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ABSTRACT 

 Liquid chromatography paired with mass spectrometry (LC-MS) is one of the most 

commonly used analytical techniques for the study of proteins and their modifications. Many of 

these modifications play an important role in the structure, function, or interaction of proteins, 

and need to be separated and identified to understand their impact or abundance. While reversed-

phase (RP) chromatography had long been the chromatographic method of choice for 

proteomics, we show that hydrophilic interaction liquid chromatography (HILIC) is not only 

capable of separating polar peptides that do not retain on RP columns, but that it can allow for 

accurate retention time prediction. 

 This work describes the development and validation of a HILIC peptide prediction model 

that is capable of predicting the retention of native peptides or peptides with common 

hydrophilic modifications such as glycosylation (N- and O-linked), deamidation of asparagine, 

isomerization of aspartic acid, and oxidation of methionine. Coefficients describing the extent of 

hydrophilicity were derived for all of the amino acids and modifications, and it was found that 

the prediction of peptide retention is incredibly accurate (R2 = 0.946). Predicted retention times 

can be calculated by summing the coefficients for a peptide sequence, and this has the potential 



for quicker analyses, as peptides can be identified by their mass-to-charge ratio (m/z) and 

retention time, and can also increase in the confidence of identifications including isomeric 

structures as well as allow for less time spent looking for the peptide of interest in targeted 

approaches. 

 The separation of peptides with these modifications is also detailed, as HILIC is capable 

of fully separating native peptides from their modified forms to allow for quantitation. While 

some of the modifications add a substantial mass to the peptide, others, such as deamidation of 

asparagine or isomerization of aspartic acid, have minimal to zero mass difference and barely 

change the overall structure of the peptide, which can be difficult to identify simply using MS. 

Thus, chromatography needs to be utilized to separately identify the similar analytes. In addition 

to showing complete separation between native and modified peptides, we show that the 

separation using HILIC is consistent and predictable. 
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CHAPTER 1 

INTRODUCTION 

 Liquid chromatography paired with mass spectrometry (LC-MS) is an essential technique 

for the analysis of proteins and carbohydrates.1–4 However, there will always be a need for more 

efficient separations, faster sample analysis, or methods that will increase the confidence in 

biomolecular identifications. Reversed-phase (RP) chromatography is the go-to separation 

method of choice for proteomic LC-MS analysis due to its ability to separate hydrophobic 

peptides in a reproducible manner, and many models have been made that accurately predict the 

retention of peptides based on amino acid composition.5–7 Hydrophilic interaction liquid 

chromatography (HILIC) has recently shown that it is capable of separating peptides that do not 

retain on RP columns as well as peptides that have common hydrophilic modifications, such as 

the oxidation of methionine, the deamidation of asparagine, or N-linked and O-linked 

glycosylation.8,9 These modifications can affect a protein’s function, stability, or activity, so the 

detection, separation and quantitation of these modified peptides are vital for protein 

biotherapeutics. The purpose of the work presented here is twofold: first, to use HILIC to 

analyze the separation of unmodified peptides as well as peptides with biologically relevant 

hydrophilic modifications, and second, to facilitate faster and more confident biomoleular 

identifications by predicting chromatographic retention using HILIC. 

 Chapter 3 details the creation of a peptide retention model using a penta-HILIC column 

that has a high correlation coefficient (0.946). Linear regression analysis was used to derive 

amino acid coefficients from a dataset of 297 peptides and an equation was created that allows 
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for the summation of coefficients to predict the retention of peptides, which in turn can enable 

faster analyses, more confident identifications, and even isomeric identifications. These 

coefficients are related to the hydrophilicity of the amino acid, as lysine, arginine, and histidine 

influenced retention the most and phenylalanine, tryptophan, and leucine influenced retention the 

least. It was discovered that hydrophobic peptides at the N-terminus and one residue from the N-

terminus eluted earlier than predicted, and optimized coefficients were created to account for 

this. In addition, the size of the peptide has an influence on peptide retention, as peptides larger 

than 15 amino acids in length deviated 3-4 times more from their predicted retention time values 

than shorter peptides.6,10–12 Finally, dextran was used as a retention time calibrant so that the 

model could be universal, and although this was tested on a separate LC-MS system with a 

different column size, column temperature, flow rate, gradient slope, and length of analysis, the 

retention times between the two systems were within only 3.73% of each other. 

 In Chapter 4, two hydrophilic post-translational modifications were analyzed: the 

deamidation of asparagine and the oxidation of methionine. Both of these modifications can 

accumulate over time, and their identification is vital because they can affect protein function, 

structure, and stability.13,14 It was found that HILIC is able to baseline separate peptides with 

both modifications from their unmodified counterparts, and coefficients describing the extent of 

their hydrophilicity were derived and incorporated into the peptide prediction model created in 

Chapter 3. While RP chromatography experienced nearest-neighbor effects that resulted in 

inconsistent shifts in retention time from modified to unmodified peptides, HILIC separation of 

the same peptides was shown to be consistent. Deamidation of asparagine can result in the 

isomeric products aspartic acid (n-Asp) and isoaspartic acid (isoAsp), which can be difficult to 

individually identify in a mass spectrometer without sufficient separation. HILIC was found to 
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be able to separate synthetic peptides with the same sequence that were either unmodified, 

modified with n-Asp or modified with isoAsp, and it was found that the peptide with isoAsp was 

the most hydrophilic, eluting the latest. 

 As discussed in Chapter 4, deamidation of asparagine residues can form n-Asp or isoAsp, 

but aspartic acid can also isomerize to form isoAsp, albeit at a slower rate.15,16 This can lead to 

negative effects, such as age-related or neurodegenerative diseases.17–19 The rate of isomerization 

is also affected by the neighboring amino acid on the C-terminal side of the aspartic acid residue, 

as amino acids that are small with low steric hindrance such as glycine, or amino acids that are 

hydrophilic will increase the rate.20,21 Chapter 5 focuses on the analysis of the extent of 

isomerization of aspartic acid, as peptides from immunoglobulin-Gs (IgGs) and standard proteins 

such as cytochrome C, myoglobin, and transferrin were run on a HILIC column. Actual retention 

times of peptides with aspartic acid residues were compared to predicted ones derived in 

Chapters 3 and 4, and it was found that the majority of peptides with “DG” motifs correlated 

with the presence of isoAsp, as well as peptides containing the hydrophilic “DE” and “DS” 

motifs, and the hydrophobic “DL” motif. Selected reaction monitoring (SRM) experiments were 

performed to verify the presence of either n-Asp and/or isoAsp, and examples of DG peptides 

were shown that only contained one peak that matched up with isoAsp predicted times. 

 Chapter 6 focuses on O-linked glycosylation, as peptides with N-acetylglucosamine 

(GlcNAc), N-acetylgalactosamine (GalNAc), or fucose were separated using HILIC, and 

coefficients describing the extent of their hydrophilicity were derived and incorporated into the 

peptide model discussed in Chapter 3. Glycans in general are incredibly hydrophilic, so they 

interact with the hydrophilic stationary phase in HILIC to a high degree. This interaction allows 

for the separation of peptides that have these modifications from their native counterparts, which 
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can heighten glycopeptide analysis. It was found that O-GlcNAc and O-GalNAc were the most 

hydrophilic, followed by O-fucose. Because O-GlcNAc and O-GalNAc are similar in structure 

and hydrophilicity, their coefficients were very close together. However, all of these 

modifications were on par with the most hydrophilic amino acids in the peptide retention 

prediction model. 

 N-glycosylation on IgGs was analyzed in Chapter 7 using HILIC columns. Here, N-

glycosylated peptide retention times were predicted using the peptide RT model discussed in 

Chapter 3 in conjunction with an in-house model that predicts native glycan retention. Predicting 

the retention for these glycopeptides could allow for isomeric and low-abundance identification, 

as well as being able to reducing the overall complexity of glycopeptide identification. Our 

previous peptide retention prediction model described in Chapter 3 was shown to work for 

unglycosylated IgG peptides on two separate LC-MS systems with vastly different 

chromatographic conditions. Predicted times for N-glycosylated peptides were shown to be 

consistently 1.881 glucose units (GU) less than actual retention times for all but one glycan 

structure, A3G1, which has a bisecting structure. Nevertheless, there was a low average 

deviation (0.368 GU) of predicted to actual retention times when accounting for the two GU 

difference, and GalNAc linkage isomers were able to be separated and identified using the 

combined HILIC prediction models. 
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CHAPTER 2 

LITERATURE REVIEW 

Mass Spectrometry 

Mass spectrometry (MS) is a versatile analytical technique that measures a molecule’s 

mass-to-charge ratio (m/z) for qualitative and/or quantitative detection. There are several 

important requirements for detection, most notably that the analyte has to carry a charge and 

must be in the gaseous phase. A mass spectrometer is comprised of three main parts: an ion 

source, which ionizes the molecules in a sample, a mass analyzer, which separates ions based on 

their m/z ratio, and a detector, which electronically produces a signal representative of the 

separated ions.22,23 There are numerous types of each part that allow for various kinds of 

experiments or measurements to be performed.  

 Tandem MS allows for multiple steps of analysis either in space or in time. For tandem 

MS in space, separate mass analyzes can be used in the same experiment, with separation, 

selection, or fragmentation occurring in each one. Tandem MS in time techniques trap ions in 

only one mass analyzer, typically a quadrupole ion trap (QIT) or a Fourier transform ion 

cyclotron resonance (FT-ICR) instrument, which allows for both the separation and 

fragmentation in the same space.24 Both of these techniques can provide the selection, 

fragmentation, and detection of both precursor and fragment ions of analytes using either one or 

more mass analyzers. 

 The fragmentation of ions can provide useful structural information that can even help 

with isomeric identification. While many hard ionization techniques generate in-source 
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fragmentation, the most popular fragmentation techniques for proteomics are collisional-induced 

dissociation (CID), and ion-electron or ion-ion interaction techniques such as electron capture 

dissociation (ECD) and electron transfer dissociation (ETD).25,26 In CID, accelerated ions collide 

with a neutral media, typically argon, nitrogen, or helium gas, and this converts their kinetic 

energy to internal energy.27 After enough collisions, the peptide bond is broken, producing b and 

y ions.28 The other techniques mentioned utilize ion interactions with electrons or other ions to 

induce fragmentation, either by capturing low energy electrons that result in radical cations 

(ECD), or transferring electrons from donor anions (typically fluoranthene) in a fragmentation 

cell to positively charged analytes (ETD).29–31 In contrast to CID, EXD fragmentation techniques 

produce c and z ions, which allows for the two different techniques to be complimentary for 

protein identification.  

Ionization Techniques 

Ionization can either be hard, which produces a large amount of fragmentation, or soft, 

which produces a low amount of fragmentation. Many of the earlier ionization techniques such 

as electron ionization (EI) or chemical ionization (CI) are hard. These were primarily used for 

the detection of small organic molecules and were not ideal for proteomics, where identification 

of the molecular weight is vital for analysis.2,32 The development of soft ionization techniques, 

such as electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI) 

opened the door for mass spectrometric analysis of large molecules due to the ability to generate 

ionized species without a high degree of in-source fragmentation.1,33 It also promoted database 

searching of proteins, where MS/MS data could be searched against theoretical masses for 

proteins and peptides in a database.25,33 
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 The most common ionization technique used for online LC-MS is ESI because of is 

ability to quickly evaporate analytes in a solvent as well as that it is performed at atmospheric 

pressure. In this technique, analytes in a solvent pass through a capillary with a high voltage 

applied to it, which generates a plume of ions that is introduced into the mass spectrometer.23,34 

The formation of ions requires ample desolvation, so organic solvents are typically mixed with 

water to facilitate this. Two theories explain ion formation in ESI: the charge residue model 

(CRM) and the ion evaporation model (IEM). Dole proposed the CRM in 1968 when he first 

discovered ESI.35 In this theory, each charged droplet that is formed experiences enough solvent 

evaporation and Coulomb fission to allow for the resulting smaller droplets to contain one 

analyte ion each, which are then released into the mass spectrometer after all of the solvent is 

evaporated.35–37 The second theory (IEM) was proposed by Iribane and Thompson in 1976 and 

details the formation of charged droplets that emit analyte ions when the charge-to-surface area 

ratio of the droplet becomes high enough.37–39 While both of these theories adequately explain 

ion formation in ESI, the IEM is generally linked to smaller molecules and the CRM is generally 

linked to macromolecules.23,37 ESI regularly produces doubly and triply charged ions, which 

allows for the analysis of larger biomolecules at smaller m/z ratios. 

 The other commonly used soft ionization technique for the study of biological samples is 

MALDI, which utilizes an organic matrix that absorbs radiation from a pulsed laser and transfers 

a charge to analytes embedded in the matrix.40 The pulsed laser causes molecules in the solid 

phase to desorb into the gaseous phase, and then the generated ions are focused into the mass 

spectrometer for detection. Proteomic identification using MALDI can be more straightforward 

than ESI due to the large amount of singly charged species generated.40,41 The two most 

commonly used matrices for proteomics are α–cyano-4-hydroxycinnamic acid (CHCA) and 2,5-
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dihydroxybenzoic acid (DHB), which can both produce varying amounts of fragmentation.42–44 

The most common mass spectrometer MALDI is paired with is the time-of-flight (TOF) 

instrument due to its large m/z range and the ability to accurately time the pulse of the laser with 

the measurement of an ion’s flight time.45 

Mass Analyzers 

The mass analyzer portion of a mass spectrometer is where the separation of ions based 

on their m/z ratio occurs, and there are many different types of analyzers that can accomplish 

this. Each one has different characteristics that either makes them desirable or disadvantageous 

for a specific application. However, there is not one mass analyzer that is above all others for 

every application. 

Linear quadrupole mass analyzers utilize four circular metal rods with fixed direct current 

(DC) and alternating radio frequency (RF) voltages to allow for the analysis of ions with 

specified m/z ratios. These rods act as a mass filter and generate an electric field in which stable 

ions can oscillate. The ion(s) of interest can then either be scanned into the detector or into 

another mass analyzer by changing the voltage. Ions outside of the specified m/z range will have 

an unstable trajectory and not reach the detector by colliding with the rods.46 The most 

commonly used quadrupole instrument is the triple quad (QQQ), which has three sets of 

quadrupoles; the first for selecting precursor ions, the second for fragmentation using CID, and 

the third for filtering the fragment ions.47,48 QQQ instruments provide exceptional selectivity of 

analytes and have a high reproducibility, but can have limited resolution.47 

A similar mass analyzer is the quadrupole ion trap (QIT), which can either be linear or 

three-dimensional. The 3D version of the quadrupole has a ring electrode between two end cap 

electrodes. Stable ions are trapped between these electrodes that have applied DC and RF 
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potentials and then can be axially ejected into the detector by adjusting the RF potential.49,50 An 

inert buffer gas, usually helium, is pumped into the trap to dampen the energy of the ions so that 

they do not hit any of the walls. One of the beneficial traits of the QIT is that it allows for ion 

accumulation, which can increase the sensitivity. The two dimensional QIT has the same setup as 

the linear quadrupole but includes front and rear trapping plates that change potentials to allow 

for ion accumulation. Ions are accumulated by ramping the potential on the rear plate up so that 

they are repelled if they try to exit the trap.46 After enough ions enter the trap, the front plate 

potential is also ramped up, trapping the ions inside the quadrupole.22 The rear plate potential is 

then reduced to attract ions so that they exit for the next stage of analysis. This technique also 

utilizes collisional cooling with a buffer gas and can inject ions either axially or radially 

depending on the design.22,46 

 Linear time-of flight (TOF) instruments measure the time it takes ions to travel in a 

straight line from the ion source to the detector in a flight tube of known length. This 

measurement is based on the ion’s m/z ratio, as smaller ions will reach the detector faster than 

larger ones. After ionization, ions are accelerated by a voltage towards a detector, which is 

usually a microchannel plate (MCP) due to the spread of the ions traversing the flight tube.22 

Although quadrupole and magnetic sector instruments overshadowed TOF instruments after they 

were first commercialized, the emergence of MALDI as a pulsed ionization technique in 

the1990s helped vault TOF back into the mainstream.51 MALDI made it possible for TOF mass 

spectrometers to generate fast spectra from ions pulsed at the same time, which is vital for 

accurate measurements. There are many benefits to TOF machines, including the ability to 

rapidly generate spectra, a massive m/z range, and excellent ion transmission.22,52–55 
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 The development of two techniques has helped improve resolution in TOF instruments by 

correcting for the distribution of energies in ions: delayed extraction, and the use of a reflectron. 

Using the delayed extraction technique, ions generated from the ion source are delayed 

momentarily before they are accelerated in the flight tube. This makes up for the initial position 

and velocity of ionized species, as lower kinetic energy ions start closer to the electrode applying 

the acceleration voltage and have faster initial velocities that make them reach the detector at 

roughly the same time as higher kinetic energy ions that have a slower initial velocities.51,56 

Reflectron instruments utilize a retarding electrostatic field, in which pulsed ions penetrate until 

they lose their kinetic energy and travel in the opposite direction to reach a detector. This 

corrects for the distribution of kinetic energies, as ions with more energy travel farther into the 

reflectron and reach the detector at the same time as ions with lower energies that do not 

penetrate the reflectron to the same degree.51,55,56 

 Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometers use large 

magnetic fields to measure the orbit (or cyclotron frequency) of ions that are trapped. Smaller 

ions travel in faster orbits than larger ones. After RF pulses excite the ions, they will travel close 

to detector plates that will produce specific image currents for each ion. These image currents 

can be amplified and turned into unique m/z ratios by performing a Fourier transform. Although 

these machines provide the highest mass resolution out of any type of mass analyzer, they have a 

limited dynamic range and require extremely low-pressure systems.57–59 

 Orbitrap instruments are similar to FT-ICR mass spectrometers, as an outer electrode 

detects the image current of trapped ions that are orbiting a spindle-like electrode and the 

resulting signal is converted by performing a Fourier transform.60,61 Although only recently 

commercialized in 2005, Orbitrap instruments differ from FT-ICR instruments in the most 
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expensive requirement: they do not require a magnetic field. Injected ions are electrostatically 

attracted to the central electrode, but experience radial and axial fields that make the ions travel 

in an elliptical-like path around the central electrode.22 This mass analyzer is commonly paired 

with linear ion traps so that a high mass accuracy of precursor ions can be generated in the 

Orbitrap portion and fast fragmentation data can be generated in the other portion.61 

Liquid Chromatography 

 Chromatography is the process of separating a mixture into individual components by 

utilizing analyte interactions with a stationary phase and a mobile phase. These interactions can 

be chemical, such as an analyte adsorbing to an adsorbent surface, or physical, such as a small 

analyte easily penetrating a porous particle.  There are many considerations when choosing the 

type of chromatography to use in a separation, such as the system used, the stationary phase, 

mobile phase composition, size of the column, type and size of the particles, isocratic or gradient 

elution, flow rate, analyte structure and composition, among others.62 All of these considerations 

need to be applied to generate a sufficient separation for a specific mixture.  

 Although there are numerous types of stationary phases such as normal phase, HILIC, 

and hydrophobic interaction chromatography (HIC), reversed-phase (RP) chromatography is the 

most commonly used stationary phase for proteomic separations based on its ability to retain 

non-polar analytes.5–7 However, HILIC has recently become more popular as a method of 

separating polar analytes that do not retain on RP columns.63,64 The high complexity of 

biological samples requires the need for efficient separation strategies to maximize identification, 

which can be accomplished by fine-tuning chromatographic conditions or using additional 

modes of separation. For example, the selectivities of HILIC and RP are not in direct opposition 

to one another so they can be used in tandem to generate more complex separations.8,9,65 
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 The measurement of a column’s efficiency can be put in terms of band broadening, which 

describes how a group of the same type of analyte moves apart as it advances through a 

column.66 Van Deemter created an equation to calculate this in 1956, and related column 

efficiency with the height equivalent to a theoretical plate (H), or a measurement of the 

equilibration of a sample between stationary and mobile phases: 

 

𝐻 = 𝐴 + !
!
+ 𝐶𝑢                                          Equation 1 

 

In this equation, there are three terms that influence the height of a plate: Eddy diffusion (A), 

longitudinal diffusion (B), and resistance to mass transfer (C), with mobile phase velocity (u) 

also playing a role. For a column to have a high efficiency, the plate height needs to be low, 

which would require the factors that influence band broadening needing to be minimized.67 Eddy 

diffusion describes the multiple paths that an analyte can take through a column. These paths can 

differ based on the column packing or particle size, which results in multiple paths and a wider 

distribution of analyte elution.68–70 This term can be reduced with well-packed columns as well 

as particles that are consistently small. The second term, longitudinal diffusion, describes the 

diffusion of an analyte from the center of a band to the edges. Higher flow rates will reduce this 

term and limit the amount of band broadening that results.71 Resistance to mass transfer is the 

final term that influences band broadening, and it represents the movement of an analyte between 

the stationary and mobile phases, or a transfer of masses between the phases. For example, some 

analytes will move from phase to phase while others will be predominantly in the mobile phase. 

This will increase the width of the band, but can be reduced by using lower flow rates, using 

smaller particles, or increasing the temperature.71–73  
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The mobile phase velocity (flow rate) is very important to consider as it can 

simultaneously increase and decrease the amount of band broadening through longitudinal 

diffusion and resistance to mass transfer. Flow rates can range from milliliters to hundreds of 

nanoliters with the sensitivity of detection increasing at the lower rates. However, the minimal 

amount of flow can lead to complications such as increased time of separation, poor peak 

resolution, and not being able to detect the presence of a leak. There is a clear give-and-take 

relationship in terms of flow rate between the time of analysis, the amount of band broadening, 

the sensitivity of detection, and peak resolution, so it is important to decide what aspects of the 

separation matter most.73 

 Plate height can also be calculated using the equation below, where L is the column 

length and N is the number of plates:67,74 

 

𝐻 = !
!

                                                   Equation 2 

 

A higher number of plates and lower column length will result in a small plate height, which 

means that the column has a high efficiency. However, to determine the plate height, the number 

of plates needs to be calculated first:74,75 

 

𝑁 = 5.54 !!
!!

!
                                          Equation 3 

 

This equation takes into account the peak width at half height (wb) for an analyte with a specific 

retention time (tR). Columns that have narrow peaks have a larger number of plates and higher 

column efficiencies. 
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 While column efficiency is necessary in determining the degree of separation within a 

column, being able to separate two adjacent peaks is just as important. The extent of this 

separation is called resolution, which is defined as the ability to differentiate two peaks that are 

next to each other from one another:67  

 

𝑅! =
!(!!,!!!!,!)
(!!,!!!!,!)

                                           Equation 4 

 

The difference in retention for two peaks is divided by the peak widths to determine the degree 

of resolution. Peaks that are narrower and have higher differences in retention times will result in 

a larger resolution because they most likely will not be overlapping. It is commonly recognized 

that a resolution of 1.5 or over will result in baseline separation between the two peaks, while 

coelution will occur with resolutions under 1.5.76 For the analysis of biological samples with LC-

MS, it is important to get significant separation so that different peptides will not coelute and 

cloud the mass spectra.  

Reversed-Phase Chromatography 

 Reversed-phase (RP) chromatography has long been the most commonly used 

chromatographic technique paired with mass spectrometry and the go-to separation method of 

choice for proteomics.5–7 This is due to its high reproducibility and resolution, as well as the 

simplicity with which the column’s selectivity can be adjusted through changes in the mobile 

phase.77 Another beneficial trait is that the stationary phase consists of long chain hydrocarbons 

(typically octadecyl moieties) covalently bound to silica particles, which adequately separate 

nonpolar species, including predominantly hydrophobic peptides.78 RP chromatography can 
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rapidly and efficiently separate complex digested peptides prior to MS/MS analysis, allowing for 

high-throughput proteomic experiments. 

 The separation mechanism of RP chromatography is based on the hydrophobic 

adsorption of the analytes onto the surface of the stationary phase as well as the partitioning of 

fully embedded analytes within the hydrocarbon chains.79,80 More hydrophobic analytes will 

retain longer than less hydrophobic analytes, and can be eluted by the addition of organic solvent 

(typically acetonitrile or methanol) in the mobile phase using either an isocratic or gradient 

separation. Acetonitrile is primarily used as the organic solvent in RP due to its compatibility 

with electrospray ionization (ESI)-MS, its low viscosity that reduces the amount of backpressure, 

and low absorbance for UV applications.64  

Buffering salts are commonly used in RP chromatography to increase the ionic strength 

of analytes, which in turn increase the overall separation. Ammonium formate and ammonium 

acetate are most commonly used due to their accord with MS, but the retention behavior of 

analytes can vary as a product of which salt is used.64 Another common addition to buffers are 

mobile phase modifiers such as formic acid, which be used to adjust the pH of the buffer and 

change the charge state of analytes. This is useful for proteomics, where pH conditions change 

the interactions of charged amino acids with the stationary phase and can induce different 

retentions and more complex separations. These pH modifiers can also provide an increased 

sensitivity in MS from enhanced protonation of analytes.81 

Hydrophilic Interaction Liquid Chromatography 

 Hydrophilic interaction liquid chromatography (HILIC) combines the mobile phases used 

in RP chromatography with the stationary phases used in normal phase chromatography (NP) to 

allow for the separation of polar or charged species. Although HILIC is not as characterized as 
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RP chromatography, it has shown to be able to separate polar analytes that are not retained on RP 

columns, and is a useful and complimentary approach that can be used in conjunction with RP 

chromatography.63,64,82 The most commonly used stationary phases for HILIC include bare silica 

or silica derivatized with polar stationary groups, as well as zwitterionic stationary phases that 

can induce even more complex separations.83–86 Due to HILIC’s ability to separate polar 

analytes, new stationary phases with different structures and charges can help improve the 

coverage of more complex analytes that can be separated by this technique.86 

Adjacent to the bulk organic mobile phase is a water-rich layer that exists at the surface 

of the stationary phase. Analytes are retained three different ways: partitioning between this 

water-rich layer and the bulk mobile phase, adsorption onto the hydrophilic stationary phase, and 

a combination of partitioning and adsorption.84,87,88 However, the partitioning mechanism is still 

relatively unknown.83 More polar analytes will be retained longer due to the strong interactions 

with the stationary phase in the water-rich layer, which include electrostatic interactions, 

hydrogen bonding and van der Waals forces.64,88 

 Acetonitrile is the main organic buffer of choice for HILIC for the same reasons it is the 

primary organic buffer for RP chromatography. However, because the bulk mobile phase will 

primarily be organic in HILIC rather than aqueous in RP, faster mobile phase velocities can 

occur, which reduces longitudinal diffusion (B-term in Van Deemter equation) without 

sacrificing performance. This heightened viscosity can also lead to longer columns being used 

with lower back pressures as well as enhanced sensitivity with ESI-MS.84 One drawback to using 

acetonitrile as the main solvent for HILIC is that many analytes are insoluble at high percentages 

of acetonitrile, potentially making sample injection rather difficult. 
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Peptide Retention Prediction 

When the first peptide retention prediction models were introduced, their purpose was to 

analyze the individual contributions of amino acids to the retention of a peptide in hopes of 

accurately predicting when peptides would elute. Many such models were created for RP and 

normal phase chromatography, where each amino acid would have a coefficient that described 

the extent of its hydrophobicity/hydrophilicity.8,89–101 The coefficients could then be summed 

together for a specific peptide (usually with an intercept) to calculate the predicted retention time 

for any peptide sequence. Linear regression analysis is the most commonly used method of 

derivation for the coefficients, but other methods such as substituting amino acids on a synthetic 

peptide or even using MATLAB® have been used.89–94,96–98,100 While most of these models 

predict retention in terms of actual time, there are some that use the percentage of organic 

solvent as well.99 This is an attempt of trying to allow a model to be universal in a sense; as long 

as the stationary and mobile phases are the same, the model could work on different LC-MS 

systems, using different flow rates or gradient slopes and still accurately predict where the 

peptide would elute. However, amino acid coefficients can change with different stationary 

phases and different operating conditions such as pH, temperature, among others, so the need for 

new models to be created for new types of stationary phases and operating conditions still exists. 

 Apart from simply describing the hydrophobicity/hydrophilicity of an amino acid, 

peptide retention models can help further the identification process by increasing the speed of 

analysis, increasing the confidence of peptide identifications by eliminating false positives, and 

separately identifying isomeric peptides when fragmentation data is insufficient.91,98 These 

models can identify peptides based on their m/z ratio and predicted retention times in a similar 

way to accurate mass and time tag (AMT) proteomics, which eliminates the need for standard 
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database searching.102–104 Targeted approaches such as SRM or MRM techniques can also 

benefit from these models, as the time spent looking for peptides of interest can be shortened to a 

time range that is close to where the predicted retention time of the peptide is. 

RP Models 

The first peptide retention prediction models were made for RP chromatography due to 

its widespread use in proteomics. In 1977, Molnar and Horvath were the first people to note that 

it should be possible to obtain estimates of the hydrophobicities of the amino acids within a 

peptide, and this discovery opened the door for O’Hare and Nice to relate peptide retention to the 

sum of the coefficients for the most hydrophobic amino acids in a peptide.78,94 Shortly thereafter, 

Meek created the first complete peptide retention prediction model in 1980, where coefficients 

were derived for each individual amino acid.93  

Meek’s model prompted other researchers to examine the many factors that influence 

peptide retention on two different sides: the peptide side and the analytical side.11,12 The peptide 

side contains characteristics relating to peptide composition and structure, such as the position of 

amino acids within the peptide, the amino acids at the N- or C- termini, the total length of the 

peptide, and the total size. The analytical side contains characteristics relating to the method of 

separation: the stationary phase, the size of the column, the mobile phase composition, the 

temperature, the pH, and many other characteristics. Mant found that peptides over 15 amino 

acids in length tend to deviate from predicted retention times to a greater extent than shorter 

peptides, and other studies have suggested that peptide length and observed retention time have 

an exponential relationship.11,105 This could be because longer peptides have a greater probability 

of forming secondary or tertiary structures, which can change their interaction with the stationary 

phase because certain amino acids would be shielded from contact.106 One possible solution to 
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this problem is manipulating temperature, as higher temperatures could be used to unfold these 

peptides so that they interact in more of a predictable manner.107  

 The charge of an amino acid can greatly affect retention, so pH is important to consider 

when performing a separation. Charged residues such as histidine, lysine or arginine can be very 

hydrophilic when charged, but less-so if the pH is raised. Sequence corrections, size corrections, 

or the incorporation of coefficients for post-translation modifications have also been added to 

models, expanding their application and allowing for more accurate predictions. It was even 

found that different amino acid retention coefficients would have to be created for each position 

on a peptide because peptides with differing orders of amino acid sequence but the same 

composition had varying retention times.108 The amino acid residues that increase retention by 

the greatest amount in RP chromatography are the non-polar, aromatic or aliphatic ones such as 

tryptophan, tyrosine, phenylalanine, leucine, and isoleucine. These residues interact with the 

non-polar stationary phases more than small or polar residues, which either decrease the 

retention or have a negligible effect. Because C18-bonded silica is the predominant stationary 

phase used for RP chromatography, subsequent models have focused more on specific peptide or 

analytical characteristics and less on the type of stationary phase. 

HILIC Models 

Even though most of the prediction models that have been made are for RP 

chromatography, the number of HILIC models has increased as the number of different types of 

HILIC columns has also increased.8,91,92,101 HILIC has shown to be highly compatible with ESI-

MS in addition to being able to separate peptides, which has furthered its popularity.109 Yoshida 

introduced the first HILIC peptide retention prediction model in 1998 on an TSK Amide-80 

column under normal-phase terminology.65 This was many years after the first RP model was 
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made because HILIC was introduced later and was not used nearly as much in proteomics. 

Afterwards, other researches created HILIC models for different types of stationary phases, 

notably Gilar, who derived amino acid coefficients for three different types of HILIC columns: 

bare silica, bridge-ethyl hybrid silica and an amide modified bridge-ethyl hybrid silica.8 What 

was discovered was that the different stationary phases have different selectivities and produced 

coefficients that were not the same. This supports the need for the derivation of amino acid 

coefficients for specific mobile phase and stationary phase operation in HILIC because the types 

of stationary phase are much more diverse than RP chromatography. Another key discovery is 

that even though the derived amino acid coefficients for the HILIC model generally matched up 

to the inverse of the amino acid coefficients from RP models, it is not necessarily a linear 

correlation, indicating that HILIC and RP can be combined for more complex separations in 

multidimensional HPLC.8 

 Polar, charged residues such as histidine, lysine, and arginine have the greatest effect in 

HILIC and generally have the largest coefficients overall because they have side chains that 

interact more with the polar stationary phase and water-rich layer through adsorption and 

partitioning. The N- and C- termini also have polar characteristics, which can be result of HILIC 

models containing fairly high intercepts. Small residues or residues that contain both hydrophilic 

and hydrophobic characteristics such as glycine, valine, proline, or methionine tend to have a 

negligible effect on retention. However, similarly to RP models, these coefficients can change 

with different operating conditions. 

Hydrophilic Protein Modifications 

Modifications can alter the function, activity, or interaction of proteins through enzymatic 

cleavage or the extension of an amino acid’s functional group. For protein biotherapeutics, the 
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quantitation and separation of modified species is vital in order to determine the extent of a 

protein’s stability or activity because modifications can accumulate during storage or 

transportation.13,14,110 Many of these modifications increase the hydrophilicity of the altered 

residue, such as the deamidation of asparagine, the oxidation of methionine, or the glycosylation 

of serine and threonine residues. HILIC’s diverse group of polar stationary phases have the 

potential to separate these changes in hydrophilicity while allowing for quantitation of 

unmodified species and their modified counterparts. 

 In the realm of proteomics using LC-MS analysis, many enzymatically cleaved peptides 

are modified either on purpose or environmentally over time. For database searching, including 

variable modifications can vastly increase the search space. This can lead to more false positives 

and require higher degrees of protein validation, but is also essential in trying to identify 

modified peptides.111,112 Some of these modifications can be virtually indistinguishable from 

their unmodified counterparts due to minimal differences in mass or fragmentation, which can 

further complicate protein identification through database searching. However, utilizing 

chromatography to separate modified from unmodified peaks can greatly improve identification 

capabilities even on lower resolution mass spectrometers. 

Deamidation of Asparagine 

The process of deamidation has been viewed as a molecular clock, as this modification 

has large implications in ageing, protein development, and protein turnover, and has been linked 

to cataracts, Alzheimer’s disease, and β-amyloid aggregation.19,113–116 However, the effects of 

deamidation are not as well known as other common post-translation modifications. For this 

process, residues form a five-membered succinimide intermediate that can hydrolyze under 

physiological conditions to form either isoAsp or aspartic acid (n-Asp) in both D and L 
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configurations, with the products having an abundance ratio of roughly 3:1, 

respectively.15,16,115,117,118 It has been shown that identification and isolation of the cyclic 

intermediate is much more difficult at lower pHs (under 5) because hydrolysis of the 

intermediate is promoted through acid catalysis at a much faster rate than at neutral or higher 

pHs.119–122 Furthermore, asparagine residues are deamidated at a much faster rate than glutamine 

residues due to it being more entropically favorable to form the five-membered cyclic 

intermediate rather than the six, and the rate is further increased when a small residue such as 

glycine is on the C-terminal side of the modified residue.15,117,123 This is a result of low steric 

hindrance, which allows the residue to fold onto itself to form the cyclic intermediate. In 

addition, the rate can also be affected from environmental changes, such as an increase at 

elevated temperature and pH. 

 Deamidation can be a difficult modification to analyze due to a mass difference of only 1 

Dalton (Da) between modified and unmodified forms. It is even more complicated when there is 

overlap between a modified residue and an unmodified 13C isotope, resulting in a 0.0152 Da 

difference.124 In high-throughput experiments using lower resolution mass spectrometers, there 

can be a high degree of false positives due to this minimal mass difference. There is a significant 

need for sufficient separation before MS analysis because of this issue, and although RP 

chromatography can do this, the separation is not consistent due to sequence effects from 

neighboring residues.124 HILIC has shown that it not only can separate modified peptides from 

their unmodified forms, but also can do so consistently, allowing for straightforward and 

predictable identification. 
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Isomerization of Aspartic Acid 

Isoaspartic acid, or isoAsp, is most commonly thought of in reference to the process of 

deamidation, but can also be formed through the isomerization of aspartic acid, or n-Asp. The 

biological impact of the formation of isoAsp through isomerization is the exact same as through 

deamidation, as it is largely associated with ageing and age-related diseases, as well as 

neurodegenerative disorders such as Alzheimer’s disease.17,18,21 Through isomerization, aspartic 

acid undergoes formation of the same succinimide intermediate as the deamidation of 

asparagine, without the shift in mass, and results in the formation of isoAsp in both D- and L- 

configurations. However, the rate of isomerization of aspartic acid can be up to 38 times slower 

than deamidation of asparagine.15,16 The deficiency in mass difference makes it even harder to 

analyze in a mass spectrometer, where the only fragmentation methods suitable for identification 

are electron transfer dissociation (ETD) or electron capture dissociation (ECD) that show unique 

fragment ions for isoAsp at c+57 and z-57. However, the intensities of these peaks can be almost 

95% lower than other peaks in the MS/MS spectra.125,126 This promotes the need for 

chromatographic separation prior to MS analysis so that there is minimal ambiguity in the 

identification of the isomers.  

 It has been shown that HILIC can separate n-Asp and the more hydrophilic isoAsp, 

eliminating the need for EXD fragmentation techniques and providing separate isomeric 

identification in the mass spectrometer.124 This greatly simplifies the analysis of peptides with 

this modification and provides a straightforward and consistent technique that allows for 

isolation and identification. Other techniques that have been used to analyze aspartic acid 

isomerization include isotopic labeling and the use of isoaspartic acid O-methyltransferase or 
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isoAsp-specific antibodies, but all of these techniques have problems that can lead to 

complications in identification.125,127 

Oxidation of Methionine 

Oxidation is a much more studied and well-known modification, and has a larger mass 

difference of 16 Da between modified and unmodified species to allow for easier MS 

identification. Reactive oxygen species (ROS), which are oxygen-containing molecules that are 

created through the intake of oxygen in the human body, can oxidize protein residues when a 

biological system experiences induced or environmental stress.128–130 The rate of oxidation is 

dependent on the amount of ROS present, as well as the level of stress. Although this 

modification can occur on many different residues including lysine, tryptophan, histidine, 

arginine, and proline, it is only reversible for the sulfur-containing amino acids cysteine and 

methionine, with methionine being the most susceptible.129,131  

Similarly to deamidation, it is known to affect the stability, structure and activity of 

numerous proteins including calmodulin, lysozyme, and ribonuclease B, and has also been linked 

to bronchitis, Parkinson’s disease, respiratory distress syndrome, diabetes, emphysema, 

Alzheimer’s disease, and other age-related diseases.130,132–137 Through the oxidation mechanism, 

methionine (Met-S) is oxidized to form the R- and S- isomers of methionine sulfoxide (Met-SO), 

which can further oxidize to form methionine sulfone (Met-SO2). Although the first step of this 

reaction is reversible due to the presence of methionine sulfoxide reductase (either MsrA or 

MsrB, which reduce the S- and R- isomers, respectively), the second step is not, and the 

formation of Met-SO2 in biological systems is scarce.130 The reversibility of Met-SO back to Met 

is very important, because it has been discovered that increased levels of MsrA can increase the 

lifespan of various mammals and insects.129,138,139 In Alzheimer’s patients, the levels of MsrA are 
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significantly lower than normal individuals, and this is indicated by significantly greater amounts 

of Met-SO.129,133,137,140 

Although the difference in mass makes identification of oxidized and unoxidized peptides 

much easier using MS techniques, the separation of oxidized species using RP chromatography 

is not consistent and can be troublesome. HILIC can be useful for problem, as oxidized residues 

have an increased hydrophilicity and will be retained longer on polar stationary phases. 

Glycosylation 

Glycosylation provides a much more substantial addition of a carbohydrate to the 

modified residue in comparison to deamidation or oxidation, and this addition changes the m/z 

ratio, structure, and polarity of a glycosylated moiety to a high degree.141,142 Protein 

glycosylation can either be N-linked, meaning the carbohydrate is linked through a nitrogen atom 

on an asparagine residue, or O-linked, meaning the carbohydrate is linked through an oxygen 

atom on a serine or threonine residue. Defects in these modifications can lead to a number of 

diseases, referred to as congenital disorders of glycosylation (CDG), and these include cancer, 

heart defects, Peters-Plus syndrome, Walker-Warburg syndrome, among over 50 other diseases 

that have been identified.143,144 

 N-linked glycosylation follows the consensus sequence Asn-X-Ser/Thr, where X can be 

any amino acid excluding proline. The majority of N-glycans linked to asparagine residues are 

through N-acetylglucosamine (N-GlcNAc) and have a common core pentasaccharide consisting 

of 3 mannose residues and 2 GlcNAc residues.145 There are three different types of N-glycans: 1) 

high mannose, which contain mannose residues attached to the core structure; 2) complex, which 

can have many different types of sugar moieties attached to the core structure; 3) hybrid, which 

share traits from the other two classes by having branches that are high mannose or complex. For 
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the biosynthesis of N-linked glycoproteins, lipid-linked oligosaccharides (LLOs) are first 

assembled at the membrane of the endoplasmic reticulum (ER) and their structure consists of two 

GlcNAc, nine mannose, and three glucose residues.146 Each LLO is then transferred to a nascent 

polypeptide in the lumen of the ER by an oligosaccharyltransferase (OGT).146 This occurs as the 

protein is being translated, so the addition of the glycan has a massive impact to the overall 

structure of the protein once it is fully formed.146–148 Afterwards, the sugar moieties on the 

glycopeptide can be further cleaved or elongated by glycosidases and glycosyltransferases across 

the ER and the Golgi apparatus to form the three different types of N-glycopeptides, and the 

number of structural possibilities that result from this process is in the millions.149 One study by 

Apweiler discovered that over half of the proteins in the Swiss-Prot database (almost 75,000) 

were N-glycosylated, and it has been found that N-glycosylation has large implications in a 

protein’s solubility, structure, stability, folding, and cell-to-cell interactions.150  

 In comparison to N-linked glycosylation, O-linked glycosylation does not require a 

consensus sequence or an oligosaccharide precursor for the transfer of the sugar to a protein. 

Instead, O-linked glycopeptides are formed in the Golgi apparatus post-translation on serine or 

threonine residues. These modifications are important for protein structure and stability, and are 

involved in a number of different processes, including lubrication, the aggregation of proteins, 

inflammation response, among others.151,152 The most common type of O-linked glycosylation is 

mucin-type, which is named for the high density of mucins or mucin-type proteins that these 

sugars are attached to.153 It has been found that O-GalNAc is present on over 85% of proteins 

passing through the Golgi apparatus and over 10% of human proteins overall.153 The addition of 

an O-GalNAc to a S/T residue is mediated by 20 different polypeptide N-acetylgalactosaminyl 

transferases (GalNAc-Ts) that use uridine-diphosphate GalNAc (UDP-GalNAc) as the 
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donor.151,152,154 Each glycan can be further elongated or modified, but the extent is far less than 

that of N-linked glycosylation. O-fucose addition is similar, as it can be elongated by thirteen 

different fucosyltransferases.155 Along with O-glucose, O-fucose is commonly found on 

epidermal growth factor (EGF) like repeats and thompospondin type-1 repeats (TSR) and is 

heavily involved in Notch signaling.156–161 Another type of O-linked glycosylation is O-

GlcNAcylation, which is not further extended after addition to the protein and is added or 

removed from proteins by only O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA).162,163 

This modification has been found on over 1,000 proteins, and is highly dynamic as it readily 

cycles on and off proteins due to environmental changes such as stress.164–166 The final type of 

O-glycosylation is O-mannosylation, which is primarily found in yeast and is initiated in the ER 

instead of the Golgi apparatus, however much less is known about this O-linked modification 

compared to the others.152,167,168 O-mannose is added by protein O-mannosyltransferases (PMTs) 

using dolichol-phosphate-B-D-mannose as a donor, and can be elongated or branched with 

different sugar moieties.167,168 

 Due to their high complexity and lack of automated identification, glycopeptide analysis 

is incredibly difficult and relies primarily on LC-MS techniques.169 It is further complicated by 

microheterogeneity, which is when numerous types of glycans can occupy a glycosylation 

site.141,142 Being able to resolve native peptides from their glycosylated counterparts would lead 

to a heightened degree of characterization. RP chromatography has traditionally been used to 

separate peptide/glycopeptide samples but the very hydrophilic glycans interact minimally with 

the non-polar stationary phase and provide minimal separation from their unmodified 

versions.170,171 Polar stationary phases, like the ones used in HILIC, would greatly increase the 
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interaction with the glycan and provide a much better separation, potentially resolving peptide 

and glycopeptide pairs. 
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CHAPTER 3 

PEPTIDE RETENTION PREDICTION USING HYDROPHILIC INTERACTION LIQUID 

CHROMATOGRAPHY (HILIC) COUPLED TO MASS SPECTROMETRY1 
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Abstract 

 A model that predicts retention for peptides using a HALO® penta-HILIC column and 

gradient elution was created. Coefficients for each amino acid were derived using linear 

regression analysis and these coefficients can be summed to predict the retention of peptides. 

This model’s accuracy (R2 = 0.946) is on par with previous RP and HILIC models. Apart from 

amino acid composition, length and location of amino acid residues on a peptide were examined 

and a site-specific correction for hydrophobic residues at the N-terminus as well as hydrophobic 

residues one spot over from the N-terminus was created. 
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Introduction 

 The use of hydrophilic interaction liquid chromatography (HILIC) columns has 

grown tremendously due to the various types of columns available as well as their ability to 

separate polar analytes. Although reversed-phase (RP) chromatography is the preferred method 

of choice for proteomic experiments, HILIC is able to separate peptides that are not retained on 

RP columns, making it a very useful and complimentary technique for proteomic experiments 

that has even been paired with RP for more complex separations.8,9,65 

Standard proteomic experiments have long used chromatography coupled to mass 

spectrometry for analysis. In these experiments, peptides are identified by their mass-to-charge 

(m/z) ratio and fragmentation data, which usually involves database searching. While this 

technique is very common, researchers may have trouble separately identifying peptides with the 

same m/z ratio in which fragmentation data is insufficient in identification. To this end, 

chromatography can be used to further the identification process, as retention times of peptides 

are related to their amino acid sequences. By predicting what the retention would be, peptides 

can quickly be identified by their m/z ratio as well as their retention time, and peptides with the 

same mass but different sequences can be identified separately due to differing retention times. 

This can decrease the time spent in identification as well as increase the confidence of 

identifications.10,98 Targeted approaches can also benefit from this, as the time of analysis spent 

looking for specific peptides can be shortened. 

O’Hare and Nice were the first researchers to notice that peptide retention was directly 

related to amino acid composition, and this discovery in 1979 opened the door for models that 

were able to predict the retention of peptides.8,10,65,89,90,92–100,172,173 Almost all of these models 

have been made using RP as the means of separation, but there have been several HILIC models 
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that have been made recently.8,10,65,92 These models derive coefficients for each amino acid, 

describing their hydrophilic or hydrophobic behavior. When summed together, the coefficients 

can accurately predict where a peptide will elute on a particular column. The method of 

derivation of these methods can range from using linear regression analysis to substituting amino 

acids on a synthetic peptide, and can even include sequence corrections, size corrections, or 

various modifications. 10,89,90,92,93,96,100,173 Even though most of the prediction models have been 

created for RP columns, the number of HILIC models has increased as the types of HILIC 

columns available have increased throughout the years as well. The first HILIC peptide 

prediction model was created by Yoshida in 1998 on an TSK Amide-80 column, and then Gilar 

et. al. created coefficients for three HILIC columns with different stationary phases: bare silica, 

bridge-ethyl hybrid silica, and an amide modified bridge-ethyl hybrid silica.8,65 All of these 

models have very high correlation coefficients (in the range of 0.92-0.97), indicating that the 

prediction of peptide retention times using these columns can be extremely accurate. However, 

they have also shown that the amino acid coefficients can change with different HILIC stationary 

phases and are also dependent on operating conditions such as pH. Due to this concern, new 

peptide retention models need to be made for new HILIC stationary phases and specific mobile 

phases. 

In this paper, we have created a HILIC peptide retention prediction model using 297 

peptides from various proteomic samples for a HALO® penta-HILIC column. Coefficients for 

each amino acid have been derived using linear regression analysis and the correlation 

coefficient is very high (0.94553), indicating the accuracy of this model. We also introduce a 

site-specific correction for peptides with hydrophobic amino acids at the N-terminus, criteria for 

peptides selection, and retention expression in glucose units (GU) so that the model can be ran 
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on any LC-MS system. This useful model will be able to increase protein confidence and reduce 

the time spent in identification by predicting the retention of peptides. 

Materials and Methods 

Protein Digestion 

Human IgGs were separated from human serum (Sigma-Aldrich, St. Louis, MO, USA) 

using a HiTrap™ Protein G column (General Electric Company, Fairfield, CT, USA). 

Myoglobin, transferrin, concanavalin A, fetuin, cytochrome C, lysozyme, ribonuclease B, 

carbonic anhydride, and dextran were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Bovine serum albumin was purchased from Waters (Milford, MA, USA). These proteins as well 

as yeast proteins, mosquito cuticular proteins, and H. pylori proteins were reduced using 10-mM 

DTT and then alkylated using 55-mM IDA, which were both purchased from Sigma Aldrich (St. 

Louis, MO, USA). Sequencing-grade trypsin or chymotrypsin purchased from Promega (San 

Luis Obispo, CA, USA) was added (50:1, w/w, protein/trypsin) and protein samples were 

incubated overnight. 

LC-MS/MS Settings and Instrumentation 

Data were acquired using a Finnegan LTQ (Thermo-Fisher, San Jose, CA, USA) and an 

1100 Series Capillary LC system (Agilent Technologies, Palo Alto, CA, USA) with an ESI 

source that used spray tips made in-house. Samples were suspended in 25%H2O, 75% ACN and 

0.1% formic acid (Sigma-Aldrich, St. Louis, MO, USA) and injected into the LC. Peptides were 

separated using a 200µm x 150 mm HALO® penta-HILIC column packed with 2.7-µm diameter 

superficially porous particles (Advanced Materials Technology, Wilmington, DE, USA) as 

shown in Figure 1. The gradient used for each sample was 95-30% ACN over 90 minutes at a 

2µL/min flow rate. The mobile phase contained 0.1% formic acid (Sigma Aldrich, St. Louis, 
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MO, USA) and the organic solvent contained 50 mM ammonium formate (Thermo-Fisher, San 

Jose, CA, USA).  

To make sure that this model would be universal, some of the same digested proteins 

were run on a 4000 Q Trap (AB Science, Chatham, NJ, USA). Peptides were separated by a 2.1 

mm x 15 cm Halo penta-HILIC column packed with 2.7-µ diameter superficially porous 

particles using a Nexera UFLC (Shimadzu, Columbia, MD, USA). The gradient used for each 

sample was 78-48% ACN over 80 minutes at a 0.4-mL/min flow rate. Spectra were obtained 

using an ESI source. 

Database Search Parameters 

The resulting RAW files were converted using Trans-Proteomic Pipeline (Seattle 

Proteome Center, Seattle, WA, USA), then the MS/MS spectra of each sample were searched 

using Mascot (Matrix Scientific, Boston, MA, USA) against corresponding protein databases of 

theoretical MS/MS spectra. The following parameters were utilized in Mascot: a peptide 

tolerance of 1000 ppm, a fragment tolerance of 0.6 Da, two max missed cleavages of trypsin, and 

a fixed modification of carbamidomethyl (C). 

Selection of Peptides for Prediction Model and Post-Run Data Analysis 

All peptides that had a higher Mascot score than 10 were considered. Peptide retention 

times were found by hand from .RAW files from the apex of the peaks using Xcalibur software 

(Thermo-Fisher, San Jose, CA, USA), and resulting MS/MS data were visually inspected to 

verify the peptide assignments. Chromatographic peaks for each peptide had to have a peak 

asymmetry value of between 0.25 - 4, and peptides exhibiting peak widths greater than 5.5 

minutes were excluded from analysis. Peptides had to be fewer than 15 amino acids in length. 

Peptide retention times in minutes were converted to glucose units based on dextran samples that 
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were run immediately before. Linear regression analysis using StatPlus (AnalystSoft, Walnut, 

CA, USA) was used to find the coefficients for each amino acid and 297 peptides overall were 

used in this study. 

Results 

Amino Acid Coefficients 

Linear regression analysis was used to find coefficients for each amino acid, and these 

results are shown in Table 1. Using Equation 1, predicted retention times of peptides, 𝑅!, can be 

calculated, where 𝐿! is the amount of residue 𝑖 in the peptide, 𝐴𝐴! is the amino acid coefficient of 

residue 𝑖, and 𝑏! is the intercept of the model. The predicted retention times of the 297 peptides 

in this model were plotted against their actual times and this is shown in Figure 1. The derived 

correlation coefficient is 0.94553, which expresses the high accuracy of the amino acid 

coefficients. This value is on the higher end of previous RP and HILIC peptide retention 

prediction models. 8,10,65,89,90,92–100,172,173 

From the coefficients that were derived, lysine, arginine, and histidine dominate the 

hydrophilic retention, while negatively charged side chains such as aspartic acid and glutamic 

acid also contribute to peptide retention. Aromatic or aliphatic amino acids such as tryptophan, 

phenylalanine, isoleucine and leucine contribute to faster peptide elution due to their 

hydrophobic nature. There were many amino acids that had p-values indicating that they were 

statistically insignificant and did not contribute to the retention to a great extent. These amino 

acids are small (i.e. glycine and alanine) or had both hydrophobic and hydrophilic characteristics 

(i.e. proline and methionine). There is also a large intercept value, which could describe the 

hydrophilic nature of both the N and C termini on a peptide as well as the time it takes for the 

un-retained peptides to travel through the column and reach the MS. 
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All of the coefficients are expressed in glucose units (GU) rather than minutes so that the 

model can be used on any LC-MS system. Two procainamide-labeled dextran samples were run 

before each sample, averaged, and then the retention time of peptides in minutes was converted 

to GU based on the logarithmic fit for the dextran samples. These dextran samples elute in order 

of increasing monosaccharide linkage and provide a reference for the retention times of peptides 

that are in minutes, which is shown in Figure 2. This novel approach allows the model to be used 

regardless of LC-MS system as long as dextran is run before the samples. It also allows for 

modifications to a LC-MS system to happen, so that if capillary lines were to be changed in 

length or the LC setup was modified (excluding the actual column), it would not affect the 

conversion of a peptide’s retention time in minutes to glucose units. To ensure that dextran 

would be a suitable retention time calibrant for the model, a set of peptide standards were run on 

different LC-MS systems over the course of a month and the retention times of the standards had 

minimal changes. 

Hydrophobic Residues at the N-Terminus of Peptides 

 Site-specific trends were investigated in the dataset of 297 peptides, specifically at the N-

terminus due to the use of trypsin on most of the samples. It was found that 44 out of 70 (63%) 

peptides with hydrophobic residues at their N-terminus eluted earlier than predicted and 

optimized coefficients were created for this, as shown in Table 2. Using an iterative process that 

maximized the correlation coefficient, it was found that a 10% decrease in the value of the 

original hydrophobic amino acids (phenylalanine, isoleucine, leucine, tryptophan, and tyrosine) 

resulted in optimized coefficients that had a R-squared value of 0.95552. With these optimized 

coefficients, the average deviation between actual and predicted retention times dropped from 

0.255 GU to 0.246 GU, increasing the accuracy of prediction. Also, 37 out of the 70 (53%) 
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peptides eluted earlier than predicted, evening the distribution of predicted retention times 

greater and smaller than actual retention times. These coefficients are only to be used for the first 

hydrophobic amino acids at the N-terminus of a peptide and no others. Hydrophilic amino acids 

at the N-terminus were also investigated, but although there was a slight trend (40 of 73, 55%) of 

peptides with actual retention times larger than their predicted ones, the optimization of the 

coefficients would be negligible and would not help increase the correlation coefficient. 

 Peptides with hydrophobic residues one position over from the N-terminus were also 

investigated from trends, and it was found that 11 of 15 (73%) of peptides that fit this description 

had actual retention times that were shorter than their predicted ones. Using the same iterative 

process, it was found that a 5% decrease in the value of the original hydrophobic coefficients 

resulted in optimized coefficients that had an elevated R-squared value of 0.95563.  These 

optimized coefficients are found in Table 3 and are only for the hydrophobic residue of a peptide 

that is one position over from the N-terminus, while the first residue at the N-terminus is also a 

hydrophobic residue. In addition to an increased R-squared value, the average deviation dropped 

from 0.199 GU to 0.193 GU using the optimized coefficients, with a more even distribution of 

predicted retention times that were greater and smaller than actual retention times (8 out of 15 

(53%) peptides had actual retention times shorter than predicted ones). Hydrophilic residues in 

this position were also investigated, but it was found again that even though there was a 

significant trend (10 of 15, 67%), the optimization of the coefficients would again be negligible 

and would not help the correlation of the model. 

Test Peptides 

 To test the accuracy of prediction, helicobacter pylori samples were run on the same LC-

MS setup as the peptides used to create the model. From the test samples, 64 peptides fit the 
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selection criteria and were investigated. Figure 3 shows the actual times of the test peptides 

plotted against the predicted times, which yielded a high correlation coefficient of 0.96444, 

slightly higher than the correlation coefficient of the model itself. This shows that the model is 

more than capable of predicting retention times for biologically relevant samples that are not just 

standard proteins. Of the 64 test peptides, 38 of them had lower actual retention times than their 

predicted ones (59%), which were calculated using Equation 1. The average deviation from 

actual to predicted times was 0.35 GU, or 1.72 min, indicating the accuracy of prediction. 

 A 4000 Q-Trap with a Nexera UFLC system was used to test the accuracy of prediction 

of the model on a completely different LC-MS system. BSA and carbonic anhydrase were run on 

this system that had a different column size, flow rate, gradient, column temperature, and length 

of analysis, however peptides that were identified on both LC-MS systems only differed by an 

average of 2.29 minutes (0.52 GU) and were within 3.73% of each other. 

Discussion 

Different HILIC columns exhibit different selectivites from one another, making the 

creation of a new model for the penta-HILIC stationary phase a requirement in order to predict 

peptide retention.8,9 New amino acid coefficients were derived for this model, criteria for peptide 

selection were created, optimized coefficients for site-specific trends were derived, and other 

characteristics such as peptide length were analyzed. It was widely known that amino acid 

composition is the main characteristic that determines peptide retention, but it was shown that 

amino acid location has a strong effect as well.  

 The amino acid residues that have positively charged side chains (arginine, lysine, and 

histidine) have a positive effect on retention and have the largest effect overall, which is 

consistent with other studies.8,10,65,98,101 These side-chains interact with the stationary phase to a 
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greater extent and increase the retention of the peptides. Aspartic acid and glutamic acid have 

negatively charged side chains that also increase retention, but they do not have as great of an 

effect as the positively charged side chains. This is because the pH of the mobile phase (around 

3) is lower than that of the pKa of both residues (3.86 for aspartic acid and 4.07 for glutamic 

acid), making them neutral and thus interact less strongly with the stationary phase than a 

charged species. However, these amino acids do have the fourth and fifth largest coefficients 

besides arginine, lysine, and histidine, indicating that they still are significant. The large, 

aromatic residues such as phenylalanine, tryptophan, and tyrosine all decreased the retention of 

peptides due to the hydrophobic nature of the side chains minimally interacting with the highly 

polar stationary phase. The coefficients for these residues, among others, match up to the inverse 

of coefficients from reverse phase models. While this was expected, Gilar, et. al. showed that it 

is not necessarily a linear correlation, and that HILIC and RP can be combined in 

multidimensional HPLC for more complex separations.8 

Peptide Retention Prediction Purpose and Correlation with Database Searching 

The purpose for peptide retention prediction is threefold. First, it can provide a quicker 

data analysis as peptides can be identified from their m/z ratio as well as their retention time, 

eliminating the need for database searching. Second, retention prediction is able to filter out false 

positives and lead to more confident identifications by comparing actual retention times to 

theoretical retention times. Finally, it can help in isomeric identification. For example, if two 

peptides differ only by leucine and isoleucine, they would be indistinguishable in the mass 

spectrometer. However, the retention coefficients for these two amino acids are different so the 

peptides would elute at different times, allowing for identification of both species. When MS2 

data is insufficient for separately identifying different species, retention time prediction can help. 
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In database searching, peptides are scored based on the “match” between experimental 

data and their database sequence. The higher the score of the peptide match, the less likely it is a 

random match. To test if our model was similar in this aspect, namely that peptides with lower 

deviations from actual to predicted retention times would have a lower probability of being a 

random match, 100 peptides from H. Pylori proteins were ran on the same LTQ setup as the 

peptides used to create the model, and their deviations were compared to their Mascot scores. 

Figure 5 shows this comparison, as peptides were grouped based on their Mascot score and 

plotted against their average deviations. The resulting data shows an agreement with Mascot 

score and deviation from predicted to actual retention times, as the peptides with lower 

deviations have higher Mascot scores and vice versa. It also shows that peptides with lower 

Mascot scores and higher deviations between actual and predicted times have much larger 

standard deviations. This indicates that peptides with actual retention times that are very close to 

theoretical ones are less likely to be false positives. 

The Effect of Peptide Length 

 Although amino acid composition contributes the most to peptide retention, other models 

have shown that length has an effect as well.6,10–12 Mant, et. al. showed that the retention of 

peptides that have 15 or more residues in their sequence deviated more than expected and cannot 

be overlooked.6,11 Table 4 shows peptides from standard proteins that were not used in this 

model due to their length, and the average deviations (1.06 GU, or 4.80 min.) are 3-4 times 

higher than peptides with shorter sequences that were used in the model. A potential reason for 

this could be due to longer peptides more easily forming second order structures and interacting 

with the stationary phase in a way that cannot be predicted accurately. This consideration was 

applied to the creation of this model, as the cutoff for peptide size was 15 amino acids in length. 
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 Applying an elevated column temperature could disrupt a peptide’s secondary structure 

so that it interacts in a more predictable manner with the stationary phase. Long peptides from 

human IgGs, BSA, transferrin, concanavalin A, lysozyme, and cytochrome C were run at column 

temperatures of 25˚C and 60˚C, and the data are shown in Table 5. It is clear from this data that 

the higher column temperature decreases the deviation from predicted times. However, some 

peptides run at 25˚C were the closer to the predicted times, suggesting that not all of the longer 

peptides may have had second order structure. Regardless, applying the column temperature 

decreases the deviation from 1.06 GU to 0.60 GU, increasing the accuracy of prediction for 

peptides over 15 amino acids in length. Human IgGs were also run at 40˚C and 80˚C, but both of 

those temperatures had higher deviations than long peptides ran at 60˚C. 

 It is also evident from the dataset that long peptides with actual retention times closer to 

predicted retention times at 25˚C had a smaller average deviation (0.904 GU) than long peptides 

with closer retention times at 60˚C (1.291 GU). This indicates that applying the elevated column 

temperature produces a more significant change in structural interaction with the stationary 

phase, and further supports our reasoning that many of these long peptides have second order 

structure that unravels at higher temperatures. There were only 3 cases out of 18 where a peptide 

had a longer retention time at 65˚C in comparison to 25˚C, and in all cases they were closer to 

the predicted times. Applying a higher temperature to a column will decrease the retention times 

to peptides without higher order structure, but in these cases there is significant evidence that 

their structure and/or interaction with the stationary phase changed due to the increase in 

retention times. 
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The Effect of Amino Acid Location 

 Another contribution to peptide retention is the location of residues in the peptide 

sequence. It was found that hydrophobic residues directly at the N-terminus and one residue 

away from the N-terminus elute earlier than expected, and optimized coefficients were derived to 

account for this difference and make the model even more accurate. Hydrophilic residues at the 

N-terminus were also investigated, and although there was a slight trend (40 out of 73 were 

retained longer than predicted), adjusting the coefficients would have a minimal effect on the 

accuracy of prediction. A potential reason that the hydrophobic residues are having a greater 

impact than the hydrophilic residues at the N-terminus is due to the fact that the N-terminus is 

already charged and hydrophilic, allowing hydrophobic residues to change the interactions with 

the stationary phase to a greater extent than the hydrophilic residues. There have been some 

models that have incorporated optimized coefficients that are based on the distance from the 

termini, but excluding the coefficients derived from hydrophobic residues one spot over from the 

N-terminus, there were no other identified trends that suggested that doing the same would 

improve the accuracy of the model.10,92,98 

Summary 

A peptide retention model based on amino acid composition was created using a HALO® 

penta-HILIC column with gradient elution. This model was shown to be very accurate (R2 = 

0.946), on par with previously reported RP and HILIC models. It also includes optimized 

coefficients for hydrophobic residues at the N-terminus and hydrophobic residues one residue 

over from the N-terminus. The use of dextran as a retention time calibrant was essential for 

making this model capable of being used on any LC-MS system. 
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 We are currently deriving coefficients for peptides with post-translational modifications 

that can be separated from unmodified peptides using the HILIC column. Many of these 

modifications cannot be separated by RP chromatography and they include oxidation, 

deamidation, and O-GlcNAcylation, among others.124 We hope to develop a glycopeptide 

retention prediction model by combining this model with a glycan retention prediction model 

that is currently being developed in our laboratory. 
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Table 3.1 

 Derived coefficients for each amino acid. Red amino acids are hydrophilic, blue amino 

acids are hydrophobic, and the contribution to retention for green amino acids did not 

achieve statistical significance. 

Amino Acid Coefficient 
Alanine (A) 0.164 
Cysteine (C)* 0.293 
Aspartic Acid (D) 0.800 
Glutamic Acid (E) 0.719 
Phenylalanine (F) -0.967 
Glycine (G) 0.233 
Histidine (H) 1.564 
Isoleucine (I) -0.615 
Lysine (K) 2.121 
Leucine (L) -0.799 
Methionine (M) -0.337 
Asparagine (N) 0.610 
Proline (P) 0.129 
Glutamine (Q) 0.703 
Arginine (R) 1.828 
Serine (S) 0.334 
Threonine (T) 0.357 
Valine (V) -0.306 
Tryptophan (W) -1.138 
Tyrosine (Y) -0.430 
Intercept 1.535 
R-Squared Value 0.94553 
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Table 3.2 

Optimized coefficients for the first hydrophobic amino acid at the N-terminus 

Amino Acid Coefficient 
Phenylalanine (F) -1.063 
Isoleucine (I) -0.676 
Leucine (L) -0.879 
Tryptophan (W) -1.252 
Tyrosine (Y) -0.473 
R-Squared Value 0.94620 
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Table 3.3 

Optimized coefficients for the second hydrophobic amino acid at the N-terminus 

Amino Acid Coefficient 
Phenylalanine (F) -1.015 
Isoleucine (I) -0.646 
Leucine (L) -0.839 
Tryptophan (W) -1.195 
Tyrosine (Y) -0.451 
R-Squared Value 0.94600 
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Table 3.4 

Retention of peptides with 15 or more amino acids 

Peptide Length Deviation (min) Deviation (GU) 

RPCFSALTPDETYVPK 16 6.01 1.88 

LFTFHADICTLPDTEK 16 8.90 2.35 

NTDGSTDYGILQINSR 16 0.58 0.16 

EDLIWELLNQAQEHFGK 17 0.37 0.09 

GITWGEETLMEYLENPK 17 5.96 0.98 

VYACEVTHQGLSSPVTK 17 24.24 4.33 

TTPPVLDSDGSFFLYSK 17 6.06 0.95 

GITWGEETLMEYLENPKK 18 7.54 1.79 

TVAAPSVFIFPPSDEQLK 18 3.33 0.56 

RTVAAPSVFIFPPSDEQLK 19 1.20 0.29 

AAPSVTLFPPSSEELQANK 19 0.16 0.04 

ANPTVTLFPPSSEELQANK 19 0.91 0.24 

EVQLVQSGGGLVQPGGSLR 19 5.45 1.28 

DLILQGDATTGTDGNLELTR 20 3.84 1.10 

VDNALQSGNSQESVTEQDSK 20 0.36 0.16 

GLVLIAFSQYLQQCPFDEHVK 21 7.96 1.64 

GFYPSDIAVEWESNGQPENNYK 22 0.89 0.27 

SPDSHPADGIAFFISNIDSSIPSGSTGR 28 2.61 0.89 
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Table 3.5 

Retention of long peptides with and without a column oven 

Peptide Length 

Predicted RT 

(GU) 

RT (Without 

Oven) 

RT (With 60˚ 

Oven) 

RPCFSALTPDETYVPK 16 6.39 8.28 6.63 

LFTFHADICTLPDTEK 16 5.05 7.40 4.56 

NTDGSTDYGILQINSR 16 6.27 6.43 6.35 

EDLIWELLNQAQEHFGK 17 5.47 5.39 5.05 

GITWGEETLMEYLENPK 17 4.33 3.35 4.04 

VYACEVTHQGLSSPVTK 17 6.69 2.37 4.07 

TTPPVLDSDGSFFLYSK 17 3.19 4.14 3.18 

GITWGEETLMEYLENPKK 18 6.45 4.66 6.52 

TVAAPSVFIFPPSDEQLK 18 3.65 4.22 3.92 

RTVAAPSVFIFPPSDEQLK 19 5.49 5.78 4.92 

AAPSVTLFPPSSEELQANK 19 5.77 5.81 5.18 

ANPTVTLFPPSSEELQANK 19 6.24 6.00 5.87 

EVQLVQSGGGLVQPGGSLR 19 4.84 6.11 4.60 

DLILQGDATTGTDGNLELTR 20 6.27 7.38 5.73 

VDNALQSGNSQESVTEQDSK 20 10.70 10.54 10.04 

GLVLIAFSQYLQQCPFDEHVK 21 4.01 5.65 4.69 

GFYPSDIAVEWESNGQPENNYK 22 6.82 7.08 6.13 

SPDSHPADGIAFFISNIDSSIPSGSTGR 28 7.65 8.54 5.62 
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Equation 3.1 

Calculation of Predicted Retention Times 

𝑹𝑻 = (𝑳𝒊 𝑨𝑨𝒊)+ 𝒃𝟎 
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Figure 3.1: Predicted vs. actual times of the 297 peptides used in the study 
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Figure 3.2: Procainamide-labeled dextran samples served as a retention time calibrant to 

the peptides used in the model. Monosaccharides elute in terms of increasing linkage (A) 

and then peptide retention times (B) were converted from minutes to glucose units (GU) 

using the logarithmic fit of the dextran units (C). 



 

53 

 

Figure 3.3: Predicted vs. actual times of helicobacter pylori test peptides 
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Figure 3.4: Deviation of actual retention times and theoretical retention times plotted 

against Mascot score 
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CHAPTER 4 

THE SEPARATION AND QUANTITATION OF PEPTIDES WITH AND WITHOUT 

OXIDATION OF METHIONINE AND DEAMIDATION OF ASPARAGINE USING 

HYDROPHILIC INTERACTION LIQUID CHROMATOGRAPHY WITH MASS 

SPECTROMETRY (HILIC-MS)2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
2 Badgett, M.J., Boyes, B., Orlando, R. The Separation and Quantitation of Peptides With and 
Without Oxidation of Methionine and Deamidation of Asparagine Using Hydrophilic Interaction 
Liquid Chromatography With Mass Spectrometry (HILIC-MS). Journal of the American Society 
for Mass Spectrometry. 2017. Reprinted here with permission of publisher. 
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Abstract 

Peptides with deamidated asparagine residues and oxidized methionine residues are often 

not resolved sufficiently to allow quantitation of their native and modified forms using reversed 

phase (RP) chromatography. The accurate quantitation of these modifications is vital in protein 

biotherapeutic analysis because they can affect a protein’s function, activity, and stability. We 

demonstrate here that hydrophilic interaction liquid chromatography (HILIC) adequately and 

predictably separates peptides with these modifications from their native counterparts. 

Furthermore, coefficients describing the extent of the hydrophilicity of these modifications have 

been derived and were incorporated into a previously made peptide retention prediction model 

that is capable of predicting the retention times of peptides with and without these modifications. 
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Introduction 

Many of the chemical modifications that accumulate in biotherapeutic agents during 

bioprocessing, purification, storage, or other stages increase the hydrophilicity of the amino acid 

side chain on the altered residue(s). These modifications can include the oxidation of methionine 

and the deamidation of asparagine, among others. The separation and quantitation of peptides 

that have these modifications is of paramount importance in protein biotherapeutics because the 

modifications can contribute to a loss of stability or activity.13,14,110 

Although little is known about the effects that deamidation of asparagine have on protein 

function, it is known that deamidation is involved in protein degradation and 

development.15,117,174,175 This reaction is spontaneous and non-enzymatic, where asparagine 

residues undergo formation of a five-membered succinimide ring intermediate from an 

intramolecular attack, and then subsequently hydrolyze under physiological conditions to form 

either aspartyl or isoaspartyl peptides which can be found in both the D and L configurations 

(Figure 1). Deamidation occurs at a much faster rate (up to 70 times) when an unhindered amino 

acid residue such as glycine is on the C-terminal side of an asparagine in the primary sequence 

(XXX-Asn-Gly-XXX), but its rate is also affected by other conditions and characteristics such as 

temperature, pH, and protein structure.13,15,16,19,117,118,176,177 As deamidation changes the 

peptide/protein structure and conformation, it can significantly affect the function and stability of 

proteins. For example, deamidation of an Asn-Gly site in hemoglobin alters its affinity for 

oxygen, while the same modification alters the proteolytic cleavage of human growth hormone 

(hGH).113,116 Deamidation has been studied using different analytical techniques, such as 

isoelectric focusing, capillary electrophoresis, and a variety of LC-MS/MS techniques, but they 

all have limitations that make analyzing deamidation a challenge.13,175 The biggest challenge for 
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mass spectrometric analysis of deamidated proteins is that there is only a one Dalton mass shift 

between the modified and native forms, which causes the deamidated species to overlap with the 

mass-to-charge (m/z) ratios of the 13C isotopes of the unmodified species.178 Without employing 

a separation technique that can fully distinguish the modified and unmodified versions, mass 

spectrometric analysis of deamidation can be highly challenging. 

More is known about the oxidation of methionine compared to the deamidation of 

asparagine, presumably because the larger mass difference between modified and unmodified 

peptides makes it easier to study this post-translational modification (PTM) by mass 

spectrometry. The oxidation of methionine has been shown to affect the structure, stability and 

biological functions of a variety of proteins and is a major instability factor of protein 

pharmaceuticals including monoclonal antibodies.130,134,179 It is also associated with the 

development of several diseases, including Alzheimer’s disease, emphysema, and respiratory 

distress syndrome, among others.130,132,133,135,180 Methionine (Met-S) can oxidize to form 

methionine sulfoxide (Met-SO) via a formal oxygen transfer, which can further oxidize to form 

methionine sulfone (Met-SO2) as shown in Figure 2. Met-SO can be reduced back to methionine 

using methionine sulfoxide reductase A (MsrA), which is found in most cells. MsrA has been 

shown to be important in Alzheimer’s disease, as the levels of MsrA in the brain of Alzheimer’s 

disease patients is significantly lower than in the brain of normal individuals, and this is reflected 

by increased levels of Met-SO in these regions.129,133,137,140,179 Oxidation of methionine is 

similarly significant in “normal” aging, as a decline in MsrA activity lead to a 40% decrease in 

the maximum life span of mice, and overexpression of MsrA in Drosophila greatly extends their 

life span.129,138,139 Just like deamidation of asparagine, oxidation of methionine affects protein 

structure, which in turn can lead to negative effects such as reduced protein activity or stability. 
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Altered activity due to oxidation of methionine has been discovered in a plethora of different 

proteins including, but not limited to, chymotrypsin, ribonuclease B, lysozyme, and pepsin. 

179,181–184 

Using conventional reversed-phase (RP) approaches, oxidized peptides can sometimes be 

separated from their native forms, but deamidated peptides are often not resolved from their 

unmodified counterparts. Hao, et. al. used a multidimensional RP-ERLIC-MS/MS approach to 

collect a triad of deamidated products together and then subsequently separated them based on 

their pI to allow for identification.115 High resolution hydrophilic interaction liquid 

chromatography (HILIC) can also be a solution to this problem, as the change in hydrophilicity 

of amino acid side chains resulting from these modifications may change the selectivity of the 

peptides that have these modifications sufficiently to allow for chromatographic separation, 

which could enable their quantitation.  

Here, we demonstrate the capacity of HILIC-MS to separate and quantitate modified 

peptides and their native counterparts for the analysis of human immunoglobulin Gs (IgGs), and 

other standard proteins. Previously, we have created a peptide retention prediction model using 

HILIC that is based on the summation of amino acid coefficients.185 Herein the utility of this 

model is expanded by derivation of coefficients for the oxidation of methionine and for the 

deamidation of asparagine, which are now incorporated into the previous retention model. 

Modified and unmodified peptides can quickly and easily be identified by their predicted relative 

retention times in conjunction with their m/z ratio. This will provide an easier and consistent 

assessment of the extent of modifications in biotherapeutic agents, as well as allow for the 

separation, characterization, and potential isolation of peptides with these modifications. 
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Materials and Methods 

Protein Digestion 

Human IgGs were separated from human serum (Sigma-Aldrich, St. Louis, MO, USA) 

using a HiTrap™ Protein G column (General Electric Company, Fairfield, CT, USA). 

Cytochrome C, lysozyme, transferrin, and dextran were purchased from Sigma-Aldrich. Bovine 

serum albumin was purchased from Waters (Milford, MA, USA). These proteins as well as yeast 

and mosquito cuticular proteins were reduced using 10 mM dithiothreitol (DTT) and then 

alkylated using 55 mM iodoacetamide (IDA), both purchased from Sigma Aldrich. Sequencing-

grade trypsin or chymotrypsin purchased from Promega (San Luis Obispo, CA, USA) was added 

at 50:1 (w/w, protein/trypsin) for incubation overnight in 50 mM ammonium bicarbonate (pH 

7.0) at 37˚C. Three synthetic peptides with the same sequence of 

GFYPSDIAVEWESNGQPENNYK were purchased from Bachem (Bubendorf, Switzerland). 

One peptide was unmodified, one had a n-Asp modification at the 14th residue, and the last one 

had an isoAsp modification at the 14th residue. 

LC-MS/MS Settings and Instrumentation 

Data were acquired using a Finnegan LTQ (Thermo-Fisher, San Jose, CA, USA) in series 

with an 1100 Series Capillary LC system (Agilent Technologies, Palo Alto, CA, USA) with an 

ESI source that used spray tips made in-house. Samples were suspended in 25%H2O, 75% ACN 

and 0.1% formic acid (Sigma-Aldrich, St. Louis, MO, USA) for direct injection into the LC 

system. Peptides were separated using a 200-µm x 150-mm HALO® Penta-HILIC column 

packed with 2.7 µm diameter superficially porous particles that have a 90 Å pore diameter 

(Advanced Materials Technology, Wilmington, DE, USA) at room temperature. The gradient 

elution conditions employed a linear increase in aqueous solvent from 5-70% over 90 minutes at 
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a 2µL/min flow rate, using the column at room temperature. The (strong) aqueous solvent 

contained 0.1% formic acid (Sigma Aldrich, St. Louis, MO, USA) with 50 mM ammonium 

formate (Thermo-Fisher, San Jose, CA, USA) and the organic solvent was acetonitrile with 0.1% 

formic acid. The settings for the mass spectrometer included taking the 5 most intense ions from 

each full mass spectrum for fragmentation using collision-induced dissociation (CID), and the 

resulting MS/MS spectra were recorded. 

To make sure that this model would be universal, some of the same digested proteins as 

well as the synthetic peptides were run on a 4000 Q Trap (AB Science, Chatham, NJ, USA). 

Peptides were separated by a 2.1 mm x 15 cm HALO® Penta-HILIC column packed with 2.7-µ 

diameter superficially porous particles using a Nexera UFLC (Shimadzu, Columbia, MD, USA). 

The temperature of the column was 60˚C. The gradient used for each sample was 22-52% water 

over 80 minutes at a 0.4-mL/min flow rate. Spectra were obtained using an ESI source. 

For RP analysis using the Finnegan LTQ and 1100 Series Capillary LC system, samples 

were suspended in 95% H20, 5% ACN and 0.1% FA (Sigma-Aldrich, St. Louis, MO, USA) and 

injected to the LC. Peptides were separated using a 200-µm x 150-mm HALO® Peptide ES-C18 

column packed with 5-µm diameter superficially porous particles (Advanced Materials 

Technology, Wilmington, DE, USA). The column was at room temperature. The gradient was 5-

75% ACN for 120 minutes at a 2 µL/min flow rate. The mobile phase contained 0.1% formic 

acid and 10 mM ammonium formate (Thermo-Fisher, San Jose, CA, USA). The LC-MS/MS 

system and MS parameters were the same as the HILIC analysis. 

Database Search Parameters 

The resulting RAW files were converted using Trans-Proteomic Pipeline (Seattle 

Proteome Center, Seattle, WA, USA), then the MS/MS spectra of each sample were searched 
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using Mascot (Matrix Scientific, Boston, MA, USA) against corresponding protein databases of 

theoretical MS/MS spectra. The following parameters were utilized in Mascot: a peptide 

tolerance of 1000 ppm, a fragment tolerance of 0.6 Da, two max missed cleavages of trypsin, and 

a fixed modification of carbamidomethyl (C). 

Selection of Peptides for Prediction Model and Post-Run Data Analysis 

All peptides that had a higher Mascot score than 10 were considered. Peptide retention 

times were determined manually from .RAW files using the apex of the peaks displayed in 

Xcalibur software (Thermo-Fisher, San Jose, CA, USA), and resulting MS/MS data were 

visually inspected for fragmentation that was consistent with peptide assignments. 

Chromatographic peaks for each peptide had to have a peak asymmetry value of between 0.25 - 

4, and peptides exhibiting peak widths greater than 5.5 minutes were excluded from analysis. 

Peptide retention times in minutes were converted to glucose units based on dextran samples that 

were run immediately before. Linear regression analysis using StatPlus (AnalystSoft, Walnut, 

CA, USA) was used to find the incremental retention coefficients for each amino acid. 

Results and Discussion 

Resolving Modified and Unmodified Peaks 

To evaluate the ability of RP chromatography to resolve oxidized and native peptides, 

samples were first run on a C18 RP column. Figure 3 panel B shows the separation for the BSA 

peptide TVMENFVAFVDK, where the bold amino acid residue is the expected site of 

modification. In this figure, the oxidized and unoxidized versions are separated, which allows for 

the easy quantitation of these two species. However, this is not always the case with oxidation 

using RP chromatography, as shown by the chromatography of the BSA peptide 

ETYGDMADCCEK (Figure 3A), where the oxidized version and native version are not 
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separated. These cases show that RP chromatography, using typical acidic mobile phase 

conditions, does not separate oxidized and unoxidized peptides with certainty, which can 

decrease detection relative sensitivity for modified versus unmodified peptides, leading to 

uncertainty about the significance of oxygen-driven degradation processes. The separation is also 

influenced by the composition of the neighboring residues to the methionine, which are different 

in the two peptides in terms of hydrophobicity. 

Deamidation is a difficult modification to analyze because the 1Da mass increase of the 

modification places the molecular ion for the deamidated peptide at the same nominal mass as 

the one 13C isotope of the unmodified species. Utilizing chromatography to resolve these two 

species decreases the complexity of identifying and quantitating the modified species. However, 

for the IgG peptide GFYPSDIAVEWESNGQPENNYK, the deamidated and non-deamidated 

peptides coelute from a RP column, and this is shown in Figure 4. There were no cases using RP 

chromatography in any of the peptide samples in which the deamidated peptide and the native 

peptide had baseline separation. The majority of the peptides coeluted and some had peak 

shoulders, but there was never enough separation to quantitate the peaks. The selectivity 

differences for the asparagine and iso-aspartic acid side chain functional groups are very small 

under typical low pH separation conditions, leading to minimal resolution capabilities. This 

separation problem is in addition to the similar masses that the modified and unmodified peptides 

possess, leading to significant errors in detection of the modified versus unmodified peptides. 

The mass difference between the unmodified 13C peptide and modified peptide is 0.0152 

Daltons, which for the deamidated IgG peptide GFYPSDIAVEWESNGQPENNYK would 

require a mass spectrometer with a resolution of 167,377 to be able to resolve from its 

unmodified 13C version. In essence, using chromatographic techniques that are not able to 
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separate deamidated peptides from their native forms requires very high-resolution mass 

spectrometers, able to detect the minute mass difference. Even then, it still is difficult to identify 

the presence of a modified peptide with high certainty, and extremely difficult to determine 

relative abundance of the peptide pairs. 

From the HILIC peptide retention model that we previously created there is a substantial 

difference between asparagine and aspartic acid coefficients, which indicates that deamidated 

peptides should be separated from their nondeamidated forms. There is also a significant 

difference between alanine and serine that implies adding an oxygen to methionine should be 

enough to effectively separate peptides with oxidized methionine residues from their native 

counterparts.185 To test this, the same samples were analyzed using HILIC separation conditions. 

Figure 5 shows baseline separation for the IgG oxidized peptide KDSGFQMNQLR (panel A) 

and the IgG deamidated peptide GFYPSDIAVEWESNGQPENNYK (panel B). Both modified 

peptides and their native forms exhibited baseline separation on the HILIC column, allowing for 

confident quantitation of the peak areas or heights even with low-resolution mass spectrometers. 

These modifications increase the hydrophilicity of their respective peptides, which in turn 

increases the retention time. Using HILIC to analyze deamidation negates the requirement to 

employ a high-resolution mass spectrometer, as necessitated by the overlap of the unmodified 

peptide 13C isotope envelope, and the modified peptide mass. The separation of the modified 

peptides from the native structure is predictable, and occurs regardless of peptide sequence, as a 

variety of different types of residues were adjacent to the site of deamidation in the peptides that 

were used in the study. Separation selectivity factors (α) and resolution values for unmodified 

and modified peptide pairs that were separated and identified together are shown in Table 1. 
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From the deamidation mechanism, it is clear that two potential, n-Asp and isoAsp, 

modified products can be present. To deduce the form of the deamidated products, synthetic 

peptides with the sequence GFYPSDIAVEWESNGQPENNYK were run on the 4000 Q Trap 

LC-MS system. These synthetic peptides had three versions: unmodified, n-Asp at the 14th 

residue, and isoAsp at the 14th residue, and Figure 6 shows a run with all of the versions 

separated. The least retained peak is the unmodified form of the peptide, while the peak in the 

middle is the aspartyl version, and the peak most retained is the isoaspartyl version. Comparing 

these results to the same deamidated peptide in Figure 7 shows that the deamidated peak at 37 

minutes is the isoaspartyl version of the peptide, and peak at 35 minutes corresponds to the 

aspartyl version of the peptide. There is another set of three peaks around this peptide that are not 

labeled, most likely indicating a second deamidation site at the first asparagine in the “NN” motif 

in the peptide sequence. However, the separation of this peptide is consistent with the first two 

peptides shown in Figure 7, which only differ in the residue in the 8th position (the earlier eluting 

peptide has a leucine where the later eluting peptide has a valine). These peptides share the same 

elution order as the synthetic peptide. For all the samples run on the LTQ, it was ambiguous as to 

which deamidation product was present before the synthetic peptides were run because only one 

deamidated peak would appear. It is known that isoAsp is 2-3 times more abundant than the n-

Asp, so the deamidation that has been seen for the peptides of the current study actually 

corresponds to isoAsp, and the ratio of peak abundances of n-Asp to isoAsp in Figure 7 is 

analogous to this statement.15,16,115,117,118 Due to the different physical properties of these two 

deamidation products such as pKa (n-Asp: 3.9, isoAsp: 3.2), the retention times will be different 

in the mildly acidic conditions of separation used during the current study. A higher percentage 
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of isoAsp will be charged at this pH, increasing the retention in comparison to n-Asp. There was 

no indication that the D and L configurations could be resolved. 

Finally, the extent of the hydrophilic retention shifts for both modifications is consistent 

with the HILIC column, but was shown to be inconsistent with the RP system employed. This is 

due to the hydrophilic modifications having a greater selectivity difference with the HILIC 

stationary phase than the RP stationary phase, allowing for the prediction of the retention to be 

heightened for HILIC.186 It is also due to secondary effects in RP, such as amino acid location or 

neighboring residue composition, as the two peptides TVMENFVAFVDK and 

ETYGDMADCCEK exhibited different retention behavior. The first peptide has a hydrophobic 

neighboring residue and exhibits baseline separation between modified and unmodified forms, 

while the second peptide has hydrophilic residues on either side and the oxidized version is not 

fully separated from the native peptide. RP resolution is driven by hydrophobicity differences in 

analytes, so the change in polarity of the first peptide due to oxidation could affect the surface 

interactions of the hydrophobic residue next to the methionine, leading to a better separation than 

obtained for the second peptide. Whatever underlies a mechanistic interpretation of the 

selectivity differences in separation, it is clear that reversed phase chromatography is much more 

sensitive to sequence effects than HILIC, for which was observed a consistent retention shift 

regardless of neighboring residues. 

Peptide Prediction Model Coefficients 

We have previously created a model that predicts peptide retention based on amino acid 

composition.185 In this model, coefficients for each amino acid were derived using linear 

regression analysis of 50 unmodified peptides, and the retention time of a peptide can be 

predicted by using Equation 1, where RT is the predicted retention time, 𝐿! is the amount of 
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residue 𝑖 in the peptide, 𝐴𝐴! is the amino acid coefficient of residue 𝑖, and 𝑏! is the intercept of 

the model. We have recently expanded this model using data from 297 unmodified peptides, and 

it has a very high correlation coefficient (0.94553), indicating accurate prediction. 

 The amino acid coefficients are expressed in glucose units (GU) from procainamide-

labeled dextran samples that were run before each sample. This approach allows the model to be 

used on any LC-MS system as long as a dextran standard ladder is run before the protein sample 

of interest, and the retention times of peptides are then converted from minutes to GU based on 

the logarithmic fit for the dextran samples. Dextran elutes in order of increasing monosaccharide 

linkage, and provides a useful reference for the retention times of peptides. Excluding the actual 

stationary phase and mobile phase composition, this approach also allows for modifications to a 

LC-MS system to occur, such as the changing of the length of a capillary line or detector 

configuration, which would not affect the conversion of a peptide’s retention time to GU. To 

ensure that dextran would be a suitable retention time calibrant, peptide standards were run on 

two different LC-MS systems over the course of a month, and data analysis indicated that the 

retention times of the standards had minimal changes. These two systems had differing column 

lengths, column temperatures, gradients, and flow rates, yet the retention times of peptides that 

were run on both systems were within 3.73% of each other and only differed by an average of 

0.52 GU (2.29 minutes). 

 Two new coefficients were created for the isoAsp form of the deamidated asparagine 

residues and oxidized methionine residues to be able to predict the retention of peptides with 

these modifications. Twelve deamidated peptides and 27 Met-oxidized peptides were discovered 

and incorporated into the model. These modified peptides were from some of the samples used to 

create the unmodified peptide retention model (IgGs, mosquito cuticular proteins, yeast proteins, 
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BSA, cytochrome C, transferrin, and lysozyme), and regression analysis was used to derive these 

coefficients. The deamidation coefficient corresponding to the isoaspartyl form that was derived 

had a value of 1.409 (R-squared = 0.94186), indicating that the modification is very hydrophilic 

and will increase the retention time of peptides with this modification. This coefficient was on 

the higher end of all coefficients in the unmodified peptide retention model, only less than the 

three most hydrophilic residues: lysine, arginine, and histidine. The large deamidation coefficient 

(1.409) that was derived supports the claim that the deamidated peaks are indeed isoAsp. This 

coefficient is much larger than the difference between the asparagine coefficient and the aspartic 

acid coefficient, which would correspond to the formation of the n-Asp product.  

The oxidized Met coefficient was also found to be hydrophilic, with a value of 0.633. 

This is a large difference from the unoxidized methionine coefficient (-0.337) and it was shown 

that this difference is sufficient for ready separation of the unmodified peptides from the 

modified ones. As with the value of the deamidation coefficient, the oxidized methionine 

coefficient is greater than expected, based on the modest difference in coefficients between 

alanine and serine. This comparison was made because both cases differ by the addition of an 

oxygen atom, so the expected difference between the alanine/serine and oxidized/unoxidized 

deviations should be minimal. The oxidized samples slightly increased the R-squared of the 

model to 0.94637, whereas the deamidated samples did the opposite, slightly decreasing the R-

squared to 0.94186. However, the incorporation of both of the coefficients into the previous 

model barely affected the overall R-squared value, and this is because the total amount of 

modified peptides (39) was significantly less than the amount of unmodified peptides used to 

create the original model (297). The coefficients that were derived for the hydrophilic 

modifications do not affect the values for the unmodified amino acid coefficients because we are 



 

69 

more concerned with the separation of the modified and unmodified peptides rather than their 

actual retention times. In time there will be more instances of these modifications and we can 

gather a better understanding of the impact the coefficients have to the overall fit of the model. 

For now, we have found that both of these modifications are hydrophilic, with deamidation being 

one of the most hydrophilic coefficients in the model, and the coefficients explain why we are 

able to see sufficient separation between the modified and unmodified peptides using the HILIC 

mode of separation. 

Summary 

Deamidated asparagine residues and oxidized methionine residues were shown to be 

resolvable from their native forms using HILIC chromatography, which allows for individual 

peak quantitation. This is particularly useful for deamidation, where the mass differences 

between a peptide containing an unmodified 13C isotope and a deamidated asparagine residue are 

too small to resolve from one another without using a high-resolution mass spectrometer. In the 

current examples, analyses were conducted using an LTQ instrument, with only limited mass 

resolution capabilities. By being able to fully separate peptides with and without these 

modifications, the identification process can be heightened and peptides with modifications can 

be more easily quantitated, which is vital in protein biotherapeutics where the quantitation of 

analytes with modifications needs to be known. Additionally, coefficients describing each 

modification’s hydrophilicity were derived and incorporated into a peptide retention prediction 

model that was previously presented. Both coefficients were shown to be very hydrophilic and 

did not affect the already high R-squared value of the original model by a significant amount. 
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Table 4.1  

Selectivity factor (α) and resolution values for modified and unmodified peptide pairs. 

Modified residues are underlined in red 

Sequence Modification 
Selectivity 
(α) Resolution 

GFYPSDIAVEWESNGQPENNYK Asn/(Iso)Asp14 1.099 1.928 
GNPTVEVELTTEKGVFR Asn/(Iso)Asp2 1.087 2.006 
LLGVAGGQAFEGAPTNVEIAR Asn/(Iso)Asp16 1.134 2.088 
NPVILADACCSR Asn/(Iso)Asp1 1.098 1.431 
TVDYTADDVNGFNAVVSK Asn/(Iso)Asp10 1.062 1.424 
VVEEYTADPVNGFNAVVHR Asn/(Iso)Asp11 1.073 1.348 
VVSVLTVLHQDWLNGK Asn/(Iso)Asp14 1.119 1.579 
VVSVLTVVHQDWLNGK Asn/(Iso)Asp14 1.123 1.874 
IETMR Met/MetSO4 1.097 1.364 
KDSGFQMNQLR Met/MetSO7 1.058 1.288 
MPCTEDYLSLILNR Met/MetSO1 1.198 1.990 
TVMENFVAFVDK Met/MetSO3 1.139 1.932 
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Equation 4.1 

Calculation of Predicted Retention Times 

𝑹𝑻 = (𝑳𝒊 𝑨𝑨𝒊)+ 𝒃𝟎 
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Fig. 4.1: The deamidation of asparagine mechanism. Asparagine forms a five-membered 

succinimide ring intermediate from an intramolecular attack, and then hydrolyzes to form 

either aspartyl and isoaspartyl peptides (Created using ChemDoodle® by iChemLabs). 
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Fig. 4.2: The oxidation of methionine mechanism. Methionine (Met-S) oxidizes to form 

methionine sulfoxide (Met-SO), which can further oxidize to form methionine sulfone (Met-

SO2). Met-SO can be reduced back to methionine using methionine sulfoxide reductase A 

(MsrA) (Created using ChemDoodle® by iChemLabs). 
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Fig. 4.3: The separation of oxidized peptides and their native forms using a C18 column. 

Oxidized peptides are not consistently separating from their unmodified counterparts in a 

predictable fashion 
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Fig. 4.4: The chromatography of the IgG deamidated peptide 

GFYPSDIAVEWESNGQPENNYK and its native forms using a C18 column. Both 

modified and native forms coeluted around 105 minutes. 
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Fig. 4.5: The separation of oxidized and deamidated peptides from their native forms using 

a HILIC column. Deamidated and oxidized peptides are adequately separated enough from 

their unmodified counterparts to allow for quantitation 
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Fig. 4.6: The separation of the unmodified, n-Asp, and isoAsp versions of the synthetic 

peptide GFYPSDIAVEWESNGQPENNYK, with the site of modification at the residue in 

red. The unmodified form eluted first, followed by the n-Asp form, and finally the isoAsp 

form 
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Fig. 4.7: Analysis of peptides for detecting deamidation by LCMS with the QTrap 4000. 

For the three peptides that have deamidation sites, there are peaks corresponding to the 

unmodified form, the n-Asp form, and the isoAsp form of the asparagine residue in red. 

The unmodified form of each peptide elutes first, followed by the n-Asp form, and finally 

the isoAsp form. The first two deamidated peptides differ at the 8th position, where the first 

peptide has a leucine and the second peptide has a valine 
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CHAPTER 5 

THE USE OF A HILIC PEPTIDE RETENTION PREDICTION MODEL TO ANALYZE THE 

ISOMERIZATION OF ASPARTIC ACID AND HOW IT IS AFFECTED BY THE 

ADJACENT C-TERMINAL RESIDUE3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
3 Badgett, M.J., Boyes, B., Orlando, R. To be submitted to Journal of Biomolecular Techniques: 
JBT. 
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Abstract 

Amino acids on the C-terminal side of aspartic acid (n-Asp) residues greatly affect the 

rate at which n-Asp isomerizes to form isoaspartic acid (isoAsp) in a similar fashion to the 

deamidation of asparagine. This process can affect the structure, function, and lifetime of 

proteins, so the separation and identification of n-Asp and isoAsp is significant in the 

biotherapeutic realm. Recently, hydrophilic interaction liquid chromatography (HILIC) has been 

shown to be able to fully separate these two isomers due to the difference in hydrophilicity, 

potentially increasing the confidence in proteomic identifications and allowing for faster 

analyses. This paper uses a previously made HILIC peptide retention prediction model to predict 

the retention times of peptides with aspartic acid residues and investigate the extent of 

isomerization by comparing the predicted times to the actual times. In addition, the analysis of 

the effect that C-terminal residues have to the isomerization of aspartic acid residues is detailed, 

and it was found that the DG, DE, DS, and DL motifs all had trends that promoted isomerization. 
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Introduction 

Deamidation of asparagine residues is a well-studied post-translational modification that 

can cause protein degradation and affect protein development.114,115,122,187 Through this process, 

asparagine residues undergo formation of a five-membered succinimide intermediate that can 

subsequently hydrolyze to form either aspartyl (n-Asp) or isoaspartyl (isoAsp) residues that can 

be in the D and L configurations (Figure 1). The second step of this mechanism is reversible, 

indicating that either product can fold back into the succinimide intermediate and undergo 

further structural changes, such as an aspartyl residue converting to an isoaspartyl residue, or 

vice versa. Because the n-Asp deamidation product is an aspartic acid residue, this suggests that 

aspartic acid can isomerize to isoaspartic acid without having being converted from asparagine 

initially. This can easily be overlooked due to succinimide formation from aspartic acid at 

neutral pH being 13-36 times slower than from asparagine, and because isoAsp is largely 

associated with deamidation of asparagine and not isomerization of aspartic acid.126,188 

 The formation of isoAsp through deamidation, isomerization or racemization is largely 

associated with ageing and can be viewed as a molecular clock in this regard.19,122 In addition, it 

is commonly related to neurodegenerative diseases such as Alzheimer’s disease, as well as linked 

to β-amyloid aggregation.17,18,21 The rate of formation of isoAsp is affected by conditions and 

characteristics such as temperature, pH and protein structure, where the rate of succinimide 

formation and subsequent hydrolysis is significantly reduced at lower pHs and temperatures .13–

16,20,110,117–119,176,177  IsoAsp is particularly important in protein biotherapeutics, where the 

modification can accumulate over time and indicate the loss of protein activity or stability.125 

Because of this, it is vital to be able to fully isolate and identify the formation of isoAsp for 
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analysis, but can be difficult due to minimal mass differences and minimal structural changes 

between precursors and products. 

Current techniques used to analyze isoAsp include isotopic labeling, isoAsp specific 

antibodies, and the use of protein isoaspartic acid O-methyltransferase, among others, but the 

need for a consistent, straightforward technique that can isolate and analyze isoAsp still 

exists.125,189 Common mass spectrometric methods that successfully analyze the isomerization of 

aspartic acid use fragmentation techniques that include ion-electron or ion-ion interactions, such 

as electron transfer dissociation (ETD) or electron capture dissociation (ECD), which are 

typically paired with RP chromatography.125,175,190 Using these techniques, unique fragment ions 

from isoAsp (c+57 and z-57) can be identified from the MS/MS spectra, but the intensities for 

these peaks can be severely low; almost 95% lower than other fragment ions in the 

spectrum.125,126 IsoAsp identification can also be particularly challenging in high-throughput 

proteomics experiments where many false positives can be reported, and separation of the 

isomers can be inconsistent depending on the LC conditions.125,175 However, HILIC has been 

shown to provide baseline separation between these isomers, allowing for sufficient quantitation 

even on a low-resolution mass spectrometer.124 

Previously, we have created a model that predicts peptide retention using HILIC and 

derived a coefficient for the deamidation of asparagine that is related to its overall 

hydrophilicity.124,185 What was discovered is that the derived deamidation coefficient was much 

more hydrophilic than the difference between the asparagine and aspartic acid coefficients in the 

model (corresponding to the n-Asp product), and this indicated that almost all of the deamidation 

that we were seeing resembled the formation of the isoAsp product, which is 2-3 times more 

abundant than n-Asp according to the literature.15,16,115,118,121,124 This discovery prompted us to 
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take a closer look at aspartic acid residues because the deamidation mechanism suggests that it 

can readily isomerize to form isoAsp. It has been described in the literature that both the N-

terminal and C-terminal residues next to the modified residue affect the rate of deamidation, but 

that the C-terminal residue is more important.19 The motif we decided to initially look at was 

“DG” because asparagine undergoes deamidation at much faster rates when smaller residues 

such as glycine are on the C-terminal side due to low steric hindrance, but we decided to look at 

other prevalent motifs as well.21 

In this paper, we show that the “DG” motif readily facilitates isomerization of n-Asp to 

isoAsp as most of the peptides (5 out of 6) that were analyzed with this motif have retention 

times that correlate to the isoAsp form. Our peptide prediction model was used to predict the 

retention of peptides as well as the isomerization. We also investigated trends from other motifs 

and found that peptides with “DE”, “DL”, and “DS” motifs mostly had retention times that were 

in correlation to the formation of isoAsp. 

Materials and Methods 

Protein Digestion 

Human IgGs were separated from human serum (Sigma-Aldrich, St. Louis, MO, USA) 

using a HiTrap™ Protein G column (General Electric Company, Fairfield, CT, USA). 

Cytochrome C, myoglobin, transferrin, and dextran were purchased from Sigma-Aldrich. Yeast 

plant tissue was purchased from Thermo-Fisher (San Jose, CA, USA). Proteins were reduced 

using 10 mM dithiothreitol (DTT) and then alkylated using 55 mM iodoacetamide (IDA), both 

purchased from Sigma Aldrich. Sequencing-grade trypsin or chymotrypsin purchased from 

Promega (San Luis Obispo, CA, USA) was added at 50:1 (w/w, protein/trypsin) for incubation 

overnight in 50 mM ammonium bicarbonate (pH 7.0) at 37˚C.  
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LC-MS/MS Settings and Instrumentation 

Data were acquired using a Finnegan LTQ (Thermo-Fisher, San Jose, CA, USA) in series 

with an 1100 Series Capillary LC system (Agilent Technologies, Palo Alto, CA, USA) with an 

ESI source that used spray tips made in-house. Samples were suspended in 25%H2O, 75% ACN 

and 0.1% formic acid (Sigma-Aldrich, St. Louis, MO, USA) for direct injection into the LC 

system. Peptides were separated using a 200-µm x 150-mm HALO® Penta-HILIC column 

packed with 2.7 µm diameter superficially porous particles that have a 90 Å pore diameter 

(Advanced Materials Technology, Wilmington, DE, USA) at room temperature. The gradient 

elution conditions employed a linear increase in aqueous solvent from 5-70% over 90 minutes at 

a 2µL/min flow rate. The (strong) aqueous solvent contained 0.1% formic acid (Sigma Aldrich, 

St. Louis, MO, USA) with 50 mM ammonium formate (Thermo-Fisher, San Jose, CA, USA) and 

the organic solvent was acetonitrile with 0.1% formic acid. The settings for the mass 

spectrometer included taking the 5 most intense ions from each full mass spectrum for 

fragmentation using collision-induced dissociation (CID), and the resulting fragmentation spectra 

were recorded. 

Some of the same digested proteins were run on a 4000 Q Trap (Sciex, Framingham, 

MA, USA) with a selected reaction monitoring (SRM) method. Peptides were separated by a 2.1 

mm x 15 cm HALO® Penta-HILIC column packed with 2.7-µ diameter superficially porous 

particles using a Nexera UFLC (Shimadzu, Columbia, MD, USA). The temperature of the 

column was 60˚C. The gradient used for each sample was 22-52% water over 80 minutes at a 

0.4-mL/min flow rate. Spectra were obtained using an ESI source. 
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Database Search Parameters 

The resulting RAW files were converted using Trans-Proteomic Pipeline (Seattle 

Proteome Center, Seattle, WA, USA), then the MS/MS spectra of each sample were searched 

using Mascot (Matrix Scientific, Boston, MA, USA) against corresponding protein databases of 

theoretical MS/MS spectra. The following parameters were utilized in Mascot: a peptide 

tolerance of 1000 ppm, a fragment tolerance of 0.6 Da, two max missed cleavages of trypsin, and 

a fixed modification of carbamidomethyl (C). 

Selection of Peptides for Prediction Model and Post-Run Data Analysis 

All peptides that had a higher Mascot score than 10 were considered. Peptide retention 

times were determined manually from .RAW files using the apex of the peaks displayed in 

Xcalibur software (Thermo-Fisher, San Jose, CA, USA), and resulting MS/MS data were 

visually inspected for fragmentation that was consistent with peptide assignments. Peptide 

retention times in minutes were converted to glucose units based on dextran samples that were 

run immediately before. 

Results and Discussion 

“DG” Motif 

It is important to note that we previously discovered that isoAsp is more hydrophilic than 

n-Asp, and that peptides with these two modifications can be fully separated from one another.124 

The difference in hydrophilicities comes from the position of the CH2 group in either the peptide 

backbone (isoAsp) or the side chain (n-Asp) (see Figure 1), and we were able to derive 

coefficients so that we could predict the retention of peptides with this isomeric modification. 

With the CH2 group in the peptide backbone, the carboxylic acid side chain of isoAsp will be 



 

87 

more polar than n-Asp and will interact with the polar stationary phase and water-rich layer to a 

greater extent. 

Six peptides in our samples that contained a “DG” motif were identified with single and 

clear chromatographic peaks. The retention times of these peptides were found by hand and were 

compared to predicted retention times that correlate to either the presence of n-Asp or isoAsp 

(Table 1). These retention times were converted from minutes into glucose units (GU) from 

procainamide-labeled dextran samples that were run before and after the peptide samples as a 

retention time calibrant. Five of these peptides had actual retention times closer to the isoAsp 

prediction, and one of these peptides had actual retention times closer to the n-Asp prediction. 

Although it is a relatively small sample size, the peptides that were closer to the isoAsp 

predictions had an average difference of 0.160 GU, or 2.10 minutes. This small difference 

indicates the prediction accuracy of the model, but also that the aspartic acids are readily 

isomerizing to isoaspartic acid with a glycine residue on the C-terminal side at a pH of around 8. 

Similarly to deamidation, the small residue allows the asparagine or aspartic acid to fold onto 

itself and form the succinimide intermediate with low steric hindrance. It is worth noting that the 

lone peptide that was closer to the n-Asp prediction, VLAVGDGIAR, had around 2-3 times 

higher of a difference in predicted versus actual retention (0.486 GU or 4.76 min) than the 

average of the five peptides that were closer to the isoAsp prediction. This could be due to 

almost all of the amino acid residues being hydrophobic or small and thus inhibiting the peptide 

from interacting with the stationary phase. The peptide that had the highest GU difference, 

AVDDFLLSLDGTANK, has two sites of isomerization, DD, and DG, in addition to a site of 

deamidation, NK. If the predicted times were adjusted to account for all three sites forming 

isoAsp, the difference goes from 1.568 GU to 0.349 GU. This is entirely possible because 
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hydrophilic residues are known to promote deamidation of asparagine, and the same could be 

said about isomerization of aspartic acid. 

 To further investigate the presence of n-Asp and/or isoAsp, two peptides 

(TTPPVLDSDGSFFLYSK and FNWYVDGVEVHNAK) from human IgG samples were run on 

a 4000 Q Trap with a selected reaction monitoring (SRM) method. For each peptide, only one 

chromatographic peak was found and the actual retention times matched up to the formation of 

isoAsp (Figure 2). This suggests that the peptides are readily isomerizing. There is a very small 

peak in the extracted ion chromatogram for the FNWY peptide, which could represent a minimal 

amount of n-Asp. 

Other Motifs 

Apart from glycine being a residue that promotes deamidation, other residues that are 

either small and/or have polar functional groups such as threonine, serine and histidine have been 

shown to increase it as well. Very large and nonpolar residues such as tryptophan, tyrosine, or 

phenylalanine have low rates of deamidation because their size hinders the intermolecular attack 

to form the succinimide intermediate.19,21,191 Stephenson and Clark investigated the rate of 

deamidation of asparagine for five different adjacent C-terminal residues at a pH of 7.4 and 

found the order of decreasing rate to be glycine, serine, alanine, leucine and proline.188 Because 

the hydrophilic serine had a faster rate than the small alanine, they hypothesized that the 

hydroxyl group could increase the nucleophilicity of the nitrogen of the peptide bond that attacks 

the functional group by deprotonating it, or it could bond to either the nitrogen or oxygen atoms 

on the side chain of asparagine to increase the electrophilicity of the carbon atom in the side 

chain.188 In either case, the hydrophilic residue provides chemical interactions that promote the 

formation of the succinimide intermediate to a greater extent than smaller residues (excluding 
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glycine) and hydrophobic residues. To see if the residues that affect the rate of asparaginyl 

deamidation similarly affect the rate of aspartic acid isomerization, we also investigated the 

retention of peptides with other residues besides glycine. 

Table 2 shows the amount of peptides that were closer to the n-Asp or isoAsp prediction 

separated out by motif. The motifs that have clear trends are DE, DL, and DS. For many of the 

motifs, there were not enough instances to determine if there was a trend. However, all peptides 

with the DE motif (8 out of 8) were closer to the isoAsp prediction, which supports the 

hypothesis that the isomerization of aspartic acid is promoted by hydrophilic residues on the C-

terminal side. This was also the case with DS, as 4 out of the 5 peptides that had this motif were 

closer to the isoAsp prediction as well. Both motifs had some of the lowest deviations from 

predicted to actual retention times (1.26 min. for DE and 0.96 min for DS), which shows the 

accuracy of prediction for the peptides containing these motifs.  

 Curiously, DL also had a trend (5 out of 6) that implies that leucine residues on the C-

terminal side promote the isomerization of aspartic acid. Our previously made HILIC retention 

model indicates that it is the third most hydrophobic amino acid residue overall (Badgett). This is 

especially curious given that the retention times of the only two peptides with a DI motif were 

closer to n-Asp predictions. In addition, Stephenson and Clarke’s paper found that deamidation 

forms at a much slower rate with a leucine residue at the C-terminal side of the asparagine, at 

almost 50 times slower in comparison to glycine and around nine times slower in comparison to 

serine.188 A possible explanation for the existence of this trend is that peptides with the DL motif 

had one of the highest deviations from actual to predicted times (3.27 min or 1.64 GU) out of any 

motif, and this suggests that the prediction of some or most of the peptides containing the DL 

motif could lack in accuracy. The difference in hydrophilicity between n-Asp and isoAsp is 



 

90 

0.609 GU, less than half the deviation of the DL peptides. Given the small sample size of this 

and most of the motifs, we would like to analyze many more peptides with these motifs to see if 

they actually do promote isomerization. 

Summary 

The main aspect of this study to consider is that the analysis of isomerization was based 

on how the peptides matched up to predicted retention times. We did not employ a fragmentation 

method such as ETD or ECD to individually distinguish between n-Asp or isoAsp versions of all 

of the peptides because we wanted to show that our predictive model could be fully capable of 

accurately predicting whether peptides had n-Asp or isoAsp as well as to investigate the affect 

that different C-terminal residues had to retention. Thus, while the isomerization trends we saw 

for the DG, DE and DS motifs were analogous to previous findings in the literature, the 

dependence on retention time prediction for modification assignment showed a flaw, as it was 

found that the DL motif also promoted isomerization of aspartic acid as well. Nevertheless, the 

model was very useful in determining which peptides matched up to n-Asp or isoAsp 

predictions, enabling quick analysis of the modification with the potential to further the 

confidence in modified peptide identifications. 
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Table 5.1  

Retention times of peptides containing the “DG” motif were compared to predicted times 

corresponding to the presence of n-Asp or isoAsp. Differences were calculated by 

subtracting the actual retention times (RT) from the predicted RT that was the closest. 

Numbers in red were closest to the actual retention times. 

Peptide Actual RT 
(GU) 

Predicted RT 
(n-Asp) 

Predicted RT 
(isoAsp) 

Difference 
(GU) 

TTPPVLDSDGSFFLYSK 4.001 3.195 3.804 0.197 
FNWYVDGVEVHNAK 5.493 4.903 5.512 0.019 
VLAVGDGIAR 2.345 2.931 3.540 0.586 
AVDDFLLSLDGTANK 6.423 4.246 4.855 1.568 
TALVHDGLAR 5.112 4.739 5.359 0.247 
TFIAVKPDGVQR 6.072 5.677 6.286 0.214 
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Table 5.2 

Peptides from a wide range of motifs that had actual retention times either closer to n-Asp 

or isoAsp predicted times. Bold motifs were considered a trend. 

Motif # of Peptides Closer to n-
Asp Prediction 

# of Peptides Closer to 
isoAsp Prediction 

DA 3 3 
DE 0 8 
DF 0 1 
DI 2 0 
DK 0 1 
DL 1 5 
DN 0 1 
DP 1 3 
DQ 0 2 
DS 1 4 
DT 1 1 
DV 2 2 
DY 1 0 
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Figure 5.1: The deamidation of asparagine mechanism 
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Figure 5.2: Extracted ion chromatograms for two peptides TTPPVLDSDGSFFLYSK and 

FNWYVDGVEVHNAK run on the 4000 Q Trap with a SRM method. The red letter 

indicates the site of isomerization. 
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CHAPTER 6 

PREDICTING THE RETENTION BEHAVIOR OF SPECIFIC O-LINKED 

GLYCOPEPTIDES4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
4 Badgett, M.J., Boyes, B., Orlando, R. To be submitted to Journal of Biomolecular Techniques: 
JBT. 
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Abstract 

O-linked glycosylation is a prevalent post-translational modification that changes the 

overall structure, polarity, and function of proteins. Current chromatographic techniques used to 

analyze O-glycosylated peptides and their native forms primarily rely on reverse-phase (RP) 

chromatography, which generates minimal separation. Hydrophilic interaction liquid 

chromatography (HILIC) can be a solution to this problem, as the polar glycan addition would 

greatly interact with the polar stationary phase and could potentially generate enough separation 

to separately identify the peptide from its modified form (something about it being easier to 

identify). In this paper, HILIC is employed to separate peptides with O-GalNAc, O-GlcNAc, and 

O-fucose additions from their native forms, and coefficients representing the extent of 

hydrophilicity were derived using linear regression analysis as a means to predict the retention 

times of peptides with these modifications. 
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Introduction 

The ability to resolve glycosylated peptides from their native forms would greatly 

facilitate glycoproteomics since this would enable glycan characterization while connected to a 

peptide tag that provides the glycan’s location.  Reversed-phase liquid chromatography (RP-LC) 

is typically used to separate peptide/glycopeptide mixtures, where hydrophobic interaction drives 

the retention. Hence the hydrophilic glycans, which do not interact significantly with the RP 

stationary phase, play little to no role in the separation. This behavior makes it difficult to resolve 

glycopeptides from their unmodified counterparts by RP, which is particularly true when the 

glycan consists of a single monosaccharide.  Alternatively, glycans interact extensively with the 

stationary phases used in hydrophilic-interaction liquid chromatography (HILIC).  Therefore, 

HILIC should be capable of resolving these peptide/glycopeptide pairs. 

The attachment of a single monosaccharide to the side chain of serine and threonine 

residues has been found to play a wide range of biological functions, including inflammation 

response, lubrication, or protein stability.151,152 Two examples of glycans analyzed in the present 

study are O-linked N-acetylglucosamine (O-GlcNAc) and O-linked N-acetylgalactosamine (O-

GalNAc), which are isomeric and attached to serine or threonine residues in proteins. The 

attachment of these monosaccharides plays an important role in numerous biological diseases. O-

GlcNAc is involved in enzymatic activity, protein function, and disease-relevant signaling, and 

has been found on over 1,000 proteins.162,192–194 It can rapidly be added or removed from target 

proteins due to the presence of O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) and the 

cycling of O-GlcNAc structures on proteins is due to environmental changes including many 

forms of stress.164–166 Abnormal O-GlcNAc modification is associated with numerous diseases, 

such as Alzheimer’s disease, Huntington’s disease, diabetes, systematic lupus erythematosus, 
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and Parkinson’s disease, as well as many types of cancer.163,165,192,194–196 O-GalNAc modification 

is referred to as the Tn antigen and is often found on mucins or mucin-like proteins associated 

with tumor cells. This modification is present in more than 10% of human proteins and over 85% 

of proteins passing through the Golgi apparatus.153 In contrast to O-GlcNAc, O-GalNAc 

modification is initiated by 20 polypeptide GalNAc transferases (GalNAc-Ts) that control where 

the site of glycan attachment in proteins.151,153,154,197,198 However, similarly to O-GlcNAc, 

aberrant modification of O-GalNAc is associated with a wide range of diseases such as acute 

coronary disease, congenital heart disease, various types of cancer, and many others.154,198–200 

Another monosaccharide that is found attached to proteins through an O-linkage to a 

serine or threonine residue is fucose, commonly known as O-fucosylation. This modification was 

first discovered by Hallgren, et. al. in 1975 and  is commonly found on epidermal growth factor 

(EGF) like repeats as well as thrompospondin type-1 repeats (TSR).156,159,161,201 Similarly to O-

GalNAcylation, other monosaccharides are frequently added to the core O-fucose and this 

elongation can be critical for protein activity.202 The attachment of O-linked fucose to proteins is 

catalyzed by eleven different fucosyltransferases that have guanosine diphosphate-fucose (GDP-

fucose) as the donor substrate, and these fucosyltransferases most commonly reside in the Golgi 

apparatus but have also been found in the endoplasmic reticulum.156,157,203–205 Although fucose is 

found to play an essential role in physiological processes such as blood type determination and 

Notch signaling as well as other signal transduction processes, it is linked to many different 

cancers, rheumatoid arthritis, cystic fibrosis, and leukocyte adhesion deficiency type II (LAD II), 

among others.155,157,159,204,206–213 

We have previously devised a model that predicts peptide retention using HILIC that 

provides amino acid coefficients describing their hydrophilicity, and are currently devising a 
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model that predicts the retention of glycopeptides in HILIC separations.185 Dextran is used as a 

retention calibrant, enabling peptide and glycopeptide retention to be expressed in glucose units 

(GU) that permits a comparison of peptide retention across different LC-MS systems. Combining 

retention models of HILIC separations of peptides and glycans is directed to prediction of 

retention of previously uninvestigated glycopeptides. Here, we show that glycopeptides can be 

resolved from the native peptide, and retention coefficients that represent the hydrophilicity of 

O-GlcNAc, O-GalNAc, and O-fucose are derived. This will permit a more straightforward 

determination of the extent and type of glycosylation for the glycans analyzed in this study. 

Methods and Materials 

Glycopeptides 

Synthetic peptide-glycopeptide pairs were obtained from GlycoScientific LLC (Athens, 

GA, USA). 

LC-MS/MS Settings and Instrumentation 

Data were acquired using a Finnegan LTQ (Thermo-Fisher, San Jose, CA, USA) in series 

with an 1100 Series Capillary LC system (Agilent Technologies, Palo Alto, CA, USA) with an 

ESI source that used spray tips made in-house. Samples were suspended in 25% H2O, 75% ACN 

and 0.1% formic acid (Sigma-Aldrich, St. Louis, MO, USA) for direct injection into the LC 

system. Samples were separated using a 200-µm x 150-mm HALO® Penta-HILIC column 

packed with 2.7-µm diameter superficially porous particles (Advanced Materials Technology, 

Wilmington, DE, USA) at room temperature. The gradient elution conditions employed a linear 

increase in aqueous solvent from 5-70% over 90 minutes at a 2µL/min flow rate, using the 

column at room temperature. The mobile phases contained 0.1% formic acid (Sigma Aldrich, St. 

Louis, MO, USA) in acetonitrile, and the (strong) aqueous solvent contained 50 mM ammonium 
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formate (Thermo-Fisher, San Jose, CA, USA). The settings for the mass spectrometer included 

taking the 5 most intense ions from each full mass spectrum for fragmentation using collision-

induced dissociation (CID), and the resulting MS/MS spectra were recorded. 

Selection of Peptides for Prediction Model and Post-Run Data Analysis 

Retention times were determined manually from .RAW files using the apex of the peaks 

displayed in Xcalibur software (Thermo-Fisher, San Jose, CA, USA), and resulting MS/MS data 

were visually inspected for fragmentation that was consistent with peptide assignments. 

Glycopeptide retention times in minutes were converted to glucose units based on dextran 

samples that were run immediately before. Linear regression analysis using StatPlus 

(AnalystSoft, Walnut, CA, USA) was used to find retention coefficients for the modifications. 

Results and Discussion 

The Separation of Glycopeptides from their native forms 

The ability to resolve the native peptide from the species with a single monosaccharide is 

shown by the HILIC chromatogram of the peptide GTTPSPVPTTSTTSAP, with the underlined 

amino acid residues representing the sites of O-GalNAcylation (Figure 1). The unmodified 

version of the peptide elutes first, followed by peptide with only one modification at the third 

threonine residue, followed by the peptide with both modifications at the third and thirteenth 

residues. All the peaks are baseline separated, demonstrating the ability of the HILIC column to 

separate this highly hydrophilic modification from the native peptide. The difference between the 

unmodified peptide and singly modified peptide in this figure is 5.28 minutes, which is higher 

than the difference between the singly modified peptide and doubly modified peptide at 3.70 

minutes. Taking into account the additional replicates, the average difference between the first 

two peaks is 1.58 minutes larger than the average difference between the last two peaks. This 
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suggests that the first addition primarily drives the interaction with the stationary phase and 

water rich layer, and that the hydrophilic addition of the second sugar does not change the 

overall hydrophilicity of the peptide as much as the first. There was no retention time difference 

between peptides that only had the third residue modified versus peptides that only had the 

thirteenth residue modified. 

 The separation of the O-GlcNAcylated peptide VPTTAASTPDAVDK is shown in Figure 

2. Similarly to the first peptide, the modified form elutes later than the native form due to the 

hydrophilicity of the modification. These peaks are also baseline separated, allowing for 

quantitation. Due to the near-identical structure of O-GlcNAc to O-GalNAc, the retention time 

difference between peptide and glycopeptide are analogous to the native and singly modified 

peaks in the previous figure, and is discussed in more detail below. 

 O-fucosylation is a slightly smaller monosaccharide addition in comparison to O-

GalNAcylation and O-GlcNAcylation, but retains in a similar way on the penta-HILIC column. 

Figure 3 shows this behavior, as the native and modified forms of the peptide CQNGGTCHNTH 

are fully separated, with the O-fucosylated form eluting later. However, the retention time 

difference of this peptide-glycopeptide pair is smaller than the other two types of O-linked 

glycosylation. This is expected as fucose lacks the amide and acetyl groups that O-GlcNAc and 

O-GalNAc have, which are both hydrophilic and increase the retention. 

 All three of these examples show that HILIC is not only capable of separating O-

glycosylated peptides from their native counterparts, but that it can baseline resolve the peaks, 

allowing for quantitation and facilitating quicker and easier identifications.  
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Retention Time Prediction of O-glycans 

The prediction of retention for peptides with these modifications can further the 

identification process, but will only work if the retention times are reproducible. All of the 

retention times of the native and modified peptides over the course of four runs are shown in 

Table 2. Their retention times in minutes were converted to glucose units (GU) from 

procainamide-labeled dextran samples run immediately before and after the protein samples. 

This enables the comparison of retention across LC-MS systems, and provides a retention time 

calibrant for these samples. The differences in retention times from run to run are miniscule, 

indicating the reproducibility and potential predictability of retention using the HILIC column. 

This has large implications in targeted selected reaction monitoring (SRM) experiments, where 

the time range for looking for an analyte of interest can be reduced. Standard deviations from the 

four runs for each sample are also low, with the average standard deviation being 0.094 GU, or 

0.357 min. This is extremely precise for a method that uses a 90 minute long LC-MS gradient at 

a 2µL/min flow rate. 

To analyze how the modifications are influencing the overall hydrophilicity of the 

peptides, linear regression analysis of the retention times of peptides with and without 

modification was used to derive coefficients (Table 2). These coefficients represent the 

hydrophilicity of the modification, which are almost as great as the most hydrophilic amino acids 

at a low pH using the same HILIC column: histidine, lysine and arginine.185 The coefficients are 

also displayed in GU, and their high coefficient values were expected due to the size and polar 

characteristics of the sugar additions. O-GlcNAc and O-GalNAc only differ by the position of 

some of their hydroxyl groups, so the isomeric glycans should have similar coefficients, which is 

the case. However, O-fucose does not have the amide or acetyl group that the other two 
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modifications have in addition to one of the hydroxyl groups being substituted out for a terminal 

methyl group. This is why the coefficient is the lowest of all the monosaccharide additions.  

It is important to note that the three peptides that have O-GlcNAc modifications on a 

serine residue, KRGRKESYSIYVYK, RGGVKRISGLIYEE, and CKRGRKESYSIYVYK have 

an average retention time difference of 0.706 GU from their unmodified forms, whereas the two 

peptides that have an O-GlcNAc modification on a threonine residue, VPTTAASTPDAVDK and 

CKSAPATGGVKK, have an average retention time difference of 0.990 GU from their native 

forms. While this could be attributed to the difference in amino acid structures, the theoretical 

difference between the coefficients or serine and threonine derived in our HILIC peptide 

retention prediction model (0.334 and 0.357, respectively) suggest that there should be a minimal 

change in retention.  In comparison with the retention time differences in GU, the retention time 

difference in minutes between the peptides listed above with the O-GlcNAc modifications either 

on a serine or threonine residue is small (3.21 min. and 3.66 min., respectively). While using 

dextran as a retention time calibrant is vital for the use of these predictive coefficients across LC-

MS systems, there can be contrasts depending on where the analytes elute. If the peptide-

glycopeptide pairs elute earlier in the gradient, they will have smaller retention time differences 

than if they elute later in the gradient because of the logarithmic way that dextran elutes. 

However, the 0.2 GU difference between O-GlcNAc modification on a serine or threonine 

residue is still small enough for us to be able to predict the retention of these peptides within 

about half a minute, showing that despite dextran’s logarithmic elution, it is fully capable of 

standardizing our results.  
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Summary 

The attachment of a single monosaccharide to a peptide increased the overall 

hydrophilicity and led to the glycosylated species being more retained on a HILIC column, as 

expected. The shift in HILIC retention caused by the addition of these monosaccharides were 

determined to be comparable to amino acid coefficients that were the most hydrophilic in a 

previously made peptide retention prediction model. This work showed the ability of the HILIC 

column to fully separate these peptide/glycopeptide pairs reproducibly and in a predictable 

manner, which will allow for easier identification, characterization, and quantification. While 

there were no major differences between O-GalNAc and O-GlcNAc, O-fucosylated peptides 

were slightly less hydrophilic. 
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Table 6.1  

Retention times of unmodified and O-glycosylated peptides over four runs. Amino acids in 

red represent the site(s) of modification. 

Peptide Run 1 RT 
(GU) 

Run 2 RT 
(GU) 

Run 3 RT 
(GU) 

Run 4 RT 
(GU) 

Avg. RT 
(GU) 

St. Dev. 

VPTTAASTPDAVDK 6.680 6.790 6.841 6.871 6.796 0.084 
VPTTAASTPDAVDK 7.960 8.123 8.120 8.105 8.077 0.078 
GTTPSPVPTTSTTSAP 5.111 5.026 5.174 5.174 5.121 0.070 
GTTPSPVPTTSTTSAP 6.517 6.581 6.607 6.529 6.559 0.042 
GTTPSPVPTTSTTSAP 6.517 6.492 6.563 6.483 6.514 0.036 
GTTPSPVPTTSTTSAP 7.712 7.866 7.787 7.684 7.762 0.082 
KRGRKESYSIYVYK 8.412 8.366 8.171 8.306 8.314 0.105 
KRGRKESYSIYVYK 9.177 8.879 8.742 8.646 8.861 0.231 
RGGVKRISGLIYEE 3.412 3.226 3.341 3.421 3.350 0.090 
RGGVKRISGLIYEE 6.167 3.968 4.068 4.241 4.111 0.119 
CKLLGRVTIAQGG 4.352 4.434 4.405 4.438 4.407 0.040 
CKRGRKESYSIYVYK 7.877 7.956 7.867 7.916 7.904 0.041 
CKRGRKESYSIYVYK 7.105 7.272 7.167 6.832 7.094 0.188 
CELAKHAVSEGTKA 6.821 6.982 6.852 7.011 6.916 0.094 
CKSAPATGGVKK 7.191 7.312 7.275 7.360 7.284 0.072 
CKSAPATGGVKK 6.480 6.614 6.584 6.661 6.585 0.076 
CFNGGTCVDGIN 2.794 2.781 2.738 2.576 2.722 0.100 
CFNGGTCVDGIN 3.322 3.130 3.314 3.386 3.288 0.110 
CQNGGTCHNTH 6.073 6.175 6.124 6.180 6.138 0.050 
CQNGGTCHNTH 6.821 7.022 6.940 6.898 6.920 0.084 
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Table 6.2  

Retention time coefficients for the three modifications compared against the three most 

hydrophilic modifications in a previously made peptide retention prediction model using 

the same column and chromatographic conditions. 

Modification/Amino Acid Residue Coefficient (GU) 
O-GlcNAcylation 1.637 
O-GalNAcylation 1.758 
O-fucosylation 1.438 
Histidine (H) 1.564 
Lysine (K) 2.121 
Arginine (R) 1.828 
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Figure 6.1: The separation of the O-GalNAcylated peptide GTTPSPVPTTSTTSAP, where 

the earliest eluting peak is unmodified, the middle peak is modified at the third residue 

only and the most retained peak has both modifications. 
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Figure 6.2: The separation of the O-GlcNAcylated peptide VPTTAASTPDAVDK, where 

the earlier peak is the native version of the peptide and the later peak is the modified 

version. 
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Figure 6.3: The separation of the O-fucosylated peptide CQNGGTCHNTH, where the 

earlier peak is the native version of the peptide and the later peak is the modified version. 
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CHAPTER 7 

RETENTION TIME PREDICTION OF N-LINKED GLYCOPEPTIDES FROM HUMAN 

IMMUNOGLOBULIN GS USING HILIC-MS/MS5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
5 Badgett, M.J., Betchy, E., Boyes, B., Orlando, R. To be submitted to Analytical Chemistry. 
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Abstract 

Retention time prediction would greatly facilitate the identification and characterization 

of glycoproteins including more analytically challenging types such as isoforms and low 

abundance species. This is important in biotherapeutic industry, where the type and amount of 

glycosylation affects the folding, interaction, and function of proteins. Here, we combine two 

existing peptide and glycan prediction models using hydrophilic interaction liquid 

chromatography (HILIC) to predict the retention of glycopeptides from human IgGs.  We show 

that our previously made peptide model is capable of accurately predicting the retention of native 

IgG peptides on two completely different LC-MS systems, and that in conjunction with the 

glycan model and an intercept, glycopeptide retention can be predicted as well. 
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Introduction 

Glycosylation is one of the most common co- or post-translational modifications, as over 

50% of eukaryotic proteins are glycosylated.150,214,215 This modification can affect the structure, 

function, interaction, and folding of proteins, and is linked to numerous diseases including 

rheumatoid arthritis (RA), various types of cancer, Crohn’s disease, and tuberculosis, among 

over 50 others.143,144,216–223 N-linked glycosylation, meaning the carbohydrate is linked through a 

nitrogen atom on an asparagine residue, follows the consensus sequence Asn-X-Ser/Thr, where 

X can be any amino acid residue except proline, and this modification adds a substantial 

carbohydrate to the modified protein, increasing the polarity and mass of the protein to a high 

degree. The analysis and characterization of glycans moieties is essential to understanding their 

function, as there are numerous structural possibilities from the three types of N-glycans: high 

mannose, complex and hybrid.149 

Several important examples of glycosylated proteins in humans include immunoglobulin 

Gs (IgG), which comprise 75% of the antibodies circulating in human blood serum.224 IgGs have 

been essential in the biotherapeutic realm, as they have been the foundation of many engineered 

monoclonal antibodies (mAb) that treat diseases. It is important for these mAbs to agree with the 

human body and have long serum half-lives, therefore the analysis and characterization of the 

glycosylation of IgGs is imperative.219,220,224 There are four subclasses of IgGs (IgG1, 2, 3 and 4) 

that have minimal differences in their constant region (over 90% homology), but have a 

glycosylation site at the N297 position, allowing for binding to Fc gamma receptors (FcγR). The 

majority of the glycans at this position have a complex biantennary structure that is core-

fucosylated, with some having bisecting structures or varying degrees of sialylation, however the 

degree and structure of the glycosylation varies based on a human’s physiological 
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conditions.218,220,225,226 One such example is age, as the level of galactosylation changes with age 

in addition to a decrease in sialylation the older one gets.3,224  Another is pregnancy, which leads 

to an increase in both sialylation and galactosylation.219,220,224 These examples highlight the 

importance of knowing what glycans are present on the IgGs. 

The microheterogeneity and diversity of glycans makes identification challenging, 

especially among structural or linkage isomers.216 Tandem mass spectrometry (MS/MS) has 

emerged as a vital tool for glycan analysis, as it is able to provide structural information that can 

help in identification. However, isomeric identification can be extremely difficult without 

employing a method of separation before MS analysis.  Since glycosylation is a highly 

hydrophilic addition, hydrophilic interaction liquid chromatography (HILIC) has been shown to 

help in this regard, and provides a consistent, predictable retention.124,185 This would aid in 

identification of relevant sialic acid linkage isomers in IgGs that contribute to anti-inflammatory 

responses. It has been shown that α2-6 linked sialylation increases anti-inflammatory activity and 

that α2-3 linked sialylation does not, and this important difference could be more easily 

identified with a method of separation that utilizes the change in hydrophilicity based on sialic 

acid linkage.214,219,222,224,227–229 

 Previously, we have created a model that predicts peptide retention on the basis of amino 

acid composition using HILIC and have also created another model that predicts glycan retention 

with the same column.185 Our hope is that we can pair them together to try and predict the 

retention of glycopeptides. This would help reduce the complexity of glycan identification and 

characterization, as well as help identify structural or linkage isomers if they can be separated. It 

would also help identify low abundance glycopeptide glycoforms through targeted selected 

reaction monitoring (SRM) experiments that would be built around the predicted retention times. 
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These SRM experiments could also reduce the range of time spent searching for the glycopeptide 

of interest. Because the hydrophilic glycan will interact more strongly with the hydrophilic 

stationary phase than the peptide, we assume that the prediction would be weighted more 

towards the glycan model, but that the models could possibly be added together for glycopeptide 

retention prediction. 

 This article details the analysis of the actual retention of glycopeptides from human IgGs 

on a penta-HILIC column and provides a comparison with predicted retention from the peptide 

and glycan models we have previously created. The majority of glycopeptide structures agreed 

with predicted retention times from the combined models as long as an intercept was applied. 

Only one glycopeptide deviated from the prediction, and we hypothesize that it is due to its 

bisecting structure. 

Materials and Methods 

Glycoprotein Separation and Digestion 

Human IgGs were separated from human serum (Sigma-Aldrich, St. Louis, MO, USA) 

using a HiTrap™ Protein G column (General Electric Company, Fairfield, CT, USA). Proteins 

were reduced using 10 mM dithiothreitol (DTT) and then alkylated using 55 mM iodoacetamide 

(IDA), both purchased from Sigma Aldrich. Sequencing-grade trypsin or chymotrypsin 

purchased from Promega (San Luis Obispo, CA, USA) was added at 50:1 (w/w, protein/trypsin) 

for incubation overnight in 50 mM ammonium bicarbonate (pH 7.0) at 37˚C.  

LC-MS/MS Settings and Instrumentation 

IgG samples were analyzed on a 4000 Q Trap (Sciex, Framingham, MA, USA). Samples 

were suspended in 25%H2O, 75% ACN and 0.1% formic acid (Sigma-Aldrich, St. Louis, MO, 

USA) for direct injection into the LC system. Peptides were separated by a 2.1 mm x 15 cm 
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HALO® Penta-HILIC column packed with 2.7-µ diameter superficially porous particles that 

have a 90 Å pore diameter (Advanced Materials Technology, Wilmington, DE, USA) using a 

Nexera UFLC (Shimadzu, Columbia, MD, USA). The temperature of the column was 60˚C. The 

gradient used for each sample was 22-52% water over 80 minutes at a 0.4-mL/min flow rate. The 

aqueous solvent contained 0.1% formic acid and 50 mM ammonium formate (Thermo-Fisher, Sa 

Jose, CA, USA), and the organic solvent was pure acetonitrile. Spectra were obtained using an 

ESI source. A SRM method was used to select precursor and fragment masses for both peptides 

and glycopeptides of interest. 

Data were also acquired using a Finnegan LTQ (Thermo-Fisher, San Jose, CA, USA) in 

series with an 1100 Series Capillary LC system (Agilent Technologies, Palo Alto, CA, USA) 

with an ESI source that used spray tips made in-house. Peptides were separated using a 200-µm 

x 150-mm HALO® Penta-HILIC column packed with 2.7 µm diameter superficially porous 

particles at room temperature. The gradient elution conditions employed a linear increase in 

aqueous solvent from 5-70% over 90 minutes at a 2µL/min flow rate. The aqueous solvent 

contained 0.1% formic acid with 50 mM ammonium formate and the organic solvent was 

acetonitrile with 0.1% formic acid. The settings for the mass spectrometer included taking the 5 

most intense ions from each full mass spectrum for fragmentation using collision-induced 

dissociation (CID), and the resulting MS/MS spectra were recorded. 

Glycopeptide Retention Analysis 

Glycopeptide retention times were determined manually using the apex of the peaks 

displayed in Analyst software (Sciex, Framingham, MA, USA). Peptide retention times in 

minutes were converted to GU from procainamide-labeled dextran samples that were run before 

and after the samples so that prediction can be carried out on different LC-MS systems with 
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different chromatographic conditions. Actual retention times were compared to predicted ones 

using the peptide and glycan models created in-house. 

Results and Discussion 

Peptide Retention Model Comparison 

Human IgGs 1-4 yield glycopeptides with three different amino acid sequences at the 

glycosylation site of interest (N297) after trypsin digestion, as IgG2 and IgG3 have the same 

sequence. The unglycosylated forms of these peptides were identified in our IgG samples after 

digestion, and their actual retention times were compared with predicted retention times from a 

previously made model (Table 1). The peptide model is based on amino acid composition and is 

able to sum amino acid coefficients related to their hydrophilicities with an intercept to predict 

retention.185 The retention times are expressed in glucose units (GU) from procainamide-labeled 

dextran samples that were used as retention time calibrants. This enables the comparison of 

retention on different LC-MS systems with various chromatographic conditions. The deviations 

from actual times and predicted times in Table 1 are extremely low, indicating the accuracy of 

prediction. These peptides only differ by the substitution of a phenylalanine (F) or tyrosine (Y) 

residue, which have coefficients in our previously made peptide retention prediction model of -

0.967 GU and -0.430 GU, respectively.185 Their negative values indicate that they are 

hydrophobic, and peptides with these residues will elute earlier on the HILIC column. 

Substituting one phenylalanine residue for a tyrosine residue (IgG1 to IgG4) would result in a 

predicted difference of 0.537 GU from the coefficients, and the actual difference was 0.550 GU 

(a 0.013 GU difference). Substituting two phenylalanine residues for two tyrosine residues (IgG1 

to IgG2/3) would result in a predicted difference of 1.074 GU, and the actual difference was 

1.202 GU (a 0.128 GU difference). Both of these comparisons demonstrate that the peptide 
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model is fully capable of accurately predicting the retention times of native peptides that are very 

similar in composition. 

 Other peptides from IgG samples were analyzed on UPLC-QTrap and capillary HPLC-

LTQ systems to test the accuracy of the peptide retention model using different chromatographic 

conditions (size of the column, temperature of the column, gradient slope, buffer composition, 

and flow rate), and the actual retention times from both systems are shown in Table 2. The 

average deviation from system to system was 0.408 GU (1.64 min.), indicating that the model is 

capable of providing accurate retention time predictions for peptides ran on completely different 

systems with many different chromatographic conditions. Furthermore, there was no trend in 

elution, as almost half (45%) of peptides eluted earlier on the 4000 Q Trap. 

Glycopeptide Retention Prediction 

Glycosylated forms of the peptides in Table 1 were identified in the IgG samples, and 

their structures and retention times were analyzed (Table 3). Retention times in yellow are for 

IgG1, retention times in green are for IgG2/3, and retention times in blue are for IgG4. The 

number of glycopeptide identifications for each subclass is in direct correlation with their 

abundances in human serum, as IgG1 has around a 66% abundance, IgG2 and 3 have around a 

combined 30% abundance, and IgG4 has around a 4% abundance.230 The N-linked glycans 

studied herein are comprised of several retention effecting elements, namely N-

acetylglucosamine (GlcNAc), mannose (Man), galactose (Gal), and core fucose (Fuc). These 

chromatographically influencing elements, in combination with the individual influences of the 

peptide amino acids, affect retention in a reproducible fashion, allowing for the creation of a 

predictive model. The retention of glycopeptides is determined by the interaction of hydrophilic 

functional groups of the N-linked glycan and the peptide with the HILIC stationary phase and 
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water-rich layer, and changes in glycopeptide structure or composition will result in greater or 

lesser retention on the HILIC column. The resolution of isomeric glycoforms, such as α2-3- or 

α2-6-linked sialic acid species, is possible because of these differences in the degree of 

interaction between the glycans and the HILIC column, allowing for separate analysis of not 

only individual glycan species but also of their structural isomers.231 

 Eight glycopeptides with different glycan structures were analyzed, and their 

abbreviations are labeled under each structure in Figure 1. The A2 structure, which has two 

GlcNAc moieties, has the shortest retention, followed by the A3G1 and A2G1 glycopeptides. 

This shows that the retention increases as the glycan chain is extended because of the hydrophilic 

monosaccharides. The glycopeptides with bi-antennary structures (A2G2 and F1A2G2) had the 

largest retention times, with the core-fucosylated bi-antennary structure having the largest 

retention time overall. Each addition of a core Fuc increased retention by 0.702 GU. 

Glycopeptides that included a G1 structure had doublets corresponding to the linkage of 

GalNAc. These linkages can have GalNAc in two types of orientation, leading to different 

chromatographic interactions that vary by an average of 0.211 GU and can be baseline separated. 

 To compare the actual retention times of IgG glycoproteins with predicted ones, separate 

predictions for the peptide composition and the glycan structure were calculated using previously 

made models and then summed together. IgG1 was individually analyzed because it had the most 

glycopeptide identifications of all the IgG subclasses. This data is shown in Table 4, and the 

differences between the predicted sums and actual retention times are shown in the far right 

column. Almost all of actual retention times of the glycopeptides deviate by about 2 GU from 

predicted times, with an average deviation of 1.881 GU. In addition, all of the predicted times 

were lower than the actual times. It was expected that there should be some deviation from actual 
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to predicted times due to the glycan changing the interactions of adjacent amino acid residues 

with the stationary phase, but it is encouraging that most of the predictions were consistently 

offset by the same amount. Because of this, a simple addition of 1.881 GUs to predicted 

retention times of glycopeptides would enable far more accurate prediction than without the 

addition, and the average deviation from predicted to actual retention times would drop to 0.368 

GU, and only 0.200 GU if the A3G1 structures are not included. The A3G1 glycopeptide was an 

outlier, as it deviated much less than the other structures. 

 We hypothesize that the A3G1 glycopeptide deviated less than the others because of its 

bisecting structure, which is shown in Figure 1. The different retention times for the A3G1 

structure depend on the linkage of GalNAc, which is in agreement with the other G1-containing 

structures. The GalNAc here could also be on the bisecting GlcNAc instead of just the two 

antenna GlcNAc moieties, however only two peaks were identified for this structure and the 

retention time difference between isoforms is equal to the other G1 structures. If the GalNAc 

were on the bisecting GlcNAc, it would be less retained than if it were on an antenna GlcNAc 

because the interaction with the stationary phase would be hindered by the surrounding 

monosaccharides. In terms of the retention time deviation of this structure from the other 

glycopeptides, the bisecting GlcNAc moiety could be shielded from stationary phase interaction 

by the terminal GalNAc or the other monosaccharide subunits, making the glycopeptide elute 

earlier than predicted. The reason we think this is because the other bisecting glycopeptide, 

F1A3, does not have the terminal GalNAc and it agrees with the 1.881 GU deviation, albeit on 

the lower end. However, due to the limited availability of bisecting glycans, the glycan 

prediction model did not have many instances in its dataset. Using an additional coefficient of 

0.70 GU for bisecting glycopeptides would allow the A3G1 glycopeptide structure to be much 
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closer to the 1.881 GU intercept (1.489 GU and 1.656 GU), and would enable even more 

accurate predictions. The F1A3 structure would be on the higher end of deviating glycopeptide 

structures at 2.390 GU when using the additional coefficient, but would not differ much more 

than what it previously was (an increase in difference of 0.080 GU from the 1.881 GU intercept). 

Summary 

The ability to sum the predictions from the peptide model and the glycan model 

demonstrate the ease of predicting glycopeptide retention as long as the 1.881 GU intercept is 

applied. Even though this study was only done on glycopeptides from IgG samples, this provides 

a significant impact on the analysis of glycopeptides in general, as it can further the identification 

process, help in isomeric identification, and aid in SRM experiments. The 1.881 GU intercept is 

intriguing, as it shows that the interactions with the hydrophilic stationary phase are higher in 

glycopeptides than in native peptides and glycans combined together. The structure of the glycan 

on the peptide was also shown to be important, as it was found that the A3G1 bisecting structure 

needed an additional coefficient to accurately predict retention due to possible shielding effects. 
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Table 7.1 

Actual retention times of native peptides compared to predicted retention times 

Source Peptide Mass Actual 
RT (min) 

Actual 
RT (GU) 

Predicted 
RT (GU) 

Deviation 
(GU) 

IgG1 EEQYNSTYR 1189.5 54.06 5.888 5.946 0.058 
IgG2/3 EEQFNSTFR 1173.5 48.82 4.687 4.872 0.185 
IgG4 EEQFNSTYR 1157.5 51.81 5.339 5.409 0.070 
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Table 7.2 

A comparison of IgG peptide retention times on the LTQ and 4000 Q Trap systems. 

Peptides in red eluted earlier on the 4000 Q Trap than the LTQ (10 out of 22). 

Peptide Sequence 4000 Q Trap 
RT (GU) 

LTQ RT (GU) Deviation 

ADYEK 6.348 6.381 -0.033 
DSTYSLSSTLTLSK 4.422 4.120 0.306 
DELTK 5.656 5.251 0.404 
ALPAPIEK 4.098 3.282 0.815 
EPQVYTLPPSR 4.668 4.679 -0.011 
FNWYVDGVEVHNAK 5.247 5.225 0.021 
GLPAPIEK 4.304 3.474 0.830 
LTVLGQPK 3.120 2.137 0.982 
TVAPTECS 4.100 3.793 0.306 
AGVETTTPSK 5.467 5.968 -0.502 
YAASSYLSLTPEQWK 3.131 3.227 -0.096 
GPSVFPLAPSSK 3.747 3.177 0.570 
STSGGTAALGCLVK 4.134 4.440 -0.306 
VYACEVTHQGLSSPVTK 5.438 6.226 -0.787 
TVAAPSVFIFPPSDEQLK 4.565 4.108 0.458 
RTVAAPSVFIFPPSDEQLK 5.428 5.996 -0.568 
GPSVFPLAPCSR 3.597 2.776 0.821 
STSESTAALGCLVK 4.914 5.042 -0.128 
TPPVLDSDGSFFLYSK 3.704 3.873 -0.169 
AAPSVTLFPPSSEELQANK 6.113 5.730 0.383 
ANPTVTLFPPSSEELQANK 5.293 5.443 -0.150 
EVQLVESGGGLVQPGGSLR 5.475 5.151 0.323 
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Table 7.3  

IgG glycopeptide retention times. Boxes that contain “X” indicate that no glycopeptide was 

identified. 

Glycan 
Structure 

IgG1 
Actual 
RT (min) 

IgG1 
Actual 
RT (GU) 

IgG2/3 
Actual 
RT (min) 

IgG2/3 
Actual 
RT (GU) 

IgG4 
Actual 
RT (min) 

IgG4 
Actual 
RT (GU) 

A2 48.53 13.686 X X X X 
F1A2 49.90 14.378 47.49 13.183 48.68 13.760 
A2G1 50.22 14.545 X X X X 
A2G1 50.70 14.799 X X X X 
F1A2G1 51.56 15.265 49.20 14.020 X X 
F1A2G1 51.94 15.475 49.61 14.229 X X 
A2G2 52.19 15.615 X X X X 
F1A3 50.90 14.906 48.45 13.647 X X 
F1A2G2 53.44 16.334 51.20 15.068 52.31 15.683 
A3G1 49.07 13.955 46.56 12.748 47.84 13.350 
A3G1 49.40 14.122 46.96 12.933 48.30 13.573 
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Table 7.4 

 Predicted and actual retention times of glycopeptides identified in IgG1 

Glycan Predicted 
Glycan 
Retention 
(GU) 

Predicted 
Peptide 
Retention 
(GU) 

Sum of 
Predictions 
(GU) 

Actual RT 
(GU) 

Difference 
Between 
Actual and 
Predicted 
Sum (GU) 

A2 5.46 5.946 11.406 13.686 2.280 
F1A2 6.46 5.946 12.406 14.378 1.973 
A2G1 6.41 5.946 12.356 14.545 2.189 
A2G1 6.41 5.946 12.356 14.799 2.443 
F1A2G1 7.41 5.946 13.356 15.265 1.909 
F1A2G1 7.41 5.946 13.356 15.475 2.119 
BI 7.36 5.946 13.306 15.615 2.309 
F1A3 7.27 5.946 13.216 14.906 1.690 
F1BI 8.36 5.946 14.306 16.334 2.028 
A3G1 7.22 5.946 13.166 13.955 0.789 
A3G1 7.22 5.946 13.166 14.123 0.956 
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Figure 7.1: Glycan structures analyzed in the glycopeptide retention prediction model. 

Each structure with a “G1” can have two possible linkages of Gal, and both isoforms are 

shown. 
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CHAPTER 8 

CONCLUSIONS 

 The two main purposes of this work are first, to analyze the separation of peptides and 

hydrophilic post-translational modifications using HILIC, and second, to facilitate faster and 

more confident identifications by deriving coefficients that can be summed together to predict 

the retention of native and modified peptides. HILIC was shown of being fully capable of 

baseline separating unmodified peptides from their modified forms in a predictable manner. 

 Chapter 3 describes the creation and validation of a highly accurate HILIC model that 

predicts peptide retention based on amino acid composition. Coefficients describing the overall 

hydrophilicity of the amino acids were derived, and can be summed together with an intercept to 

predict the retention of peptides with any sequence.  It was found that the size of the peptide had 

an effect on retention, as peptides longer than 15 amino acids in length deviated from predicted 

retention times more than shorter peptides. It was also found that location can affect peptide 

retention for hydrophobic residues directly at or one residue from the C-terminus, and optimized 

coefficients were created to account for both of these positions. Finally, dextran was shown to be 

a suitable retention time calibrant, as peptides run on two completely different LC-MS systems 

with different chromatographic conditions were within 0.52 GU (2.29 minutes) of each other. 

This model can help in numerous regards including decreasing the time spent in identification, 

increasing the confidence in identifications, allowing for isomeric identifications, or reducing the 

time spent searching for an analyte of interest in SRM techniques. 
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 In Chapter 4, two hydrophilic modifications were analyzed using a HILIC column: the 

deamidation of asparagine and the oxidation of methionine. Both of these modifications have 

serious implications in the biotherapeutics realm, and thus are important to be able to fully 

separate out from their unmodified forms to allow for quantitation. In comparison to RP 

chromatography, HILIC was found to be able to baseline separate peptides with both 

modifications from their native forms in a predictable fashion. Coefficients describing their 

hydrophilicities were derived and incorporated into the model created in Chapter 3. Deamidation 

of asparagine resulted in one of the most hydrophilic coefficients overall, whereas oxidation of 

methionine resulted in a moderately hydrophilic coefficient. Because there can be two different 

deamidation products, n-Asp and isoAsp, synthetic peptides with no modification, n-Asp 

modification, and isoAsp modification were analyzed, and it was discovered that the derived 

deamidation coefficient corresponded to the formation of isoAsp, which was 3-4 times more 

abundant than n-Asp in proteomic samples.  

 In addition to the deamidation of asparagine, the isomerization of aspartic acid can also 

produce isoAsp, and this was examined in Chapter 5. This modification is difficult to identify 

simply using a mass spectrometer without ExD fragmentation techniques, so the ability to 

separate out the two forms before MS analysis is important. Using the predictive model 

discussed in Chapter 3, the retention times of peptides with aspartic acid residues were predicted 

and compared to actual retention times to see if they correlated with n-Asp or the formation for 

isoAsp. What was found was that the adjacent amino acid residue on the C-terminal side of the 

aspartic acid had a tremendous affect on the isomerization of aspartic acid, and peptides with 

“DG”, “DE”, “DS”, and “DL” sequences had trends that suggested that the peptides were readily 
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isomerizing to isoAsp. Furthermore, chromatograms containing these peptides only showed one 

peak instead of a mixture of n-Asp and isoAsp.  

 Chapter 6 explored the separation of three different types of O-linked glycosylation: O-

GalNAcylation, O-GlcNAcylation, and O-fucosylation. All three forms of glycosylation were 

shown to be extremely hydrophilic, and coefficients relating to their overall hydrophilicity were 

derived and incorporated into the model discussed in Chapter 3. In addition, peptides with all 

three types of modification were shown to be baseline separated from their native counterparts, 

allowing for quantitation. O-GalNAc and O-GlcNAc had very similar coefficient values that 

were among the most hydrophilic overall. O-fucose had a slightly lower value, but was still on 

the higher end of the amino acid coefficients from the peptide model. 

 Finally, Chapter 7 examined the other type of glycosylation, N-linked, on human IgGs. 

The peptide model discussed in Chapter 3 was utilized to predict the retention of a native tryptic 

peptide at N297 with slightly different sequences between IgG variants, and was found to be 

extremely accurate on a LC-MS system that was completely different than the one used to make 

the model. This peptide model was combined with another model made in our laboratory that 

predicts the retention of glycans to be able to predict the retention of glycopeptides. It was found 

that the predicted retention times for glycopeptides from human IgGs deviated for the most part 

by 1.881 GU. The A3G1 structure was the only glycopeptide that did not fit this trend, and this 

was due to its bisected structure. However, using the 1.881 GU intercept, the retention of the 

majority of glycopeptides can accurately predicted. The ability to simply sum the peptide model, 

glycan model, and 1.881 GU intercept together for glycopeptide retention prediction has the 

potential to greatly facilitate glycopeptide identification. 
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