tags and similarity of reporter ions generated from
fragmentation of different precursor ions represents serious problem.?1-23 Channel bleed is the
result of ion intensities from other channels that can confound adjacent channels. 22213 This can be
due to impurities during the synthesis of the tags or co-isolation of co-eluting peptides in the
MS 205212213 [ conventional workflows, utilizing MS2 can result in the isolation of co-eluting
peptides with similar m/z. Therefore, their reporter intensities amalgamate as if they were one

peptide.
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Figure 1.11: Schematic diagram for the analysis of isobaric tags on peptides for multiplex

quantitation on MS.
1.4.2 Label-Free Quantitation of Proteins in Bottom-up Proteomics

An alternative approach is label-free quantification where SSP directly analyze the digest peptides
without additional labeling 195196214215 Each experimental condition has an independent SSP
experiment. After protein identification, the quantification workflow extracts the peptide signal
intensities across the SSP acquisitions to perform differential expression. However, there are

different strategies to extract the peptide intensities from the MS data. Since there are two different
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types of scans for the MS, peptide quantitation workflows can use on MS1 or MS2 intensities, each
having their own advantages and disadvantages,196:214.216-218

MS1 quantitation extracts the peptide information from the MS1 spectra based on the m/z
of the peptide 214216218219 Since the MS collects these spectra at constant interval, there is a
guarantee to collecting multiple data points per each chromatographic peak during the peptide
elution. Having more points per peak can enhance the accuracy of quantitation.?2??! If too little
sampling is done during the elution, it is possible to underestimate the true concentration of the
peptide. It is important to note that this quantitation method still relies on MS2 spectra to identify
the peptides in the sample. The disadvantage to this method is the assumption that the m/z is unique
to a target peptide. If the target peptide and a contaminant share overlapping m/z values, the
quantitation is inaccurate as we will be quantifying the peptide plus the contaminants together.??
Therefore, high resolution MS systems are used for this type of approach to minimize the
occurrence of these overlaps.

MS2 quantitation uses the peptide information from the MS2 spectra to report the intensity
value for the peptide.?'8223-226 This method is more specific than the MS1 approach as we are
quantifying the protein amount based on the signal intensities of the identified fragment ions in the
MS2 spectra. However, DDA is a stochastic process and there is no guarantee that the MS2 for a
particular peptide will be collected for all samples that are interrogated for quantitation. Therefore,
MS2 quantitation is prone to encountering the missing value problem where certain biological
conditions will have no quantitative information available. Furthermore, the dynamic exclusion
parameter limits the number of data points collected across LC peak. This can result in an individual

peptide being fragmented before or after reaching true maximum of chromatographic peak,

resulting in inadequate quantitation accuracy.
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Protein quantitation is not trivial and is dependent on the operator’s training to make
informed decision to either proceed with MS1 or MS2. Furthermore, there needs to be a balance
between optimizing the LC-MS/MS method to detect more proteins versus detecting proteins more
consistently. The general rule of thumb is to have at least two unique peptides per protein to perform
quantitation.??’-?? This increases the confidence that the protein of interest is being identified
correctly. Peptides that are used for protein quantitation ideally should not carry post-translational
modifications or contain amino acids sites that are prone to spontaneous modifications or single
amino acid variations.?3%23! The latter is especially critical in clinical proteomics. The measured
peptide intensities must be consistent between replicates. Coefficient of variation (CV) metrics is
used to evaluate measurements’ reproducibility.?®2-23* CV estimates the variance of the peptide
quantitation in the replicate analysis. Low variability is favourable and increases the significance

in hypothesis testing when performing differential expression analysis.

1.5 Current Advancements in DDA-based LC-MS/MS Methods for Proteome

Quantitation

We have elaborated in the previous sections about the well-defined technology used in
contemporary LC-MS/MS-based proteomics. Conversely, our conceptual understanding as a
community of how proteins differentially express and which proteins are involved in multitude of
biological processes remains elusive. There is always a notion of what if the protein that was not
detected is a key factor regulating a biological process? To iteratively improve our understanding
of how proteins respond to stimulus, one of the ways is to create LC-MS/MS methods that can
quantify the entire proteome.*?*! Regardless of analysis depth and time spent on LC-MS/MS

acquisitions, there is a lack of methods that can provide quantitative information on the entire
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expressed proteome. Enhancing peptide detection and protein coverage in proteomic experiments

requires further improvements to both, MS and LC technologies.
1.5.1 MS Technologies to Increase Proteome Coverage

In the early stages of proteomics, the main MS systems used ion counting devices for detectors and
therefore, were lower resolution. During the 2010s, the Thermo Fisher LTQ Velos was the
predominant MS used for proteomics but had a slow MS2 scan speed of 1 MS2 per second or 1
Hz.%® This means the MS could only acquire 3600 MS2 spectra in a 1-hour MS acquisition.”’
Hence, the proteomic methods involving the LTQ Velos were often slow and could take up to 8
hours to identify 5000 proteins.?%® Subsequently, in 2011, the TripleTOF 5600 MS systems was
introduced from AB SCIEX as a higher scan speed instrument achieving a maximum of 50 Hz and
this instrument was able to identify 1000 yeast proteins in 1 hour. In 2012, the Thermo Fisher
released the newer Orbitrap Q Exactive instrument had better performance to acquire 13 MS2
spectra per second and was the first commercial instrument with a high resolution orbitrap detector.
Through this innovation, it was possible to detect ~4000 yeast proteins in 4 hours.?*” Through
further optimizations to the acquisition methods, it was possible to achieve ~4800 protein
identifications from human cell lysates in 4 hours.%® Subsequently, in 2014, the Orbitrap Q Exactive
was upgraded to the Q Exactive HF model where the sensitivity of the instrument increased.
Therefore, ~5000 protein identifications from human cell lysates were attainable in a 90 minute
LC-MS/MS acquisition.>® Following these achievements, the enhanced Q Exactive HF-X and
Exploris 480 further improved identification output to result in identifications of ~5900 human
protein in 30 minutes LC-MS/MS acquisitions.>3** The advanced scan modes available for these

two instruments made it possible to detect peptides for a large number of proteins in a short period
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of time. Kawashima et al. further pushed the limits using the advanced scan modes to detect 10,000
proteins in 2 hours.3®

Most recently, the Orbitrap Astral is the newest orbitrap-based MS instrumentation that can
yield 12,000 protein identifications in 1 hour.*® These identification statistics are achieved by
simultaneously applying the advanced scan modes, novel instrument architecture, and MDC
together. However, the 5-minute LC-MS/MS acquisitions for each of the 24 fractions obtained from
the MDC 1is limited to ~5000 protein identifications. It is likely the improvements to MS
instrumentation are reaching a plateau for protein identification and vendors are instead focusing
on throughput over depth. With each instrument succession, the MS collects more spectra in less
time, but it is unrealistic to rely on a brute-force approach to mine mass spectral information for
protein identifications.

Upgrading the MS technology can eventually attain comprehensive proteome coverage.
However, that constrains the MS as the bottleneck for increasing the number of protein
identifications when designing a method. Furthermore, as a field, depending on MS improvements
results in an overall dependency on instrument vendors to drive the state of the art in proteomics.
LC is another component to the LC-MS/MS methods that can be improved for enhancing proteome
coverage. This notion is of particular importance for labs which cannot afford yearly upgrades of
MS equipment. Moreover, any improvement that are made upstream of the MS involving LC

technology will provide impact on overall LC-MS/MS performance regardless of MS device used.
1.5.2 LC Technologies to Increase Proteome Coverage

Researchers used a different mentality when designing LC technologies for increasing the

proteome coverage. One of the factors that affected protein identification for LC-MS/MS methods
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was that the separation processes was too fast for the scan speed of the MS instrument. Initially,
researchers used long gradient approaches to increase the time needed for peptide separation and
therefore, the MS has more opportunities to detect unique peptides. Iwasaki et al., in 2010, utilized
a 350 cm long column to separate the E. Coli proteome with a 41-hour long gradient.?% The team
successfully identified ~2700 proteins that encompassed most of the proteins expressed by E. Coli.
In2011, Kocher et al. implemented a 10-hour long gradient was implemented to separate the human
proteome isolated from the HeLa cell line.?*® This approach also resulted in ~2700 protein
identifications but achieved this in shorter time. In the following year, Zhou et al. reported the
identification of ~4000 human proteins with a 10 hour long gradient but the LC system operated at
lower flow rates.24°

Beyond increasing gradient lengths for SSP experiments, researchers also used MDC
approaches for enhancing proteome coverage in an experiment.04-107.109.110 Fyrthermore, there
were efforts towards high fraction number MDC experiments to improve the depth of protein
identification using three dimensional chromatography and fractionation with isoelectric focusing.
Spicer et al. separated 720 ng of human whole cell lysate into 126 fractions through a three-
dimensional pairing of (1) acidic pH with heptafluorobutyric acid ion pairing additive on RP, (2)
basic pH RP, and (3) acidic pH with FA additive on RP.*?° Resulting from this extensive separation,
14,000 proteins were identified with ~250,000 unique peptides. Despite achieving one of the
highest human proteome coverage, it was a low throughput method requiring 8 days to analyze the
fractions for one biological sample. Branca et al. used a two-dimensional approach involving
isoelectric focusing in the first dimension that was able to achieve similar protein identification
statistics.?? The first dimension was a non-conventional high-resolution isoelectric focusing

method that separated peptides based isoelectric point. The peptides were fractionated into 72
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fractions that were then analyzed by LC-MS/MS. From this protocol, the analysis detected ~80,000
unique peptides that identified ~13,000 proteins. The latter method had a lower peptide
identification likely because the fractions from isoelectric focusing resulted in co-elutions in the
second dimension. This may have saturated the DDA schedule despite each fraction contained only
a subset of peptides from the proteome. The saturation issue highlights the fundamental limitations

of DDA-based approaches towards increasing proteome coverage in LC-MS/MS proteomics.

1.5.3 Current Limitations in DDA-based LC-MS/MS

Despite all the significant achievements in LC and MS technology, one of the prevailing issues
with DDA-based LC-MS/MS is associated with the basic principles of DDA approach. If a column
effluent at any time point during separation has more components than the DDA algorithm can
schedule for MS2, then the MS becomes saturated. During saturation, lower abundance species are
less likely to be detected. Therefore, desaturating the DDA schedule will enhance the detection of
lower abundance species. The problem is exemplified due to presence of very large (producing
many peptides like titin) proteins and very abundant species (like albumin in blood). The latter
yields highly abundant peptides, which usually elute from LC column as very wide peaks, which
prevents the selection of low abundant species for MS2 in these regions. Simplifying the sample
mixture and decreasing the total number of unique peptide sequences in the sample is one way to
achieve this desaturation. Selecting which peptides to remove, however, is not trivial. If we remove
key peptides that are critical to the identification of a protein, that protein will not be identified. In
the past, there has been investigation into sub-sampling the peptide space from the proteome

through techniques known as peptide-centric proteomics. The goal is to minimize the number of
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peptides needed to represent all proteins in the proteome through selective isolation of peptides

with specific physicochemical properties or amino acids.
1.5.4 Prior work on Selective Isolation of Peptides from the Proteome

Peptide-centric proteomics involved methods that select groups of peptides for LC-MS/MS
analysis that reduce protein identification redundancy on a peptide level.?#22%% In 2002, a
chromatographic enrichment method called Combined Fractional Diagonal Chromatography
(COFRADIC) was used to isolate methionine-containing peptides.?® Close to all of proteins in E.
Coli have at least one methionine residue, hence, the methionine-containing peptides could
potentially be used for identifying the entire proteome. From the enriched peptides analyzed on
LC-MS/MS, ~800 E. Coli proteins were identified. The enrichment was done with two rounds of
RP separation. The first round distributed the peptides into multiple fractions along the
chromatogram. The methionine-containing peptides in each fraction were chemically oxidized
which altered the retention properties of the peptide. Oxidized methionine (Mso) has a lower
hydrophobicity than methionine and therefore, the peptides containing Mso elute earlier than other
peptides in the corresponding fraction. Hence, the second round of RP chromatography under
identical conditions captured this group of Mso-containing peptides that were subsequently,
submitted for LC-MS/MS analysis. Through this labor-intense procedure, the protein identification
software identified ~1300 peptides belonging to 800 proteins, which was an achievement at the
time. Effectively, this method was able to reduce redundancy for the DDA algorithm to improve
protein identification.

Aside from isolating peptides with methionine, Liu et al. demonstrated that thiol -decorated

resins were able to selectively enrich cysteine-containing peptides.?®* When cysteine-containing
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peptides were incubated with the thiol resins, they formed disulfide bonds with each other. Washing
the beads removed the unretained peptides and the cysteine-containing peptides were eluted for
LC-MS/MS analysis. The resulting analysis detected ~5900 peptides to yield ~3000 proteins
identifications. Without the enrichment step, ~10000 peptides were detected to identify ~3000
proteins. The comparison between samples with and without enrichment illustrated that selecting
a group of peptides can reduce the redundancy of protein identifications.

Selective Capture of Peptide (SCAPE) followed a different route to achieve redundancy

reduction.?®! This method depletes a group of peptides from the sample rather than performing
enrichment. The procedure involves reversibly modifying the primary amines on a peptide where
the N-terminal and the lysine side chain would be modified but other basic amino acids would not
be perturbed. This resulted in peptides containing histidine and arginine to have charges greater
than +1. All other peptides will have a 0 charge. The 0 charge peptides were enriched in the flow
through of SCX and histidine/arginine containing peptides were depleted from the sample.
Subsequently, the amine modification was removed from the histidine/arginine deficient peptides
for LC-MS/MS separation.
The authors of these methods hypothesized that this could be a viable way to enhance protein
identification. However, these methods were not widely used in proteomics due to the laborious
nature of their workflow. They employ various version of chemical modifications, which rarely
resultin 100% yields and prone to side reactions.?%1:253 Furthermore, it would be difficult to perform
fractionation procedures such as COFRADIC consistently to conduct quantitation.

SCAPE and COFRADIC are essentially semi-MDC methods involving multiple rounds of
chromatography to achieve redundancy reduction. Enriching a select class of peptides with a

specific amino acid can be restrictive since not all organisms share the same amino acid
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abundances.?#8251.253 [fwe enrich a group of peptides based on chemical property, that can be more
applicable across various organisms and sample types. We can take inspiration from these semi-
MDC methods to pre-fractionate peptides using a first dimension column. We then only analyze a
portion of the fractions. It is difficult to select an appropriate chromatographic mode to create such
a procedure because there is a lack of systematic evaluations for 2D separations. This information
is critical to decide what chromatographic mode in the first dimension can yield a portion of
peptides that can achieve the highest protein identification with the least amount of peptides
needed.'%* Furthermore, not many chromatographic modes have prediction models available to
evaluate where peptides distribute for in-silico simulations of enrichment procedures. These are
issues we will need to address to selectively isolate peptide populations through chromatography

for increasing proteome coverage via the desaturation of the DDA schedule.
1.5.5 Our Approach to Increasing Proteome Coverage

Fundamentally, our goal is to create a chromatographic method that can desaturate the DDA
schedule through reducing redundant protein identifications on a peptide-level. There are three
critical objectives we need to address to successfully construct this method.

The first objective is to identify a chromatographic mode that has a group of peptides that
can be isolated to identify the entire proteome. Furthermore, this group of peptide needs to be
evenly distributed in the RP LC-MS/MS acquisition to maximize unique peptide detection to
improve protein identification. Orthogonality is a parameter that can evaluate the distribution of
peptides between two chromatographic modes. Gilar et al. were the first to report on a metric that
132

can quantify this relationship—based on filling percentage of respective orthogonality plots.

Conceptually, the orthogonality metric will allow us to determine which fractions in the first
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dimension is able to evenly distribute peptides in the second dimension. To identify a suitable first
dimension chromatographic mode, we studied sixteen different chromatographic settings to be
paired with acidic pH RP. Within these sixteen modes, they include RP, HILIC, IEX, and mixed
mode columns, which contains a blend of functional groups corresponding to two or more
separation mechanisms. We also wanted to extend the orthogonality metric reported by Gilar et al.
to see if the resulting orthogonality values correlate with protein identification statistics. This
portion of my research project is outlined in Chapter 2.

The second objective was to model the selected chromatographic modes to understand the
peptide retention behaviour on these columns and also to predict in-silico ideal peptide enrichment
regions that can minimize redundant protein identifications. We expect to observe an increase in
protein identification when we subject this group of chromatographically enriched peptides for LC-
MS/MS analysis. Therefore, we used SSRCalc retention time prediction approaches to model the
peptide retention times in ZIC-HILIC stationary phase at pH 4.5 (Chapters 3) and pH 3 (Chapter
4) to be potentially used for redundancy reduction in proteomics. Finally, in Chapter 5, we
demonstrate the utility of such prediction models towards designing redundancy reduction
chromatographic methods using the XBridge Amide HILIC mode, that we previously investigated.

The third objective to develop a fractionation technique that can isolate peptides
reproducibly for quantitation. With the previous reporting of peptide isolation techniques yielding
high variability, we want the redundancy reduction method to be applicable for quantitation. Prior
work involving rapid sample preparation schemes employed packed chromatographic material into
pipette tips. The separation of peptides occurs within the tip where the mobile phase passes through
the stationary phase via centrifugation. These techniques have been previously used in protein

quantitation and is promising in terms of attaining low CVs. Therefore, it would be advantageous
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to evaluate if it is possible to create a protocol that can support reproducible enrichment of peptides
that reduce the redundancy of protein identification for a sample. In the future, we want to integrate
isobaric tag labelling to our redundancy reduction workflows. Thus, in Chapter 6, we modelled the

changes in retention behaviour of peptides that are labelled with the commercially available

isobaric tags.
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Chapter 2 Separation orthogonality in liquid chromatography-mass
spectrometry for proteomic applications: comparison of 16 different
two-dimensional combinations

This section contains text and figures from a paper published in Analytical Chemistry in 2020,
92, 5,3904-3912. Darien Yeung, Benilde Mizero, Danny Gussakovsky, Nicole Klaassen, Ying
Lao, Victor Spicer, and Oleg V. Krokhin.

DY performed data analysis, writing, editing of the manuscript. BM, DG, NK, YL performed the

experiments, VS performed data analysis, editing of the manuscript. OVK conceived and
supervised the project, performed data analysis, writing, and editing of the manuscript.

Abstract

Peptide separation orthogonality for 16 different 2D LC-ESI MS systems has been evaluated using
the same mass-spectrometry platform (Triple TOF 5600), the same complex tryptic S. cerevisiae
digest and identical chemistry (reversed-phase C18, 0.1% formic acid) in the second dimension.
To compare and contrast the behavior of the first dimension columns, a large proteomic retention
dataset of ~30,000 tryptic peptides was collected for each 2D pairing. The selection of the first
dimension system was made to cover the most popular peptide separation modes applied in
proteomics: reversed-phase (RP) separations with different pH and ion-pairing modifiers,
hydrophilic interaction liquid chromatography (HILIC), strong cation- and anion exchange (SCX,
SAX), and mixed mode separations. The separation orthogonality generally increases in the order
RP < SCX < HILIC < SAX, with the exception of high pH RP — low pH RP system, which showed
the second best orthogonality value (68%), just behind PolySAX LP column (74%). The
identification output of 2D LC-MS/MS system is driven by both separation orthogonality and
efficiency, making high pH RP the best choice for the first dimension separation. Its performance

in combination with a standard C18 at acidic pH can be increased further through the application
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of pairwise fraction concatenation. The effect of the latter has been evaluated using in-silico
fraction concatenation, which proven to show improvement only for RP separations in the first
dimension. Concatenation of 2, 3 and 4-5 fractions into one is shown to be the most effective for
high pH RP, HFBA- and TFA-based C18 separations, respectively. We also suggest simple
guidelines for the unbiased determination of dissimilarity for two separation dimensions and
evaluate separation orthogonality in 3D LC-LC-MS separation space for all systems under

investigation.

2.1 Introduction

Reversed-phase (RP) HPLC is a leading tool for on-line combination with mass spectrometry in
bottom-up proteomics. This combination is optimal due to robustness, MS-compatible separation
speed and high detection sensitivity when formic/acetic acids are used as ion-pairing additives.!
While acquisition speed and mass accuracy?* have been increasing steadily for mass
spectrometers, the developments of the LC-component of the system have been incremental as
most of the separations in proteomics are still performed on fully porous silica-based C18 phases.
The introduction of efficient core-shell UPLC packing materials, the wide applications of splitless
nano-flow systems operating at high pressures and multi-dimensional separation techniques are
among the recent advancements of separation technology for applications in proteomics.
Multi-dimensional separation methods>® have been developed to increase MS/MS
acquisition space (time) when analysing extremely complex peptide mixtures. Such complex
digests may contain hundreds of thousands to millions of peptides. While the most sophisticated
mass spectrometers can produce high quality MS/MS spectra at a rate of ~40 Hz, this is still not

enough for acquiring all possible tandem spectra within the few hours of a typical one-dimensional
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run. Another reason for using deeper fractionation is the sample loading limits for 1D nano-flow
LC-MS and resulting problems with detection of low abundance species. Due to its simplicity and
productivity 2D LC-MS has surpassed gel-based proteomics’ approaches and now represents the
leading method for deep shotgun proteomic analyses.

There are numerous 2D combinations used in proteomics, discussed in the comprehensive
review by Di Palma et al.® The SCX-RP combination was introduced in 1999 and has been a method

of choice for number of years®’

and implemented in a convenient on-line format, known as
MudPIT. Other combinations are based on RP-RP,'%!! HILIC-RP,'> SAX-RP,"* and mixed mode
separation-RP,!* essentially utilizing all available peptide separation chemistries. Recent
publications on benchmarking the productivity of new mass spectrometers use high pH — low pH
RP combination, indicating its wide acceptance and growing popularity.*!> This method was
introduced for silica-'° and polymer-based'' RP columns and modified by introducing fraction
concatenation strategy to further improve separation orthogonality.!® Not surprisingly, the vast
majority of techniques utilize reversed-phase separation in the last separation dimension, giving
good compatibility with ESI. The selection of the first dimension chemistry is dictated by the basic
understanding of separation principles, when two independent dimensions have to provide good
peak capacity to separate as many components as possible, i.e. have complementary selectivity.
Thus, SCX/SAX separation is driven by peptide charge and RP by hydrophobic interactions,
promoting separation orthogonality. Separation efficiency, compatibility of the eluents, and
robustness of the first dimension separation represents other criteria used during the selection
process.’

There are several separation modes that are sufficiently orthogonal compared to reversed-

phase separation at acidic pH.> Systematic studies on the selection of optimal 2D or 3D LC
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combinations for proteomics, however, are very rare. The selection of better multidimensional
protocols is accomplished by comparing the number of identified peptides/proteins (often relative
to previously published results), rather than chromatographic selectivity metrics. Studies like this
are being performed on different MS equipment complicating a fair comparison. Moreover,
comparison within the same lab using identical equipment may be difficult due to continuous
alteration of the mass-spectrometers performance over time due to source contamination and other
factors. Overall, there is a need for unbiased evaluation of separation orthogonality using
chromatographic criteria.

Pioneering work in this area by Gilar et al.> elucidated peak capacity and separation
orthogonality for SCX-RP, high pH - low pH RP, low pH —-low pH RP (Phenyl-C18,
Perfluorophenyl-C18), HILIC-RP, SEC-RP pairings using a dataset of 196 peptides, which allowed
for establishment of general trends and the crowning of HILIC at pH 4.5 as “orthogonality
champion”. The authors implemented a geometric approach based on the distribution statistics of
the data points within two-dimensional orthogonality plots. The random distribution of 196 data
points in 14x14 matrix will result in filling ~63% of the bins, representing a perfect 100%
orthogonality. Identical separation conditions will result in diagonal positioning of all data points,
filling~ 7% of the bins (14 out of 196) and representing 0% orthogonality. All intermediate cases
of experimental populating of 2D separation matrices were scaled in relation to these limits.

Surprisingly, this approach is rarely used in proteomics studies. Most researchers, ! 18

including our
laboratory,' employ R?-value correlation statistics to assess separation orthogonality. A systematic
comparison of these two methods was one of the motivation points for this study.

Another motivation was the fact that since 2005 two dimensional separations have become

extremely powerful and ubiquitous: dozens of 2D methods have been reported, many generating
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up to 100,000 unique peptide identifications in a matter of hours.*!> Our laboratory alone used
more than a dozen of different 2D LC-MS/MS approaches to study peptide separation selectivity
through the development of Sequence-Specific Retention Calculator model in different separation
modes: RP (high —low pH),'® SCX,?° HILIC,!**! SAX, mixed-mode. Embarking on this projectin
2016, we decided to use a standard BY4741 yeast tryptic digests for all experiments. This
standardization simplifies filtering false positive identifications (critical for prediction models’
development) and the comparison between the separation modes as retention of identical molecules
are monitored across all these runs. All these experiments have been performed using 2D LC with
various columns (conditions) in the first, identical Luna C18(2) columns with formic acid as ion-
pairing modifier in the second dimension separation and the same Triple TOF 5600 mass
spectrometer. The resulting unique collection of datasets allows not only for the systematic
comparison of separation orthogonality, but helps to elucidate its effect on the identification output
in otherwise nearly identical 2D-LC-MS/MS settings. This work summarizes our finding on
separation orthogonality observed for sixteen different 2D LC combinations, suggests general
guidelines for systematic comparison of 2D LC systems, including taking into account mass-
spectrometry separation space, and provides overview and limitations of popular fraction

concatenation strategy.

2.2 Experimental

2.2.1 Materials, digestion, chromatographic columns.

Tryptic digestions of yeast cell lysate, bovine serum albumin (BSA) and chromatographic
alignment have been performed as described elsewhere.?’ Digestion included a standard Cys

protection procedure using alkylation with iodoacetamide, followed by proteolysis with trypsin.
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Designed standard peptides P1-P6,%2 N2-N10,> peptides with different charge®® were synthesized
by BioSynthesis Inc. (Lewisville, TX). These peptides were used for the initial selection of
chromatographic conditions and for the retention data alignment in the second dimension by
spiking each fraction with ~200 fmol of each peptide of P1-P6 mixture,?* prior to the separation.
The list of first dimension separation columns included (Table 2.1): Luna HILIC 3 pm 200A (3x50
mm), Luna (2) Silica 3 pm 100A (3x50mm), Luna C18(2) 5 um 100A (1x100 mm, used for TFA
and HFBA RP separations) (Phenomenex, Torrance, CA), XBridge Amide 3.5um 100A (3x50),
Atlantis Silica 3 pm 100A (3x50), XTerraC18 5 um 100A (1x100 used for high pH RP separations)
(Waters, Milford, MA); TonPac AS24 (2.1x250mm), lonPac AS32 (2.1x250mm) (Thermo Fisher,
Sunnyvale, CA); Polyhydroxyethyl A 5 pm 100A (2.1x100 mm), Polysulfoethyl A 5 um 200A
(2.1x100 mm), PolySAX LP 3 pm 100A (2.1x100 mm) (Poly LC, Columbia, MD), Scherzo SM -
C18 3 pm 130A (3x50 mm) (Imtakt, Kyoto, Japan); Daicel DCpack PTZ 3 pm (3x50 mm) (Daicel,
Osaka, Japan). HPLC-grade acetonitrile, de-ionized and LC-MS water grade chemicals were used

for the preparation of eluents.
2.2.2 First dimension separation conditions.

Agilent 1100 series HPLC system with UV detector (214 nm) with 100 pL injection loop and 150-
300 pL/min flow rate was used for the separations. The separation conditions were selected to
spread entire separation space over 40 fractions or more. Initial selection of separation conditions
has been accomplished through separation of standard BSA digest and peptide mixtures with
varying hydrophobicity (RPLC, P1-P6),?? hydrophilicity (HILIC, N2-N10),23 peptide charge for
SCX?% and SAX. 150-200 ug of yeast digest was separated in each case, fractions were lyophilized,

spiked with standard peptides P1-P6 for the retention time alignment in the second dimension.*
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Fractions were dissolved in 40-50 ul of buffer A (0.1% formic acid in water ) to provide ~1 ug

injections in the second dimensions

to avoid column overloading.

Table 2.1: Chromatographic conditions for the first dimension separations used in this study.

Column

Eluent composition Gradient slope # of 1 min
fractions
HILIC (gradient: % water increase starting from 10:90 water: acetonitrile, 0.3 mL/min)
Luna HILIC 3 pm 200A (3x50 mm) A: 10 mM ammonium formate pH 4.5 0.5% 39
B: 10 mM ammonium formate in 90:10
XBridge Amide 3.5um 100A (3x50) ACN:water 0.7% 38
Luna (2) Silica 3 pum 100A (3x50) 1% 39
Atlantis Silica 3 pm 100A (3x50) 1% 38
Polyhydroxyethyl A 3 pum 100A (2.1x100) 1% 44
ZIC-HILIC 3.5 pm 100A (2.1x100) 0.7% 41
ZIC-cHILIC ZIC 3 pm 100A (2.1x100) 0.7% 41
Daicel DCpack PTZ 1% 47
SCX (gradient: salt concentration starting from 0 mM, 0.3 mL/min)
PolySulfoethyl A 5 um (2.1x100) A: 80:20 water: 8.5 mM KCI per | 46
Acetonitrile, 0.1% formic acid.
B: same as A plus 500 mM of KC1 minute
SAX (gradient: salt concentration starting from 0 mM, 0.3 mL/min)
SAX1 IonPac AS24 (2.1x250) A: 20 mM Tris-HC1 pH 8 8 mM NaCl per | 43
B: same plus 1M NaCl
SAX2 TonPac AS32 (2.1x250) minute 46 (0.5 min)
SAX 3 PolySAX LP 3 um 100A (2.1x100) 40
RPLC (gradient: % acetonitrile increase starting from 100% water, identical ion-pairing in both buffers A and B, 0.15 mL/min)
XTerra 5 pm 100A (1x100) 20 mM ammonium formate 1% 70 (0.5 min)
pH 10
Luna C18(2) 5 um 100A (1x100) 0.1% TFA 1% 70 (0.5 min)
Luna C18(2) 5 pm 100A (1x100) 0.1% HFBA 1% 70 (0.5 min)
Mixed-mode (gradient: % acetonitrile increase starting from 100% water 0.2 mL/min)
Scherzo SM-C18 A: 10 mM ammonium formate pH 4.5 2% 39

B: 10 mM ammonium formate in 90:10
ACN:water

XBridge Amide, Atlantis Silica, XTerra C18 (Waters, Milford, MA); Luna HILIC, Luna (2) Silica, Luna C18(2) (Phenomenex, Torrance, CA);

TonPac AS24, TonPac AS32 (Thermo Fisher, Sunnywale, CA); Polyhydroxyethyl A, PolySulfoethyl A, PolySAX LP (Poly LC, Columbia, MD),

Scherzo (Imtakt, Kyoto, Japan); Daicel DCpack PTZ (Daicel, Osaka, Japan)
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2.2.3 Second dimension LC-MS/MS.

LC-MS/MS in the second dimension has been done using a standard data-dependent acquisition
protocol using a TripleTOF 5600 mass spectrometer (Sciex, Concord, ON) and 2D LC Ultra system
(Eksigent, Dublin, CA) and as described elsewhere.!” Similar acquisition parameters were used for
all experiments. LC settings featured 100pum x 200mm analytical column packed with 3 um Luna
C18(2) (Phenomenex, Torrance, CA), 300 um x 5 mm PepMap 100 trap-column (ThermoFisher),
500nL/min flow rate, linear ~0.3-0.65% acetonitrile per minute gradient. Both eluents A (water)
and B (acetonitrile) contained 0.1% formic acid. The gradient programs consisted of following
steps: a linear increase from 0.4 to 31% buffer B (acetonitrile)in 47, 77 or 107 minutes, 5 minutes
at 80% B and then 8 minutes at 0.4% B for column equilibration (60, 90 or 120 min total analysis

time).
2.2.4 Data Analysis and retention time assignment.

The X!Tandem search engine®* was used for peptide identifications with following settings: 20
ppm and 50 ppm mass tolerance for parent and daughter ions, respectively; alkylation of Cys with
iodoacetamide; the list of potential modifications included Met oxidation, Asn and GIn
deamidation, N-terminal cyclization at Cys and GIn. All identified tryptic non-modified peptides
(Log (e) < -1) were additionally filtered using retention time prediction in both dimensions. We
used existing SSRCalc RP model for formic acid conditions and tabulated retention
(Hydrophobicity Index, HI)?? values for yeast peptides from SSRCalc database for retention time
filtering. Only low scoring peptides (-1 > Log (e) > -3) have been subjected to this procedure; no

peptides with confident identifications (Log (e) < -3) were excluded. The same retention data
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collections of non-modified tryptic peptides have been used for models’ development and
assessment of separation orthogonality.

Retention times in the first dimension were assigned as the fraction number in which this
peptide was found. When peptide signal was distributed between two or more fractions, the
intensity weighted average fraction number was used. Compared to retention time assignment
using maximum of chromatographic peak (UV or MS detection), this procedure leaves some
uncertainty in determining retention value. However, it does not interfere with retention prediction
model development and estimating separation orthogonality. Experimental retention values in the
second dimension (C18, formic acid) have been expressed in HI (acetonitrile %) units using
tabulated HI values for P1-P6 peptides.?? Therefore all orthogonality plots were done using

measured HI vs. fraction number axis’ assignment.
2.2.5 Calculation of orthogonality value.

All retention data collections contained ~ 30,000 peptides, except for Scherzo — RP combination.
To eliminate uncertainty with precise assigning of the borders for orthogonality plots, we removed
~1% of data points from each of four edges of the plot (Figure 2.1 A). Resulting area is divided
into a 100x100 matrix, populated by 10,000 data points randomly selected from each dataset. To
smooth out random selection biases, this is repeated 25 times for each 2D combination. The filling
percentage has been assigned for each case, and averaged for the 25 replicate simulations. We

computed 2D separation orthogonality as follows:

0.631-0.01

(ZbinS—O.Ol)
ORTHO(2) = 100 * <M> ;
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where ) bins/10000 is a fractional bins filling, 0.01 and 0.631 are fractional filling for identical
separations and random distribution of data points.

Calculating 3D orthogonality, which takes into account two LC dimensions and the MS
scale, was done in a similar fashion: the 3D separation space was divided into a 22x22x22 matrix

and populated by 10,648 randomly selected data points, replicated 25 times and averaged:

(222 0.002)
ORTHO(3) = 100 » \10sts” *%2),
0.631-0.002
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Figure 2.1: Determining peptide separation orthogonality in 2D LC systems. (A) schematic
representation of normal peptide distribution in both dimensions. The presence of false positive
identification datapoints (shown in green) will severely affect the location of the borders and, as a
consequence, the entire procedure of orthogonality calculation; (B) orthogonality plot for Daicel
DCpack PTZ —RP system exhibiting high retention (outside of the fraction collection range) of
peptides with multiple positive charges on Daicel column; (C) orthogonality plot for fully

developed chromatograms in both dimensions of ZIC-HILIC — RP system.

Alongside the geometric approach, the use of R2-values, the square of Pearson's correlation

coefficient, have been investigated for the purposes of quantifying orthogonality. The R2-values
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have been calculated for linear correlation between retention values in two dimensions using the
standard Excel function. The optimal orthogonal setups will have low R2-values on a scale of 0 to

1, a R>-value of 1 would indicate the system is non-orthogonall.

2.3 Results and Discussion

2.3.1 Determining separation orthogonality.

The ability of a 2D system to uniformly deliver components of the mixture into the mass
spectrometer depends on the peptide retention values distributed in two-dimensional space. This in
turn is determined by the peptide distribution in the separation range of both columns; these
distributions are drastically affected by the type of the gradient used: linear or non-linear, regardless
of the eluent and gradient selected. Many separation systems will have non-retained components
eluting in the flow-through or highly retained peptides, which will remain on the column under
selected conditions. All of these make the determination of orthogonality ambiguous, requiring
establishment of general guidelines for an unbiased comparison.

We suggest the following standard steps for determination of separation orthogonality in proteomic
2D runs:

1) Both separations should use linear gradients of the eluent components, which drive the
separation: acetonitrile/water percentage or salt concentration for RP/HILIC or SCX/SAX,
respectively. Indeed, each separation mode has a characteristic distribution of eluting species across
the separation range, usually with lower density at the edges (Figure 2.1 A). The application of
non-linear gradients is the most common approach to normalizing (equalizing) the distribution.'*

25 This will significantly affect separation orthogonality.
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i1) Separations in both dimensions should utilize the entire elution range, i.e. there should
be no analyte, which can be eluted, remaining on the column. Figure 2.1 B shows an instance where
this rule is violated. We employed linear water increasing gradient of 0.5-1% per minute for all
HILIC separations, including Daicel DCpack PTZ. However, this column showed additional cation
exchange retention mechanism resulting in high retention of positively charged peptides, which
remained on the column after 50 min of fraction collection when 1% per minute (10 to 60% water
in 50 minutes) was applied. This resulted in abrupt ending of the plot (Figure 2.1 B), compared to
fully developed gradients in ZIC-HILIC — RP system as an example (Figure 2.1 C). Consequently,
all orthogonality measurements for Daicel DCpack PTZ — RP systems reported here will be biased.

ii1) Preferably, comparisons of separation orthogonality should be done using identical
numbers of fractions. This condition, however, is very hard to satisfy given continuous alteration
of the elution range between stationary phases, as it was shown for HILIC."

iv) One percent of outermost datapoints at each of four sides of orthogonality plot should
be excluded to mitigate the potential impact of false positive identifications. A geometric approach
is driven by determining coverage of the entire area of orthogonality plot which could be affected
by possible inclusion of false positive identifications when proteomic techniques are used for data
collection. When such a data point is taken into account, the location of the plots’ border will be
shifted, severely affecting resulting orthogonality value (shown as hypothetical false hit in Figure
2.1 A). Given the high quality of the data used for this study we did not anticipate significant
deviations, however this might not be always the case.

v) Separation orthogonality should be determined using a sufficiently large dataset. It is
reasonable to suggest that using larger sets should increase the accuracy of the method. Gilaret al.>

used 196 data points and 14x14 matrix, which may result in lower accuracy as some of the plots
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shown in the original publication had data points with larger deviations from the general
population. We chose 100x100 matrix size, which was 63.1% filled by 10,000 purely randomly
distributed data points - in exact agreement with previously published data,> which corresponds to
100% orthogonality. Using identical separation conditions should result in occupation of a diagonal
of 100 cells: 1% area occupation corresponding to 0% orthogonality. All remaining intermediate
instances have been scaled accordingly.

Each separation mode is characterized by its unique peptide distribution, and it is reasonable
to suggest that the highest possible orthogonality in a real case situation will correspond to identical
normal distributions in both dimensions as shown in Figure 2.1 A. 54.5 % of available area will be
covered in this case, corresponding to 86% orthogonality level, which will unlikely be reached by
any combination of two separation protocols with linear gradients. Table 2.2 confirms that, showing
experimental values determined by our approach ranging between 73.4% (PolySAX LP) and

29.3% (CI8 TFA).
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Table 2.2: Separation orthogonality and its impact on identification output of 2D LC-MS/MS.

First dimension R? Orthogonality | ORTHO(3), | # of | Instrument | # of MS/MS | Peptide IDs | # of non-| # of protein
ORTHO(2),% | % fractions | time, hrs redundant IDs
peptide IDs
RP TFA 0.940 29.3 313 65 65 489768 256510 35453 3874
RP HFBA 0.750 46.3 47 65 65 526595 257924 44191 4238
RP pH10 0.380 67.7 64.8 68 68 687306 331257 61639 4686
Luna HILIC* 0.036 59.8 63 39 58.5 408721 222856 40160 4066
XBridge Amide 0.130 52 60.5 38 57 389917 207357 44489 4218
ZIC-HILIC 0.200 49.7 57.1 41 61.5 311879 206256 38037 4104
ZIC-cHILIC 0.140 53.6 60.1 41 61.5 352314 225762 39791 4194
Atlantis Silica 0.080 47.8 65 38 57 342317 187556 42715 4165
Luna Silica 0.120 48.5 65 39 58.5 350471 194985 40457 4030
Polyhydroxyethyl A 0.224 60 60.2 44 66 353788 227292 31940 3609
Daicel DCpack PTZ** | 0.380 47 52.9 47 47 276146 170995 29801 3923
SCX Polysulfoethyl A | 0.130 455 59.7 46 69 552954 196470 34454 4185
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SAX1 lonPac AS24 0.004 55.5 71.7 43 56.5 418028 266460 38483 4238
SAX2 lonPac AS32 0.044 62.7 715 46 46 258732 166601 31886 4018
SAX3 PolySAX LP 0.019 74.3 70.8 40 55 579620 347700 34985 4025
Scherzo SM-C18 0.390 34.3 48.8 39 67.5 336718 158070 22591 3403

* - HILIC columns are listed in the order of increasing hydrophilicity;2? **- orthogonality values for this column have been affected by incomplete development of

chromatogram due to additional cation-exchange interactions as shown in Figure 2.1 B.
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2.3.2 Separation orthogonality and its effect on the output of 2D LC-MS/MS

analysis.

Since all 2D LC-MS/MS acquisitions in this study were performed using identical LC-MS/MS in
the second dimension it was of interest to investigate the effect of separation orthogonality (if any)
on the analysis output. This information is not readily available in the literature due to significant
differences in the performance of various mass spectrometers used across laboratories. The yeast
genome encodes ~4,500 proteins and we expected to see 80-90% of its coverage using 50-70 hours
analysis time on TripleTOF 5600. Most of the methods (Table 2.2) showed similar protein
identification numbers, suggesting that identification plateau has been reached. Therefore, we used
the number of identified unique peptides per hour of instrument time as productivity criteria. The
total number of MS/MS or total number of identified spectra can be used as well; however due to
differences in separation efficiency and variable distribution of peaks between fractions, these
numbers could be higher for low efficiency separation in the first dimension. Figure 2.2 A shows
the dependence of analysis output on separation orthogonality expressed as R2-value. There is no
obvious trend in this plot except lower output values for less orthogonal (TFA, Scherzo) and higher

output for 2D systems with very low R? for SAX separations.
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Figure 2.2: The effect of separation orthogonality on the analysis output of 2D LC-MS/MS. (A)
correlation between the number of unique peptide IDs per hour and R2-value of orthogonality
plots; (B) similar plot for the separation orthogonality determined by geometric approach. 1 -

IonPac AS24, 2 — Luna HILIC, 3 - IonPac AS32, 4 — Luna Silica, 5 — ZIC-cHILIC, 6 — ZIC-HILIC.

Plotting the number of unique peptides identified per hour of instrument time versus
separation orthogonality showed definitive linear trend (Figure 2.2 B): analysis output increases
with a systems’ orthogonality. Yet, there are deviations, which are consistent with the separation
efficiency of the column in the first dimension. The best output for given orthogonality value was
observed for all RP separations and the HILIC columns from Waters (XBridge Amide and Atlantis
Silica) — all showing the best chromatographic peak shape. Lower outputs are characteristic for
PolyLC columns and mixed mode Scherzo. These columns exhibited relatively poor peak shape,
which could be a consequence of larger particle size for Polyhydroxyethyl A and Polysulfoethyl A
columns and mixed mode character of separation for Scherzo. Moreover, it is known that the

peptide/protein peak shape on 100 A PolyLC columns is affected by steric effects, which leads to
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diffused peak front. It is obvious, that poor peak shape results in peaks’ distribution across larger
number of fractions, thus reducing the number of unique identifications. This situation was the
most apparent for PolySAX LP. 2D LC-MS/MS using this column resulted in highest number of
acquired and identified MS/MS per hour. However, the number of unique identifications was very
similar to other modes due to elution of individual components in 2-3 or more fractions.

These results confirm that using geometric approach to determine separation orthogonality
is more accurate compared to R?-value measurement. Indeed there is no obvious correlation
between these two values for the systems under investigation, except for the extreme cases of RP
TFA, RP HFBA, PolySAX LP separations (Table 2.2) with very low and high orthogonality,

respectively.

2.3.3 Separation orthogonality in 3D (LC-LC-MS) separation space.

The MS system itself represents a separation technique similar to the chromatographic dimensions.
The separation occurs in m/z space in this case and the results of peak assignment of the detectable
features will be affected if peptides with similar m/z will be clustered together at the same retention
time. To visualize this effect, we used heat map orthogonality plots where the color of a data point
depends on the peptide m/z value (Figure 2.3 A-I). To quantitatively estimate 3D orthogonality
values we used a similar geometric approach by splitting the separation space in 22x22x22 matrix
and populating it with 10,648 randomly selected data points from datasets. The results of these
simulations are shown in Table 2.2. The effect of adding an MS dimension depends on the
presence/absence of correlation between m/z and retention values in both dimensions. Since all 2D
separation systems include identical RP (formic acid) — MS separation space with some correlation

between RP retention values and m/z, the effect will depend on whether or not there is a correlation
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between retention values in the first dimensions and mass-to-charge ratios. As expected, the
biggest winners in this case were HILIC separation on bare silicas with low correlations between
retention and m/z. At the same time RP-based first dimension separations did not gain much due

to some correlation between RP retention and m/z.
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Figure 2.3: Orthogonality plots and factors determining peptide separation dissimilarity in 2D LC
peptide separation. (A-I) Orthogonality plots for selected 2D-LC systems using m/z heat map scale
shown on the right; (J-K) orthogonality in ion-exchange-RP separations is driven by peptide
charge; (L) HILIC-RP orthogonality is determined by the number of ionized residues in peptide

sequence.

2.3.4 Separation orthogonality in 2D LC systems: general observations and

features of separation mechanism, which determine separation orthogonality.

Table 2.2 summarizes separation orthogonality determined for all 2D combinations tested in this
study, while Figure 2.3 shows selected orthogonality plots. Several types of the plots are observed
based on general retention trends. RP-RP systems (Figure 2.3 A-C) are characterized by diagonal
localization of the data points since all of them are driven by hydrophobic interactions. HILIC-RP
(Figure 2.3 D-F) systems show anti-correlation because opposite retention mechanisms are used:
hydrophilic vs. hydrophobic interactions. In the SCX-RP (Figure 2.3 G) plot, points mostly occupy
the middle and bottom-left quadrant, somewhat similar to HILIC. SAX-RP (Figure 2.3 H) visually
shows the most uniform distribution. Scherzo-RP plot (Figure 2.3 I) resembles RP-RP
combinations with some peptides exhibiting higher retention in mixed-mode, thus occupying the
upper-left quadrant.

All of these features are driven by the differences in the separation mechanisms of the
various separation modes. Knowing these rules will enhance our knowledge regarding peptide 2D

separations and facilitate method development.
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RP-RP. Reversed-phase separations using different ion-pairing modifiers and pH represent a good
example for illustrating the driving forces of separation orthogonality. The distribution of the
peptide population widens with increased hydrophobicity of ion-pairing modifier and changes in
eluent pH from 2.8 to 10 (Figure 2.3 A-C). Peptides carrying multiple internal cationic residues
are the most affected upon changing hydrophobicity of the ion-pairing additive at acidic pH.?® For
example, when being separated with HFBA, the internally cationic peptides exhibit relatively high
retention compared to FA system. This results in their later elution in HFBA dimension (shift to
top left quadrant) and early elution when transferred into the second dimension RP-formic acid —
shown as a “basic shift” in Figure 2.3 B. The same mechanism is driving orthogonality in TFA-FA
system, with a smaller basic shift due to the lower hydrophobicity of TFA compared to HFBA.
Drastic changes in pH from acidic to basic conditions affect the hydrophobic contribution
of basic and acidic residues: Asp, Glu become negatively charged and more hydrophilic, whereas
Arg, Lys, and His lose protons and become more hydrophobic.!% ! 16 This behavior explains
deviations from the diagonal distribution of relatively (relative to general population of peptides)
basic and relatively acidic peptides (top left quadrant and bottom right quadrant respectively in
Figure 2.3 C) — depicted as basic and acidic shifts.
SCX-RP. Electrostatic interactions depend on both, peptide charge and size. Smaller peptides,
which on average have a lower number of hydrophobic residues, i.e. lower hydrophobicity, are
characterized by stronger electrostatic interactions compared to larger species of the same charge.
Because of this, the SCX-RP plot consists of several dependences for peptides of different charges
withnegative slopes (Figure 2.3 G, J). +1 peptides can be separated from the remaining population,
while other groups (+2, +3, +4, etc.) show significant overlap. It should be noted that the

orthogonality plot shown here was obtained for a SCX eluent system with 20% acetonitrile,
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resulting in suppressed hydrophobic interactions for the ion-exchange dimension.?° The MudPIT
variation of SCX-RP utilizes low acetonitrile eluents for salt elution steps,® and would exhibit a
different orthogonality.
SAX-RP. Both visually and according to the R2-values, this combination exhibits the highest
orthogonality among all LC-LC pairings and shows characteristics similar to SCX-RP due to the
interplay between peptide charge and size (Figure 2.3 H,K). However, it is also characterized by a
sizeable population of non-retained peptides that are neutral or cationic at pH 8. Clustering of these
peptides results in the lower orthogonality values determined by the geometric approach.
HILIC-RP orthogonality is driven by interactions of opposing characteristics: hydrophilic versus
hydrophobic. One could expect that, these separation modes should show anti-correlation with a
negative slope on the orthogonality plot. However, differences in the chemistry of the interacting
phases, pH, and ion-pairing environment results in the drop-shaped orthogonality plot with a
negative slope (Figure 2.3 D-F). Electrostatic interactions in HILIC systems provide additional
alteration in separation selectivity, as was shown for negatively charged silanol groups on bare
silica columns and distal groups of zwitterionic ZIC-HILIC and ZIC-cHILIC. Boersema et al.!”
have suggested that HILIC (pH 3) - RP resembles SCX-RP due to the fact that retention for both
HILIC and SCX at acidic pH is driven by the presence of charged residues. Increasing the pH of
the eluent to 4.5 adds to this list Asp, Glu and C-terminal carboxyl group, as HILIC retention
depends on the number of all ionized residues (IR). Figure 2.3 L shows retention trends in HILIC-
RP 2D system to highlight this similarity between SCX-RP and HILIC-RP.

As we have data spanning many HILIC phases, it was of interest to evaluate orthogonality
values in this group of 2D LC systems relative to overall hydrophilicity of the phases. Table 2.2

lists HILIC columns in the order of their increasing hydrophilicity from Luna HILIC to
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Polyhydroxyethyl A. One should expect increased R2-value correlations and decreased
orthogonality in the same order. Indeed Polyhydroxyethyl A showed by far the highest R?
correlation (with negative slope) as the most hydrophilic, i.e. opposite to RP. At the same time,
unexpectedly, it exhibits almost the same geometric orthogonality as the least hydrophilic Luna
HILIC, with a value of ~60%.

Mixed-mode (RP-WAX-WCX) — RP in our study is represented by one example of
Scherzo SM-CI18. This column is prepared by mixing stationary phases with RP, weak-anion and
weak-cation functionality and exhibits stronger retention of highly charged peptides, which
occupies the upper left quadrant with significant deviation from diagonal RP-RP driven trend line
(Figure 2.3 1).

Overall, the separation orthogonality increases in the following order: RP < SCX < HILIC
< SAX. Some of these findings are to be expected given: 1) similarity between RP (formic acid)
and other RP systems; i1) drastic differences in separation mechanisms between RP and SCX/SAX.
At the same time, the sufficiently high orthogonality values of HILIC-RP was somewhat
surprising, given the expected anti-correlation between RP and HILIC retention values. The
geometric separation orthogonality for high pH RP — low pH RP showed the second best value of
67.7% despite having a 0.38 R2, characteristic of non-orthogonal separations. Together with
superior separation efficiency of reversed-phase mode, robustness, and availability of fraction
concatenation options'® this establishes (Figure 2.2 B) this LC-LC pairing as the most attractive

2D option.
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2.3.5 Fraction concatenation for improved separation orthogonality.

Fraction concatenation in 2D LC allows reducing the MS instrument utilization time by combining
fractions, components of which will not overlap in the second dimension separation. Examples of
its use can be found in COFRADIC applications when identical LC systems are used in both
dimensions.?” The first application of orthogonal separations in bottom-up proteomics was
demonstrated by Dwivedi et al.'® The authors suggested pair-wise concatenation of fractions
leading to reduced MS analysis time (2-times) with minimal loss of identification output in high
pH RP — low pH RP. The schematic example of concatenation procedure is shown in Figure 2.4.
Fractions collected in the first dimension are split in half. First fraction in the first half of the
fractions (blue) is then combined with first fraction in the second half (red), second fraction with
the second, and so on. The improvement in separation orthogonality can be seen by lower R? and
higher ORTHO(2) values. One could expect more drastic increases in orthogonality based on
visual representation of the concatenated orthogonality plot. However components of two

concatenated fractions begin to overlap (Figure 2.4 B), leading to a lower than expected efficacy.
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Figure 2.4: Pairwise fraction concatenation in high pH RP — low pH RP leads to increased
separation orthogonality. Experimental orthogonality plot (A) has been converted into (B) using

in-silico simulation (concatenation).

It was interesting to note that similar to the Dviwedi et al.'® work, a concatenation strategy
based on combining four fractions was proposed later by Wang et al.?® and used by Mertins et al.?
for deep fractionation of and detection of PTMs-carrying peptides. The latter report used 96 high
pH RP fractions and combined together 4 or 12 fractions giving 24 or 8 concatenated fractions
depending on the desired depth of analysis. To address the efficiency of these approaches we
performed in-silico concatenation of 2-6 fractions into one, and determined the ORTHO(2) values
for these datasets. The results shown in Table 2.3 illustrate that pair-wise concatenation provides
superior orthogonality for high pH RP and dramatically lowers the R? correlation value. Increasing
depth of concatenation further reduces performance of 2D LC-MS: R2-values remain the same,
with decreasing orthogonality (Table 2.3). In other words, concatenation of three or more fractions

mixed peptides just separated in the first dimension leading to their increased overlap in the second.
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Similar simulations have been performed for other first dimension columns. Table 2.3

shows that concatenation strategy is efficient only for 2D pairings with relatively high R2-values:

all RPs, Scherzo and the most hydrophilic HILIC columns Polyhydroxyethyl A and Daicel.

Table 2.3: The impact of multiple fraction concatenation strategy on separation orthogonality.

First dimension separation | no conca- | 2x 3x 4x 5x 6x
tenation

RP pH10 (ORTH(2)) 67.7 69.3* 62.6 57.9 55.9 53.9
RP pH10 (R?) 0.38 0.005 0.005 0.004 0.004 0.004
RP TFA 29.3 38.9 442 46.5% 46.5% 45.0
RP HFBA 46.4 54.7 56.7* 54.0 50.7 48.7
Luna HILIC 59.8* 55.8 49.7 47.3 44.9 43.5
XBridge Amide 52.0* 50.0 43.6 39.2 36.5 34.6
ZIC-HILIC 49.8%* 49 42.7 39.6 37.5 35.6
ZIC-cHILIC 53.7* 49.5 43.4 39.7 38 36
Atlantis silica 47.9% 46.2 40.5 379 359 34.8
Luna Silica 48.4% 46.5 41.3 38.5 36.6 35.4
Polyhydroxyethyl A 60.0 63.9* 59.8 55.5 543 535
Daicel DCpack PTZ 46.9 49.6%* 45.2 41.8 40.0 38.1
SCX Polysulfoethyl A 45.5% 45.5% 39.2 35.6 32.7 31.3
SAX1 AS24 55.5% 48.9 41.6 36.5 343 32.8
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SAX2 AS32 62.8* 54.6 48.8 44.4 41.8 39.3

SAX3 PolySAX LP 74.3* 72.0 68.9 65.1 63.8 62.8

Scherzo SM-C18 343 36.4 37.2% 36.7 354 343

* - concatenation multiplier for optimal separation orthogonality; Note that fraction concatenation

has been performed in-silico using experimental orthogonality data.

2.4 Conclusions

High-throughput proteomics has revolutionized peptide separation science in the past fifteen years
providing access to virtually unlimited retention data derived from bottom-up proteomic
experiments. Not long ago, retention modeling and studies of separation orthogonality using
hundreds of peptides were the state-of-the art. Nowadays, 2D LC-MS/MS approach provides
access to massive retention data in any peptide separation mode, which can be utilized in a column
format. The final dimension’s RPLC-MS serves in this case as universal detection tool, while the
chemistry in the first dimension separation varies. We used this advantage of high throughput
proteomics to investigate separation orthogonality in 2D LC-MS systems.

Our findings confirmed that using R?-value correlation between retention times of two
columns is not an adequate measure of separation dissimilarity. A geometric approach based on
calculation of the filling percentage of 2D separation plot is more accurate, correlating with the
identification output of 2D LC-MS/MS. Overall, separation orthogonality increases in the
following order: RP < SCX < HILIC < SAX, with the exception of high pH RP — low pH RP
system. We suggest that all separation modes except low pH RP can be useful as a first separation
dimension without fraction concatenation. Separation efficiency in the first dimension is another

critical parameter governing the selection of first dimension conditions. Sharper peaks lead to a
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narrower distribution of analytes between fractions and higher efficiency of entire 2D LC-MS/MS.
Taking into account both resolution and orthogonality, we concluded that high pH — low pH RP-
RP pairing is the most efficient as it provides second-best orthogonality of 67.7%, and is
characterized by superior separation efficiency and robustness, in combination yielding the highest
analysis output.

The efficiency of the analysis can be further improved by fraction concatenation, which
should be, however, used with caution. /n-silico interrogation of the data showed that multiple
fraction concatenation may lead to the loss in orthogonality if it results in excessive overlap of
peptide peaks in the second dimension. Concatenation was found to improve separation
orthogonality only for 2D combinations with some correlations between retention values in both
dimensions: reversed-phase separation, mixed-mode Scherzo and the most hydrophilic HILIC
phases. There are, however, optimal concatenation multipliers where moving beyond them will
actually reduce the separation orthogonality. We found that 2, 3 and 4-5 fractions concatenation is
the most efficient for high pH RP, HFBA- and TFA-based C18 separations, respectively.

Finally, for the first time we considered MS range as an additional separation dimension in
overall LC-LC-MS combinations. Its addition increases separation orthogonality further, but only
in cases of independent behavior of m/z and retention values in the first dimension. Because of
that, all reversed-phase separations in the first dimension (TFA, HFBA, pH 10 based eluents),

exhibit no gain upon adding the MS dimension.
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Chapter 3 Peptide retention time prediction in hydrophilic
interaction liquid chromatography: zwitterionic ZIC-HILIC and
Z1C-cHILIC stationary phases

This section contains text and figures from a paper published in Journal of Chromatography A in
2022, 1679, 463391. Darien Yeung, Nicole Klaassen, Benilde Mizero, Victor Spicer, and Oleg
V. Krokhin.

DY performed data analysis, writing, editing of the manuscript. NK and BM performed the

experiments, VS performed data analysis, editing of the manuscript. OVK conceived and
supervised the project, performed data analysis, writing, and editing of the manuscript.

Abstract

Peptide retention time prediction models have been developed for zwitterionic ZIC-HILIC and
ZIC-cHILIC stationary phases (pH 4.5 eluents) using proteomics-derived retention datasets of ~30
thousand tryptic peptides each. Overall, hydrophilicity of these stationary phases was found to be
similar to the previously studied Amide HILIC phase, but lower compared to bare silicas. Peptide
retention is driven by interactions of all charged (hydrophilic) residues at pH 4.5 (Asp, Glu, Arg,
Lys, His), but shows specificity according to orientation of functional groups in zwitterionic pair.
Thus, ZIC-cHILIC exhibits an increased contribution of negatively charged Asp and Glu due to
the distal positioning of positively charged quaternary amines on the stationary phase. These
findings confirm that HILIC interactions are driven by both peptide distribution between water
layer adsorbed on the stationary phase and by interactions specific to functional groups of the
packing material. Sequence-Specific Retention Calculator HILIC models were optimized for these
columns showing 0.967-0.976 R2-values between experimental and predicted retention values.
ZIC-HILIC separations represent a good choice as a first dimension in 2D LC-MS of peptide
mixtures with correlations between retention values of ZIC-HILIC against RPLC found at 0.197

(ZIC-HILIC) and 0.137 (ZIC-cHILIC) R2-values, confirming a good orthogonality.
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3.1 Introduction

Hydrophilic interaction liquid chromatography (HILIC) is one of the most dynamic fields in
separation science due to unmatched diversity of available stationary phases. It was introduced to
address the specific need of separating hydrophilic compounds — an option not available for
reversed-phase separations. HILIC employs a polar stationary phase and less-polar mobile phases.
This modality was first introduced in 1975! and in 1990 was named HILIC by Alpert.? HILIC
exhibits characteristics of three different separation modes: reversed phase liquid chromatography
(RPLC), normal phase liquid chromatography (NPLC) and ion-exchange® was applied to the
separation of a wide range of compounds with polar characteristics, including peptides.?* The
latter gained significant attention in recent years due to developments in proteomics. >
Separation of very hydrophilic peptides,”® selective glycopeptide enrichment® and
utilization of unique HILIC selectivity in 2D separation schemes® remain the major applications
of HILIC in bottom-up proteomics. Similar to RPLC,!%!! to better understand separation in HILIC
and develop better analysis protocols, separation scientists aimed at modeling peptide retention. In
1998, Yoshida!? introduced the first HILIC model, which was based on additive contributions of
retention coefficients for individual amino acids. Not surprisingly, these retention contributions
showed anti-correlation with RPLC  separation mode.'? Wide application of
proteomics/peptidomics prompted significant developments in this area in the past 8 years. !3-16
Most of the models used the same additive approach and 150 or less peptides as optimization
datasets. Our laboratory was first to employ 2D LC-MS/MS technique to collect retention data for

17,18

tens of thousands peptides and use it for model development. HILIC, strong cation exchange

(SCX),! and strong anion exchange (SAX, manuscript in preparation) have been used as first
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dimensions of peptide separation and a standard RPLC with formic acid as an ion-pairing modifier,
in the second. Sequence Specific Retention Calculator was adopted to the separation on XBridge
Amide, Luna HILIC, and two bare silicas: Atlantis Silica and Luna HILIC Silica. Abundance of
retention data allowed us to create the first HILIC model with sequence dependent features,
influence of the residue position relative to peptide termini, and propensity to form helical
structures.

Zwitterionic stationary phases represent a separate class of HILIC columns due to presence
of both strongly acidic and basic groups in 1:1 ratio. Sulfoalkylbetaine and phosphorylcholine
HILIC stationary phases were introduced by Irgum and co-workers.?%?! ZIC-cHILIC carries
densely bonded, 1:1 charge-balanced phosphorylcholine functional group, while ZIC-HILIC has
1:1 charge-balanced sulfoalkylbetaine functionality of opposite charge orientation. Hydrophilic
character of the functional groups promotes strong adsorption of water in the presence of both
negatively and positively charged functional groups which allowed simultaneous separation of
cation and anions. Commercially available under the trademarks ZIC-HILIC and ZIC-cHILIC,
these stationary phases represent extremely attractive alternatives for application in bottom-up
proteomics. Mohammed and co-workers provided initial insights into selectivity of ZIC-HILIC

22,23 First, the authors have

and ZIC-cHILIC stationary phases using proteomics derived data.
assessed the potential of ZIC-HILIC-RP combination for application in 2D LC-MS analysis.??
They found that separation is pH dependent in pH 3-8 range due to ionization of Asp/Glu and
concluded on a mixed-mode character of interaction: polar and electrostatic. Orthogonality of 2D
ZIC-HILIC-RP has been evaluated using standard mixture of tryptic peptides from bovine serum

albumin, o and B-caseins. Di Palma et al.?3 expanded this approach into both ZIC- and ZIC-cHILIC

phases using on-line and offline coupling of the column to mass spectrometer.
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The goal of this study is to develop first sequence-dependent peptide retention prediction
models derived using high-throughput data for zwitterionic ZIC-HILIC and ZIC-cHILIC columns
and compare contributions of individual amino acids into retention on these phases against other
HILIC sorbents. The unique feature of these zwitterionic phases is the presence of functional
groups with opposing charges and alternative spatial orientations. Will this affect the separation
selectivity of peptides and to what degree are the major questions we address in this study. Similar
to SSRCalc modeling of all other non-RPLC techniques, we employ 2D LC-MS/MS, which
represents a perfect platform to study any separation chemistry regardless of compatibility of

eluent systems with MS detection.

3.2 Materials and methods

3.2.1. Materials, chromatographic columns, digests preparation

All chemicals were sourced from Sigma Chemicals (St. Louis, MO) unless noted otherwise. Two
different HILIC stationary phases (2.1 mm x 100 mm) were used: SeQuant ZIC-HILIC 3.5 um
100A and ZIC-cHILIC 3.0 um 100A. Deionized water and HPLC-grade acetonitrile were used for
preparation of the eluents. Sequencing grade modified trypsin (Promega, Madison, WI) was used
for the digestion. Designed standard peptides P1-P6 and N2-N10?** were synthesized by
BioSynthesis Inc. (Lewisville, TX) and used for data alignment in the second dimension and
testing separation space in the first dimension, respectively.

Tryptic digests of S. cerevisiae and bovine serum albumin (BSA) were prepared as
described elsewhere.!” In both cases Cys residues were reduced and alkylated with iodoacetamide.

Mixtures of tryptic peptide mixtures were purified using reversed-phase HPLC and lyophilized.
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3.2.2. First dimension separation conditions

Agilent 1100 series HPLC system with UV detector (214 nm), manual injector with 100 uL loop
and 300 pL/min flow rate was used for separations. Both eluents: A (water) and B (9:1
acetonitrile:water) contained 10 mM ammonium formate (pH 4.5). Gradients starting from 10%
water (100% eluent B) were used. Initial testing using standard N2-N10 peptides was done using
1% per minute water increase gradient. BSA digest was then used for optimization of separation
conditions to provide separation window of ~40 min (fractions). 0.7% per minute water increase
was chosen — similar to separation conditions on XBridge Amide column described previously.!”
One minute fractions were collected for the separation of the S. cerevisiae digest (~100 pg) within
expected interval of peptide elution, lyophilized and subjected to the second dimension LC-
MS/MS analysis. Lyophilized fractions were re-dissolved in 30 pL of buffer A for the second

dimension and spiked with standard peptides P1-P6?* for the retention time alignment purposes.

3.2.3 Second dimension LC-MS/MS

LC-MS/MS in the second dimension has been done using 2D LC Ultra system (Eksigent, Dublin,
CA) and a TripleTOF5600 mass spectrometer (Sciex, Concord, ON) as described elsewhere.
100pum x 200mm analytical column packed with 3 um Luna C18(2) (Phenomenex, Torrance, CA),
was used with 500 nL/min flow rate and 0.4% acetonitrile per minute gradient. Both eluents A
(water) and B (acetonitrile) contained 0.1% formic acid. 300 pum x 5 mm PepMap 100 trap-column
(ThermoFisher) was used for sample loading with 15 pL per minute flow rate. 10 uL (1/3 of each

fraction) was injected. The linear gradient program included: a linear increase from 0.4 to 31%
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buffer B in 77 minutes, 5 minutes column wash at 80% B and then 8 minutes at 0.4% B for column

equilibration.

3.2.4. Data analysis

X!Tandem search algorithm?® was applied with following settings: 20 ppm and 50 ppm mass
tolerance for parent and daughter ions, respectively; constant modification of Cys with
iodoacetamide; standard set of expected PTMs (Met/Trp oxidation, Asn/Gln deamidation, Cys/GIn
N-terminal cyclization); one allowed missed cleavage. Identified peptides were assigned with
retention values expressed in HI units (% acetonitrile) using tabulated HI values for standard P1-
P6 peptides [24]. All identified tryptic non-modified peptides with low identification score (-1 >
log(E) > -3) were additionally filtered using retention time prediction in the second dimension
using formic acid SSRCalc model and retention database values for S. Cerevisiae tryptic peptides.

Retention times in the first dimension were assigned as equal to the fraction number in
which this peptide was found, or to the weighted average of the intensity distribution if peptide

was found in 2 or more fractions.

3.3 Results and Discussion

3.3.1. Determining hydrophilicity of ZIC stationary phase, selection of gradient
slope suitable for 2D LC-MS/MS proteomic analysis
To assess the hydrophilicity of both ZIC columns the mixture of five standard peptides N2-N102°

was separated over a 1%/min gradient. These sequences were designed to have nearly identical

molecular weight and propagating hydrophilicity, which was achieved by substitution of Arg for

105



Gly-Val sequence. Resulting sequences have decreasing hydrophilicity in the order
GVGVRRRDDDPFR (N2), GVGVGVRRDDDPFR (N4), GVGVGVGVRDDDPFR (N6),
GVGVGVGVGVDDDPFR (N8), GVGVGVGVGVDDDPFGV (N10) and carry +1, 0, -1, -2, and
-3 charge at pH 4.5, respectively. The resulting chromatograms for both columns had the same
retention order (Figure 3.1 A, B); however, the N10 - N2 retention window was different between
the two zwitterionic stationary phases. ZIC-HILIC carries a negatively charged group on the distal
interface,?!?* where the peptide-stationary phase interaction occurs. Cationic peptides have
stronger electrostatic attraction to the ZIC-HILIC stationary phase leading to higher retention times
compared to ZIC-cHILIC, as demonstrated by peptide N2. The opposite is true for negatively
charged peptides N6, N8, N10, which have a lower retention times compared to ZIC-cHILIC.
Anionic peptides engage in electrostatic repulsion with the ZIC-HILIC stationary phase thus
exhibiting lower retention times compared to opposite arrangement of charged groups on ZIC-

cHILIC.
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Figure 3.1: Separation of standard peptide mixture (a, b) and tryptic digest of bovine serum
albumin (c, d) using ZIC-HILIC (a, c) and ZIC-cHILIC (b, d). (a, b) used 1% and (c, d) 0.7%

increase of water per minute gradients.

It is important to understand that the separation mechanism is not solely dependent on the
distal charged groups. The proximity between the charged distal and proximal ends of the

zwitterion can exhibit weaker electrostatic interactions relative to ionic exchange columns.? Based
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on the chromatogram of both ZIC-HILIC and ZIC-cHILIC, we can understand that electrostatic
interaction has a role in the separation of the peptides. However, since the retention order is not
reversed and neutral peptide N4 has identical retention times on both columns, this indicates that
the hydrophilic tether in the zwitterionic stationary phase has a dominating influence on the
separation mechanism. It is clear that retention of charged analytes on zwitterionic HILIC phases
is affected by electrostatic attraction/repulsion.

Comparison of different HILIC columns?® showed that XBridge Amide and both ZIC
columns exhibit virtually identical retention for neutral N4 peptide and very similar average
retention values for peptides in the standard mixture. This suggests similar hydrophilicity for these
phases. Therefore, we selected to use 0.7%/min gradient to ensure wide enough distribution of
peptides throughout the elution range of typical tryptic digests such as bovine serum albumin
(Figure 3.1 C,D) and whole cell lysate of S. Cerevisiae. One-minute fractions were collected in 0-

55 min interval and submitted for LC-MS/MS analysis in the second dimension.

3.3.2 Identification output for two 2D LC-MS/MS analyses and peptide

retention prediction filtering

The 2D runs for both ZIC/ZICc-HILIC led to peptide identification in 41 out of 55 fraction
collected. Each fraction was analyzed using identical dilution (~1ug or less of peptides). The
identification rate for all the acquired MS/MS was ~65% and each unique peptide was identified
by approximately on average 8.5 MS/MS spectra. Table 3.1 illustrates the acquisition statistics for

the 2D LC-MS/MS analysis. The higher identification output for ZIC-cHILIC may serve as an
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indication of more favorable separation orthogonality between HILIC and RP dimensions as

discussed further in section 3.4.

Table 3.1: Acquisition statistics of 2D (ZIC/ZICc-HILIC-RP) LC-MS/MS analysis for zwitterionic

HILIC separation of whole cell yeast tryptic digest.

HILIC separation | Number | Total Amount | # of MS/MS | # of | # of non- | # of
mode of LC-MS | injected identified | redundant | protein
fractions | time (ng) peptides | peptideIDs | IDs
(hr)
ZIC-HILIC 41 615 ~40 311879 206256 38037 4235
ZIC-cHILIC 41 615 ~40 352314 225762 39791 4324

Retention values for 34878 and 36728 unique non-modified peptides have been measured
for ZIC-HILIC and ZIC-cHILIC, respectively. The average length of the peptides was ~14 residues
with ~20000 overlapping peptides found in both runs. Average net charge at pH of the eluents used
was negative 0.65 spanning a range of +4 to -14. Datasets were further refined by removing low
confidence peptides of -1 > Log(e) > -3 with large retention prediction errors (2% acetonitrile) in
the second separation dimension. Careful inspection of the dataset, supported by existing database
of retention values of S. Cerevisiae helped to maintain a representative distribution of length of
peptides. This is important as short peptides usually suffer from low confidence scores, and can be
mistakenly removed in the refinement process. Only 0.5-0.7% of peptides were removed,
consistent with the False Positive Rate of 0.4-0.5% for these runs estimated by X!tandem. The
remaining 33755 (ZIC-HILIC) and 35392 (ZIC-cHILIC) peptides were used for training the

retention time prediction model. As expected, the vast majority of sequences were Arg or Lys
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terminated. However, both datasets contained sufficient number of protein C-terminal sequences
(454 and 430, respectively) to ensure confident assignment of C-terminal retention coefficients for

the residues other than arginine or lysine.

3.3.3 ZIC/ZICc-HILIC models’ optimization

Predictive models for ZIC/ZICc-HILIC have been developed using an approach described in our
previous publications.!”!® It starts with additive model (20 parameters, one for each amino acid)
with peptide length correction, followed by introduction of position-dependent retention
coefficients (Rc, five on each termini plus internal Rc - 220 parameters). Final modifications
included taking into account possible effects of peptide helicity, clustering of hydrophobic
residues, peptide charge and conversion of the model output into gradient % units - % water in
case of HILIC. The algorithms require a large data density to prevent possible overfitting of the
model. Typically, the additive models for random collection of peptides are built using 5-6 data
points per variable.?”?® However, SSRCalc models based on high-throughput proteomic data
consistently exceed ~100:1 ratio.!”!8

Both ZIC models used a dataset of 33000+ tryptic peptides and resulted in excellent R2-
value correlations between predicted and experimental values: 0.967 for ZIC-HILIC and 0.976 for
ZIC-cHILIC (Figure 3.2 A, B). When the output of the model is converted into water % units, the
slope of the plot retention time (fraction number) vs. SSRCalc hydrophilicity is reciprocal to
gradient slope used (1/1.42 ~0.7). The same feature helps in determining experimental conditions

for the separation of individual peptides or complex mixtures in proteomics. For example, Figure

3.2 C shows frequency distribution of tryptic peptides from S. Cerevisiae for different HILIC
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phases. It is interesting to note that bare silicas exhibit highest retentivity, likely due to additional

retention of cationic peptides via interaction with charged silanol groups.
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Figure 3.2: SSRCalc peptide retention time prediction for (A) ZIC-HILIC or (B) ZIC-cHILIC. (C)

Predicted distribution of tryptic peptides from S. Cerevisiae across separation space for 6 different

HILIC phases (XBridge Amide, Atlantis Silica, Luna Silica, and Luna HILIC); data from previous

17,18

publications and current work

We also found that peptide retention on different HILIC stationary phases varies

significantly, making developing individual retention prediction models necessary. Thus,

111



application of ZIC-cHILIC model provided R2-value correlations 0f 0.94, 0.96, 0.68, 0.63 and 0.87
when applied to Luna HILIC, XBridge amide, Atlantis Silica, Luna Silica'® and ZIC-HILIC data,

respectively.

3.3.3.1 Composition-specific features of ZIC separation: retention coefficients

Each amino acid in a peptide contributes to the retention on the column and the individual
contributions can be quantified as retention coefficients.?’?° In the position dependent models such
as SSRCalc, the internal Rc represents the most valuable information on retention mechanism and
usually used for comparison. Figure 3.3 A shows normalized retention coefficients for ZIC-HILIC
and ZIC-cHILIC in comparison to neutral XBridge amide and bare silica Atlantis Silica columns.
As with the other HILIC columns, the retention on ZIC-HILIC phases is driven by charged
hydrophilic residues. K, R, H, D, and E as shown by their high positive retention coefficients. The
ZIC-HILIC coefficients for the basic amino acids are also higher than the ZIC-cHILIC ones as the
cationic functional groups of the amino acids have electrostatic attraction with ZIC-HILIC
stationary phase increasing retention and electrostatic repulsion with ZIC-cHILIC stationary phase
decreasing retention. The opposite situation is observed for negatively charged Asp and Glu, their
retention contributions are higher on ZIC-cHILIC. These findings are in complete agreement with
separation trends observed for the standard peptide mixture (Figure 3.1 A, B). It was interesting to
compare the variation of retention coefficients relative to neutral HILIC phase and bare silica with
negatively charged silanol groups. ZIC-HILIC with distal positioning of negatively charged

sulfonate?!'%

shows behavior seemingly intermediary between neutral amide phase (XBridge
Amide) and silica (Atlantis Silica) as seen in Figure 3.3. It is observed to have higher retention

values for Arg, Lys, His and lower retention for Asp and Glu compared to Amide phases.
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Figure 3.3: Individual amino acid contribution (normalized retention coefficients, Rc) to retention
time for ZIC and ZICc-HILIC compared to (A) XBridge Amide and Atlantis Silica columns.
Positional dependence of positively (Lys), negatively (Asp) and hydrophobic (Trp) residues’

retention contributions for (B) ZIC-HILIC and (C) ZIC-cHILIC.

3.3.3.2. Optimization of position dependent (relative to peptide N- and C-

termini) retention coefficients.

Our previous work %1718 has demonstrated the utility of expanding retention coefficients to include
position-dependent effects from the terminal ends of the N and C termini. In the expansion of the

algorithm for position-dependent contributions, amino acids are categorized into 11 positions. The
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positions are, starting from the N-terminus (N1), N2, N3, N4, N5, internal, C5, C4, C3, C2, and
C-terminus C1. Any amino acids located more than five positions inside of the peptide sequence
are assigned as internal. Position-dependent retention coefficients were introduced to account for
unique properties of peptide termini. Termini effects are observed due to specific peptide
orientation®’ and ion-pairing interactions at N-terminal amino and C-terminal carboxy groups.?!
Figure 3.3 B, C shows comparison of position dependent coefficients for some
positively/negatively charged and hydrophobic residues. Variation of the Rc indicates significant
effect of this residue position, which improves overall model accuracy upon introduction of
separate retention values. Basic and acidic resides are affected the most. In the instance of K, R
and H, the retention contribution decreases systematically with the distance from N-termini. The
operating pH in this separationis 4.5, a region where basic amino acids side chains and peptide N-
termini are protonated. In cation-exchange separations'®** and HILIC on bare silicas,'® this leads
to the N-terminal being a primary point of contact, thus exerting an “orientation effect”. Positively
charged side chains of Lys, Arg, and His will have stronger interactions when located at N-
terminus. Surprisingly, this was the case for both ZIC phases (Figure 3.3 B, C). While this is
expected for ZIC-HILIC with the distal cation exchange group, ZIC-cHILIC showed similar
behavior, albeit in a lesser degree. Presence of residual silanol groups may result in such effect and
represent the most plausible explanation of identical peptide orientation effect on both columns.

Contribution of negatively charged hydrophilic Asp is larger at both termini compared to
internal positions due to better accessibility, with exception of N1. Being located at the peptide N-
termini Asp affects basicity of terminal amino group and reduces its hydrophilic contribution.®

The same effect was observed for all previously studied HILIC phases. Contributions of

114



hydrophobic residues remain basically unchanged depending on the position as shown for Trp

(Figure 3.3 B, C).

3.3.3.3. Additional model corrections: peptide helicity, clustering of

hydrophobic amino acids, peptide charge.

The effect of peptide helicity in HILIC is less profound compared to reversed-phase separations.
While amphipathic helicity should result in increased HILIC retention due to preferential
interaction of the hydrophilic face of the helix, the blocking of hydrogen-bonds between the
backbone amino and carbonyl groups in the helix leads to decreased retention. These two effects
largely compensate each other. Therefore, our approach for helical correction in HILIC models are
based on simple additive approaches. We optimized weighted variables for select sequence
features of: clusters of hydrophobic amino acids, N-cap sequences (NP, GP, SP, TP, DP),** and
multiple Gly/Pro in the sequence (all features increase HILIC retention).

Final inspection of prediction errors showed significant positive deviations from predicted
values for peptides carrying +2 to +4 charges under the separation conditions used, suggesting
possible involvement of cation-exchange interactions. The number of these basic peptides in our
dataset was relatively low (~5%) as most of the tryptic fragments carry two positively charged
groups and likely to have one or more acidic Asp or Glu. The N-terminus and C-terminal side
chain of Arg or Lys is being offset by the negative charge of N-terminal amino and Asp/Glu side
chains. This effect of increased retention of basic peptides was observed for both ZIC-HILIC and
to a lesser degree, ZIC-cHILIC. Similar to peptide orientation effects observed for position
dependent retention coefficients, this finding contradicts the spatial arrangement of functional

groups on ZIC-cHILIC [21, 23] and can be caused by the presence of remaining unreacted silanol
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groups. Meanwhile, peptides carrying multiple negatively charged groups (up to -15 net charge)
did not exhibit significant deviations.

To address this increased retention for +2 to +4 peptides, the final correction (A expressed

A*Z

in water % units) was introduced: 4 = ——,
In(N)

where z and N is peptide charge and length,

respectively. Scaling coefficients A was optimized as follows: A = 2 for +3/+4 peptides and 1 for
+2 peptides for ZIC-HILIC. As for ZIC-cHILIC, A = 1.5 for +3/+4 peptides and 0.75 for +2
peptides. We can see that the scaling for A is greater for ZIC-HILIC and this confirms that the

charge effect is stronger for ZIC-HILIC.

3.3.4 Separation orthogonality between ZIC/ZICc and RP separation modes

Plotting retention values correlation between two separation modes is a standard procedure to
assess the 2D separation orthogonality. Compared to previous reports on HILIC-RP systems

orthogonality,?*3*

we had access to significantly larger datasets acquired for both ZIC columns,
which provide deeper insight into features determining orthogonality in these systems. HILIC and
reversed-phase separations are driven by interactions of opposite character: hydrophilic vs.
hydrophobic. These separation modes should show anti-correlation: higher HILIC retention should
result in lower retention in RP. However, differences in chemistry of interacting phases, pH and
ion-pairing environment results in much wider distributions, such orthogonal plots are teardrop-
shaped (Figure 3.4 A, B) with R? correlations 0f0.197 and 0.137 for ZIC-HILIC and ZIC-cHILIC,
respectively, confirming a good orthogonality for both modes but favoring slightly the latter.

134

Similar to Gilar et al.,”* we measured separation orthogonality using a geometric approach based

on calculating filling percentage of a 100x100 matrix with 10,000 randomly selected data points.
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Resulting values also slightly favour ZIC-cHILIC (53.5% orthogonal) as opposed to ZIC-HILIC

(49.7% orthogonal).
60 60
a ZIC-HILIC b ZIC-cHILIC
R2=0.197 RE=0.137
50 50
40 40 4
5 5
=] £
£ £
= =
Z. 304 Z 304
= =}
S S
5 5
& e
= 20 & 204
104 104
o Orthogonality 49.7% 0 Orthogonality 53.5%
0 ) 20 30 40 0 10 20 30 40
SSRCale HI (%ACN) SSRCale HI (%ACN)
50 60
c d
50 4 ~
40 -
z B PG: 11
= E .
= =]
z Z 30 4
8 £
= = PG 6
= = 20 .
PG:3
10
0 T T 0 T T T
0 10 20 30 0 10 20 30 40
SSRCalc HI (%ACN) SSRCale HI (%ACN)

Figure 3.4: Orthogonality plots for ZIC/ZIC-cHILIC — RP and its comparison to SCX-RP. A, B —
retention values correlations for ZIC-HILIC — RP and ZIC-cHILIC — RP, respectively. The effects
of peptide charge in (C) SCX-RP and (D) number of charged residues in ZIC-HILIC (pH 4.5) —

RP.
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Boersema et al.?? suggested that separation orthogonality in ZIC-HILIC (pH 3) — RP is
similar to SCX-RP mode due to the fact that retention is determined by residues charged at pH 3:
Arg, Lys, His. Figure 3.4 C shows the orthogonality plot for SCX-RP system (data taken from
previous publication!?), which consists of a series of linear bands for peptides with different net
charge. Anti-correlation (negative slope) is observed due to lower electrostatic interaction of large
molecules, which tend to be more hydrophobic. Similar plot for ZIC-HILIC (pH 4.5) — RP shows
less definitive trends with wider distribution of peptides of the same charge, considering protonated
Arg, Lys, His, N-termini, and fully ionized side chains of Asp, Glu and C-terminal carboxyl group.
Indeed, peptides with -1 net charge at pH 4.5 could carry a different number of positive and
negative charges: e.g. +4 and -5 or +2 and -3. The total number of hydrophilic groups strongly
contributing in HILIC retention would be different in these two cases. Therefore, the total number
of charged residues should be used to assess retention trends in HILIC — RP separation system.
Figure 3.4 D shows orthogonality plot for peptides with 3, 6, and 11 polar groups (PG), which fit
to 3 trend lines showing higher RP retention for peptides with lower HILIC retention. The negative
slope of the trends in this case is caused by opposing retention mechanism (hydrophilic vs.

hydrophobic) rather than the influence of peptide size in SCX-RP system.

3.4. Conclusions

Using high-throughput retention data collection based on proteomic methodology, we were able
for the first time to acquire extended retention datasets and train high quality retention time
prediction models to compare the separation mechanism on zwitterionic HILIC phases. One of the
key points is maintaining the quality of the data through careful selection of chromatographic

conditions and refining the dataset to capture peptides identified with high confidence based on
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both mass-spectrometry analysis and their chromatographic properties. Using high quality data in
the standard framework for Sequence-Specific Retention Calculator model optimization allowed
for rapid in-silico analysis of separation orthogonality between the zwitterionic HILIC and
reversed-phase separations in 2D LC-MS/MS, in-depth research into separation mechanisms, and
comparing of the difference between the separation modality based on the difference in charge
surface of the zwitterionic stationary phase. The results illustrate that the two columns exhibit
similar separation mechanism based on the interaction of the most hydrophilic (charged) residues
at pH 4.5: Arg, Lys, His, Asp and Glu. The difference arise from alternative orientation of charged
groups between ZIC-HILIC and ZIC-cHILIC, which explains additional ion-exchange features of
the separation mechanism. ZIC-HILIC carries distal negatively charged groups and favor retention
of basic residues. ZIC-cHILIC has positively charged quaternary ammonium group closer to the
surface and increases retention contributions of negatively charged Asp and Glu. Apart from that
difference, both phases have hydrophilicity similar to neutral XBridge Amide column. Generally,
all peptides neutral at pH 4.5 have almost identical retention times on these three columns. Position
dependent effects have been established for both ZIC columns and showed similar increase of
retention contributions for positively charged residues closer to N-terminus of a peptide. While
this behavior is expected for ZIC-HILIC with distal cation-exchange functionality, observing it for
ZIC-cHILIC was somewhat surprising. This feature could be a consequence of residual silanol
groups on the surface of the sorbent, which was supported by finding predominantly positive
prediction errors for cationic peptides following optimization of an intermediate version of the
model based solely on position-dependent retention coefficients.

Both ZIC phases represent viable candidates for the selection of first separation dimension

in 2D LC-MS/MS. R2-values for correlations between HILIC and RP dimensions slightly favor
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orthogonality for ZIC-cHILIC: 0.197 vs. 0.137. The driving force behind separation orthogonality
is somewhat similar to SCX-RP system with one important difference: SCX retention at acidic pH
is determined by the number of positively charged residues, while retention in HILIC — by the
number of all ionized at pH 4.5 residues. Through retention time modeling, it is now possible to
quantitatively ascertain the similarities and differences between the peptides and stationary phase
interactions from a physical and chromatographic chemistry standpoint. Having the insight from
variety of HILIC columns would in turn help the understanding other chromatographic modalities
in our pursuit to cover all possible peptide separation modes RP, HILIC, SCX, SAX, and mixed-

mode separations.
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Chapter 4 Peptide retention time prediction for hydrophilic
interactionliquid chromatography at acidic pH in formic-acid based
eluents

This section contains text and figures from a paper submitted to Journal of Chromatography A in
2024. Darien Yeung, Victor Spicer, and Oleg V. Krokhin.

DY designed and performed experiments, performed data analysis, writing, editing of the

manuscript. VS performed data analysis, editing of the manuscript. OVK conceived and
supervised the project, performed data analysis, writing, and editing of the manuscript.

Abstract

Peptide separation selectivity was evaluated for hydrophilic interaction liquid chromatography
(HILIC) ZIC-HILIC, ZIC-cHILIC, and XBridge Amide sorbents using formic acid as eluent
additive (pH 2.7). Sequence-specific retention prediction algorithms were trained using retention
datasets of ~30,000 peptides for each column. Our retention models were able to attain ~0.98 R2-
value and yielded retention coefficients that can be probed to understand peptide-stationary phase
interaction. Overall, the hydrophilicity for these columns decreased when the mobile phase
changed pH from 4.5 to 2.7, when using 0.1% formic acid in the mobile phase. The acidic residues
became protonated, and the resultant hydrophilic interaction is dampened at the lower pH, leaving
only the basic residues as the primary hydrophilic interactors. Hence, peptides of increasing charge
have higher retention. In this comparison between the three columns, ZIC-HILIC has the highest
chromatographic resolution between groups of peptides of different charge. From the position-
dependent retention coefficients for ZIC-HILIC at pH 2.7, we found that the amino acids at the
terminal positions of the peptide modulate the basicity of the N-terminal amino group or the C-
terminal Arg/Lys for tryptic peptides. With respect to the separation orthogonality between HILIC

and acidic pH RP for two dimensional separations, the orthogonality values were lower at pH 2.7
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than operating HILIC at pH 4.5 for the first dimension. We also demonstrate that ZIC-HILIC was

able to distinguish citrullinated and deamidated peptides based on predicted retention values.

4.1. Introduction

Hydrophilic interaction liquid chromatography (HILIC) is a separation method leveraging the
interaction of hydrophilic analytes with an aqueous layer adsorbed on to a polar stationary phase. !
This chromatographic mode was characterized in 1990 by Alpert, initially, demonstrating that
cation-exchange and hydrophilic neutral materials can retain hydrophilic compounds at high
organic solvent concentrations. Subsequently, various hydrophilic sorbents were introduced for
HILIC separation.'3-> This type of sorbents showed the ability to retain very hydrophilic
compounds that are commonly found in the flow through in reversed-phase (RP) separations.®®
Furthermore, pairing HILIC online with mass spectrometry (MS) results in a higher detection
sensitivity than RP with electrospray ionization MS.%!? This is because the mobile phase for HILIC
contains a higher concentration of organic solvents which is more favorable for efficient
electrospray ionization. There are a variety of functional groups that are available as stationary
phases for HILIC now that this method has been popularized for small-molecules separations.®!!
Despite these advantages for HILIC, RP is still the dominant chromatographic mode in bottom -up
proteomics for peptide separation due to its versatility and ability to achieve higher
chromatographic resolution.!?!3

Large scale HILIC peptide separation with MS detection had been evaluated by Horie et
al. where the authors utilized monolithic columns with ureidopropyl function groups to serve as

the polar stationary phase.!*!* Extending the column length from 30 ¢m to 400 cm and increasing

the gradient time to 4 hours were necessary to achieve comparable chromatographic resolution to
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RP. When the authors compared HILIC and RP separations while maintaining the same column
dimensions and gradient time, the resulting LC-MS/MS analyses of HeLa cell digests showed
similar protein identification outputs. Both analytical approaches were able to detect ~10,000
unique peptides to identify ~2600 proteins, but the signal intensities were much higher when
HILIC was interfaced with the MS. The improvements in sensitivity were beneficial for targeted
quantitation of peptides where Simon et al. reported up to a 14-fold increase in signal intensity.'°
Beyond monolithic columns, particle-based zwitterionic HILIC (ZIC-HILIC) stationary phases
were introduced to increase the retention of highly polar small molecules, which would be
appropriate for the separation of basic tryptic peptides. !¢-'® The zwitterions on the stationary phase
have a proximal charge that is closer to the silica and a distal charge further away that acts as the
surface of the stationary phase. ZIC-HILIC features a negatively charged group on the distal
surface and a positively charged one on the proximal site, whereas ZIC-cHILIC is the opposite.
These separation modes had been used directly with MS for peptide separation but suffered from
poor chromatographic resolution.'® Despite all these efforts to use HILIC online with MS, the
problems of low resolution or impractical analysis times due to longer re-equilibration were too
much to accept for the potential sensitivity improvements afforded by the mobile phase
composition.

Aside from direct online separation of peptides, multidimensional chromatography (MDC)
represents a popular alternative to reduce sample complexity prior to the MS analysis. During the
early years of MS-based proteomics, HILIC became a promising chromatographic mode to use in
the first dimension for multi-dimensional chromatography.®!° Boersma et al.?’ and Di Palma et
al.?! demonstrated that the separation of peptides using ZIC-HILIC/ZIC-cHILIC columns paired

with RP were able to obtain improved protein identification outputs compared to the SCX-RP
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approaches.?? Peptide separation on ZIC-HILIC was further evaluated for a variety of pH

conditions and the authors reported that pH 3 had the highest orthogonality when paired with RP

12 1.24

at acidic pH. Longworth et a and Intoh et a also observed protein identification
improvements when they used the ZIC-HILIC-RP pairings for isobaric tag-based quantitation. The
authors attributed these improvements to the orthogonal chromatographic properties of HILIC with
RP. In a comparison involving six chromatographic modes, Gilar et al. demonstrated that silica
HILIC at pH 4.5 was the most orthogonal with RP, surpassing both pH 10 RP and strong cation
exchange, which were the most common first dimensions for MDC.2 Our recent orthogonality
evaluation of sixteen chromatographic modes agreed that HILIC(pH 4.5)-RP are highly orthogonal
pairings for a variety of hydrophilic sorbents.?® However, in a comparison between HILIC-RP and

1.2 observed lower orthogonality for the former

strong anion exchange-RP pairings, Bensaddek et a
when they separated peptides through the TSKgel Amide 80 column using trifluoroacetic acid as
the mobile phase additive. Although both ZIC-HILIC and TSKgel Amide 80 columns were
previously evaluated at pH < 3, their opposing conclusions may suggest that stationary phase
features play an important role for HILIC separation at acidic condition.

To better understand the chromatographic behavior of peptides in HILIC, a series of
separation modeling studies have been undertaken. Yoshida et al. presented the first additive model
that used the retention data for 121 synthetic peptides separated on the TSKgel Amide 80 under
acidic conditions with trifluororacetic acid and achieved an R?-value of 0.94.2% Gilar et al.
expanded on this concept and developed models for three different HILIC sorbents.?’ The authors
used 150 synthetic peptides to understand the differences in separation selectivity through the

retention coefficients obtained in their linear regression models. The accuracy of the resulting

models varied from 0.92 to 0.97. Hoarscoat-Schiavo et al. improved the modeling accuracy of
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peptide separation in TSKgel Amide 80 to an R2-value of 0.97 for a collection of 58 relatively short
peptides.** However, a common problem between all these prediction models is their limited size
of datasets that do not appropriately account for various sequence-specific effects observed in
HILIC separations.

Our laboratory modeled HILIC separations using Sequence-Specific Retention Calculator
(SSRCalc) approach. The peptide HILIC retention information has been collected through 2D LC-
MS/MS analyses of complex yeast tryptic digests with various HILIC stationary phases employed
in the first separation dimension. This allowed for the detection of +30,000 unique peptides for
each of seven HILIC columns we previously evaluated. We used this workflow for modeling
peptide separation on amide,*! zwitterionic,3? diol, and silica-based®3 HILIC sorbents. Generally,
HILIC columns have sequence-specific effects involving the N-terminal positions of amino acid
residues, where the most variations in retention coefficients occur compared with the internal
position. Upon comparing the peptide separation on various HILIC columns, we find that the
overall peptide retention (sorbent hydrophilicity) increases in the following order diol <
zwitterionic = amide < silica. Similar to the modeling and orthogonality comparison efforts from

Gilar et al.,”

we employed the pH 4.5 ammonium formate buffers.

In prior studies, Boersma et al.?® suggested that acidic conditions improve the orthogonality of
ZIC-HILIC with RP. Furthermore, acidifying the mobile phases protonates the residual silanol
groups leading to improved separation efficiency. Hence, we decided to investigate peptide
separation selectivity of HILIC under acidic (formic acid) conditions using large scale proteomics-
derived datasets. We selected ZIC-HILIC, ZIC-cHILIC, and XBridge Amide columns since these

stationary phases are very similar in hydrophilicity, while the zwitterionic functionalities may

result in substantial changes in separation selectivity. Our approach to studying the peptide
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retention behaviour and selectivity differences is based on the 2D LC-MS/MS (HILIC-RP)
analysis of complex mixtures of tryptic peptides and developing SSRCalc models that can provide

quantitative insights into contributions of individual amino acid residues.

4.2 Experimental Section

4.2.1 Chemicals, and Sample Preparation

Unless otherwise noted, all chemicals were sourced from Fisher Scientific (Waltham, MA). Mass -
spectrometry compatible yeast protein extract was acquired from Promega (Madison, WI).
Proteins were reduced, alkylated with iodoacetamide and digested using 1:50 trypsin:protein ratio
for 14 h at 37°C. Peptides were subsequently acidified with 0.5% trifluoroaceticacid and desalted
using SOLA-hRP solid phase extraction cartridges (Fisher Scientific) according to manufacturer’s
recommendations. The trapped peptides were eluted at 65% acetonitrilein 0.1% trifluoroacetic
acid. The digests for bovine serum albumin (Sigma Aldrich, St. Louis, MI) were prepared using a
standard in-solution digestion with trypsin. Samples were then resuspended in respective buffers
A for LC-MS/MS or LC-UV analyses. HPLC-grade water and acetonitrile (both 0.1% formic acid,
Honeywell, Charlotte, NC) were used for eluents preparation. The six synthetic peptides were
synthesized by Bio-Synthesis Inc (Lewisville, TX) with sequences designed elsewhere®* P1:
LGGGGGGDGSR, P2: LGGGGGGDFR, P3: LLGGGGDFR, P4: LLLGGDFR, P5: LLLLDFR,

P6: LLLLLDFR.

4.2.2 First dimension separation conditions

Agilent 1100 series HPLC system (Agilent, Santa Clara, CA, USA) with UV detector (214 nm),

manual injector with 100 pL loop and 200 uL/min flow rate were used for separations. Both
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eluents: A (water) and B (acetonitrile) contained 0.1% formic acid. The columns used in this work
were the Waters XBridge Amide 3.5 um, 130 A, 50 x 3.0 mm (Waters, Milford, MA), Merck
SeQuant ZIC-HILIC 3.5 um, 100 A, 100 x 2.1 mm, and ZIC-cHILIC 3 pm, 100 A, 100 x 2.1 mm
(both Merck, Darmstadt, Germany). For all three columns, the same gradient was used to separate
standard peptide mixtures, BSA and yeast digests. The gradient program included a linear increase
of water contents from 10 to 70% in 60 min, followed by column wash at 90% water.

All samples were resuspended in the starting conditions’ buffer 10% water/90% acetonitrile
in 0.1% formic acid for first dimension HILIC separation. 100 pg of S. Cerevisiae digest was
injected into the column, and fractions were collected every minute from the sample's injection
until the end of the chromatogram (based on UV profile). Fractions were then lyophilized and

resuspended in 30 pL of eluant A to be analyzed using LC-MS/MS.

4.2.3 Second dimension separation conditions

LC-MS/MS in the second dimension used the 2D LC Ultra system (Eksigent, Dublin, CA) with
TripleTOF 5600 mass spectrometer (Sciex, Concord, ON, Canada) operating in data dependent
analysis mode. Self-packed analytical column Luna C18(2) 3 um, 100 A, 100 um x 200 mm
(Phenomenex, Torrance, CA) was used at 500 nL/min flow rate. The gradient program included a
linear increase from 0.4 to 31% B for 77 minutes and to 80% B for 5 minutes as a column wash,
followed by 0.4% B for column equilibration. Both eluents A (water) and B (acetonitrile) contained
0.1% formic acid. The trap column was the PepMap 100 0.3 x 5 mm (Fisher Scientific) used for
sample loading with a 15 pL/min flow rate, and each sample had an injection volume of 10 uL.
Each fraction was spiked with the standard P1-P6 peptides®* for the retention time alignment

purposes.
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4.2.4 In-vitro modification of tryptic peptides

This set of experiments to evaluate peptide retention with citrullinated Arg, carbamylated Lys and
deamidated Asn residues followed experimental protocol described elsewhere.?> An equimolar
mixture of 11 commercially available proteins, all sources from Sigma Aldrich, (chicken, human,
bovine, mouse, and porcine) albumin, (human and bovine) apotransferrin, (human and bovine)
lactoferrin, human fibrinogen, and human fibronectin) was used for in-vifro modification to
generate citrullinated, carbamylated, and deamidated peptides. Deamidated peptides were readily
observed for Asn-Gly containing peptides during the overnight tryptic digestion at 37°C.
Carbamylated peptides were generated by incubating 100 ug of the equimolar protein mixture in
2M Urea at 60°C for 32 hours prior to trypsin digestion using the same procedure as above.
Citrullinated peptides were generated by incubating 100 pg of the equimolar protein mixture with
human peptidyl-arginase deiminase type 2 (PAD-2, Sigma Aldrich) at 55°C, pH 7.2 for 32 hours
with 10 mM CaCl; as a reaction buffer. Following the citrullination, the proteins were in-solution

digested with trypsin as described previously.

4.2.5 Data Analysis

X!Tandem search engine was used with the following settings: 20 ppm and 50 ppm mass tolerance
for parent and daughter ions, respectively; constant modification of Cys with iodoacetamide;
standard set of expected post-translational modifications (Met/Trp oxidation, Asn/Gln
deamidation, Cys/Gln N-terminal cyclization); two allowed missed cleavage. The resulting

identified peptides had retention values expressed in HI units (Hydrophobicity Index, %
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acetonitrile) converted using the known HI values for our retention standard P1-P6 peptides.®*
Only tryptic peptides with expectation scores less than -3 were selected for the optimization
dataset. The retention values of the first dimension were assigned using the fraction number
corresponding to where the peptide was detected. If the peptide is observed in multiple adjacent
fractions, a weighted average of the intensity values was used to establish the decimal fraction
number in which the peptide eluted. Fraction numbers were also converted into the corresponding

water percentage based on the gradient program and measured gradient delay time.

4.3 Results and Discussion

4.3.1 Comparison of peptide retentivity and major selectivity features for

XBridge Amide, ZIC-HILIC, ZIC-cHILIC columns at acidic pH

Figure 4.1 shows the separation of six synthetic peptides, P1-P6 for all three columns using a 1%
ACN per minute gradient. Throughout this study, the mobile phases contained 0.1% formic acid,
and therefore referred hereafter as pH 2.7, corresponding to pH of water solution. Overall, the
chromatograms for XBridge Amide and ZIC-HILIC are similar in pattern and have wider peaks
than observed in ZIC-cHILIC. Peptide retention increases with respect to hydrophilicity where the
most hydrophobic P6 eluted first and the most hydrophilic P1 eluted last. Among the three
columns, peptide retention increases in order of: ZIC-cHILIC < XBridge Amide < ZIC-HILIC.
Similar retention trends have been observed for the separation of the standard BSA digest. We find
that these differences in peptide retentivity are driven by the nature of the functional groups. The
zwitterionic group on ZIC-cHILIC exposes the cationic quaternary ammonium on the distal
surface which electrostatically repels positively charged peptides. Therefore, ZIC-cHILIC has the

lowest peptide retention out of the three HILIC columns at pH 2.7. Whereas, ZIC-HILIC has the

131



highest retention because this sorbent has a negative charge on the distal surface to electrostatically
attract basic peptides.
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Figure4.1: LC-UV chromatogram of six synthetic peptides for the three HILIC columns at pH 2.7.

Table 4.1 shows the identification output for the 2D LC-MS/MS experiments for the three
columns. Approximately, 1 pgof peptides were analyzed by the second dimension LC-MS/MS for
each fraction. On average, there are ~30,000 non-redundant peptide identifications for each 2D
experiment. ZIC-cHILIC had the narrowest peptide elution range resulting in 35 fractions
collected. Conversely, peptide separation in ZIC-HILIC spanned a wider elution range giving 47
fractions. Based on the data we collected here and previous study using pH 4.5 eluents,*? the HILIC
separation of peptides with each column at pH 2.7 demonstrated a lower retention than at pH 4.5.
This indicates the columns exhibit a lower degree of hydrophilicity at pH 2.7. The acidic residues
in the peptides lose their negative charge at pH 2.7 and therefore, have reduced hydrophilic
contribution to peptide retention on HILIC. To compare the general peptide retention trends
between the different column conditions, we converted the peptide retention data from fraction

numbers to the corresponding eluant water percentage using the first-dimension gradient slope.
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The difference in hydrophilicity increases in order of: ZIC-HILIC < XBridge Amide < ZIC-

cHILIC.

Table 4.1: Peptide and protein identification statistics from the 2D-LC/MS/MS runs for the three

HILIC first dimension columns at acidic conditions.

Column # of peptides # of non-redundant peptides # of proteins | # of fractions
ZIC-cHILIC 106442 26556 3711 35
XBridge Amide 124784 28218 3504 38
ZIC-HILIC 153320 35154 3952 47

Figure 4.2 demonstrates that peptide retention increases with peptide charge for all three
columns operating at pH 2.7. This is consistent with the previous report from Boersma et al. [20]
that demonstrated a similar trend in peptide separation when using ZIC-HILIC with 0.1% formic
acid in the mobile phase. ZIC-HILIC has the highest resolution between the peptides of different
charges because of its anionic surface strongly retaining basic peptides. XBridge Amide and ZIC-
cHILIC cannot replicate this charge separation effect and have large regions of overlaps between
charges. The propensity for ZIC-HILIC to participate in charge-based separation for peptides is
similar to the pattern observed in strong cation exchange, albeit without the use of salt gradients

to elute components of the mixture.
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Figure 4.2: Charge separation of +1 (orange), +2 (green), +3 (light blue), +4 (dark blue) peptides

for the three HILIC columns at pH 2.7 with formic acid modifier in the mobile phase.

4.3.2 Peptide retention time prediction models for HILIC separations at pH 2.7

4.3.2.1 Composition dependent features driving peptide retention.

Collecting large-scale retention datasets allowed us to develop sequence-specific models for
different HILIC separations at pH 2.7. The models use the same optimization scheme and variable
structure as previously reported SSRCalc algorithm for the separation of peptides on ZIC-HILIC

and ZIC-cHILIC at pH 4.5.3? In brief, the amino acid contributions were modelled by assigning
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eleven position-based coefficients to each of the twenty amino acids encoded via one-hot encoding.
Within the eleven coefficients, they correspond to the first five positions on the N-terminus and
the last five positions on the C-terminus of a peptide. The eleventh coefficient corresponds to all
remaining positions that are classified as internal. We then use the peptide sequences and their
retention times to optimize the SSRCalc models for each column to maximize the resulting R2-
values for the predicted versus experimental retention plots. Resulting correlations reaching ~0.98

R2-values are shown in Figure 4.3.
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Figure 4.3: SSRCalc peptide retention time prediction models for (A) ZIC-HILIC, (B) XBridge

Amide, (C) ZIC-cHILIC at pH 2.7 using 0.1% formic acid in the mobile phase.

Figure 4.4 A shows the normalized internal retention coefficients for the three columns
under investigation. All three columns share similar trends where hydrophilic residues increase
peptide retention while hydrophobic residues decrease retention. The major selectivity differences
between the columns come from the contributions of basic and acidic amino acids. At pH 2.7,
Lys/Arg/His are the dominant contributors to peptide retention across all three columns as these
are only residues carrying positive charge. However, they have the strongest effect on ZIC-HILIC
and the weakest on ZIC-cHILIC. Meanwhile, acidic residues, Asp/Glu, have the opposite

relationship where ZIC-cHILIC has the highest normalized retention coefficients for these acidic
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amino acids and ZIC-HILIC has the lowest. The peptide interactions in HILIC can involve
electrostatic interaction from the stationary phase in addition to the partitioning of peptides into
the aqueous layer. Therefore, due to the anionic distal charge on the surface of the ZIC-HILIC
sorbent, the electrostatic attraction with Lys/Arg/His increases retention while the repulsion of
Asp/Glu decreases retention. Conversely, ZIC-cHILIC has cationic charges on the distal surface
and demonstrates the opposing retention characteristics of ZIC-HILIC. It was interesting to note
that some hydrophilic amino acids Asn/carbamidomethyl-Cys/Ser/Thr have lower retention
contributions in ZIC-HILIC compared to the other two columns. Overall, the retention coefficients
extracted for ZIC-HILIC share similar trends with Strong Cation Exchange (SCX) separation?®
where basic residues are the primary retention contributors, and all other hydrophilic/hydrophobic
residues have minimal and very uniform contributions. The only difference between HILIC and
SCX at acidic pH in this regard is the negative contribution of hydrophobes into the overall

retention for the former separation mode.
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Figure 4.4: Normalized amino acid retention coefficients obtained from SSRCalc models of (A)
the three HILIC phases at acidic conditions, (B) ZIC-cHILIC at pH 2.7 and pH 4.5, (C) XBridge

Amide at pH 2.7 and pH 4.5, and (D) ZIC-HILIC at pH 2.7 and pH 4.5.

Hydrophobic residues decrease the retention of peptides during separationin HILIC at pH
2.7. The general trends between the three columns are consistent; however, there are difference in
specificities where the negative retention contributions from ZIC-cHILIC and XBridge Amide for
hydrophobes are greater than ZIC-HILIC. In ZIC-HILIC, the basic peptides partition readily into
the water layer on the sorbent and have electrostatic attraction between the peptide and ZIC-HILIC
stationary phase. This attraction can pull the peptides closer to the stationary phase to support
hydrophobic interactions with the polymeric graft that may dampen the hydrophobic repulsion.
Among the HILIC columns, aromatic residues retain the least except for Tyr, due to its polar
hydroxyl group increasing retention. The retention coefficients for aliphatic residues decrease in

order of Ala > Val > Ile > Leu, which trends negatively with their accessible surface area (ASA).
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Having a higher ASA for the aliphatic hydrophobes in HILIC can increase their hydrophobic
repulsion with the water layer to exhibit lower retention on column.

In comparison to the same three columns at pH 4.5 (Figure 4.4 B-D), the retention factors
are similar for basic and hydrophobic amino acids across all the columns. Generally, our
comparison of HILIC at the two pH conditions reveal that the general stationary phase
characteristics are maintained with minor differences in specificity. The major difference in
retention contribution is from acidic residues Asp/Glu since they change charge states between pH
4.5 to 2.7, which changes the hydrophilicity of the peptides. The loss of the negative charge on the
acidic residues causes a decrease in retention for all columns evaluated. XBridge Amide exhibited
the greatest loss in normalized retention coefficient as a result of acidifying the mobile phase to
pH 2.7. Interestingly, when formic acid is used in the mobile phase ZIC-cHILIC demonstrated an
increase in retention coefficient for Asn/carbamidomethylated Cys that is higher than the other two
columns. For the hydrophobes, the repulsive effects are similar between the two pH conditions for
ZIC-cHILIC and XBridge Amide. However, it is noted that the retention contribution of

hydrophobes decreases for ZIC-HILIC at pH 2.7.

4.3.2.2 Position dependent features affecting peptide retention.

The contributions of individual residues into peptide retention are different for terminal positions
compared to internal ones as shown in Figure 4.5. Since the vast majority of tryptic peptides carry
Arg or Lys at their C-termini, for this comparison we considered N-terminal (N1) and the residues
preceding Arg/Lys (C2). Similarly, plots in Figure 4.5 are lacking internal Arg and Lys due to their
low abundance inside tryptic peptides. One important conclusion can be drawn based on the

behavior of the hydrophilic neutral residues Gln/Asn/Ser/Thr and the hydrophobic Trp/Phe. Their
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respective contributions positive and negative, are higher for both terminal positions. The acidic
and basic residues also show unique behavior, which scales in accordance with sorbent chemistry.
N-terminal Asp is considerably more hydrophobic and more hydrophilic in N1 and C2 positions
compared to internal one, respectively. Asp at the N-terminal position significantly decreases the
basicity of N-terminal amino group,*¢ therefore, reducing the peptide charge and hydrophilicity.
This effect is more pronounced for the zwitterionic sorbents than XBridge Amide. When placed in
the C2 position, Asp reduces the ion-pairing interaction between formic acid and the adjacent
Arg/Lys residue. Hence, the positive charge is more hydrophilic in the absence of ion-pairing to
increase retention. This is also observed for Glu at both the N1 and C2 positions. Conversely, His
at the C2 position recruits more formate counterions to engage in ion-pairing to dampen the

basicity of the C-terminal Arg/Lys.
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Figure 4.5: Position-dependent retention coefficients extracted from the SSRCalc model for (A)
ZIC-HILIC, (B) XBridge Amide, (C) ZIC-cHILIC at pH 2.7 at position N1, internal, and C2 of

the peptide.
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4.3.3 Separation Orthogonality of HILIC separations at acidic pH vs. RP HPLC

(formic acid)

Figure 4.6 shows our use of the geometric filling approach outlined by Gilar et al. [25] and Yeung
et al. [26], to demonstrate the orthogonality for the three columns, with respect to acidic pH RP in
the second dimension. The resulting orthogonality values are 69.0%, 73.2%, and 72.6% for ZIC-
HILIC, XBridge Amide, and ZIC-cHILIC columns at pH 2.7, respectively. Currently, basic pH 10
RP paired with acidic pH RP is the gold standard for MDC and this pairing has a higher
orthogonality value of 74.5%26 than HILIC separation at pH 2.7. Furthermore, comparing the latter
to their pH 4.5 counterparts, the higher pH conditions (4.5) had increased orthogonality values of
77.2%, 80.92%,79.91% for ZIC-HILIC, XBridge Amide, and ZIC-cHILIC, respectively. Boersma
et al.?% previously concluded that using formic acid additives in the mobile phase for ZIC-HILIC
separations resulted in higher orthogonality for MDC separation. However, this was likely due to
their limited size in peptide dataset and inaccurate orthogonality evaluation. The authors used the
R? values to determine orthogonality which we previously reported?® was not a metric that
accurately reflects the distribution of peptides across two dimensions of separation.
Fundamentally, separation orthogonality relate the differences in peptide retention between
two chromatographic modes. These differences can involve changing the stationary phase
properties (separation mechanism) or changing peptides’ physicochemical properties (often
through alteration of pH). When we pair HILIC at pH 2.7 with acidic pH RP thatis also at pH 2.7,
only the stationary phase is different. On the other hand, when we pair basic pH 10 RP with acidic
pH RP, peptides’ charge states change dramatically. The combination of changing the separation
mechanism and charge results in higher orthogonality values than changing the individual

parameters by themselves. Hence, HILIC at pH 4.5 with acidic pH RP is more orthogonal than
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using HILIC at pH 2.7 in the first dimension. Furthermore, this is consistent with the report from
Bendassek et al.?’ that HILIC-RP had lower orthogonality than conventional MDC pairings when
they used in the first dimension the TSKgel Amide 80 HILIC column with trifluoroacetic acid
additives in the mobile phase. Therefore, for MDC experiments involving HILIC-RP, we suggest
to perform the HILIC separation at a different pH than RP to allow the change in chromatographic

mode and peptide charge to increase the orthogonality.
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Figure 4.6: Orthogonality plots for (A) ZIC-HILIC, (B) XBridge Amide, and (C) ZIC-cHILIC
using formic acid in the mobile phase compared with RP HPLC (formic acid). Peptides with
different charge states are labeled +1 (orange), +2 (green), +3 (light blue), and +4 (dark blue).
Regions that are not occupied by peptides in all three orthogonality plots are highlighted in purple.
Larger proportion of these unoccupied areas explains gradual increase in separation orthogonality

from ZIC-HILC to ZIC-cHILIC.

Figure 4.6 A is showing the ZIC-HILIC and RP peptide orthogonality plot with each charge
group being well separated. The electrostatic attraction between the basic peptides and the
stationary phase shifts the charge distribution vertically along the y-axis. The effect was less
pronounced in the XBridge Amide and ZIC-cHILIC orthogonality plots. Furthermore, the slopes

for each charge group is similar indicating that the hydrophilic interaction between peptides of
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different charges are consistent. This is opposite to what we observed for SCX, which had different
slopes for each charge group when visualized on an SCX-RP orthogonality plot.?¢ Upon further
investigation of the peptide retention in these charge groups, ZIC-cHILIC and XBridge Amide
appear to have a hydrophilic focussing effect. This effect is seen where hydrophilic peptides elute
over a narrower range in the first dimension than peptide of the same charge that are more
hydrophobic, shown in Figure 4.6B. In the +3 peptide distribution of XBridge Amide, at >5%
ACN, the peptide distribution spanned over 10+ fractions. However, at 1% ACN, the hydrophilic

peptide distribution constricted to span only 5 fractions.
4.3.4 Separation of Citrullinated/Carbamylated/Deamidated Peptides

The charge separation in acidic ZIC-HILIC at pH 2.7 was found similar to SCX. Therefore,
specific separation tasks utilizing SCX should also be addressable by acidic pH ZIC-HILIC. Post-
translational modifications (PTMs) like citrullination, carbamylation (charge reducing) have SCX
retention shifts which are drastically different compared to deamidation.?> Villacres et al. have
suggested this feature for confident identification of citrullinated peptides, which feature the same
mass shift as the abundant deamidation.?> In this work we applied ZIC-HILIC at pH 2.7 to a similar
workflow. =~ Through a  two-dimensional  separation of  non-modified and
citrullinated/carbamylated/deamidated peptides, in Figure 4.7 A, we observed that ZIC-HILIC
exhibit significant decrease in retention of citrullinated/carbamylated peptides compared to
deamidated products. Removal of positive charge from arginine’s and lysine’s side chain upon
citrullination and carbamylation significantly decreases peptide retention compared to
deamidation, which features no change in charge status at acidic pH. Using peptide retention
prediction by SSRCalc ZIC-HILIC allows for confident distinguishing of citrullinated vs.

deamidated peptides using prediction errors as shown in Figure 4.7 B. Moreover, the application
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of ZIC-HILIC is more convenient compared to SCX, where subsequent LC-MS/MS analysis

requires additional desalting for the latter.
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Figure 4.7: (A) Retention shifts of citrullinated, carbamylated, and deamidated peptides in ZIC-
HILIC at pH 2.7. (B) SSRCalc ZIC-HILIC retention prediction for non-modified and modified
(citrullination/carbamylation/deamidation) peptides observed in the 2D LC-MS/MS analysis of

model protein mixture.

4.4 Conclusion

We employed 2D LC-MS/MS methodology for generating large scale retention data collections to
study peptide separation selectivity for HILIC separations at acidic pH (2.7). Using column of
interest as the first separation dimension allows studying any separation system regardless of its
compatibility with downstream MS detection. ZIC-HILIC, ZIC-cHILIC and XBridge Amide
stationary phases were selected due to similar overall hydrophilicity, resulting in ~30,000 unique
peptide identifications each. For all three columns there was a distinct decrease in peptide
retentivity relative to the HILIC separations at pH 4.5 studied before.?? Overall, peptide retention

at pH 2.7 increased in the order ZIC-cHILIC < XBridge Amide < ZIC-HILIC — in agreement with
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chemistry of stationary phases. ZIC-HILIC has negatively charged distal functional group
inducing electrostatic interactions with positively charged peptides. ZIC-cHILIC features the
opposite zwitterion orientation, while X-Bridge Amide is neutral. Peptides’ positively charged
groups are the major contributors in retention on all three stationary phases. ZIC-HILIC has the
strongest interaction strength towards positive charge, allowing almost complete separation of
peptides from differently charged populations.

Sequence-specific retention prediction models have been developed for three separation
settings, reaching R2-values ~0.98. The retention coefficients derived from these models confirmed
that the main residues contributing to retention are Lys/Arg/His. We also found that Asp/Glu had
much lower retention contributions at pH 2.7 than at pH 4.5 By studying the position dependent
retention coefficients, we found that the variability between internal and terminal positions is
driven by improving accessibility of the residues located near termini and acidic/basic properties
of individual amino acids. The separation of peptides by HILIC at pH 2.7 paired with the standard
acidic pH RP resulted in having lower orthogonality values than using HILIC at pH 4.5 as the first
dimension. Increasing the pH allowed for the alteration of peptide charge (through deprotonation
of Asn and Glu) resulting in enhanced separation orthogonality. Furthermore, ZIC-HILIC has
potential for peptide charge separation and can be used for confident identification of citrullinated
versus deamidated peptides based solely on their retention properties.

This study of HILIC separation at acidic pH was done using formic acid-based mobile
phases to cover the most popular eluent conditions compatible with ESTMS. It would be beneficial
to expand our understanding of ion-pairing effects that may modulate hydrophilic interactions and
partitioning of peptides with the water layer on the stationary phase by varying eluent modifiers

(acetic, trifluoracetic, heptafluorobutyric acids). The peptide-ion pair interaction had been well
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studied for RP HPLC and used for modulating peptide retentivity and separation selectivity. This
provided a degree orthogonality between RP separations using different ion-pairing reagents.
Moving beyond formic acid for HILIC separation at acidic pH may further enhance the
orthogonality for peptide separationin MDC analyses. Furthermore, it would be very attractive to
explore higher pH HILIC separations where negatively charged residues would provide a major
contribution into peptide retention. These efforts would lead to expanding chromatographic
toolbox for peptide separation in analytical scale HPLC and might improve uptake of HILIC

methods in bottom-up proteomics.
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Chapter 5 One-step proteome coverage enhancement for single-shot
proteomics using Proteome-Selective Isolation Chromatography (P-
SLICY)
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Abstract

Improvements to the performance of mass spectrometers have increased the number of proteins
identified and quantified in single shot proteomics (SSP). Approaches utilizing data-independent
acquisition have shown promising results in detecting near-comprehensive proteomes. However,
data dependent acquisition (DDA) can potentially be more sensitive with longer ion
accumulation times for a precursor, allowing the detection of lower abundance peptides in complex
samples. One of the problems with DDA is the inefficient ion selection method for MS2, favoring
the detection of large and high abundance peptides that are likely to result in redundant
identification of high abundance proteins. We developed a chromatographic pre-fractionation
approach called Proteome Selective Isolation Chromatography to reduce redundant protein
identification on a peptide level before SSP. By isolating the hydrophobic peptide population in
the sample using the XBridge Amide HILIC column, we reduced the peptide level redundancy
from a unique peptide per protein ratio of ~8 to ~2. This additional one-step pre-fractionation
procedure improved identification by 20% and also allowed more proteins to be quantified.
Furthermore, adapting the method to a pipette-tip based approach enhanced the consistency to a
median coefficient of variation of 11%. Incorporating P-SLICY into an SSP workflow can enhance

the detection and quantification of proteins with lower abundance.

149



5.1 Introduction

Constructing methods to optimize the detection of peptides and proteins has always been a critical
area of study for proteomics. The overarching goal is to identify and quantify the complete
proteome of a sample and ideally, have it done in the quickest way possible. Currently, liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS) is the gold standard in
proteomics for quantitation.! However, it is challenging for any approach to quantify the
comprehensive human proteome from a single sample.? At the time of writing this article, no
method has achieved this milestone. This is a challenging subject because potentially ~20,000
different proteins express over a concentration range along >8 orders of magnitude.? Such a large
range surpasses the detectable range of MS systems operating with data dependent acquisition
(DDA). Zubarev discussed that MS is limiting the detection of proteins to the abundant
candidates.* Therefore, biologically relevant low abundance proteins like cytokines and
chemokines are at a constant disadvantage for detection in modern LC-MS/MS methods.>”
Contemporary method development in bottom-up proteomics tries to increase the number of
proteins identified through two main approaches: single shot proteomics (SSP) and
multidimensional chromatography (MDC).

The concept of SSP is to identify and quantify the proteome using only one LC-MS/MS
run. The protein identification statistics can be improved by increasing the number of MS/MS
acquired that yield peptide identification. This is measured by the peptide-spectrum match (PSM)
rate which is the ratio between the number of PSMs versus the total number of spectra collected.

The distribution of peptide hydrophobicity values reaches a maximum in the middle of reversed-
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phase LC (RP LC) separations. Therefore, using non-linear gradients can increase the total number
of acquired MS/MS and enhance the PSM rate compared to a linear one with the same total
acquisition time. Due to the efficacy of non-linear gradients, they are prevalent in SSP®° and
nanoflow LC systems like the EvoSep One use pre-programmed non-linear gradients for peptide
separations.!? Alternatively, the number of proteins identified positively correlates with an
increasing total number of MS/MS acquired. This is a practical approach especially in the past
with lower scan speed MS instrumentation. The easiest way to obtain more MS/MS in SSP is to
extend the LC gradient to longer durations. In 2010, Iwasaki et al. demonstrated the whole
proteome detection of ~2000 proteins in E. Coli using a 41 hour long gradient.!! In 2011, Thakur
et al. used an 8 hour long gradient for higher complexity mammalian samples, which resulted in
~5000 protein identifications.!? Researchers in subsequent years used 10 hour gradients to achieve
similar performances.!>!'*In2019, Hebert et al.'® paired long gradients with ion mobility filtration
to detect 7900 proteins in 6 hours.

MS parameters optimization for SSP can increase the number of MS/MS and improve the
quality of MS/MS spectra. Often, this involves parameters like automatic gain control and
maximum ion injection times. Higher quality spectra can enhance the likelihood of peptide
identification to increase the number of protein identifications. This type of MS optimization was
applied to analyze complex mammalian samples where Pirmoradian et al. !¢ in 2013 identified 4825
proteins in4 hours. Recently in 2019, using newer instrumentation, Trujillo et al.!” further revealed
that narrowing the scan range for DDA can achieve ~5100 protein identifications in 1 hour.
Considering which detector to use can also be critical. Some operators prefer ion-trap-based
detection from Tribrid instruments to perform high scan speed acquisitions to boost the number of

MS/MS collected.'>!” Conversely, others use orbitrap-based detection to increase MS/MS quality
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to improve protein identification.!®!®!° The past five years have shown the popularization of data
independent acquisition (DIA) where dia-PASEF readily detects ~7000 proteins in 1.5 hours?® and
detection of 10,000+ proteins in SSP has been achieved in less than 2 hours.?!??
Multidimensional chromatography (MDC) approaches are historically the general option
to attain more protein identifications than SSP. This is done by dividing the peptides in a sample
over multiple sub-fractions using chromatography. Therefore, the MS analysis of each sub-fraction
will increase the total number of MS/MS acquired for the sample. Commonly, MDC uses two
different types of chromatographic modes to separate peptides where the second mode is acidic
pH RP online with the MS. Wolters et al. reported the use of strong cation exchange (SCX) to
separate peptides in the first dimension in their online MUDPIT method.?* Subsequently, Gilar et
al. introduced the basic pH RP as an orthogonal first dimension to the second dimension acidic pH
RP.2* The use of basic pH RP further improved the number of proteins identified due to its superior
orthogonality compared to SCX and is a common methodology used in MDC.?* Our previous
evaluation showed that using higher orthogonality first dimensions will increase the number of
identified proteins. Deeper fractionations have also been explored by leveraging orthogonal

26-28 and isoelectric focusing® to achieve 10,000+ protein identifications from one

chromatography
sample. Although these methods are sensitive, they require 30-100+ hours of instrument time and
large amounts of input samples.

Both SSP and MDC have been important to the development of proteomics, however, both
methods cannot obtain the complete human proteome in one sample thus far. Based on the prior
work from Picotti et al., the yeast peptides that cannot be observed from standard untargeted

approaches were observed when using targeted MS approaches.?® The sensitivity is further

enhanced in orbitrap-based instruments that utilize prolonged C-trap isolation. When discussing

152



modern untargeted approaches, DIA and DDA are often compared against each other. Although
DDA currently identifies fewer proteins than DIA in the same sample, there is a potential for DDA
to observe deeper into the proteome because it can preferentially extend the C-trap isolation time
for lower abundance peptides. A critical problem in DDA is the inefficient ion-selection algorithm
that favors the detection of larger and higher abundance peptides. Resulting from this, it is not
surprising to see protein entries in an SSP experiment that have >10 unique peptide observations.
This redundancy is preventing the detection of peptides associated with lower abundance proteins.
Therefore, a chromatographic pre-fractionation procedure prior to SSP could filter out some of the
peptides that will contribute to redundant protein identification and reduce protein identification
redundancies. In this work, we aim to determine if the redundancy reduction can yield an increase
in the number of protein identifications. Here we outline the development of a one-step peptide-
level redundancy reduction approach we call Proteome-Selective Isolation Chromatography (P-
SLICY). Hydrophilic Interaction Liquid Chromatography (HILIC) was used for the method
development — one of the several available options. This method is critical to serve as a proof-of-
concept to understand how protein identification redundancies correlate with the number of

proteins identified.

5.2 Experimental

5.2.1 Materials and Protein Digestions.

All chemicals and solvents for sample and mobile phase preparation were purchased from Thermo

Fisher (Waltham, MA). Sequencing-grade modified trypsin was obtained from Promega (Madison,
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WI) and used to digest proteins. The human whole cell digests were prepared from cultured human

Jurkat cells using the SP3 procedure.

5.2.2 HILIC Fractionation and Pooling.

HPLC-based fractionation for HILIC was done using the Waters XBridge Amide, 3.5 um, 200 A,
3x50 mm column (Milford, MA). An Agilent 1100 series HPLC system was used for peptide
separations and was equipped witha UV detector (214 nm). Samples were injected manually using
a 100uL loop. Buffer A contained 10 mM ammonium formate in H,O at pH 4.5 and buffer B
contained 10 mM ammonium formate in 90% ACN/10% H,O atpH 4.5. Column equilibration was
done using 90% B at 300 uL/min, and the gradient used to separate the peptides was 1%
water/minute increase starting from 90% B at 300 pL/min. A digest containing 100 pg of peptides
was resuspended in 90% B and injected into the column for the 2D fractionation. Subsequently,
the fractions were collected every minute. The fractions were then lyophilized, resuspended in

0.1% FA, and submitted to LC-MS/MS analysis.

5.2.3 HILIC P-SLICY Step Gradient and Peptide Enrichment.

Step-gradient pre-fractionation was also done using the same Water XBridge Amide column,
buffer composition, and flow rate. The column was equilibrated using the target water
concentration for the specific slicing point. A sample containing 10 pg of peptides was resuspended
in the same target water concentration. Upon injection of the peptides into the column, the flow
through peptides were collected. To prevent the isocratic elution of captured peptides, we

decreased the concentration of water to 10% five minutes after injection. After the complete
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collection of flow through peptides, the water concentration was increased to 91% water to elute

the captured peptides.

5.2.4 HILIC P-SLICY Tips Packing and Loading Condition.

To obtain XBridge Amide 3.5 um 200 A stationary phase material, we unpacked a 3x50 mm
column to isolate the loose sorbent to pack into tips. Leveraging the consistent pressure between
Evosep Pure Tips (Evosep, Odense, Denmark), we loaded 1.26 mg of beads using LC-MS Optima
Grade water as the medium. As the sample elution buffer has a composition of (23% water/77%
ACN), flow through peptides were not retained on the C18; thus, the C18 pad acts as a frit. As the
flow rate on HPLC for XBridge Amide fractionation is 300 pL/minute, we empirically determined
that 1.26 mg of sorbent packed onto an EvoSep Pure Tip will require 9000 RCF to achieve a similar
flow rate. The loading buffer was 10% water/90% ACN with 10 mM ammonium formate at pH
4.5, and the elution buffer was 23% water/77% ACN with 10 mM ammonium formate at pH 4.5,
both made fresh on the day of P-SLICY isolation. To equilibrate the tip, 150 pL of loading buffer
was passed through at 9000 RCF for 30 seconds at room temperature and an expected 5uL of
residual buffer should remain to keep the sorbent wet. Lyophilized sample peptides were
resuspended with loading buffer to a concentration of 0.5 pg/pul and 20 pL were loaded on the tip
at 9000 RCF and the flow-through peptides were eluted with 10 pL of elution buffer and these

peptides are the isolated P-SLICY portion of peptides used for analysis.
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5.2.5 LC-MS/MS analysis.

Nanoflow LC-MS/MS analysis is done with an EASY-nLC 1200 coupled to an Orbitrap Exploris
480 (Thermo Fisher Scientific, Bremen, Germany). 1 pg of peptide (determined by nanodrop) was
loaded on to a self-pack Luna C18(2) analytical column (3um particle, 100um ID x 300 mm).
Buffer A was 0.1% formic acid in H,O and buffer B - 0.1% formic acid in 80% ACN. A linear
gradient at 300nL/min starting from 1%B was ramped to 45%B in 74 minutes followed by a 1
minute increase to 90% and was held at high ACN for 15 minutes. MS analysis was conducted in
data dependent acquisition mode (DDA) with a cycle time of 1 second and dynamic exclusion of
15 seconds. MS1 scans were acquired at 60K resolution from 375-1500 m/z (AGC 300%, 50ms
maximum ion injection time). Precursor ions with charges between +2 and +5 were selected for
MS?2 isolating at a m/z 1.6 window. MS2 spectra were collected at 30K resolution (AGC 100%,
automated maximum ion injection time), and the precursor was fragmented at a normalized

collision energy of 30%.

5.2.6 Database Search and Data Analysis.

The resulting instrument data files were searched using FragPipe v21 and the human SwissProt
database (downloaded Oct 16, 2022; 20,328 target sequences) with decoys and contaminants added
via the FragPipe utility. The MSFragger®! search was done with precursor mass tolerances set to
20 ppm and fragment mass tolerances to 25 ppm with recalibration and parameter optimization
selected. Tryptic cleavage was used with a peptide length range of 7-35 amino acids and a peptide
mass of 500-5000. Up to two variable modifications were allowed per peptide, including Oxidation

of Met (+15.9949 Da), GIln > pyro-Glu (-17.0265 Da), and Glu > pyro-Glu (-18.0106 Da).
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Carbamidomethylation of Cys (+57.02146) as fixed modification. All other unspecified parameters
are set to default. MSBooster®? was used along with Percolator®® and ProteinProphet** for
identification validations and reporting values were filtered at a 1% false discovery rate (FDR).
TonQuant*® was used for MS1 based quantitation with match-between-runs enabled at 1% FDR

and with the intensities normalized.

5.3 Results and Discussion

5.3.1 Individual fractions from MDC may identify more proteins than SSP.

When performing a standard 2D separation pairing basic pH RP with acidic pH RP with fraction
concatenation,’® we observed that individual fractions had more proteins identified than SSP.
However, the number of MS/MS collected, PSMs obtained, and unique peptides identified in
individual fractions are all lower than the values found in SSP without fractionating the sample.
Figure 5.1 A shows an example of the protein identification statistics for 10 concatenated basic pH
fractions analyzed on the Orbitrap HF-X.

Our analysis of the MDC fractions shows that there is an advantage to identifying more
protein in samples that detect fewer unique peptides. This is likely due to reducing the number of
unique peptides redundantly identifying the same proteins. To study the effects of protein
identification redundancies, we define the metric peptide/protein ratio that relates the number of
unique peptides to the number of unique proteins identified in a sample. We observed that each
fraction from this 2D LC-MS/MS run averages a peptide/proteinratio of 2.4. In contrast, with the
same LC-MS method on SSP with the unfractionated sample, we observed a 5.7 peptide/protein
ratio. Hence, we concluded that decreasing the peptide/protein ratio can increase protein

identification.
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To understand how SSP’s redundancy affects protein identification and how it translates to
newer instrumentation, we obtained the MS metrics from a newer Orbitrap Exploris 480 SSP run
to perform in-silico simulations. Based on a common SSP output, we can expect ~60,000 MS/MS
in 90 minutes, with a 70% PSM rate and 78% of the PSMs map to a unique peptide resulting in
~33,000 unique peptides identifying ~4100 proteins. This results in a peptide/protein ratio of 7.7
for the newer instrument. In theory, within a 90-minute acquisition, a 2 peptide/protein ratio can
result in ~16,000 proteins identified, assuming the MS is not restricted by sensitivity. At a
peptide/proteinratio of 3, the same run can yield ~11,000 proteins, as shown in Figure 5.1 B. Based
on these potential values, we seek a method which will allow reproducible reduction of total
number of peptides, but still representing the entire population of proteins expressed in the
proteome. We use a chromatographic pre-fractionation approach to achieve this and call this
method Proteome Selective Isolation Chromatography (P-SLICY).

In our view, to design a pre-fractionation method that can decrease the protein identification
redundancy, the requirements are:

(1) The pre-fractionation chromatographic mode should have high orthogonality with the
second dimension acidic pH RP.

(2) The method should be fast at isolating peptides that reduce redundant protein
identifications.

(3) The procedure should avoid desalting after pre-fractionation to save time and minimize
non-specific peptide loss.

We employed Hydrophilic Interaction Liquid Chromatography (HILIC) using the XBridge
Amide column based on the requirements. This chromatographic mode has higher orthogonality
than basic pH RP,%> and no desalting is required because the separation uses MS compatible
ammonium formate. For a proof-of-concept, the simplest way to isolate a portion of the peptides

is to split them based on their retention on the HILIC column. This chromatographic split can be
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done in a single step before SSP. Hydrophobic peptides not retained on HILIC constitute the flow-
through (FT) fraction. The remaining hydrophilic peptides adsorbed on the column belong to the
captured (CAP) fraction. The number of peptides in the FT/CAP fractions can be varied by
adjusting the water concentration in the HILIC eluant. We define this elution water concentration
as the slicing point on the column. Since the basic pH RP concatenated fractions have an average
peptide/protein ratio of 2.4, we tried to optimize the slicing point in HILIC to target a

peptide/protein ratio between 2 and 3.
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Figure 5.1: (A) MS and protein identification statistics for individual concatenated fractions from
basic pH RP with acidic pH RP 2D LC-MS/MS and SSP experiments all performed on Orbitrap
HF-X and (B) the simulated protein detection limits for 90 minute LC-MS/MS acquisition for

different peptide/protein ratios on the newer Orbitrap Exploris 480.
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5.3.2 Selecting slicing points via in-silico methods.

We used in-silico approaches to evaluate the slicing points that can yield our target peptide/protein

ratio. The human proteome obtained from UniProt*’

was digested in-silico using trypsin cleavage
rules with no missed cleavage. We then take the list of digested peptides to predict their retention
time on the XBridge Amide HILIC column at pH 4.5 using SSRCalc.*#*° Since the slicing points
are expressed as the water concentration in the eluant, we need to convert the peptide retention
time to the corresponding water concentration during elution. This conversion is done using the
gradient slope of the HILIC 2D LC-MS/MS separation.

Peptides with a retention value below the slicing point belong to the FT fraction, and the
remaining peptides belong to the CAP fraction. We perform this FT and CAP triage using the
elution water concentration between 5-50% water to calculate the redundancy for the fractions at
each simulated slicing point. The peptide-level redundancy is calculated by dividing the number
of peptides in the fraction by the number of proteins identified with those peptide sequences. We
use the CAP fraction at 5% water as our reference point for redundancy as this fraction has the
highest peptide/protein ratio and contains all the peptides of the proteome in the CAP fraction.
Therefore, this fractionis equivalent to an SSP run. The in-silico values are adjusted accordingly
to have a maximum peptide/protein ratio of 7.7, which is the same ratio as SSP on the Orbitrap
Exploris 480. Through this evaluation, slicing points of 22-24% water for FT and 30-33% for CAP
gave the desired range of peptide/proteinratios between 2 and 3. To evaluate the accuracy of our
in-silico prediction, we experimentally isolated both FT and CAP fractions eluting at 23, 25, 27,

30, and 33% water for validation.
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Figure 5.2: In-silico distribution of unique peptide/protein for FT (blue) and CAP (orange)
fractions using each water percentage as a potential slicing point. The ideal peptide/protein region
is highlighted in green between the peptide/proteinratio of 2 and 3. The selected slicing points for

experiments are shown as the vertical lines at 23, 25, 27, 30, and 33% water.
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5.3.3 Evaluation of slicing points using 2D fractionation techniques.

The peptide/protein ratios were evaluated at various slicing points by pooling fractions obtained
from a standard 2D fractionation procedure using the XBridge Amide column. This was the most
approachable option, as we can cleanly “slice” on a specific water concentration corresponding to
a particular fraction number. The entire 2D LC-MS/MS experiment resulted in 24 fractions that
yielded the identification of 8818 proteins and 157620 unique peptides. The correspondent first
dimension chromatogram is shown in Figure 5.3 A.

Upon pooling the fractions to generate FT and CAP P-SLICY fractions (according to the
scheme in Figure 5.3 B), the peptide/protein ratios were consistent with the predicted values from
the in-silico evaluation. Table 5.1 lists the FT fractions at 23 and 25% water with the highest protein
identifications and the lowest redundancy based on the peptide/protein ratio. Generally, the FT
fraction had higher protein identifications than the CAP fraction of the same complexity, and this
phenomenon was independent of the peptide/proteinratio. This is an interesting observation where
a physicochemical stratification of peptides yields a fraction more efficacious for protein
identification despite having a similar number of unique peptides identified. It is most evident in
the CAP fraction at 30% water compared with the FT fraction at 27% water. With only a difference
of 200 peptide identifications, this translates to identifying 800 more unique proteins in the FT
fraction. Even though FT fractions are more hydrophobic than CAP fractions, the former generally
have shorter peptides. It will be interesting to decipher the rationale for a higher number of protein
identifications in FT fractions in follow up studies.

The in-silico peptide/protein ratios were comparable to the experimentally observed values.
This confirms that the in-silico analysis is translatable to real experimental findings and is useful

to streamline the design process for future P-SLICY studies with different chromatographic modes.
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It is important to note that the trend of reducing redundancy increases protein identification for

both FT and CAP fractions. Both redundancy reduction and peptide properties are critical. In the

ideal scenarios found in FT fractions at 23 and 25% water, we can observe an increase of up to

19% in the number of proteins identified when we use P-SLICY rather than standalone SSP.
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Figure 5.3: (A) 2D fractionation of peptides on XBridge Amide with regions of peptides collected

for FT highlighted in blue and CAP in orange at a slice point of 23% water. Other slicing points

are indicated in gray. (B) Pooling scheme for proof-of-concept P-SLICY experiments.
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Table 5.1: Identification metrics of the P-SLICY fraction at varying slicing points from 2D LC-

MS/MS of XBridge Amide in HILIC mode.

Unique Peptides | Proteins Experimental Predicted
Peptide/Protein Peptide/Protein
23% FT 12658 4981 2.54 2.06
25% FT 18728 5158 3.63 2.74
27% FT 21414 5027 4.26 3.52
30% FT 25971 4609 5.63 4.74
33% FT 28471 4483 6.35 5.89
23% CAP 26668 4049 6.59 6.14
25% CAP 26317 4116 6.39 5.49
27% CAP 25077 4227 5.93 4.77
30% CAP 21298 4293 4.96 3.56
33% CAP 16008 4258 3.76 2.42
SSP 1D 33373 4330 7.71 N/A

5.3.4 Protein identification performance of P-SLICY.

Having established the feasibility of redundancy reduction to boost protein identification, we

designed a step-gradient procedure to consistently isolate peptides at desired slicing points. This

should streamline the entire procedure. Injecting the sample at a certain water/ ACN ratio will result

in the elution of certain peptides in the FT fraction as expected. However, some peptides will be

weakly retained on the column at this specific water concentration and elute as wide peaks under

isocratic conditions. To avoid isocratic elution of these weakly retained CAP peptides, the water

concentration in the eluant is decreased to strengthen the retention of CAP peptides on the column.

Subsequently, the CAP peptides are then eluted at a higher water concentration.
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To determine the reproducibility of step-gradient P-SLICY for enhancing protein
identification, we analyzed the peptides isolated in the five slicing points in triplicate and obtained
the values shown in Figure 5.4 A. The results from the step-gradient approach are comparable to
the data from the fraction pooling analysis. Once again, the FT fractions at both 23 and 25% water
had the highest protein identification enhancement when using step-gradients. This averaged a
13% increase in protein identification. The overlap of proteins observed between P-SLICY and
SSP is good, covering ~90% of proteins detected in standalone SSP. The addition of P-SLICY
allowed the identification of an additional 1636 proteins, demonstrated in Figure 5.4B, while
missing 482 protein identifications.

From Figure 5.4C, the overall trend of reducing the peptide/protein ratio increases the
number of proteins identified until a peptide/proteinratio at ~4. At peptide/protein ratios below 4,
the trend either plateaus for FT fractions or descends for CAP fractions. The isolated fractions may
largely contain peptides below the lower limit of identification and the narrow dynamic range of
the instrument operating with DDA can still prevent successful protein identifications. P-SLICY
is a pre-fractionation approach independent of MS. Therefore, we expect future improvements to

the MS dynamic range with DDA to enhance the observable proteome with P-SLICY.
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Figure 5.4: Identification performance of step-gradient P-SLICY over standalone SSP. (A) Number
of proteins identified per replicate in FT (top) and CAP fractions (bottom). (B) Overlap of proteins
identified between 23% water FT and standalone SSP. (C) Difference between protein

identification and peptide/protein relation in FT and CAP fractions.
5.3.5 Quantitative stability of P-SLICY using HILIC Tips.

Addressing both feasibility and reproducibility with fraction pooling and step-gradient based P-
SLICY, the next objective is throughput. In the current applications of proteomics, high sample
numbers make high-throughput methods mandatory. We further enhanced our LC-based P-SLICY
approach and adapted the technique to support tip-based separations through centrifugation. Based

on concepts from StageTips*® and MOLEX,*! we constructed a ‘HILIC tip’ using bulk sorbent
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from an unpacked XBridge Amide column. We packed the sorbent into EvoSep Pure C18 tips to
improve the reproducibility of flow rates during centrifugation. The flow rates for the tip-based
separation were optimized to match the analytical flow rate of the LC method. The tip-based
separation was pursued using one condition. We determined the FT fraction at 23% water was the
best condition to follow because it can achieve one of the highest numbers of protein identifications
with the lowest peptide/protein ratio.

With the intent for HILIC tips to be applied for quantitation, we successfully achieved a
median coefficient of variation (CV) of 11.4% for protein intensities across three replicates. To
provide further context, the replicate injection of Jurkat from the same autosampler vial for
standalone SSP achieved a median CV of 11.6% shown in Figure 5.5 A. This indicates that HILIC
tips do not contribute significantly to inconsistencies during sample preparation and share the same
variations as replicate injections. The protein identification statistics in tip-based P-SLICY are
comparable to LC-based P-SLICY, averaging 5066 proteins with a peptide/proteinratio of 3.5, as
shown in Figure 5.5 B. Furthermore, when we filter for proteins observed in at least 2 out of 3
experiments, the number of proteins identified in tip-based P-SLICY reduces to 4606. When the 2
peptides per protein quantification rule is included in the filtering, tip-based P-SLICY can yield
3839 protein identifications. In comparison, the standalone SSP, averages 4250 proteins identified
with a peptide/proteinratio of 7.9, slightly higher than previously observed. The two quantitation
filtering steps reduced the protein identification to 3502 proteins. Incorporating tip-based P-SLICY
can obtain a 10% improvement over standalone SSP for quantifiable proteins. However, when we
include confident protein identifications with only 1 peptide per protein, tip-based P-SLICY can

offer a 19% enhancement in the number of proteins identified.
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There are 768 proteins identified with only one peptide in tip-based P-SLICY. These
proteins span a protein probability range of 0.69-1.00 based on the reports from ProteinProphet.
All the peptides identifying these proteins have a probability score above 0.96, resultingin a 1%
false discovery rate. Surprisingly, the median CV is 8.2% for this subset of proteins, meaning the
extracted intensities are more consistent than typical quantifiable proteins. This can provide an
additional ~650 proteins with CVs below 20% for quantitation. We find that for the potential
quantitation of proteins with one peptide identification. the CV for a protein is more informative
than the protein probability score. For example, the peptide ILTTVLK has a low protein probability
score of 0.68, likely due to the peptide's size and limited protein coverage. However, upon
performing peptide alignment using the peptide search function in UniProt on this sequence, only
one SwissProt annotated protein entry was found, and it matches the protein accession from the
MS identification.

Since ILTTVLK has little ambiguity about the protein it identifies, we should be able to
use it for quantitation. The CV for this peptide is 4%, which is highly reproducible and better than
most protein identifications filtered with the standard quantitation rules. Furthermore, this m/z and
retention time associated with this peptide are observable in the extracted ion chromatogram from
the standalone SSP runs. However, due to the narrow peak width and many co-elutingions in the
standalone SSP, this ion was never selected for MS/MS with the DDA algorithm. Therefore, P-
SLICY is able to extract these lower abundance peptides for MS/MS and ultimately, quantitation.
Using proteins with one peptide identification is crucial because they can identify proteins with
lower abundance that are infrequently selected for MS/MS in standard DDA approaches, as shown
in Figure 5.5 C. According to the Generalized Proteomics data Meta-analysis Database

(GPMDB),** the protein associated with ILTTVLK is rarely observed and only has 598 LC-
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MS/MS observations. Compared to a protein commonly observed with DDA in human cell lines
with the annotation P78527, there are over ~119,000 LC-MS/MS observations. P-SLICY can

enrich under-represented peptides that would not be selected by DDA by lowering the peptide-

level redundancy.
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Figure 5.5: Reproducibility of peptide and protein quantification with tip-based P-SLICY. (A)
Protein quantity variation for proteins with at least 2 peptide identifications between tip-based P-
SLICY (blue) and standalone SSP replicates (red). (B) Average peptide/protein ratios for tip-based
P-SLICY and SSP replicates. (C) The distribution of protein intensity values in tip-based P-SLICY
for proteins with only 1 peptide identification (dark blue), with at least 2 peptide identifications

(blue), and in SSP for proteins with at least 2 peptide identifications (red).
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5.4 Conclusions

This manuscript introduces our method P-SLICY, a one-step chromatography-based pre-
fractionation approach to enhance the number of proteins identified in an SSP experiment. P-
SLICY achieves this improvement by reducing the number of peptides associated with redundant
protein identifications, therefore lowering the peptide/protein ratio. We selected the XBridge
Amide HILIC column at pH 4.5 to use as the chromatographic mode in P-SLICY because it had
the highest orthogonality with the second dimension acidic pH RP. The peptides were split into
two fractions in HILIC containing the flowthrough and captured peptide, respectively. Using step-
gradients to isolate the FT and CAP fractions for P-SLICY, we found that the FT fractions with 23
and 25% water in the eluant identified the most proteins and had the lowest peptide/protein ratio.
Both P-SLICY and standalone SSP have good protein overlap with ~90% of proteins identified in
standalone SSP also found in P-SLICY. Incorporating P-SLICY provided an additional 19% of
protein identified while reducing the sample's peptide/protein ratio from ~8 to ~2.

We improved the throughput of P-SLICY by adapting the method into a pipette tip format.
Packing the HILIC sorbent into the tips allowed for consistent isolation of peptides in the FT
fraction with 23% water in the eluant. P-SLICY enhances the number of quantifiable proteins by
9% when stringent rules are applied to filter for proteins with at least 2 peptide identifications. We
demonstrated that P-SLICY has the potential for reproducible quantitation of proteins with only 1
peptide identification, which can be useful to investigate under-represented and low abundance
proteins in differential expression. We will continue to explore this topic with alternative
chromatographic approaches to see their efficacy and other experimental parameters that can
increase the number of protein identifications for SSP. In this study, the FT fraction eluted with

23% water resulted in a 3.3-fold reduction in redundancy and this can potentially be achieved
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isolating a portion of peptides from alternative chromatographic modes such as basic pH RP and
strong anion exchange. It would be interesting to compare the resulting peptide and protein
identification with different chromatographic approaches isolating a portion of the peptides in the

proteome but may yield different peptide sets that may identify more unique proteins.
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Chapter 6 Chromatographic behaviour of peptides modified with
amine-reacting tags for relative protein quantitation in proteomic
applications

This section contains text and figures from a paper published in Journal of Chromatography A in
2022, 1679, 463391. Darien Yeung, Geoffrey Anderson, Victor Spicer, and Oleg V. Krokhin.

DY performed data analysis, writing, editing of the manuscript. GA performed the experiments,

VS performed data analysis, editing of the manuscript. OVK conceived and supervised the
project, performed data analysis, writing, and editing of the manuscript.

Abstract

Reversed-phase (RP) HPLC separation of peptides labeled with amine-reacting tags for relative
protein quantitation (iTRAQ4, iTRAQS - isobaric tag for relative and absolute quantitation, TMT
- tandem mass tag) has been investigated using large-scale proteomics derived retention datasets.
These tags have similar chemistry but use linkers of different length and hydrophobicity, moving
the positively charged functional groups further from peptide backbone. Peptide hydrophobicity
(RP HPLC retention), on average, increases in the following order: non-labeled < iTRAQ4 <
1TRAQS8 < TMT under both low pH (0.1% formic acid) and pH 10 eluent conditions. At the same
time, the interplay between hydrophobicity and length of the labeling group drives the deviations
from this order. Thus, longer and less hydrophobic iTRAQS8 moiety results in greater retention
increase for peptides carrying amphipathic helical structures at the N-terminus. Development of a
peptide retention prediction models for these modifications was achieved by predicting
correspondent retention shifts [JHI (hydrophobicity index, % acetonitrile) between unmodified

and labelled peptide pairs.
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6.1 Introduction

Rapid advances in proteomics have dramatically expanded our capacity for protein/peptide
analysis in recent years. Following initial method development geared towards protein
identification, researchers are focusing more and more on detailed quantitative proteomics
approaches.! Due to the inherent complexity of the samples and relatively low reproducibility of
mass spectrometry (MS) detection, the use of isotopically coded compounds has emerged as the
leading quantitation approach. Applications of isotopically coded tags such as iTRAQ and TMT
are based on the same principle and received the most attention.>* The procedure relies on the
complete labeling of amino groups on the entire population of proteolytic peptides. These labels
consist of two distinct regions (Figure 6.1 A) with unique distributions of isotopically labeled
atoms, giving identical monoisotopic masses and chromatographic properties across the set of tags
—1.e. they are indistinguishable under LC and MS1 measurements. Upon fragmentation by tandem
MS, they produce fragments carrying qualitative (peptide backbone fragmentation) and
quantitative features (reporter ion fragments). The number of the samples that can be compared
(quantified) in a single assay varies depending on label structure and number of incorporated stable
isotopes. Thus, 4-plex iTRAQ consists of four different labels with 114, 115, 116 and 117 Da
reporter ion fragments. Currently there are 4 and 8-plex versions of iTRAQ,* while TMT has 6 and
11 plex versions (having identical structure and referred to as TMT in this work), 16 and 18 plex
versions of TMTpro labels.>” These four chemically distinct labels represent most labeling

chemistries used in proteomics today.
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Figure 6.1: iTRAQ/TMT chemistry and experimental procedures for retention data collection. (A)
chemical composition of iTRAQ/TMT labels (note that chemical structure of iTRAQS8 was not
disclosed by its manufacturer); (B) experimental flow for 2D LC-MS/MS acquisitions.
Optimization of collisional energy settings was done by RPLC-MS/MS (1D) analysis of ~1ug of

the digests (Table 6.1).

Complete labeling targeting amino groups (N-terminal amines and side chains of Lysine)
generates new populations of peptides, differing in their properties compared to original non-
labeled digests. This requires additional efforts to evaluate changes in peptide mass-spectrometry
and HPLC behaviour to adjust parameters of LC-MS acquisitions, if needed. So far, detailed
studies of chromatographic properties of iTRAQ labeled peptides, in particular, are lacking. Tsai
etal.® noted that TMT labeling improves detectability of hydrophilic phosphopeptides. Pfammatter

et al.” found that TMT labeling helps improving detectability of MHC I (major histocompatibility
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complex class 1) peptides due to increased chromatographic retention. Pichler and co-workers!?
have reported the following order of increased retention: iTRAQ 4-plex < iTRAQ 8-plex < TMT
6-plex and found that observed retention shifts are larger for more hydrophilic peptides. The first
detailed study of sequence-dependent retention features of labeled peptides compared retention of
non-labeled vs. TMT and TMTpro labeled pairs of peptides using more than 100,000 instances.!!
The authors found that retention shifts upon TMT labeling, while being positive on average,
spanned a very wide range, including being negative for some species. These differences were
explained by relocation of positive amino group charges upon labeling and the corresponding
alteration of the ion-pairing environment. The authors also evaluated the chromatographic
properties of TMT-labeled peptides in several alternative peptide separation modes: high pH RP,
HILIC (hydrophilic interaction liquid chromatography) and SCX (strong-cation exchange).
Evaluation of chromatographic properties of new class of peptides can be achieved using
peptide retention time prediction studies, which gain popularity in the past 20 years due to fast
developments in proteomics.!? Since peptide identifications in proteomic applications are based
on statistical analysis of respective tandem MS spectra, it has been plagued by a significant rate of
false positive identifications. Retention time prediction has been suggested as a secondary
confirmation tool to improve confidence of peptide sequence assignments.! Following original

developments of additive models in early 1980°s'%!5

proteomic researchers used ever-growing
high-quality retention dataset for advanced retention modeling. Artificial neural network based
(PNNL NET, Pacific Northwest National Laboratory Normalized Elution Time),'® our semi-
empirical SSRCalc (Sequence-Specific Retention Calculator),!” support-vector regression (SVR)

based predictor ELUDE,'® BioLCCC (Liquid Chromatography of Biomacromolecules at the

Critical Conditions) based on physico-chemical modeling!® are among other models reviewed and
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compared by Tarasova et al.?® This comparison performed in 2016 showed the best models
reaching 0.96 R2-value, which corresponds to prediction error Atose, + 2.2% acetonitrile. In other
words — retention of 95% of peptides can be predicted with accuracy of + 2.2% acetonitrile for
linear RP HPLC gradients. Further modifications of SSRCalc brought this accuracy to 0.98 R?
(Atose, £ 1.5%).!" The recent improvements in prediction accuracy have been driven by novel
machine-learning retention prediction approaches.?!"?3 Offering 0.99+ R? ((Atyse, = 1%) prediction
accuracy, these methods require extremely large datasets (300-400 thousand datapoints) for model
training and provide no information on underlying features of retention mechanism, thus limiting
their value for peptide separation science.

There is a need to fill the void of missing information on retention properties for iTRAQ
labels. In this work we aimed to complete this task by studying the effects of iTRAQ 4 and 8-plex
labeling on peptide behaviour in RPLC for proteomic applications. A standard TMT(6/11) was
also included in this study for comparison. High pH RP — low pH RP is arguably the most popular

2D LC combination for high throughput proteomics?* and was used for retention data collection.

6.2 Materials and Methods

6.2.1 Materials, protein digestion

All chemicals were analytical chemistry or LC-MS grade and sourced from Sigma Chemicals (St.
Louis, MO) or Thermo Fisher Scientific (Waltham, MA) unless noted otherwise. LC-MS grade
acetonitrile and water (Thermo Fisher) were used for preparation of the eluents. Sequencing grade
modified trypsin (Promega, Madison, WI) was used for the digestion. Tryptic digests of human

Jurkat cells were prepared using SP3 protocol as described elsewhere.?® Cys residues were reduced
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with dithiothreitol and alkylated with iodoacetamide (both from Sigma). The resulting mixture of
tryptic peptides were purified using reversed-phase SPE prior to the labeling. iTRAQ 4 (115
version), iTRAQ 8 (121 version, Sciex, Vaughan, ON) and TMT (TMTO, Thermo Fisher)
modification of 100 pg of the digested samples according to the manufacturers’ protocols. Four
different samples were analysed by identical 1D and 2D LC-MS/MS methods and referred in this

work as NL (non-labeled), iTRAQ4, iTRAQS, and TMT modified mixtures (Figure 6.1 B).
6.2.2. LC-MS analysis workflow

A home-packed 1 x 100 mm Sum Xterra C18 (Waters, Milford, MA) was utilized for the
first dimension separations in 2D experiments using Agilent 1100 series HPLC system (Agilent
Technologies, Wilmington, DE) with manual 100 pL loop injector and UV detection at 214 nm.
High pH RPLC separation employed 10 mM pH 10 ammonium formate as eluent additive with
0.75% ACN per min linear gradient at 150 pL/min.?* Various number of 1 min fractions were
collected based on UV elution profile starting from 10 min (gradient delay time) and concatenated
pairwise: 40 (20 concatenated) NL, 42 (21) iTRAQ4, 42 (21) iTRAQS, 52 (26) TMT. Fractions
were lyophilised and dissolved in buffer A for RPLC-MS dimension.

Second dimension LC-MS settings featured sample loading through 100 pm x 5 mm Pep
Map 100 trap-column (Thermo Fisher) and separation on 100 um % 200 mm column packed with
3um Luna C18 (2) (Phenomenex, Torrance, CA). 2D LC Ultra System (Eksigent, Dublin, CA) was
used with both eluents A (water) and B (acetonitrile) containing 0.1% formic acid (Optima LC-
MS, Thermo Fisher) as ion-pairing modifier. A linear water/acetonitrile gradient of 0.5 % per min
was applied (0.5% to 40% in 79 min), followed by a column wash at 80% B for 5 minutesand a 6

min pre-equilibration step at 0.5% phase B. The samples containing ~1 pg of peptides were spiked
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with 6 standard peptides?® for the retention data alignment and conversion of retention times into
HI (Hydrophobicity Index, % acetonitrile) units.

A Triple TOF5600 mass spectrometer (Sciex, Concord, ON) was used in a standard data-
dependent acquisition mode with two different collision energy settings: normal and high

recommended for the analysis of NL and iTRAQ labeled peptides, respectively.

6.2.3. Data analysis and peptide identifications

The X!Tandem search engine?” was used for peptide identifications. Mass errors for parents and
fragment ions were set to + 20 ppm and 50 ppm, respectively. Search parameters included static
Cys modification (+57.021 Da) along with iTRAQ4/iTRAQS8/TMT offset (+144.1/304.2/224.15
Da), and standard collection of potential (variable) post-translational modifications (PTMs).
Additional searches omitting labeled settings have been done for all modified digests to determine
completeness of modifications. All identifications with log (e) < -1 were additionally filtered using
SSRCalc retention prediction. Creation of the retention datasets used for the analysis of the
chromatographic behaviour involved removing variable PTMs and reducing the peptides to single
most-intense instances, giving 41833 NL, 17376 iTRAQ4, 29141 iTRAQS8 and 54627 TMT

peptides.

6.3 Results and discussion

6.3.1. Peptide/protein identification in 1D and 2D LC-MS experiments.

The identification (ID) output in bottom-up proteomic runs is driven by multiple factors. RPLC,

MS performance, consistency in sample preparation, and the completeness of labeling are among

181



the most important ones. All RPLC separations in this work have been performed using identical
conditions where separation efficiency and reproducibility of water/acetonitrile gradients have
been controlled using spikes of standard peptides. Given the consistent performance of the Triple
TOF 5600 mass spectrometer, the only MS parameter affecting identification output was collision
energy settings. High collision energy setting is recommended by MS vendor for the analysis of
iTRAQ labeled peptides, leading to increased intensity of reporter ions and better quantitation. At
the same time, this reduces the abundance of the heavier peptide backbone fragment ions, which
may lead to poorer identification output. To test this hypothesis, we performed 1D LC-MS/MS
analyses using both normal and high collision energy settings. Table 6.1 shows that higher collision
energy results in a consistent ~10% reduction in the number of identified peptides, so we opted to
use normal collision energy settings for the 2D LC-MS/MS acquisitions to maximise identification
rate.

Table 6.1 shows that identification outputs increased in the order: iTRAQ4 <iTRAQS <
NL < TMT. This wide variability in the number of peptides maybe deceiving, as it is affected by
multiple factors: number of fractions, completeness of the labeling, and the isotopic purity of the
label. The latter benefits NL and TMT analyses, since we used a TMTO reagent without stable
isotopes designed for testing sample preparation protocols. The lowest ID output for iTRAQ 4 was
observed mostly due to insufficient labeling: we saw ~16% of the peptides being unlabeled,
compared to ~3% for iTRAQS8 and TMT. Increased dynamic range during 2D LC-MS/MS resulted
in even larger proportion of low abundance unlabeled peptides.
The most informative evidence of the effect of labeling on ID output can be seen by comparing
X!Tandem scores of identical peptides assigned in the same charge states (Figure 6.2 A). Analysing

~4,900 species detected across all four 2D LC-MS/MS runs we conclude that confidence of
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identification increases in the order: NL < iTRAQ4 < iTRAQS8 < TMT. The interplay of these
factors, plus increased peptide retentivity following modifications determined variations in
observed ID performance. It should be noted, however, that Triple TOF 5600 mass spectrometer
settings do not allow optimization of collision energy for individual labeling chemistry. Therefore,
performing similar measurement using another mass spectrometer may result in somewhat
different results. At the same time, simple fact that collision energy settings optimized for iTRAQ

favor identification of TMT-labeled peptides confirm a general trend shown in Figure 6.2 A.
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Figure 6.2: The effect of labeling on MS/MS identification and chromatographic behavior of
peptides. (A) variation of average X!Tandem identification scores depending on the labeling status
(lover log (e) values correspond to more confident identifications); (B, C) the effect of peptide

length and hydrophobicity on RP HPLC retention shift following modification, respectively.

Table 6.1: Identification output for 1D and 2D LC-MS/MS acquisitions

Run # of MS/MS | # of peptide IDs | # of unique | # of Protein | Unlabeled
peptide IDs | ID peptides %

1D LC-MS/MS

NL, normal CE 17559 12007 8278 1870
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NL, high CE 17657 10747 7434 1683

1TRAQ4, normal CE 15862 4598 3774 1019 16.4
iTRAQA4, high CE 15949 4261 3462 917 16.2
iTRAQS, normal CE 18109 5047 3247 832 34
iTRAQS, high CE 18165 4567 2815 719 3.2
TMT, normal CE 19309 10020 6963 1429 2.7
TMT, high CE 19211 10163 6935 1403 2.4
2D LC-MS/MS

NL (20 fractions) 146178 94762 43841 6189

iTRAQ4 (21 fractions) | 188644 29389 19493 4158 48
iTRAQS (21 fractions) | 215323 74501 30629 4586 7.4
TMT (26 fractions) 261693 127706 56562 6526 5

6.3.2. Overall effect of ITRAQ/TMT labeling on chromatographic behaviour of

tryptic peptides.

Analysis of the chromatographic properties using high-throughput proteomic methods is affected
by the size of retention dataset. The four 2D LC-MS/MS acquisitions performed in this work has
resulted in different number of identifications, therefore datasets of various size can be used for
assigning retention shifts. Table 6.2 compares all labels using non-labeled / labeled peptide pairs
in all three chemistries. Average retention increases in the following order: NL <1TRAQ4 (0.91)
<iTRAQS (1.79) <TMT (2.69% acetonitrile) considering 4,901 identical peptide pairs. To confirm
the consistency of our measurements, we also provide retention shifts for 24,218 and 143,993 NL-

TMT pairs found in this study and our previous work.!! It is interesting to note that this earlier
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study was done for a different stationary phase (PepMap, RSLC C18, 2pum, 100A, Thermo Fisher)

and yields similar results.
Similar trends were found for high pH RPLC separation: iTRAQ4 (1.5), iTRAQS (2.0%),

TMT (9.5 %) acetonitrile average retention shifts.

Table 6.2: RPLC retention shifts (AHI, %ACN) observed following iTRAQ/TMT labeling.

# of peptides iTRAQ4* | iTRAQS8* | TMT* TMT** TMTH*** TMTpro***
0 Lys (3199) 0.79 1.61 2.19 2.23 (10095) | 2.27 (56580) 2.66 (46385)
1 Lys (1672) 1.25 2.1 3.6 3.54 (12454) | 3.77 (73990) 4.37 (59684)
2 Lys (40) 1.42 2.69 4.48 4.28 (1579) 4.57 (11943) 5.30 (5613)
All (4911) 0.91 1.79 2.69 3.05 (24218) | 3.26 (143993) | 3.71 (111867)

* - average retention shifts for 4911 identical peptide pairs detected for all three labels; ** - average
retention shifts for 24,218 peptide pairs detected in NL and TMT runs; *** - TMT and TMTpro

retention shifts from [11].

6.3.3. Composition- and sequence-dependent properties of labeled peptides

affecting RPLC retention.

Similar to other peptide modifications, we monitored several composition and sequence-dependent
features affecting peptide retention. Retention shifts (AHIs) decrease with peptide length and
hydrophobicity (Figure 6.2 B, C). Considering that there is a correlation between peptide mass and
hydrophobicity, we note that the character of these dependencies is slightly different. AHI values
reduced uniformly by peptide length. AHI values peak for all labels at hydrophobicity ~3 HI units,
except for single (N-terminal labeling) of iTRAQ4, which characterized by nearly constant average
retention shifts within ~3-12 % acetonitrile range. Retention shifts decrease faster for peptides

carrying two modification sites: N-terminus and lysine. For iTRAQS labeled peptides, those with
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one Lys exhibit higher AHI compared to no Lys species below HI 15, and lower retention shifts
are observed for more hydrophobic analytes.

Major sequence-dependent features explaining variation of retention shifts are driven by
relocation of positively charged group following modifications (Figure 6.1A). This leads to
alteration in ion-pairing environment and increased hydrophobic interactions of N-terminal amino
acids, thus significant variability in retention shifts. For example, the AHIs in an identical set of
3199 peptides pairs containing no Lys vary wildly: iTRAQ4 (-1.24 —5.5),1TRAQS (-1.23—-7.47),
TMT (-0.18 — 7.34 % acetonitrile). Figure 6.3 A, B shows the dependence of average retention
shifts from the nature of N-terminal residue. Largest retention shifts are observed for compact
hydrophobic residues Leu and Ile; smallest - for acidic Asp — in complete agreement with
previously reported data for TMT and TMTpro.!! Three Arg terminated peptides of similar length
(8-10 residues) and hydrophobicity (9-10 HI units) were selected to demonstrate variations in
retention shifts upon labeling (Figure 6.3 C). Due to relocation of hydrophilic counterions, the
largest increase in retention is observed for IAQLICER featuring one turn amphipathic helical

structure at N-terminus (Figure 6.3 D).
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Figure 6.3: Sequence-dependent effects of iTRAQ/TMT labeling on RP HPLC peptide retention.
(A, B) Average retention shifts depending on N-terminal residue for peptides with no Lys and one
Lys residue, respectively; (C) Representative peptide sequences of similar hydrophobicity
exhibiting various retention shifts upon labeling; (D) Axial helical projection of TAQLICER

exhibiting anomalously large retention shifts.

Figure 6.4 A-C shows correlations of retention values between NL peptides and peptides
modified with all three labels. While the largest average retention increase is typical for TMT, the
largest variation (lowest R?-value compared to NL peptides) is observed for iTRAQS. To explain
this, we inspected subset with largest AHI. While the iTRAQ4 <iTRAQS8 < TMT ordering holds
across a general peptide population, these molecules usually elute in the order of iTRAQ4 < TMT
<1TRAQS. All of them feature hydrophobic residues at the N-terminal and at sequence positions
4 or 5; this leads to preferential alpha-helical arrangement upon interaction with C18 phase (Figure
6.3 D). In NL versions of these peptides stabilization of amphipathic helical structures is
suppressed due to presence of hydrophilic formate counterions. Following charge relocation
retention increases in accordance with the length of the linker. Another confirmation of this

difference can be found by comparing the average shifts differences (Figure 6.3 A) between Leu
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and Gly: iTRAQ4 (1.31),iTRAQS8 (2.04), TMT (1.67). Clearly, the iTRAQS label’s linker is longer

than that of TMT.
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Figure 6.4: Variation of RPLC retention following iTRAQ/TMT labeling. (A-C) Hydrophobicity
values correlations for various tags, compared to NL peptides; (D) Predicted distribution HI (%
acetonitrile) values of no missed cleavage tryptic peptides 6 residues or longer from human

proteome.

Three versions of the SSRCalc model have been developed to accommodate changes in
retention upon labeling. This was achieved by predicting AHI retention shifts. Resulting
hydrophobicity values were calculated as: SSRCalcHIitraq/rmr = SSRCalcHIne + AHLitrag/T™T.
Similar to the core SSRCalc for formic acid as ion pairing modifier, they yield ~0.98 R2-value
correlations (Atosy, = 1.5% acetonitrile), with the iTRAQS giving the lowest correction

performance due to the larger contribution of alpha-helical stabilization.
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6.4 Conclusions

Relative quantitation bottom-up proteomics is now in regular use in research facilities worldwide,
meaning that very often complex peptide mixtures are no longer analyzed in their native form, but
rather as modified versions where all amino groups are labeled. These modifications must be
accounted for by adjustments to the chromatographic settings of acquisition methods. This study
was focused mostly on iTRAQ chemistry, providing a complete coverage of the most popular
isobaric tags for relative quantitation in proteomics. Retention of peptides in RPLC with formic
acid as ion pairing modifier on average increases in the following order: NL <iTRAQ4 <iTRAQS
<TMT < TMTpro. Variations in the hydrophobicity and length of the labels drive variations in
separation selectivity. Thus, we find that while being less hydrophobic compared to TMT, the
longer iTRAQS tags are characterized by relatively large retention shifts for hydrophobic N-
terminal residues and for peptides carrying amphipathic helical sequences.

Figure 6.4 D shows the distribution of tryptic peptides from the human proteome across the entire
RPLC gradient separation scale, based on our predictive SSRCalc models, confirming that all
labels increase the detectability (hydrophobicity) of species, some of which are not retained in
non-labeled format. Approximately 8.5% of non-labeled tryptic peptides (6 amino acids or longer)
have HI < 0 and will not be retained under the normal RPLC conditions used in proteomics. This
value reduces continuously across the labels: iTRAQ4 (4.2), iTRAQS8 (1.37), TMT (0.92).
Contrary to the usual suggestion to increase the upper range of the gradient separation to ensure
the elution of more hydrophobic iTRAQ/TMT modified peptides, we suggest maintaining the
usual ~0-35% acetonitrile elution range, as the longer hydrophobic peptides show insignificant
retention increase upon labeling. At the same time, we observe a less uniform distribution of

analytes across the chromatogram (compressed peptide distribution) following the modification
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and strongly recommend using non-linear gradients to make the delivery of peptides to the mass

analyser more uniform.
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Chapter 7 Concluding Remarks and Future Direction

7.1 Conclusion of thesis

In this thesis, I have described the development of Proteome-Selective Isolation Chromatography
to selectively enrich a subset of peptides from the proteome. In contrast to prior peptide-centric
approaches, we are selecting for a group of peptides within a chromatographic retention region
that can identify a wide diversity of proteins with minimal redundancy rather than using amino
acid specific enrichment. This was our strategy to improve protein identification and accelerate
high-throughput proteomics. To determine a suitable chromatographic approach for selective
peptide enrichment, in Chapter 2, we compared the peptide separation orthogonality between
sixteen different chromatographic modes paired with RP LC-MS/MS. We identified XBridge
Amide HILIC and ZIC-HILIC at pH 4.5 as suitable chromatographic modes due to their high
separation orthogonality values and difference in separation mechanism with RP. We further
characterized the peptide retention behaviour in these chromatographic systems using the sequence
specific retention time calculator (SSRCalc) model.

We previously modelled the peptide retention properties on XBridge Amide HILIC' and
here we implemented the same procedure for zwitterionic phases ZIC-HILIC and ZIC-cHILIC. In
Chapter 3 and 4, we explored the peptide retention behaviour on ZIC-HILIC at pH 4.5 and also
pH 2.7 using formic acid modifier in the mobile phase, since Boersema et al.? had suggested that
pH <3 exhibited higher separation orthogonality with this sorbent. We found that changing the pH
will dramatically change the retention properties where the overall apparent hydrophilicity of the
columns decreases. Furthermore, peptides with more basic amino acids exhibited larger retention.

Using these retention time prediction models, we were able to perform in-silico separation of
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peptides derived from human whole cell lysate and determine ideal chromatographic regions to
isolate analytes for selective peptide enrichment.

In Chapter 5, we demonstrated the development, optimization, and application of P-SLICY
using XBridge Amide HILIC at pH 4.5. We reported an increase in protein identification as aresult
of the three-fold redundancy reduction on a peptide level that we measured by comparing the
number of unique peptide identification as a ratio with number of unique protein identifications.
Our P-SLICY technique was further adapted to a pipette tip-based format that improved
consistency to allow for a 20% increase in number of quantifiable proteins and enhanced
throughput of analysis. Using the P-SLICY XBridge Amide pipette tips, we accelerated the
selective peptide enrichment workflow from 45 minutes per sample on an HPLC system to 5
minutes per sample for potentially 96 concurrent samples. With the aim to eventually integrate the
isobaric tag-based quantitative workflows to P-SLICY, we modelled the retention shifts of peptides
that have been modified with the amine reactive isobaric tags that we described in Chapter 6. The
peptides exhibit an average increase in hydrophobicity of +4% ACN after labelling with isobaric
tags. This indicates that in future studies involving the enrichment of tagged peptides using HILIC
P-SLICY, we will need to change the chromatographic enrichment protocol to favor more

hydrophobic peptides.
7.2 Significance and limitations of Proteome Selective Isolation
Chromatography

The significance of our research with P-SLICY is our demonstration of overcoming the
logarithmic relationship between the number of identified peptides and proteins. Furthermore, we

are demonstrating that peptide-centric approaches are applicable to modern proteomic workflows
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and specifically, we simplified the processes to a one-step enrichment process to allow 20% more
quantifiable protein identifications.

However, there are limitations to enriching a subset of peptides for analysis. We can only
observe the peptides that are in this subset for P-SLICY. In a scenario that requires the
identification of a peptide that is not enriched in HILIC P-SLICY, then an orthogonal PSLICY
method will be required, or the enrichment step may need to be removed from the workflow.
Furthermore, P-SLICY may encounter dynamic range issues with certain bio-fluid samples such
as plasma. The high dynamic range of plasma from the high abundance of albumin versus the low
abundance of secreted chemokines will still affect P-SLICY’s performance if the peptides
belonging to the high abundance proteins are enriched in the analyzed fractions. If there is a way
to avoid enriching the peptides belonging to high abundance proteins, then this problem can be
ameliorated. This will require further optimization of P-SLICY in terms identifying unanimous
physiochemical properties that are enriched in peptides of high abundance proteins and changing
the HILIC column for another type of stationary phase that can favor this enrichment. We can
potentially isolate peptides from lower abundance proteins by avoiding this chromatographic
region of peptides from high abundance proteins.

There are still other types of chromatographic modes that we should explore for utilization
in P-SLICY methods including acidic pH 2.7 HILIC, pH 10 RP, SCX, SAX, and many more. Since
HILIC P-SLICY can increase the number of quantifiable proteins by 20%, we can further increase
this percentage by incorporating additional P-SLICY enrichments in parallel using different
chromatographic mode. This can enhance the coverage of the proteome in fewer fractions than
traditional 2D LC-MS/MS. In traditional 2D LC-MS/MS, up to 40-60% overlap in protein

identifications can be expected between fractions. We can decrease the percentage of overlapping
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protein identifications in P-SLICY enrichments and increase the total number of unique protein
identifications by selecting orthogonal peptide isolation procedures for each fraction in this
proposed parallel P-SLICY protocol. Resulting from this, we can expect a wider breadth of
peptides that will be identified for discovery proteomics.

Furthermore, there is aneed to appropriately define the maximal depth that can be achieved
for a particular sample to benchmark various 2D separation techniques versus P-SLICY. With one
of the goals for P-SLICY being to improve the depth of protein identifications for protein analysis,
it is useful to determine the proportion of proteins expressed in the cells that were in fact identified
via P-SLICY. This will allow us to establish a metric for proteome coverage, which we can express
as a percentage of protein that were identified out of the proteins that were expressed. It is hard to
concretely define the denominator because as a community, we do not have a quantifiable approach
to determine the expressed proteome in its entirety. Hence, we will need to infer from the genes
that were identified as transcripts in RNA sequencing. We can assume in standard proteomic
approaches that the canonical proteins will be translated from mRNA transcripts. By counting the
number of genes that were transcribed, we can use this number as a surrogate for the number of
proteins expressed in the cell of interest if there is a corresponding RNA sequencing data. In the
future, it would be beneficial to obtain a reference RNA sequencing dataset for JURKAT E6.1 cell
line, which we used for P-SLICY experiments, and extract the number of genes identified to

determine the proteome coverage attained by P-SLICY versus 2D separations.

7.3 Future direction for redundancy reduction approaching total proteome
quantitation

There is an urgent need to establish procedures for protein quantitation covering the entire
proteome. With this thesis work, we have demonstrated that analyzing an enriched subset of
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peptides from the proteome can improve the number of unique protein identifications. The next
step would be to select a set of peptides in the human proteome to perform targeted whole proteome
quantitation. Large-scale targeted proteomics panels have been explored in the past,* but to the
best of our knowledge, no one has yet attempted the whole proteome targeted proteomics. With all
the advancements in LC and MS technology, we should have an active mindset towards our data
acquisition techniques and start thinking about the analytes, peptides, and proteins we want to
analyze for. Currently, the MS acquisition algorithm and MS instrument characteristics largely
dictates the proteins we can observe in each LC-MS/MS experiment. This study is directed towards
putting chromatographic technology on the same level of importance for the overall output of
bottom-up proteomic experiments.

The concept of targeted whole proteome quantitation is feasible with current generation
instrumentation. There are mass spectrometers that can analyze over 100 MS2 scans per second,
of which, the new Orbitrap Astral MS system can support 200 MS2 scans per second. If we assume
the human proteome consists 0of 20,000 proteins, we will need to quantify 40,000 peptides to abide
by the 2 peptides per protein quantitation rule. In a theoretical case of 1 MS2 spectrum per peptide,
we would be able to acquire 40,000 MS2 scans in 3.3 minutes. Increasing the number of spectra
per peptide to 10 to improve quantitative accuracy will result in 400,000 MS2 spectra acquired in
30 minutes. However, to achieve these values, the selected peptides from the proteome will need
to fit within dynamic range of detectable concentration and to span the entire chromatogram
evenly. Therefore, retention time prediction algorithms are important tools to help decide which
peptides to select at various parts of the chromatogram to improve peptide distribution during LC

separation.
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Peptide selection will be the most critical part of the targeted assay and is not trivial. In
addition to the selection criteria of retention time, these peptides must be readily observed in a
variety of proteomics experiments (measured by proteotypicity), uniquely identifies the associated
protein, and is free of amino acids motifs that are prone to artificial PTMs (such as - deamidation,
N-cyclization, or oxidation). There previously has been literature outlining prediction algorithms
that can provide predicted proteotypicity for sequences of peptides.'*!! However, these algorithms
cannot appropriately account for artificial PTM propensity and potential peptide sequences that
are truncated endogenously as a protein modification (like the adiponectin protein'?). Resources
like the Global Proteome Machine (GPM) contain peptide data from 600,000+ public experimental
datasets that we can select peptides that can be the most representative of the associated protein’s
abundance. GPM provides the number of observations for each peptide, and we want to select
peptides with the most observations for each protein. We can also determine the propensity for the
peptide to have artificial PTMs by comparing their respective number of observations for the
modified versus the non-modified peptide. Furthermore, we can establish the protein
representation metric for a peptide based on the pearson correlation R? value of the extracted signal
intensities of the peptide versus the protein abundance calculated (usually by sum of intensities
from its constituent peptides). We want to reduce the possibility of selecting peptides with low
correlation because they will have poor representation of their protein quantities due to a variety
of experimental or biological factors. Some of such reasons can be poor recovery in sample
preparation or biological degradation of the peptide as a result of protein truncation (ie. zymogen
activation)

Moving further upstream in the same workflow from MS to LC to sample preparation,

choosing the appropriate protease is critical. Traditionally, membrane proteins do not generate
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proteotypic peptides in the transmembrane region when using trypsin as the protease. For example,
the protein encoded by the gene KMT2D has a 227 amino acid long stretch without Arg/Lys as the
cleavage site.!® In our conceptual targeted assay, we will need to explore alternative proteases that
will provide a reasonable selection of proteotypic peptides for traditionally unfavourable proteins
like membrane proteins. Recent publications involving specific proteases like Asp-N,!#!°
proalanase,'¢ Krakatoa'” have been attractive options due to their orthogonality of cleavage with
respect to trypsin, but also non-specific proteases like subtilisin and thermolysin are also promising
candidates'*!® to access regions of the proteome that have not been previously characterized.
Upon selecting this set of peptides, a targeted scouting run can be used to establish the experimental
retention time of these peptides that can be validated with the retention time prediction algorithms
for further refinement of the peptide set. Subsequently, after validation, a parallel reaction
monitoring (PRM) acquisition method can be established as a standardized assay for the relative
quantitation of the whole proteome. Absolute quantitation can be attained by obtaining the
correspondent set of stable isotopically labelled peptides with known concentration that will be
used to construct calibration curves for converting the mass spectrometry intensity values to
concentrations.

There are several advantages to establishing this quantitative method. Discovery
proteomics, since its conception, have issues with missing values due to the stochasticity of the
acquisition methods.”!” Missing values require statistical imputation to fill in the gaps but proteins
that only have observations in few samples out of the batch will not have sufficient information
for imputation.?®?! Data-independent acquisition (DIA) can be used as an alternative to the data-
dependent acquisition strategies that were used in the entirety of this thesis. DIA has been shown

to reduce the missing values problem relative to DDA and can achieve more protein identification.
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However, since this technique was popularized after the start of experiments for this thesis, we
chose to continue with DDA for the sake of consistency amongst all experiments we have
established. Future work in integrating DIA to P-SLICY will be interesting to compare the
improvements to proteome coverage. Another alternative to reducing missing values is targeted
mass spectrometry. Target approaches generally guarantee a value for each selected protein in each
experimental condition. In the past, also due to the stochasticity of the MS methods, “not detected”
cannot infer quantitative information because the MS algorithm may have missed it due to DDA
schedule saturation. Using this targeted approach, “not detected” is a useful piece of information
indicating that the peptide is below the lower limit of quantitation. Establishing a targeted
quantitative panel of proteins allows for standardization to improve the reproducibility of results
from proteomics assays. These methods can further improve accuracy and precision by allowing
more measurements per peptide over the chromatographic peak. A non-technical advantage to this
type of targeted approach is that a proteomics lab can provide a guaranteed list of proteins that can
be observed to biological researchers.

On the other hand, these target panels have limited observations only towards the list of
peptides selected. Aberrations that arise outside this list of peptides will not be observed.
Therefore, protein isoforms, post-translational modifications, single amino acids variants will be
lost unless a specific targeted panel has an additional group of peptides that can encompass the
protein modifications. There will always be a bias for detection given that we are selecting a subset
of peptides from the proteome. However, the peptide list can easily be changed depending on the
study requirements.

The concept of targeted whole proteome quantitation is not meant to replace discovery

proteomics tools, but to streamline the conventional proteomics analyses that focus on achieving
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proteome quantitation. Our idea of parallel P-SLICY will still be an important utility when paired

with DDA, especially in characterizing the dark proteome??2*

consisting of non-canonical
proteins,?® alternative isoforms,?® and proteins with uncharacterized PTMs.2” However, in order to
take a deep dive into the unknown regions of the proteome, we need smarter DDA algorithms and
protein identification tools that can allow us to explore these diverse MS2 spectra that have not
been previously annotated. Conceptually, smart DDA algorithms need to be able to learn the
characteristics of peptidic signals inan MS1 spectra and prioritize uncharacterized peptidic signals
rather than peptides that are well annotated. Distinguishing between characterized and
uncharacterized peptide signal can be done by matching against a peptide database using MS1 and
retention time. Since uncharacterized peptide are unlikely found in annotated databases, protein
identification tools that depend on database searching will not be applicable for unknown or non-
canonical proteins. Therefore, de novo sequencing tools will be important for this task and recent
resurgence of such tools with DeepNovo,?® DeepNovor,?’ Casanovo,’® and GLEAMS3! are
exciting to chart the uncharted waters of the expressed proteome. However, interrogating each
MS2 signal with de novo sequencing is time-consuming with modern tools. Thus, I would propose
aligning MS2 spectra between different experiments based on precursor MS1 m/z, retention time,
and MS2 similarity and perform preliminary differential analysis strictly using the spectral

information. The MS2 spectra that exhibits differential expression will then be selected for de novo

sequencing.

7.4 Future direction for ZIC-HILIC separations at pH 2.7

Current sample preparation schemes are laborious and complex, therefore, extensive
training and troubleshooting skills are necessary to achieve high-quality results. One of the critical

problems is the number of steps that are necessary to complete the preparation of one sample and
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each of these steps will contribute to the consistency of the downstream quantitative results
obtained from the LC-MS/MS analysis. The single-pot solid-phase-enhanced sample preparation
(SP3)3? technique we use involves at least 3 sample transfer steps that can potentially lose proteins
to the beads, tips, or walls of the plastic to affect consistency. This is more apparent when we use
alternative methods such as suspension trapping (S-Trap)*? that demonstrated higher consistency
(measured by CV values) by having sample transfer than SP3 after cell lysis and reduction and
alkylation. Furthermore, current methodologies are time-consuming. This is not only a strain on
the operator, but long processing times also incurs the issue of proteins undergoing artificial post-
translational modifications like oxidation and deamidation and affecting the resultant CV values.
From our observation in Chapter 4 regarding the peptide retention properties on HILIC at pH 2.7,
there can be potential to adapt this chromatographic mode for bottom-up proteomics. The sample
preparation will trap cells in single-use HILIC columns and the subsequent sample preparation
procedure starting from lysis can be done in column without sample transfer steps. The retention
of peptides using HILIC mode at pH 2.7 increases for peptides with higher number of positive
charges. This alludes to the possibility of trapping proteins on the stationary phase under acidic
conditions to allow in-column digestion for proteomic sample processing and can be compatible
with alternative proteases. In one of my recent works outside the scope the thesis, we accelerated
the digestion procedure in the standard sample preparation workflow from 18 hours to 1 minute
using a class of proteases called non-specific proteases.!® This is one of the most significant time
reduction steps that can aid in reducing the time that proteins are exposed to the strenuous
environmental conditions. The resultant protein identification performance is similar to trypsin
which is a good indicator for researchers to consider transitioning their workflows to incorporate

these non-specific proteases. Simultaneously, we also experimented with accelerating
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reduction/alkylation procedures from 90 minutes to 5 minutes which shows promise for protein
quantitation. With these two projects, we are shortening the time needed for sample processing.
By further incorporating HILIC column-based sample preparation, reducing the sample transfer
steps will further improve the precision and accuracy of analysis.

In the future, we can create methodologies that accommodates sample preparation starting
from lysis to peptides using a single-use HILIC column at pH 2.7. Single-use pipette-tip columns
were previously used for peptide desalting prior to LC-MS/MS analysis,** but there have been
limited reports demonstrating the entire sample processing workflow in-tip.>> From the Olsen
group, the One-Tip procedure uses an EvoSep Pure C18 tip to perform low-cell count sample
processing.? The traditional packing material inside these tip-based columns are C18 RP sorbents,
which is not compatible with conventional harsh detergents like sodium dodecylsulfate (SDS).
Thus, the authors used the neutral surfactant, n-Dodecyl f-D-maltoside (DDM). However, SDS is
a better surfactant than DDM for protein solubilization.’” When using HILIC at pH 2.7, SDS does
not retain on the column therefore is directly compatible with cell lysis in-tip. Therefore, we should
be able to load cells with a into the tip and lyse the cells with a short incubation period using 4%
SDS for lysis. The proteins from the lysed cells would be trapped in the tip and the SDS and
inhibitor cocktails would elute from the column along with the lipids and metabolites. The lipids
and metabolites can be subsequently recovered with an orthogonal chromatographic separation
with a separate tip, if necessary. All the remaining steps in the proteomic workflow is compatible
with the HILIC tips and peptides can be isolated after for LC-MS/MS analysis. Although, these
procedures can be used for single-cell processing like One-Tip, the main intention is to streamline
sample preparation and minimizing sample transfer. The simplification of this procedure should

decrease the probability of error and improve precision and accuracy. The aim is to establish an
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efficient, simple, and standardized sample preparation method that can allow any technician
without formal molecular biology training to perform routinely. This would help facilitate the
integration of proteomics to clinical research.

Progressively proteomics-based LC-MS/MS techniques are migrating into clinical practice
as a part of molecular diagnostics.?® Currently, the accepted LC-MS/MS-based laboratory
developed tests (LDT) involve target proteins that are well defined biomarkers in literature and
have established immunoassays that clinical practices depend on to guide therapeutic approaches.
Thyroglobulin is an example of such a target protein where it is currently used to aid in clinical
decision making for treatment of patients with thyroid cancer.?° Autoantibodies that are present in
the sample can interfere with the current immunoassays that try to detect thyroglobulin and
proteomic LC-MS/MS assays are able to overcome these issues and provide improved CVs for
quantitation. Most LC-MS/MS assays developed by clinical labs for LDTs are extensions of
currently available techniques from literature to avoid re-inventing the wheel, so to say. Therefore,
they often still involve many of the laborious sample processing steps. Demonstrating the
applicability of HILIC sample processing at pH 2.7 with the accelerated sample procedures could
provide faster turnaround times for clinical diagnostics. Potentially, we hope to be able to attain a
sample processing workflow that can be completed in 5 minutes for a person with minimal
proteomics training. This can aid in increasing uptake of our methods in clinical practice; however,
this would be a challenging task beyond just the science of the techniques but also constructing
proteomic output reports that are clinically interpretable and actionable*® and navigating the

regulatory landscape for these clinical tests.*!
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