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ABSTRACT

Charles University, Faculty of Pharmacy
Department of Analytical Chemistry
Candidate: Mykyta Starovoit

Supervisor: PharmDr. Juraj Lenco, Ph.D.

Title of diploma thesis: A high-temperature LC-MS method for bottom-up proteomic analyses
with reduced artifacts

Proteomic bottom-up LC-MS analyses need more efficient chromatographic separation
to keep up with the advances in mass spectrometry and fully exploit the potential of state-of-
the-art MS instruments. Elevation of column temperature represents one of the most
powerful and cost-effective means for improvement of separation performance. However,
high temperature also promotes in-column modification of peptides, putting a spoke in the
wheel of sophisticated proteomic analyses.

The current method aims to minimize the formation of temperature-related artifacts via
a novel high-flow trap-elute setup with differential column heating. The trap-elute setup
reduces the time peptides spend in the heated separation column, resulting in fewer
generated artifacts. This mitigates an important drawback of the high column temperature.
At the same time, it does not diminish its positive effect on the separation performance.
Consequently, the utilization of the elevated column temperature becomes more profitable.

The proposed method reduced the artifact abundance among identified peptides in an
exploratory single-shot analysis of a human cell line proteome. It also maintained the number
of identified unique peptide sequences comparable to the direct injection configuration. The
trap-elute setup was also successfully integrated into a mimicked multi-attribute method for
the characterization of therapeutic proteins, where it again reduced analysis-related
modification in structure regions with a critical influence on product quality.

Keywords: bottom-up proteomics, liquid chromatography, mass spectrometry, high
temperature, artifacts, biopharmaceuticals.



ABSTRAKT

Univerzita Karlova, Farmaceuticka fakulta v Hradci Krdlové
Katedra analytické chemie
Kandidat: Mykyta Starovoit

Skolitel: PharmDr. Juraj Lenco, Ph.D.

Nazev diplomové prace: Vysokoteplotni LC-MS metoda pro bottom-up proteomické analyzy
se snizenym vyskytem artefaktu

Proteomické bottom-up LC-MS analyzy vyZzaduji u¢innéjsi chromatografickou separaci,
aby udrZely krok s rozvojem hmotnostni spektrometrie a plné tak vyuZily potencial i téch
nejmodernéjSich MS pfistroju. ZvySeni teploty separacni kolony predstavuje jedno z
nejefektivnéjsich a nejdostupnéjsich reseni, jak separaci peptidi v proteomickych aplikacich
zlepsit. Vysoka teplota vsak zaroven vede ke vzniku neZzadoucich modifikaci v chemické
strukture peptid(, coz proteomické analyzy vyznamné komplikuje.

Tato metoda je zamérena na snizeni vyskytu artefakt( vznikajicich na koloné za vysoké
teploty. Redenim je zavedeni nového vysokopritokového trap-elute systému za pouZiti
rozdilného vyhtivani kolon. Vyvinuté trap-elute uspofadani zkracuje ¢as, ktery peptidy stravi
na vyhtivané separacni koloné, coz snizuje pocet vzniklych modifikovanych peptidli. Zmirnuje
to jeden z negativnich nasledkd vyuZiti zvysené teploty, avSsak neomezuje jeji pozitivni vliv na
separacni ucéinnost. Ve vysledku se pouziti vysoké teploty kolony stava vyhodnéjsi cestou ke
zlepSeni separace.

Vyvinutda metoda sniZila cetnost artefaktll ve vyhledavaci jednondstfikové
analyze proteomu lidské bunécné linie a zaroven poskytla pocet identifikovanych unikatnich
peptidovych sekvenci srovnatelny s metodou primého néastfiku. Navrhované usporadani bylo
také Uspésné zavedeno pro charakterizaci terapeutickych proteind, kde opét prispélo k
zamezeni tvorby nezadoucich modifikaci v oblastech s kritickym vlivem na kvalitu léciva.

Klicova slova: bottom-up, proteomika, kapalinovda chromatografie, hmotnostni
spektrometrie, vysoka teplota, artefakty, biofarmaceutika.
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ABBREVIATIONS

AGC automatic gain control

BEH Ethylene Bridged Hybrid

CQA critical quality attribute

CSH Charged Surface Hybrid

DDA data-dependent acquisition

DIA data-independent acquisition

ESI electrospray ionization

FDR false discovery rate

HCD higher-energy collisional dissociation (C-trap dissociation)
HESI heated electrospray ionization

i.d. inner diameter

iRT indexed retention time

MAM multi-attribute method

PEG polyethylene glycol

PSM peptide-spectrum match

PTM post-translational modification

TCEP tris(2-carboxyethyl)phosphine hydrochloride
TFA trifluoroacetic acid

TopN highest number of the most intense precursor ions selected for fragmentation



1. INTRODUCTION

Bottom-up proteomics based on protein cleavage using a sequence-specific protease
followed by analysis utilizing LC-MS has become a core approach in the field [1]. Undoubtedly,
the most recent advances here were driven by the progress in mass spectrometry, particularly
in data acquisition strategies and data evaluation methods. However, the potential of current
state-of-the-art MS instruments cannot be maximally exploited if peptides entering the ion
source are not efficiently separated [2]. Elevation of column temperature represents one of
the most powerful and accessible solutions for the improvement of separation performance
[3]. Nevertheless, besides its positive effect on peak capacity [4]-[6], elevated column
temperature also brings a risk of unwanted in-column modification of peptides. Such
temperature-related artifacts increase spectra complexity, reduce the concentration of a
parent peptide, and compete with them for sequencing while not providing additional
relevant biological data. Consequently, artifact formation may overbalance the positive
effects of elevated column temperature, eventually resulting in fewer identified peptides.
Furthermore, a specific subset of artifacts can hamper the characterization of some post-
translational modifications [7][8]. In the case of biopharmaceuticals, it may compromise the
accurate quantification of modifications formed during production and storage [9].

In this study, we sought to develop a high-temperature LC-MS method for bottom-up
proteomic analyses, which preserves the advantages of elevated column temperature while
minimizing in-column peptide modification. The method relies on a trap column installed
upstream of the separation column. It has lower retentivity than the separation column and
is maintained at a safe temperature. The trap column shortens the residence time of peptides
in the heated separation column, leading to reduced modification extent, whereas the
separation performance is still preserved. Thus, the concept involves a trap-elute setup that
is traditional for nanoLC [10][11]. It is realized in the vented column configuration [12] but has
no diversion of the mobile phase from the trap column to waste. The configuration utilizes
differential column heating and is developed for the high-flow regime [13]. The method
exploits the features of conventional- and microflow separation columns maintained at the
highest reasonable temperature of 80 °C [14].

The study begins with selection of the trap column that does not worsen the peak shape
of peptides. To approach the best peak shape for both column inner diameters (i.d.), we also
examined the effect of the concentration of a mobile phase acidifier and the contribution of
the capillary that connects the trap and separation column. Next, to prove the effectivity of
the concept, we performed a pilot LC-MS analysis of a bacterial proteome with prepended in-
column incubation that simulated a long gradient run. Then, the study proceeded to a test
application in an analysis of a human cell line proteome, which mirrors trendy analytical
workflows in exploratory proteomics [15], but with an emphasis on analysis-related artifacts.
To extend the spectrum of the concept applicability, it was also implemented in a mimicked
multi-attribute method (MAM) [16] for the characterization of therapeutic proteins as a way
to mitigate the complications originating from utilization of elevated column temperature.



2. AIM OF THE STUDY

The study aims to develop an LC-MS method for bottom-up proteomic analyses that
would profit from the advantages of high column temperature while not suffering from
extensive artifact formation. The method exploits the trap-elute setup instead of the direct
injection configuration that dominates in high-flow LC. Therefore, the most demanding
section in the method development is the thorough optimization of the column pair and the
analytical conditions to be applied for this setup utilization. The key characteristic of the
developed method, which will determine its profitability in comparison to conventional
methods, is sensitivity. This is a critical aspect of the use of narrow- and microbore columns
[11][17][18]. Therefore, the method providing even worse sensitivity resulting from peak
broadening than that typical for high-flow direct injection LC-MS setups would be out of great
interest. This is why the principal aim of the study is to reach the separation performance and
sensitivity of direct injection on the same separation columns kept at the same temperature.

The more attention-grabbing feature of the method is how effectively it prevents
peptides from being modified. First, it depends on the temperature that the peptides are
exposed to while being retained in the trap column. Therefore, the aim is to keep the trap
column temperature as safe as possible. Also, the modification extent is given by the time that
peptides spend in the heated separation column [3]. Hence, it is necessary to select the trap
column retentivity as close as possible to the retentivity of the separation column so that
peptides spend in the trap column the maximum portion of the total in-column residence time
instead of being retained in the heated separation column. However, it comes to a
compromise with the need to preserve effective refocusing at the head of the separation
column, which is necessary for subsequent efficient separation [10][11]. The underlying
condition is to keep sufficient difference between the column retentivities, so the trade-off is
to be found.

The following list summarizes the intermediate aims of the study:

1. Selection of trap columns suitable for coupling with the Acquity Premier CSH Cis separation
columns of 2.1 and 1.0 mm i.d., with emphasis on in-column residence time and the effect of
trap column installation on the peak shape; optimization of the trap column temperature;
selection of the concentration of the mobile phase acidifier that provides a superior peak
shape; selection of the capillary connecting the trap and separation column

3. Proof of the hypothesis that the shortening of in-column residence time due to the trap
column installation can reduce the abundance of modified peptides — via an LC-MS analysis of
a whole-cell proteome using the trap-elute setup and the direct injection configuration

4. Application of the trap-elute setup in a typical exploratory LC-MS analysis for a
comprehensive examination of the impact on method sensitivity, productivity, and
modification extent

5. Application of the trap-elute setup in an MAM for orthogonal method assessment and
extension of applicability spectrum



3. THEORETICAL SECTION

3.1. Peptides

Peptides are linear polymers of amino acids. There are 22 L-amino acids found in vivo as
structural units of peptides and proteins; these amino acids are also referred to as biogenic. In
proteomics, peptides are mainly considered fragments of proteins since most analyses involve
protein cleavage as a source of peptides for further investigation [19][20]. The general
definition states that the length of a peptide is 2 to 100 amino acids. As most peptides in a
proteomic laboratory are generated by enzymatic cleavage, the peptide length varies
depending on the specificity of the used enzyme. For instance, tryptic digestion generates
peptides with an average length of 14 amino acids [21]. Besides the number of monomers, the
physicochemical properties of peptides are defined by the content of individual amino acids
and their positions in sequence. The part of an amino acid with the main impact on peptide
properties is a side chain. Side chains of amino acids differ in the length of the hydrocarbon
chain, hydrophobicity, and presence of chargeable groups. The latter then defines the acid-
base and chelating properties of peptides.

The most noticeable difference between peptides and small-size molecules is in
molecular weight and hydrodynamic diameter. While most active pharmaceutical compounds
of non-polymeric structure have a molecular weight that does not exceed 1000 Da, the peptide
weight can reach several kDa. The larger the molecule, the more active sites for interaction it
possesses. This is why large molecules demonstrate high sensitivity to the changes in the
mobile phase composition when analyzed with reversed-phase LC [22]. This feature can be
described via parameter S, derived from the linear-solvent-strength model of gradient elution
introduced by Snyder [23]. The higher the parameter S, the smaller the range of the strong
solvent fraction that provides the analyte velocity along the separation column significantly
higher than zero but not as high as the mobile phase velocity. As parameter S correlates with
molecular weight, the highest values are related to intact proteins. For such large molecules,
the retention mechanism likely changes from partitioning between the mobile and stationary
phase to adsorption upon injection on the column and desorption at the time when the
portion of the strong solvent in the mobile phase approaches a certain value [24]. This process
is sometimes simplified as the “catch and release” or “on-off” process [25].

The following consequence of large molecule size is low diffusion rate. Slow diffusion
prevents peptides from a quick transfer in and out of the internal pore volume. It leads to
worsened mass transfer along the column, which manifests as broadened chromatographic
peaks. Although slow diffusion also decreases longitudinal dispersion, leading to peak
broadening as well, if these two effects are summed, the negative effect of resistance to mass
transfer overbalances. Thus, among other contributors to peak broadening, mass transfer
resistance, described as the term C in the van Deemter equation, represents the major
obstacle to achieving maximum separation performance in peptide LC separations [11].

Regarding the acid-base properties of peptides, tryptic peptides typically have at least
two chargeable groups — the amino group at the N-terminus and the carboxyl group at the C-



terminus. As side chains of amino acids may also contain these two moieties, peptides behave
as amphoteric molecules with multiple possible pH-dependent dissociation states. Individual
dissociation states of a peptide differ in hydrophobicity, thereby retention in reversed-phase
chromatographic mode. Thus, the retention of a peptide in a chromatographic column at a
certain pH is the sum of the retentions of its possible dissociation states multiplied by their
relative abundances. For a robust separation with stable retention time across analyses, the
pH of the mobile phase should be at least 1.5 pH units below the lowest or above the highest
pKa value among all chargeable groups in the peptide structure. On the other hand, such
sensitivity of retention to pH is an opportunity to perform two-dimensional LC separation with
orthogonal selectivity at opposite pH extremities [26]—-[28].

Templates of possible peptide structures are not only given by the amino acid
composition and their sequence. As proteins undergo post-translational modification,
numerous modifications can be identified in protein structures, also at the peptide level. This
feature is used in bottom-up proteomic analyses — the protein structure is investigated using
peptides in the role of protein fragments. There are more than 400 in vivo occurring post-
translational modifications (PTMs) located on the side chains of amino acids or the N-terminus
of a protein [29]. The most frequently studied PTMs are phosphorylation, acetylation,
glycosylation, ubiquitination, methylation, oxidation, formylation, and succinylation. PTMs
play a key role in numerous biological processes by changing the protein structure and
dynamics. These modifications affect a wide range of protein behaviors and characteristics,
including enzyme function and assembly, protein lifespan, protein-protein interactions, cell-
cell and cell-matrix interactions, molecular trafficking, receptor activation, protein solubility,
protein folding, and protein localization [29]. In therapeutic proteins, PTMs play an important
role as well since their efficacy and safety are dependent on the expression of certain
modifications (for a review of the PTM roles in monoclonal antibodies, see [30]). That is why
these modifications, also belonging to critical quality attributes (CQAs), represent key targets
for proteomic analyses in the quality control of biopharmaceuticals [31].

Besides in vivo generated modifications, certain changes in peptide or protein structure
may occur artificially during sample preparation, storage, and analysis [9][32]. Such artificial
modifications are often referred to as post-isolation and the modified peptides — as artifacts.
The most known of them are Met oxidation, Asn deamidation (beginning with succinimide
intermediate formation mentioned as ammonia loss, followed by conversion either into Asp
or isoAsp), pyroGlu formation from the N-terminal Glu and GIn, and Asp dehydration (see
Scheme S1 in Supp. Materials). The conditions accelerating the modification process had been
extensively studied for most of the mentioned reactions [33]-[40]. Mostly, they involve high
temperatures, the presence of oxidants or metal traces, and specific pH ranges. Low pH and
elevated temperature were also shown to promote non-enzymatic cleavage specific to the C-
terminus of Asp, as well as to the N-terminus, but with slower kinetics [14][41]. The extent of
modification strongly correlates with the intensity of a condition, e.g., the value of
temperature or pH and the time that peptides are exposed to described conditions.



For proteomic analyses, the artificial modification leads to several undesired
consequences. First, as a modified peptide is generated from its unmodified form, the
concentration of the unmodified form decreases, along with the chance of its identification. In
other words, instead of the initial high concentration of the unmodified peptide, there are two
(or more) peptides of the same sequence all present in lower concentrations, which
consequently reduces the probability of identification of at least one peptide covering this
sequence segment. Secondly, the presence of several peptide forms with the same sequence
does not provide additional biological information and does not result in the identification of
a new protein. Hence, the sample becomes more complex without providing new biological
information. When the number of simultaneously identified peptides is limited by the intrinsic
capabilities of an analytical technique, the modified form could “occupy” the spot in the list of
identified peptides, which would belong to another wanted peptide of a different sequence.
Thus, artificial modifications may compromise the number of identified peptides and overall
analysis productivity. Furthermore, a specific subset of artificial modifications formed during
sample preparation or analysis can mimic in vivo protein modifications, hampering their
characterization [7][8]. In the case of biopharmaceuticals, artifact formation may compromise
the detection and accurate quantification of modifications formed during production or
storage [9][36][38]. Due to this, post-isolation modifications have become a frequent topic in
the proteomic field, which has led to the development of preventative measures, such as the
implementation of sample preparation protocols generating a reduced number of artifacts,
especially in the quality control of biopharmaceuticals [42]-[47], and optimization of analytical
methods with emphasis on reduced artifacts [3].

3.2. Application of Liquid Chromatography Hyphenated to Mass Spectrometry in
Analysis of Proteins

Liquid chromatography hyphenated with mass spectrometry represents a leading
analytical technique in bottom-up proteomics. Being unprecedentedly sensitive and
productive, highly sophisticated LC-MS workflows nowadays allow for the identification of
thousands of peptides and, subsequently, proteins from one sample [48]-[51]. The
productivity of LC-MS-based methods is widely utilized in numerous applications: from
targeted quantitative analyses of specific proteins of interest as biochemical markers of
diseases to exploratory proteomics that focuses on untargeted protein mapping of entire cells
or tissues. LC-MS also plays an essential role in the quality control of therapeutic proteins [52],
which undoubtedly belong to one of the most innovative drugs.

A typical proteomic bottom-up workflow relies on protein digestion, followed by
chromatographic separation and peptide characterization using a tandem mass spectrometer
[20]. The acquired MS/MS spectra are searched against a spectral library generated from the
protein sequences of interest under specified conditions. The entire analysis results in a pool
of peptide-spectrum matches (PSMs) representing identified peptides. If the peptide sequence
is long enough, it becomes a fingerprint enabling the identification of a certain protein or at
least a protein family sharing the same sequence segment. Alternatively, protein
characterization can be performed via a middle-up or middle-down approach, based on the



analysis of protein subunits or polypeptides, or using a top-down approach, which analyzes
proteins at their intact state [53]. Additional information about protein structure may also be
obtained from the amino acid analysis, which requires total hydrolysis of peptide bonds.

In exploratory bottom-up proteomics, one of the main goals is to achieve the highest
number of identified peptides (and then proteins), which describes the coverage of the sample
proteome within the shortest analysis time. Great coverage and depth of exploration are
achievable in the case of efficient peptide separation and sufficient method sensitivity. To
simplify the task of the LC part, it must separate peptides entering MS into narrow and intense
peaks, homogeneously distributed over the elution window. The narrower the peptide bands,
the fewer peptides simultaneously enter the ion source. Consequently, a larger portion of
them gets a chance to be sequenced. Also, the narrower the bands, the more concentrated
they are and the more intense the resulting peptide peaks. This underlies improved method
sensitivity. This is how the efficient separation increases the number of identified peptides
directly and via improved method sensitivity. Achieving efficient peptide separation enables
the maximum exploitation of the MS instrument capabilities. Subsequent success is
dependent on the parameters of data acquisition and evaluation of generated spectra. The
task of the mass spectrometer is to acquire spectra of good quality for the highest number of
peptides in the sample. The last challenge is to set suitable search parameters for the pool of
acquired spectra so that the maximum of them is correctly assigned to peptide sequences and
proteins.

3.2.1. Sample preparation

The task of sample preparation in the bottom-up approach is to generate a peptide set
from a protein sample (Figure 1). First, to access peptide bonds to a cleaving agent, proteins
should be denatured using an agent with detergent activity. Denaturing agents, such as
guanidine, urea, or sodium deoxycholate, unfold and alter protein structure, disrupt non-
covalent interactions, and promote hydrophobic protein solubilization, altogether increasing
the efficiency of subsequent procedures [54]. The next step is a reduction of disulfide bonds,
typically performed with dithiothreitol, tris(2-carboxyethyl)phosphine hydrochloride (TCEP),
or B-mercaptoethanol, which is essential for subsequent blocking of free thiols with
iodoacetamide, chloroacetamide, or S-methyl methanethiosulfonate. All blocking agents
donate the alkyl group that attaches to the free sulfhydryl groups, preventing them from
reverse disulfide bond formation. Alkylating agents differ in required concentration, incubation
conditions, reactivity, off-target activity, and the tendency to promote other artificial
modifications [19][55][56]. Denatured, reduced, and alkylated proteins may be cleaved with
chemical agents (cyanogen bromide, 2-nitro-5-thiocyanobenzoate, hydroxylamine [57]) or,
more often, enzymes, such as trypsin, Lys-S, Lys-N, chymotrypsin, or ArgC [58]. The most
preferred cleavage method is tryptic digestion, which generates peptides of optimum length,
mostly not exceeding 5-6 kDa. Trypsin cleaves at the C-terminus of lysine and arginine if not
followed by repeated amino acids with basic side chains, proline, or certain PTMs [59][60]. The
enzyme selection depends on the desired peptide length, preferred terminal amino acids, and,
generally, on the task of the experiment.
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Figure 1: General sample preparation workflow for biological samples (adapted from [20]). There are
many options for extracting proteins from tissues and cell lysates, protein fractionation, enrichment,
and digestion into peptides for MS analysis.

Alternatively, peptide mapping protocols may be performed under non-reducing
conditions if the experiment is aimed at the positions of disulfide bonds in the protein. These
protocols skip reduction and thiol blocking and digest proteins right after the denaturing.
Furthermore, blocking free thiols was generally shown to be a potentially skippable step,
provided that the concentration of the reducing agent is sufficient for maintaining the
sulfhydryl groups in a reduced state within digestion [61].

After digestion, the sample may require the removal of small-molecule contaminants
because of their incompatibility with MS detection. For complex peptide samples, typically
whole-cell or tissue digests, fractionation is also considerable in the effort to decrease the
number of peptides that are to be separated in one run. If the complex sample is analyzed
without the fractionation, such analyses are referred to as single-shot.

Each step of the sample preparation requires specific conditions to ensure the
guantitative course of a reaction. The main condition is to maintain sufficient concentration of
a reagent in the mixture and follow the recommendations of the incubation time or
temperature. pH adjustment is also necessary for several steps. For instance, proteases mostly
require a pH slightly above 8. For some enzymes, it is also essential to avoid the co-presence
of denaturing, reducing, or alkylating agents at high concentrations by buffer exchange to
preserve their intrinsic activity. It is based on the simple fact that enzymes are proteins as well
as the sample proteins. All procedures should be carried out at the lowest possible
temperature in the shortest possible time to minimize artificial modification [9]. Unfortunately,



it may compromise the efficiency of digestion. Therefore, certain trade-offs between these
two opposite issues must be found during the optimization of sample preparation protocols.
Regarding the acidity of the reaction solution, it becomes even more complicated with 3
variables: proteases require a pH of >8, but this pH also promotes deamidation of Asn. On the
other hand, it is undesired to lower pH because of the risk of Asp dehydration, pyroGlu
formation, and other modifications. As the topic had become more complicated with the rise
of interest in artificial modification, numerous studies were conducted to find an optimal
procedure. Mostly, these studies investigate the impact of selected reagents and incubation
conditions. Also, numerous commercial solutions currently exist on the market [62]—[65].

The final sample solvent is the last considerable variable. Water is preferable both for
dissolution and analysis since most proteomic LC separations are performed in the reversed-
phase mode. The sample should not contain a high fraction of acetonitrile to prevent peak
distortions, but the addition of a small amount is recommended to avoid precipitation of most
hydrophobic peptides. To prevent the irreversible adsorption of peptides onto the vial surface,
the addition of 0.001% 20 000 g/mol polyethylene glycol (PEG) may also be necessary [66].
Practitioners should also avoid sample dissolution in aqueous 0.1% formic acid as it can result
in artificial formylation at the N-termini of peptides [33]. For the prevention of sample
degradation and artifact formation during sample storage, the sample should be stored in a
freezer at a low temperature until transferred to a cooled LC autosampler [67].

3.2.2. Separation conditions

Most separations in LC-MS-based proteomics are performed in the reversed-phase
mode [11]. It is because of its robustness, reproducibility, ease of method development, and
balanced hydrophobicity of peptides compared to the hydrophobicity of common stationary
phases. Other separation modes may be beneficial for obtaining orthogonal selectivity. The
second most mentioned mode is hydrophilic interaction chromatography, which finds its
application mainly in the characterization of glycans. The first-choice stationary phase ligand
in the reversed-phase mode is octadecyl (Cig). Alternatively, if an experiment requires lower
retentivity of the stationary phase, octyl (Cs) or butyl (Cs) ligands can be considered. The vast
majority of studies traditionally involve particulate homemade or commercial columns packed
with silica-based totally porous 2-3 um particles [11]. Superficially porous particles or sub-2um
particles, being the main advances in stationary phase technology over recent decades, are
rather seldom used despite their indisputable advantages. However, in the field of particle
chemistries, such novelties as Charged Surface Hybrid (CSH, Waters) or similar products from
Agilent or Phenomenex are not that rarely mentioned [68][69]. CSH particle chemistry offers
positively chargeable ligands incorporated at the particle surface for the reduction of
secondary interactions with charged silanols and reduced signs of overloading when a low-
ionic-strength mobile phase is used. Common stationary phases also include Acclaim PepMap
(Thermo Fisher Scientific), Ethylene Bridged Hybrid (BEH, Waters), and High Silica Strength
(Waters). They differ in retentivity even if the same Cis ligand is used [10][70].

Particle pore size. Since peptides have greater hydrodynamic diameter than small-size
molecules, they require corresponding adjustment of the particle pore size. 99% of the active
chromatographic surface is located in particle pores. Therefore, if the pore surface is not
accessible to a peptide, it may suffer from poor retention and peak broadening because of



fewer interactions with the stationary phase ligands [11]. Additionally, if the particle pores are
not large enough, the secondary size-exclusion retention mechanism appears, as well as the
worsened diffusion between the internal pore space and the interstitial space outside the
particle, resulting in increased resistance to mass transfer. Both issues then manifest as peak
broadening and/or tailing. On the other hand, larger particle pores can lead to decreased
column retentivity because of reduced surface area. If we consider peptides generated by
trypsin as the protease of choice, the hydrodynamic diameter of tryptic peptides may reach
20-25 A. Guided by the rule that the pore size should be 3- to 5-fold larger [71], the optimum
pore size starts at 100 A. Larger sizes may be beneficial for the separation of samples digested
with enzymes that generate longer peptides, such as Lys-C.

Inner column diameter. The inner diameter of the column defines the largest number
of the LC-MS system volumetric characteristics. The nomenclature of columns based on their
i.d. and the terminology of related flow regimes have not been unified, but for this work, the
text below will follow the classification proposed by Lenco et al. (Figure 2) [11]:
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Figure 2: Classification of column formats and flow rate regimes proposed by Lenco et al, appended
with corresponding sensitivity gains in comparison to a hypothetical 2.1 mm i.d. column.

The inner column diameter determines method sensitivity, dictates the mobile phase
flow rate, injected mass of peptides, dimensions of capillaries up and downstream of the
column, and the volumetric characteristics of the ion source of the mass spectrometer. As
proteomic analyses usually deal with small sample quantities and the sample components are
present in a wide range of concentrations [72], proteomics has been almost dogmatically
linked to nanoflow columns. They provide the lowest sample dilution ratio, which is beneficial
for mass spectrometers with a traditional electrospray ionization source, behaving as a
concentration-dependent detector [73]. Despite this key advantage of the nanoflow regime
compared to the micro- and conventional-flow ones, nanoflow columns suffer from lower
robustness, sample throughput, and shorter lifetimes. Also, the narrower the column, the less



homogenously it is practically packed, which negatively influences the eventual separation
performance. Moreover, nanolLC requires specific technical solutions in the hardware to
deliver accurate gradients at sub uL/min flow rates and enable the injection of volumes several
times exceeding the nanoflow column volumes [74]. Also, troubleshooting in nanolLC is more
challenging than in the conventional-flow regime because of its slow responsiveness. That is
why wider columns gain interest in various applications [15][17][18]. A recent study
demonstrated that the increase in the sample amount needed to approach sensitivity common
for nanoLC while operating in the microflow regime is significantly lower than that predicted
[14]. In the sphere of biopharmaceutical quality control, where the sample quantity is
relatively unlimited, and the protein concentration is simply adjustable, microbore and
narrow-bore columns represent the dominant column formats.

Column length. The second parameter describing column dimensions is the column
length. In proteomics, it varies from 5 to approximately 75 cm. Longer columns improve
separation performance and the number of identified peptides, particularly when long
gradient methods are used [2][75]. On the other hand, longer columns suffer from axial
heterogeneity of packing, prolong the retention time of analytes, and require more time for
column equilibration to initial gradient conditions [76]. These negative effects collectively
diminish the sample throughput and the peak capacity per total analysis time [77]. The
accompanying negative effect of longer columns is the higher back pressure. However, the
column can be operated under a higher temperature or reduced flow rate, both being
beneficial for the number of identified peptides.

Connecting capillaries. The column dimensions also define the volume of capillaries
linking the sample loop and the detector. The narrower the column, the smaller the volume of
connecting capillaries should be to preserve the separation performance of the column.
Ideally, connecting capillaries should be as small as possible, but the selection is limited by the
generated back pressure. The selection of the capillary installed upstream of the column is less
critical because, due to their high parameter S, peptides are anyway refocused after the
injection at the head of the column, provided that the initial mobile phase is weak enough
[11].

Mobile phase. Most proteomic studies involve water-acetonitrile mobile phases, with
rare exceptions for methanol. The pH of the mobile phase for bottom-up proteomic analyses
is traditionally acidic because it does not hydrolyze the silica support of the particulate
stationary phase and keeps surface silanols in the undissociated state, preventing them from
unwanted secondary interactions with protonated analytes [11]. If all carboxyl groups in a
peptide set are kept at a pH lower than the lowest pKa by at least 1.5 units, it guarantees the
undissociated state of all of them. This ensures the reproducibility of retention time and
mitigates metal chelating tendencies, which may manifest as peak distortions. Moreover,
acidic pH facilitates the protonation of peptides during electrospray ionization, making it ideal
for the downstream MS analysis of peptides with basic functional groups in the positive mode
[78]. The first-choice acidifier is 0.1% formic acid as it is volatile, i.e., MS-friendly, and does not
suppress ionization as does trifluoroacetic acid (TFA) [79]. However, formic acid, being
beneficial for LC-MS, is not the best option among these two acids in LC-UV. Formic acid has
only a limited ability to form ion pairs in the concentration of 0.1%, which does not allow for
efficient prevention of secondary interactions with residual charged silanols. The peak shape
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of peptides separated in such a low-ionic-strength mobile phase shows signs of overloading.
However, this issue became less significant with the introduction of novel particle chemistries
such as CSH. This also enabled the reduction of the concentration of formic acid in the mobile
phase to mitigate residual ionization suppression that is still noticeable when 0.1% formic acid
is used [80]. Compared to TFA, formic acid also provides a higher pH, which may result in
undesired partial dissociation of certain peptide carboxyl groups with a lower pKai. To
summarize, TFA enables more efficient and reproducible separation than formic acid, which
defines its status in LC-UV analyses. On the other hand, TFA significantly suppresses the
ionization of peptides in the ion source due to strong ion-pairing properties, which makes TFA
inapplicable in LC-MS and makes formic acid the preferred option. Interestingly, the
concentration of formic acid was also shown to influence peptide retention on common
stationary phases, such as CSH and BEH Cis (Waters) [80]. When the concentration of formic
acid is reduced, pH increases. This leads to partial ionization of certain peptide carboxyl
moieties. Charged carboxyl groups interact with the positively charged surface of the CSH
stationary phase. These secondary ionic interactions increase peptide retention in the CSH
phase [81]. The opposite result may be observed in separations with reduced concentration of
formic acid when the BEH stationary phase is used.

Auxiliary mobile phase additives. Besides the major components, the mobile phase can
contain auxiliary additives with specific roles. Regarding, for example, the chelating properties
of certain amino acid residues, it may happen that the pH maintained by weak 0.1 % formic
acid is not low enough to keep all carboxyl groups in the undissociated state. These charged
groups then behave as chelators for metals, including those present on the internal surface of
the column cylinder. Peptides interact with the metal surface and consequently suffer from
peak tailing. Antichelating additives, such as acetylacetone, citrate, and medronic acid, can be
added in low pmol/L or mmol/L concentrations to the mobile phase to improve the peak shape
of peptides with strong chelating properties [82]. Antichelating additives also reduce in-
column Met oxidation associated with metal traces [35]. Aiming at the same issue of secondary
interactions, Waters developed a dedicated product line of columns with internal coating,
which prevents the mobile phase from contact with the metal surface of the column (MaxPeak
High-Performance Surfaces Technology, product line of Premier columns) [83].

Gradient elution. Due to the special retention behavior of peptides, proteomic
separations must necessarily be performed using gradient elution. Gradient methods usually
start at a small percentage of a strong mobile phase component, which increases with a linear
or segmented course up to a final value, followed by the column wash and an equilibration
step. The weaker the initial mobile phase, the higher the probability of retention and
separation of the least hydrophobic peptides that leave the column at the beginning of the
elution window. A short isocratic hold at the initial mobile phase composition between the
injection point and the beginning of the gradient can be added to separate non-retained small-
size contaminants from the peptide fraction. However, if the gradient delay time of the
instrument configuration is long enough, it de facto substitutes this isocratic step. To avoid ion
source contamination by non-retained compounds, the mobile phase flowing out of the
column can be diverted to waste at the beginning of the run for a time slightly longer than the
column dead time.

11



Gradient length varies from several minutes to 4 hours, which is an unmet situation in
the analysis of small molecules. The setting of gradient time primarily depends on the sample
complexity. The more complex the sample, the longer the gradient duration should be to keep
a reasonable number of peptides eluting simultaneously [75]. However, this tool only works to
a limited gradient time, meaning that the number of identified peptides from the given sample
will stop increasing with gradient extension after reaching this limit [11]. Moreover, this
dependency is valid only for sufficiently long columns. As gradient length defines the time
peptides spend in the column, it directly affects the extent of the artificial modification
process, yet it is more critical if the column is maintained at a high temperature [3].

3.2.3. Detection

Bottom-up proteomics is traditionally linked to MS detection. Compared to UV or
charged aerosol detection, MS detection provides an additional dimension of information
about peptide structure. The single knowledge of retention time and the quantity of analytes
provided by the mentioned UV and charged aerosol detectors remains sufficient, for instance,
in simple peptide mapping of biopharmaceuticals in their quality control. However, even in
this application, peptides must be first sequenced by the tandem mass spectrometer. Along
with the rise of MAMs for the characterization of therapeutic proteins, the interest in UV
detection is progressively decreasing. MAMs exploit the universality of MS detection and focus
on multiple CQAs in protein structure, substituting traditional single-attribute methods (for a
recent review, see [16]). Besides providing information about peptide structure, MS detection
is undoubtedly superior in sensitivity and the ability to characterize multiple analytes
simultaneously. That is why MS detection holds a monopoly in exploratory proteomics and
guantitation of low-abundant peptides in complex samples. On the other hand, due to the
robustness and ease of use of the UV detector, its utility should not be overlooked in cases
when the identification of peptides is not required, peptides are effectively separated and
provide a sufficient signal-to-noise ratio.

The MS characterization starts with the ionization of peptides and evaporation of the
mobile phase using electrospray ionization (ESI source), mostly in positive mode. Peptides are
introduced in the ESI via a needle of the dimensions that should be selected based on the
dimensions of the column and the flow rate [14]. Also, the depth of the ESI probe must
correspond to the applied flow rate. The performance of the ion source can be improved by
the introduction of heated auxiliary gas — such an ion source is referred to as Heated ESI (HESI).
The parameters of the ion source should be optimized to achieve efficient spray formation and
the highest intensity of peptide peaks. Numerous software products offer automatic
adjustment of these parameters according to the mobile phase flow rate.

Charged peptides then pass through MS1 filtering, fragmentation, and detection in a
high-resolution tandem mass analyzer. Typically, it is a time-of-flight analyzer with a prepended
guadrupole or an electrostatic orbital ion trap. Only these instruments combine high
resolution and fast scan frequency [84]. The fragmentation is induced by collisions of ions with
neutral gas molecules using additional electric potential. This technique is called collision-
induced dissociation. One of the derivations of this technique is higher-energy collisional (or
formerly known as “C-trap”) dissociation (HCD). This derivation is available in specific Orbitrap
Thermo Fisher Scientific mass spectrometers.
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For untargeted exploratory proteomics, there are two basic data acquisition mods: data-
independent acquisition (DIA) and data-dependent acquisition (DDA). The latter approach
used to be the most popular in the field. However, along with the advances in spectra
evaluation [85][86], DIA has gradually become a leading approach in numerous applications.
One of the exceptions is PTM analysis, where DDA still holds a monopoly. DDA is based on the
selection of a limited number of the most intense precursor ions (TopN, N is mostly 3 to 20)
that exceed the given intensity threshold, provided that they are not included in the exclusion
list or dynamically excluded from fragmentation at the moment of MS1 filtering. Precursors
are selected during a first-in-the-order survey MS1 scan. The selected precursors are then
sequentially fragmented during MS/MS events. The total cycle time is the sum of (i) the time
of precursor ions accumulation (termed as injection time) for the survey MS1 spectrum, (ii)
MS1 spectrum acquisition, (iii) online software evaluation of the precursor list, (iv)
accumulation of a single precursor ion for fragmentation, and (v) MS/MS spectrum acquisition.
The total duration of the last two steps is multiplied by the number of precursors. The cycle
time also includes interscan delays and the time needed to switch the acquisition settings.
Instead of setting ion accumulation times, some instruments offer the setting of a target count
of ions (automatic gain control, AGC) as a tool for tuning target ion quantities. The count of
accumulated ions and the spectra acquisition time define the peak intensity and the quality of
spectra, which affects the probability of spectrum assignment to a correct peptide sequence.
However, if a method involves the selection of numerous precursors and long times of ion
accumulation or spectra acquisition, the total cycle time increases, which leads to a drop in
scan frequency, resulting in fewer identified peptides [84]. A too-short cycle would oppositely
lead to spectra of poor quality with low signal intensity, compromising method sensitivity. For
maximum productivity, other important parameters must be balanced:

e resolution —the higher the resolution, the higher the mass accuracy, but the longer the
spectrum acquisition time (valid for Orbitrap instruments)

e intensity threshold for MS/MS event triggering — the lower the threshold, the higher the
probability of fragmentation of low-abundant peptides, but also the more probable the
fragmentation of single-charged background ions if a single charge state is not generally
excluded from fragmentation.

o list of precursors permanently excluded from fragmentation regardless of their intensity
(exclusion list) — to avoid fragmentation of background ions.

e time during which the same precursor will not be fragmented repeatedly (dynamic
exclusion) — to avoid the generation of multiple spectra for the same peptide.
Alternatively, dynamic exclusion time can be set so that the next spectrum of the given
peptide is acquired at the peak apex to obtain a spectrum of better quality.

e apex trigger — to obtain an MS/MS spectrum at the LC peak apex with the highest
intensity.

e m/z window of precursor isolation — the too narrow window will result in non-
guantitative isolation of a precursor, too wide — in co-isolation of multiple peptides,
leading to a chimeric fragmentation spectrum.

e isolation m/z offset — to cover an isotopic cluster as well as the monoisotopic peak.
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e permanent exclusion of certain peptide charge states - to reject individual charge states
or undetermined charge states as precursors for MS/MS scans.

e exclusion of isotopic peaks from isolation

e isolation of the most intense peptide charge state

e chromatographic peak width — expected average peak width at half height used by
certain software products in the calculation of the dynamic exclusion and AGC target in
case of automatic setting.

e normalized collision energy — the higher the collision energy, the more intense the
fragment ions, and the lower the remaining intensity of a parent peptide. However, too
high collision energy may result in an overfragmentation with a high abundance of low-
mass fragments. The normalization means that the collision voltage is adapted for m/z
and the charge state of individual peptides so that the eventual collision energy
transmitted to different peptides is roughly equal and, therefore, can be set universally
[87]1(88].

In contrast to DDA, DIA avoids the detection and selection of individual precursor ions
via co-selection and co-fragmentation. Convoluted or multiplexed MS2 spectra are generated
without explicit association between each single precursor and its corresponding fragments.
As a result, DIA requires more sophisticated post-acquisition data analysis compared to DDA.
On the other hand, DIA is unbiased by precursor intensity, and its performance is less
vulnerable to the presence of multiple co-eluting peptides and, generally, to high sample
complexity. DIA also has a wider dynamic range, which enables more accurate quantitation.
Finally, it provides a higher probability that the given precursor will be again fragmented in
replicated analyses of the same sample.

3.2.4. Data evaluation

Because of enormous spectral complexity, data evaluation in proteomics is routinely
performed by dedicated search software products [89]. The inputs for the assignment of
spectra to peptide sequences are a pool of acquired spectra containing fragmentation patterns
characteristic to specific peptide sequences and a spectral library that consists of predicted
spectra corresponding to candidate peptide sequences generated under specified parameters.
Alternatively, acquired spectra can be compared to the spectra available in databases of
experimentally acquired spectra. The spectral library is created by the software, which
“digests” downloaded protein sequences (usually as a file of FASTA format) based on preset
parameters. The common parameters are enzyme type, enzyme specificity (fully or semi-
specific cleavage, other options available), allowed number of missed cleavages along one
peptide sequence, fragmentation type, mass tolerance for precursors and fragments, disulfide
bridge inclusion, etc. The spectral library is traditionally enriched with possible modifications
in peptide structures: fixed modifications (peptide sequences free of a certain fixed
modification on a specified amino acid are not considered) and variable modifications (both
modified and unmodified peptide sequences are included in the search) with the specification
of their occurrence frequency. Typically, modification lists include modifications obligatory
from the biological point of view (PTMs) and the sample preparation- or analysis-related
artifacts. To control the combinatorial explosion of the number of sequences modified in
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multiple ways, the software usually provides the setting of the maximum of variable mods.
Quantitation-oriented products, such as Skyline, also provide the setting of post-acquisition
MS1 filtering, e.g., possible charge states of a precursor and an interval of retention time
around the MS/MS identification time, which is used for filtering an identified precursor [90].
The less strict the search parameters, the larger the generated spectral library, and the more
peptides become potentially identifiable. On the other hand, it increases the computational
load and the search time. Therefore, the search parameters should be set according to the
experiment's aim to identify the set of peptides of interest preferentially. Also, relaxed
parameters of mass tolerances usually lead to a higher number of PSMs, but the reliability of
identification is logically diminished. The search engine compares acquired spectra with the
spectra from the spectral library. The search results in a pool of PSMs, which cover a certain
portion of acquired spectra. Each PSM is scored according to the similarity of the spectra. PSMs
are subsequently ranked based on the matching score. The software selects the best-scoring
peptide sequence as the most likely true sequence.

Alternatively, peptide sequence can be extracted directly from the acquired spectra, i.e.,
without referring to an external spectra database or a generated spectral library (de novo
sequencing approach). This approach is based on the calculation of the mass differences
between the next and the previous peptide fragment. The calculated mass differences are then
assigned to individual amino acid residues, and the calculation continues amino acid by amino
acid. There are also hybrid approaches, such as those based on the extraction of short
sequence tags of 3-5 amino acids combined with database searching [91][92].

As the absolute correctness of PSM a priori cannot be guaranteed, PSM sets always
contain a certain portion of false identifications. Several measures were introduced for the
characterization of the false PSM abundance. In the case of large datasets, the most used
statistical confidence measures are false discovery rate (FDR, percentage of false peptides in
an entire set of PSMs) as a summary statistic for the entire collection of PSMs and posterior
probability (percentage of true peptides among all PSMs) [91]. At the peptide level, FDR <1%
is considered the standard tolerated error rate. There are several strategies for FDR estimation.
The most common is the target-decoy strategy [93]. This strategy requires that experimental
MS/MS spectra are searched against a target database of protein sequences appended with
the reversed or randomized sequences of the same size. The basic assumption is that the
probability of a match to decoy peptide sequences (decoy PSMs) and false matches to
sequences from the target database (target PSMs) are roughly equal. In the second step, PSMs
are filtered using various score cut-offs. The FDR corresponding to each cut-off is estimated as
the number of decoy PSMs divided by the number of target PSMs with scores above the given
score cut-off. Provided that the sizes of the target and decoy database are equal, the number
of false target PSMs can be estimated through the number of decoy PSMs. The pipelines
usually offer a selection of a tolerated FDR level, and the search engine calculates the
corresponding score cut-off that serves as a boundary between accepted and unaccepted
target PSMs. The higher the FDR level, the lower the score cut-off, and the more PSMs are
eventually accepted, but the higher number of them are accepted being potentially falsely
identified. Alternatively, there is an option to select the threshold number of decoy PSMs for
a dataset, and the score cut-off is set at the score of the lowest-ranked decoy PSM; FDR is then
calculated from the number of target and decoy PSMs [92].
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Protein assignment is performed via correlation of protein sequences with the identified
peptides. The longer the sequence, the more reliable the assignment, and the lower the
probability that the peptide might be “shared” with the other protein. The high number of
identified peptides per protein also increases the confidence in protein identification. The
calculation of FDR is also applicable at the protein level and is performed analogously: the PSM
score is replaced with the protein score, the target database is enriched with randomized
sequences of target proteins of the same size, and the protein score cut-off is selected so that
the FDR is controlled at the desired level. Both strategies can be fused in the two-dimensional
FDR, which takes features of FDR calculation at both levels to preserve the low level of false
positives while not discarding extensive sets of false negatives, which would be otherwise
accepted under the manual human expertise [94].

3.3. Role of Column Temperature

The column temperature represents an exceptionally cost-effective and powerful means
that can substantially improve peptide separation, which increases the number of identified
peptides from a complex sample [3][5][6]. Unfortunately, its benefits are generally overlooked
in bottom-up proteomics, perhaps due to the requirement of additional LC accessories or
doubts about the stability of stationary phases. The most noticeable effects of elevated column
temperature are undoubtedly decreased retention and lower back pressure. The lower back
pressure results from the decreased viscosity of the mobile phase passing the column. This is
a typical motivation for using an elevated temperature in proteomic analyses, particularly
when long columns packed with sub-2um particles are used. Its effect on the peptide
diffusivity and their adsorption-desorption kinetics is less recognized by the practitioners yet
more important. Slow diffusion and lower adsorption-desorption rate of peptides lead to the
fact that flow rates typically used in proteomic LC-MS analyses are far above the van Deemter
optimum, i.e., in the range where the resistance to mass transfer (C term in the van Deemter
equation) is the dominant contributor to the in-column band broadening. The peptide
diffusivity can be enhanced by elevated temperature directly and indirectly via the decreased
mobile phase viscosity. In turn, faster diffusion and an enhanced sorption rate improve the
mass transfer of peptides, which is particularly important for fully porous particles [14]. As a
result, the van Deemter minimum shifts to higher flow rates, and the van Deemter plot flattens
at higher column temperatures. This manifests as narrower and more intense peptide peaks
eluted at the constant flow rate.

The elevated temperature has also been shown to enhance the recovery of peptides,
thus minimizing their carry-over [95]. This applies particularly to hydrophobic peptides [96].
Also, the chromatographic behavior of peptides containing proline-proline bonds can
principally profit from elevated temperature because of their very slow cis-trans isomerization
kinetics [97]. Finally, higher temperatures increase the elution strength of the mobile phase,
which reduces the percentage of the organic solvent needed to elute peptides from a column.
Thus, reversed-phase chromatography at elevated temperatures is “greener” chromatography
compared to separation at lower column temperatures, provided that the gradient shape is
properly optimized [6].
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On the other hand, high temperature is a common promoter of artificial modification
(see section 3.1. Peptides). Therefore, a heated analytical column percolated with a typically
acidic mobile phase literally becomes a chemical reactor, especially if long gradient methods
are applied. Thus, the potential complications described in that section are also valid for high-
temperature LC-MS of peptides, besides non-optimized sample preparation or storage. If a
practitioner intends to profit from the advantages of elevated column temperature, it requires
awareness of the potential negative consequences [3]. The basic measure that should be
introduced is an adjustment of MS data search parameters with emphasis on the presence of
modified peptides in the pool of acquired MS/MS spectra. Along with common modifications,
such as N-terminal acetylation and Cys thiol blocking, variable modifications mirroring specific
degradation reactions should be included in the parameters determining the theoretical list of
peptides that are to be searched for a match with acquired spectra. To mitigate the issue
arising from the non-tryptic Asp-specific cleavage, semi-tryptic cleavage should be applied as
well. If the search parameters remain unadjusted, and the only present form of a peptide is
the modified form, this peptide and, subsequently, this segment of the protein sequence will
not be covered.

Another consideration should be given to the gradient time. Fast and short gradients will
profit from elevated column temperature, as its benefits overcome the degradation extent,
which is not that significant in short analyses. However, if a long gradient is considered, a
practitioner should find a trade-off between the increase in peak capacity due to gradient time
extension and a decrease in the number of identifiable peptides due to long exposition to low
pH and high temperature. For extremely long gradients, the application of elevated column
temperature may even decrease the number of identified peptides. This number, because of
its normalized nature, can be used as a universal analysis output for monitoring method
performance when gradient time and column temperature pass through the optimization
process [3]. For experiments relying on the intactness of peptide structure, the lowest
reasonable column temperature must be applied.

3.4. Trap-Elute Setup

Most nanolLC systems mentioned in proteomic studies exploit the so-called trap-elute
setups [11]. Compared to the conventional direct injection configuration, trap-elute systems
include a trap column introduced between the autosampler and the separation column. Upon
injection, the flow from the trap column is diverted to waste for the time needed for sample
loading and a short wash. Then, it is switched towards the separation column at the beginning
of the gradient method. Trap columns are usually short and have larger inner diameter than
separation columns. They are also often packed with larger particles (typically 5 um in
diameter) to reduce back pressure generated during the sample loading at a high flow rate.

The main motivation for the introduction of the trap-elute setup in nanoLC is to shorten
the time of sample delivery from the autosampler to the separation column [10][98]. No less
important, this setup enables the injection of large sample volumes, which may even exceed
the volume of the separation nanocolumn, with a preserved linear increase in signal response
with increasing sample volume. In the case of direct injection, high sample volumes may cause
long gradient delay time and/or peak distortion if the sample contains some portion of an
organic solvent, which is often the result of an upstream sample preparation. Trap-elute
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systems can be used for online solid-phase extraction of peptides from samples containing
small-molecule impurities incompatible with MS detection [99]. The trap column, similarly to
the widely used guard columns, can also function as a mechanical sieve to filter out
particulates in the sample to prevent column clogging and thus extend the lifetime of the
downstream nanocolumn.

The sample is loaded onto a trap column in a weak loading solvent under isocratic
conditions. The weak loading solvent prevents peptides from traveling along the trap column,
whereas the sample solvent and small-molecule contaminants are flushed to waste. Then, the
loading solvent is gradually replaced with a stronger separation mobile phase, and peptides
start to elute from the trap column. Provided that the separation column is more retentive,
the mobile phase that caused peptide elution from the trap column still enables retention and
refocusing of peptides at the head of the separation column. At this point, the separation
continues analogously to the direct injection under the gradient elution conditions. The unique
feature of peptides underlying the efficient utilization of trap-elute setups is their great S
parameter, which enables peptide refocusing. This partially eliminates peak broadening
upstream of the separation column. It practically means that the separation performance of
the optimized trap-elute setup can be close to the performance of the direct injection
configuration, even though it cannot reach 100%.

There are several requirements for the optimization of the trap-elute setup. First, as
described above, the retentivity of the separation column must be sufficiently high to ensure
peptide refocusing after elution from the trap column. Otherwise, the mobile phase causing
elution of peptides from the trap column prevents them from retention at the separation
column. If peptides are not retained, they do not fully exploit the intrinsic separation potential
of the column and, in extreme cases, may just pass through the column. In this case, the
separation column only contributes to peak broadening (as do connecting capillaries) instead
of providing efficient separation. Therefore, to fine-tune the difference in retentivity between
the two columns, the stationary phases of both should be rationally selected. As it is valid for
tubing involved in the direct injection configuration, the requirement to reduce extra-column
volumes applies to the trap-elute systems as well. The next requirement is to avoid weakly
retentive trap columns. Upon sample loading, the flow is diverted to waste. If the sample
contains very hydrophilic peptides, they may elute from the trap column to waste, even in the
weak mobile phase. Besides the selection of the trap column retentivity, the loading solvent
strength must be as low as possible [100]. To increase the hydrophobicity of the least
hydrophobic peptides, the loading solvent may be enriched with an acidifier with strong ion-
pairing properties, such as TFA [101]. On the other hand, the too-weak solvent might not be
sufficient for the elution of small-molecule contaminants. Therefore, the trade-off between
peptide retention and sample clean-up is to be found.

There are several additional parameters controlling sample loading that need to be
optimized, such as loading solvent flow rate and time of loading. Also, the retentivity of both
trap and separation columns can be tuned via a change in the column temperature [13]. This,
logically, requires an external thermostat or a column oven that enables differential heating of
compartments. As the retention time of peptides in the trap column (describing its retentivity
for the purpose of our study) directly depends on the trap column length, it can also be
reduced to reach a shorter retention time, associated with a weaker mobile phase, which still
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enables subsequent efficient refocusing at the separation column. Alternatively, the loading
and elution from the trap column can be carried out in opposite directions [98]. Such a minor
modification dramatically reduces the distance in a trap column that the peptides travel along
during their trapping/elution and, hence, reduces the time peptides spend in the trap column
under gradient conditions. This can be readily realized by interchanging two connections on
the switching valve accommodating the trap column (Fig. 18 in [11]). However, this remedy
cannot be realized in the alternative vented column setup, which represents an economical
version that does not require an additional pump [12].
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4. EXPERIMENTAL SECTION
4.1. Materials
4.1.1. Chemicals and consumables

Water — LC-MS grade (VWR Chemicals, France)

Milli-Q water — resistivity 18.2 MQ-cm (Millipore, USA)

Acetonitrile — Optima LC-MS grade (Thermo Fisher Scientific, Belgium)
Formic acid for LC-MS — purity > 98% (Honeywell Fluka, USA)

Propionic acid — purity = 99.5% (Sigma-Aldrich, Germany)

TFA for LC-MS — purity > 98% (Honeywell Fluka, USA)

Benzonase - 250 Ul/pL solution (Sigma-Aldrich, USA)

Tris buffer 1M solution, pH 7.5 (SERVA Electrophoresis GmbH, Germany)
Guanidinium hydrochloride 8M solution, pH 8.5 (Sigma-Aldrich, USA)
Dithiothreitol — purity =2 99.0% (Sigma-Aldrich, Canada)

TCEP — purity > 99.0% (Sigma-Aldrich, USA)

lodoacetamide — purity > 99.0% (Sigma-Aldrich, USA)

L-Cysteine hydrochloride — purity > 99.0% (Sigma-Aldrich, India)
Low-Artifact Digestion Buffer (Sigma-Aldrich, USA)

Trypsin Platinum Mass Spec Grade, 1 pg/ul solution (PROMEGA, USA)
Ethyl acetate — purity 2 99.1% (Lach-Ner, s.r.0., Czech Republic)

PEG 20 000 g/mol, 0.1% solution (Sigma-Aldrich, USA)

Set of seven indexed retention time (iRT) peptides — purity =2 95.0% (Shanghai
Royobiotech, China)

Trastuzumab — Herceptin (Roche, Switzerland)

Aflibercept — Zaltrap (Sanofi, France)

Bevacizumab — Avastin (Roche, Switzerland)

HPLC Prodigy Standard ALO-3045 (Phenomenex, USA)

Pierce Peptide Desalting Spin Columns (Thermo Fisher Scientific, China)

4.1.2. Instruments

An Agilent 1290 Infinity Il UHPLC system was used for experiments that did not require
the identification of analytes. The column thermostat was equipped with a 1 uL passive
preheater assembled on a 0.1 mm i.d. Viper capillary, which connected the autosampler and
the separation column. In analyses with the trap column included in the configuration, an
additional capillary was installed to connect the trap and separation column. The maximum
portion of the capillary connecting the two columns was placed in the thermostat to minimize
the risk of thermal mismatch between the separation column and the mobile phase inflowing
from the trap column maintained at a lower temperature. For the same purpose, this capillary
was additionally attached between heated metal parts of the thermostat. The capillary with
the passive preheater and the trap column, in turn, were placed in an external still-air
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thermostat. Peptides were detected using a UV detector at 214 nm and a data acquisition
frequency of 20 Hz. Instrument control and data evaluation were performed using Agilent
OpenlLAB software.

LC-MS analyses were carried out using a conventional-flow Vanquish Horizon UHPLC
system combined with a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific). The LC
tubing from the autosampler to the separation column included a 0.1 mm x 550 mm Viper
capillary and a 0.1 x 380 mm capillary with an active preheater. The Viper capillary and the
actively heated capillary were connected through a Viper union, which was replaced with the
trap column in analyses with the trap-elute setup. The trap column and the Viper capillary
were again placed in the external thermostat. Eluted peptides were introduced into the mass
spectrometer through a 0.003 in. spray needle inserted in a HESI-II probe. The ion source
parameters for each flow rate applied in the study were set in accordance with those proposed
by the Exactive Series Tune software. Detailed ion source settings for each flow rate are
specified in the Supporting Information, as well as the settings of the mass analyzer for each
experiment (Tables S1 and S2 in Supp. Materials). The ionization efficiency in microflow LC-MS
analyses of the Jurkat cell protein digest was increased via the nebulization of the eluate using
nitrogen saturated with vapors of propionic acid obtained using a simple homemade vaporizer
constructed according to the previous publications [3][102]. The instrument was controlled
through Xcalibur Software, Exactive Series Tune, and Chromeleon Console. All analyses were
run in triplicate.

4.1.3. Columns

Separation columns used in the study are narrow-bore 2.1 x 150 mm and microbore 1.0
x 150 mm Acquity Premier CSH Cis packed with 1.7 um fully porous particles (130 A, Waters).
Candidate trap columns of 2.1 mm i.d. were 30 mm and 10 mm Accucore 150-C4 columns
packed with 2.6 um superficially porous particles (150 A, Thermo Fisher Scientific), 5 mm
Acquity UPLC Protein BEH C4 VanGuard Pre-column packed with 1.7 um fully porous particles
(300 A, Waters), and 5 mm Acquity UPLC BEH Cg VanGuard Pre-column packed with 1.7 pm
fully porous particles (130 A, Waters). In turn, for the microbore 1.0 mm i.d. separation
column, we also examined three trap cartridges purchased from Optimize Technologies with
dimensions of 1.0 x 5 mm: EXP Trap Cart 4 pL Opti-Sil C4 and PLRP-S packed with 5 um and 10
um fully porous particles (300 A) respectively, and a custom cartridge packed with the same
particles as in the previously mentioned Acquity UPLC Protein BEH C4 VanGuard Pre-column.
Since VanGuard Pre-columns have male-threaded outlet fittings, they were connected to the
capillary, leading to a separation column using low dead volume Viper connectors installed
once at the beginning of the study (not shown in Figure S1). All columns were conditioned
prior to use by at least three injections of a relevant peptide mixture to achieve reproducible
peak shapes and retention time.
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4.2. Methods
4.2.1. Sample preparation

Preparation of iRT peptide mixture

Aqueous stock solutions of seven iRT peptides (LGGNEQVTR, GAGSSEPVTGLDAK,
YILAGVENSK, TPVITGAPYEYR, ADVTPADFSEWSK, GTFIIDPGGVIR, LFLQFGAQGSPFLK — listed in
the order of ascending hydrophobicity) were mixed so that the concentration of each peptide
in the sample was 0.125 pg/uL. The sample also contained 20% acetonitrile to eliminate the
risk of hydrophobic peptide precipitation and 0.001% PEG 20 000 g/mol for prevention of
peptide adsorption onto a vial surface. The mixture was initially prepared for stock, divided
into aliquots, and stored at -20 °C. Prepared aliquots were thawed before individual
experiments and kept within running measurements in an autosampler at 4 °C for no longer
than 1 week.

Trypsin digestion of proteins of F. tularensis live vaccine strain and Jurkat human cells

Cell samples processed previously by Dr. Lenco and Dr. Fabrik were washed and lysed in
2% sodium deoxycholate. Protein concentration was determined using a bicinchoninic acid
assay. The volume of a whole-cell lysate containing 1 mg of proteins was incubated with 250
Ul of benzonase for 30 min at 37 °C in an environment of 100 mM Tris buffer, pH 7.5. Proteins
were reduced in 5 mM TCEP for 60 min at 37 °C, and free thiols were blocked in 15 mM
iodoacetamide at room temperature for 30 min in the dark. The thiol blocking was quenched
by incubation in 20 mM L-Cysteine under the same conditions. The mixture was then diluted
with 50 mM Tris buffer to reach a pH above 7 and reduce the concentration of TCEP. Mass Spec
Grade Trypsin Platinum was added in a 1:50 enzyme-protein mass ratio, and the proteins were
digested at 37 °C overnight. The digest was acidified with a sufficient volume of pure TFA to
reach a pH below 2, which quenched the enzymatic reaction and induced deoxycholic acid
precipitation. The precipitated acid was then extracted into ethyl acetate saturated with water.
The remnants of ethyl acetate were evaporated in a vacuum centrifuge at 30 °C within 30 min.
The digest was then desalted using a Pierce Peptide Desalting Spin Column according to the
manufacturer’s manual [103]. The eluate containing 50% acetonitrile was dried in a vacuum
centrifuge at 37 °C. Dry peptides were dissolved in 0.1% aqueous TFA and 0.001% PEG 20 000
g/mol, divided into aliquots, and stored at -80 °C until analysis.

Trypsin digestion of therapeutic proteins

Lyophilized proteins were dissolved in water, denatured in 6 M guanidinium
hydrochloride, pH 8.5, and reduced in 20 mM dithiothreitol for 30 min at room temperature.
Cys thiol blocking was not performed. The denatured protein solution was diluted with a Low-
Artifact Digestion Buffer containing dithiothreitol so that its concentration in the digestion
mixture was 2 mM. After the dilution, the buffer made up more than 80% of the mixture and
the concentration of guanidinium hydrochloride dropped to approx. 660 mM. Mass Spec
Grade Trypsin Platinum was added in a 1:20 enzyme-protein mass ratio, and the proteins were
digested at 37 °C for 2 hours. The digest was acidified with TFA. The final peptide solution also
contained 0.001% PEG 20 000 g/mol. The prepared digest was then treated in the same
manner as in the previous procedure.
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4.2.2. Trap column selection and optimization of analytical conditions

Each 2.1 mm i.d. trap column was initially examined using isocratic separation of small
molecule standards (HPLC Prodigy Standard ALO-3045) on Agilent 1290 Infinity
Il UHPLC system with UV detection. Mobile phase components were 0.05% formic acid in Milli-
Q water (component A) and 0.05% formic acid in LC-MS grade acetonitrile (component B).
Mobile phase components were prepared using a volumetric flask in an amount adequate for
the duration of an experiment and used for no longer than one week. The isocratic methods
involved separation at 30 and 40% component B lasting for the time sufficient for elution of all
four analytes. The mobile phase flow rate was 300 uL/min and kept constant in all experiments
involving 2.1 mm i.d. columns. The injection volume was 0.5 pL. Analytes were detected at 254
nm. The retention times of analytes on each trap column maintained at 22 °C were compared
to each other and those obtained from the isocratic separation of the same compounds on the
2.1 mm i.d. separation column used alone and kept at 70 °C.

Then, we examined the effect of the introduction of trap columns in the conventional
direct injection configuration using gradient separation of iRT peptides, which was carried out
on the trap-elute and the direct injection configuration separately. The trap and separation
columns were maintained at 22 and 70 °C, respectively. To estimate the time that peptides
spend on the trap columns, we also separated iRT peptides on the trap column used alone at
22 °C under the same conditions of gradient elution. Peptides were separated using a linear
gradient method comprising 1-41% component B within 10 and 30 min followed by a fast
increase to 80% component B as a 2-min column wash and finished by column equilibration at
1% component B for the time needed to reach stable back pressure before the next injection.
The injection volume was 1 uL. The compared parameters were peak width at half height and
retention time. The obtained results for the finally selected trap column were then confirmed
on the LC-MS instrument under the same chromatographic conditions. For LC-MS
experiments, Milli-Q water was replaced with LC-MS grade water. The results of LC-MS
analyses were evaluated in Skyline v22.1.

The selection of the trap column suitable for the microbore 1.0 mm i.d. separation
column was substantially simplified: the isocratic separations of small molecules were no
longer performed since they had provided identical information to gradient separations of
peptides for purposes of column comparison. For peptide separations, the only remaining
gradient length was 30 min. The flow rate was reduced to 68 puL/min. The equilibration time
before the next injection was prolonged. The iRT peptide mixture was diluted 4.4-fold to keep
the injection volume constant in LC-UV experiments. In LC-MS experiments, it was additionally
reduced to 0.2 plL because of increased overall MS signal intensity. lon source parameters and
ESI probe depth were adjusted due to the change in the flow rate, but the parameters of the
mass analyzer remained the same.

We also examined the effect of the trap column temperature via the same approach
involving iRT peptide separations. For the columns selected for LC-MS experiments, the aim
was to find an optimum value providing maximum separation performance. For the columns
that had demonstrated worse results — to evaluate their potential applicability at higher
temperatures, even sacrificing the profitability of the entire trap-elute configuration. Besides
selecting the trap columns and tuning their temperature, we also optimized the concentration
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of the mobile phase acidifier and dimensions of the capillary connecting the trap and
separation column. Each variable was tested one by one under other conditions kept constant.
The settings providing the best peak widths were subsequently applied in LC-MS experiments.

4.2.3. Proof of hypothesis: LC-MS analysis of whole-cell proteome with
integration of trap-elute setup

Ten micrograms of the whole-cell digest of the F. tularensis live vaccine strain were
separated using direct injection on the narrow-bore 2.1 x 150 mm Acquity Premier CSH Cig
column kept at 30 and 80 °C, and the trap-elute setup consisting of the trap 2.1 x 5 mm Acquity
UPLC Protein BEH C4 VanGuard Pre-column maintained at 35 °C and the mentioned separation
column — at 80 °C. Mobile phase components were 0.05% formic acid in LC-MS grade water
(component A) and 0.05% formic acid in LC-MS grade acetonitrile (component B). Peptides
were eluted using a linear gradient running from 0.5 to 44.5% component B in 30 min. An
isocratic hold at 0.5% component B was run first after the sample injection for durations of 0,
30, 60, 120, and 240 min before the gradient elution to mimic long analysis times common to
exploratory bottom-up proteomic analyses. To suspend the elution of peptides during this
isocratic in-column incubation, the mobile phase flow rate was set to decrease to 25 pL/min
30 min after injection within 1 min and to increase back 30 min before the gradient step (only
in analyses with the isocratic steps of 120 and 240 min). The experiment was divided into parts
each requiring about 18 hours of instrument time. A separate sample aliquot was dedicated
for each part and was thawed right before analysis to ensure consistency of sample age (i.e.,
time after defrosting) between each run in the three data sets of analyses at 30, 80, and 35/80
°C (separation column temperature/trap column temperature).

The LC-MS data were searched using Byonic v3.5.0 against the F. tularensis subsp.
holarctica protein database downloaded from UniProt (ID: UP000076142). A semi-tryptic
cleavage was used with a maximum of 1 missed cleavage allowed. Mass tolerance was set at
7.5 ppm for precursors and at 10 ppm for fragments. Carbamidomethylation of Cys was set as
a fixed modification. Oxidized Met, pyroGlu formation from N-terminal Glu and Gin,
dehydrated Asp, and deamidation of Asn were set as dynamic modifications. Only spectra
acquired during the gradient step were included in the data search. The results from the search
were also used to compare the extent of non-enzymatic Asp-specific peptide cleavage. That is
why semi-tryptic cleavage was used for the data search. Only PSMs identified with the two-
dimensional FDR < 1.0% were taken into consideration.

4.2.4. Application 1: Exploratory microflow LC-MS analysis of Jurkat cell
proteome

The analysis of lysed and digested Jurkat cells was carried out using the optimized trap-
elute configuration consisting of the 1.0 x 5 mm trap column custom-packed with Acquity UPLC
Protein BEH C4 and the microbore separation 1.0 x 150 mm Acquity Premier CSH Cig column
maintained at 35 and 80 °C respectively. Analyses were also replicated using direct injection
on the separation column kept at 30 and 80 °C. Unlike the previous section, separation was
performed without the isocratic incubation step but using linear gradient methods lasting 30,
60, 120, and 240 min. They comprised 0.5-42.5% component B in 30- and 60-min analyses and
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0.5-39.5% component B in 120- and 240- min analyses. The mobile phase components were
the same as in the previous experiment. Two micrograms of peptides were separated within a
30-min gradient, 4 pug in 60 min, 10 pgin 120 min, and 20 pg within 240 min. The mobile phase
flow rate was 50 uL/min and kept constant. The experiment was again divided into segments
of similar required instrument time. The same sample management was applied.

For a comprehensive investigation of the effect of trap column installation on method
sensitivity, only the 30-min gradient method was used. Injected masses were 50, 125, 300,
800, and 2000 ng for both configurations. Analyses at 30 °C were not performed. To eliminate
a risk of carry-over that would increase the number of identified peptides in subsequent
injections, we examined individual injection masses in ascending order with proper column
wash after each injection. The trap-elute setup was tested first, followed by the direct injection
configuration. Two identical sample aliquots were dedicated for both parts. The second aliquot
was stored in a freezer at 80 °C until the measurement of trap-elute configuration was
completed. The whole experiment was repeated with the reversed order of tested
configurations using fresh sample aliquots to avoid potential bias caused by sample aging.

The LC-MS data were searched in Proteome Discoverer v2.3 using Byonic v3.5.0. After
data recalibration using a rapid search against the human protein database downloaded from
UniProt (ID: UP000005640), the spectra were thoroughly searched against the same protein
database and its decoy form. The mass tolerance was set at 7.5 ppm for precursors and 20
ppm for fragments. Carbamidomethylation of Cys was set as a fixed modification. Full-tryptic
specificity was used with a maximum of two missed cleavages allowed. Oxidized Met and
protein N-terminal acetylation were set as dynamic modifications for a conventional LC-MS
data search. For the search that considered thermally induced Asp-specific cleavage and
modifications, the trypsin specificity was changed to semi-specific. Besides the modifications
involved in the conventional search, pyroGlu formation at the N-terminal Glu and Gin,
dehydration of Asp, and ammonia loss from Asn were added as dynamic modifications. Only
PSMs identified with the two-dimensional FDR < 1% were taken into consideration.
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4.2.5. Application 2: Multi-attribute LC-MS method for characterization of
therapeutic proteins

Ten micrograms of digest of trastuzumab, bevacizumab, and aflibercept were separated
using a trap-elute setup consisting of 2.1 x 5 mm Acquity UPLC Protein BEH C4 and the narrow-
bore separation 2.1 x 150 mm Acquity Premier CSH Cigs column maintained at 35 and 80 °C
respectively, and direct injection on the same separation column kept at 30 and 80 °C. The
separation method began with a 1-min isocratic hold at 0.5% component B for elution of
compounds of non-peptide structure, followed by 110-min gradient elution. The flow was
diverted to waste during the first 1.3 min to prevent ion source contamination. A linear
gradient method was developed for each drug based on the retention time of the last eluted
peptide in the digest. The upper value of the component B fraction was set so that this peptide
eluted no later than 5 min before the end of the gradient. For trastuzumab, this value was
28.5% component B, for bevacizumab —30.5%, for aflibercept —27.5%. For analyses performed
on the separation column maintained at 30 °C, both the initial and the final value of the
component B fraction in the method were increased by 1% to minimize differences from the
retention time of peptides observed in analyses at 80 °C.

The LC-MS data were searched using MSFragger integrated within Skyline v22.1 against
the FASTA sequences of the proteins enriched with common contaminants. The cut-off score
was set at 0.95. Trypsin cleavage was set as semi-specific, with a maximum of 2 missed
cleavages allowed. Only variable modifications were included as follows: ammonia loss from
Asn, dehydration of Asp, oxidation of Met, and pyroGlu formation from N-terminal Glu and
GlIn. Possible precursor charges were 2, 3, 4, and 5. Monoisotopic peaks were included in a
count of 3 with mass tolerance set at 8 ppm. The mass tolerance for fragments was set at 18
ppm. Only MS1 scans in an interval of 8 min around the time of MS/MS identification time
were filtered.
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5. RESULTS AND DISCUSSION
5.1. Trap Column Selection and Optimization of Analytical Conditions

The trap-elute setup development began with a 2.1 mm i.d. column format because of
greater robustness and fast responsiveness. The first candidate trap column was a 2.1 x 30 mm
Accucore 150-Cs column. We performed isocratic elution of the small-molecule standard,
which consists of uracil, acetophenone, toluene, and naphthalene in balanced concentrations.
Uracil was used for the estimation of void time as it is almost not retained in the columns
involved in the study. We compared retention time and retention factors of the other 3
analytes obtained from the trap and the separation column separately (Figure 3):

naphtalene naphtalene

toluene

toluene

Analyte

M separation column at 70 °C
M trap column at 22 °C

acetophenone acetophenone

I T T 1 T 1
0 5 10 15 0 5 10

Retention time (min) Retention factor

Figure 3: Retention time and retention factors of small-molecule analytes obtained from the trap 2.1 x
30 mm Accucore 150-C4 column (22 °C) and the separation 2.1 x 150 mm Acquity Premier CSH Cis
column (70 °C) under the conditions of isocratic elution at 40% component B. The standard deviation
of replicates is not shown since it does not exceed 0.5% in all analyses. The further figures in the text
that do not illustrate any standard deviation follow the same rule.

Greater retention factors and retention time of peptides on the separation column
proved the desired difference in the retentivity of both columns. Therefore, we proceeded to
the gradient separation of iRT peptides using direct injection on the separation column and
the trap-elute setup with this trap column.
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Unfortunately, we noticed significant peak broadening associated with the installation
of the trap column, accompanied by a shift in retention time (Figure 4):
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Figure 4: Overlaid chromatograms of the 10-min gradient separation of iRT peptides using direct
injection on the separation 2.1 x 150 mm Acquity Premier CSH Cis column (70 °C) and the trap-elute
setup with the trap 2.1 x 30 mm Accucore 150-C4 column installed upstream (22/70 °C). The peak
widths at half height are illustrated under peptide sequences with the corresponding coloring. Arrows
demonstrate the shift in retention time and peak broadening. The last three eluted peptides are only
shown to avoid peaks of different peptides overlapping in analyses with and without the trap column.

Additionally, we compared the retention time of peptides obtained from the trap-elute
setup and the trap column installed alone and calculated the portion of total in-column
residence time that peptides spend being retained in the trap column (Figure 5):
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Figure 5: Retention time (tg) of iRT peptides obtained from the 30-min gradient separation using the

trap-elute setup (22/70 °C) and the trap column (22 °C) installed alone. The right figure illustrates the
portion of total in-column residence time that peptides spend being retained in the trap column if it is

included in the setup.
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The calculation demonstrates that peptides spend the major portion of analysis time in
the trap column maintained at the safer temperature of 22 °C. This portion increases with the
gradient time extension and hydrophobicity of peptides. As we had previously hypothesized,
it could reduce unwanted artifact formation. However, the trap column installation also
worsened the peak shape of peptides. This would result in worse separation performance and
impair the method sensitivity, one of the critical method characteristics. The aim to preserve
the method sensitivity becomes more critical because, in case of worsened sensitivity, the
potential decrease in the number or quantity of identified artifacts would not result from the
concept effectiveness but from simple peak broadening, leading either to intensified
competition with high-abundant intact peptides or even to the drop of artifact peak intensity
under the limit of detection. The artifacts would be naturally discriminated in this case since
they are typically present in minor concentrations and are especially vulnerable to a drop in
separation performance. In that case, the analysis of all low-abundant peptide modifications
would be compromised as peak broadening affects all peptides regardless of their origin.

We assumed that the cause of the observed peak broadening is a too-small difference in
retentivity of the trap and separation column, which means that peptides leave the trap
column too late, with the mobile phase that is already too strong to enable efficient refocusing
at the head of the separation column. As the preservation of the separation performance was
the priority, we decided to shorten the time that peptides spent in the trap column. There
were two options: a weaker stationary phase or a shorter trap column. Alternatively, there was
an option to select a more retentive separation column. The CSH Cig particle chemistry is
indeed considered one of the least retentive options [10] due to the placement of the
positively charged moieties on the particle surface [68]. It understandably complicates the trap
column selection. On the other hand, only this particle chemistry possesses unique features in
terms of separation of peptides in a low-ionic-strength mobile phase and reduced secondary
interactions. That is why we avoided the substitution of the advantageous separation column
but proceeded to the change in the trap column. We were not aware of any commercially
available trap columns with less retentive stationary phase that would have fitted our needs.
Therefore, we tried out a shorter 2.1 x 5 mm Acquity UPLC Protein BEH Cs VanGuard trap
column with a constant stationary phase ligand. This column also has wider particle pores,
potentially possessing lower retentivity due to reduced surface area. The isocratic separation
of small-molecule analytes showed the expected drop in retentivity (Figure 6):
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Figure 6: Retention time and retention factors of small-molecule analytes obtained from the two trap
columns (2.1 x 5 mm Acquity UPLC Protein BEH C4 VanGuard and 2.1 x 30 mm Accucore 150-C, column)
under the conditions of isocratic elution at 30% component B.

29



Also, there was only minor peak broadening and the shift in retention time of iRT
peptides after the installation of the trap column compared to the results from the 30-mm

trap column (Figure 7):
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Figure 7: Overlaid chromatograms of the 10-min gradient separation of iRT peptides using direct
injection on the separation 2.1 x 150 mm Acquity Premier CSH Cis column (70 °C) and the trap-elute
setup with the trap 2.1 x 5 mm Acquity UPLC Protein BEH C4 VanGuard or 2.1 x 30 mm Accucore 150-
C,4 column installed upstream (22/70 °C). The peptide peak widths at half height are illustrated above
with the corresponding coloring. The last three eluted peptides are shown.
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Figure 8: The portion of the total in-column
residence time that iRT peptides spend being
retained in the trap 2.1 x 5 mm Acquity UPLC
Protein BEH C4 VanGuard or 2.1 x 30 mm
Accucore 150-C; column (22 °C) while
included in the trap-elute setup. Data from
the 30-min separation are shown.

We also noticed weak retention of
the 3 most hydrophilic peptides, which
might predict poor improvement of the
modification extent of hydrophilic
peptides in general. However, the less
hydrophobic the peptide, the less time it
spends on the heated column before
elution. Thus, the modification extent of
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quickly eluting peptides is expected to be smaller based on the general dependency of
modification extent on the in-column residence time. That is why we assumed that weak
retention of hydrophilic peptides in the trap column would not compromise the trap-elute
setup efficiency.

Based on the experiments with the two trap columns, we established several
relationships that drove the following attempts in the trap column selection: the more
retentive/lengthy the trap column, the more time peptides spend in the relatively safe
environment of the trap column instead of being retained in the heated separation column,
but the less effective is the further refocusing at the head of the separation column and the
worse the resulting peak shape. The shift in the retention time may serve as an additional
marker of the incorrect trap column selection. The less retentive/shorter the trap column, the
less it impairs the separation performance, but the smaller the benefit in terms of prevention
of peptide modification. The second examined trap column was considered the least retentive
option, which fits the requirement to preserve the separation performance but might not be
that efficient in the prevention of artifact formation. Therefore, we sought to find a
compromise option between the two tested retentivity extremities, which resulted in an
examination of the next two trap columns with expected greater retentivity: 2.1 x 10 mm
Accucore 150-C4 and 2.1 x 5 mm Acquity UPLC BEH Cg VanGuard Pre-column. The first one
represents the already exploited way to tune the trap column retentivity by the change in the
column length. The second column has the same column length and particle chemistry as the
Acquity UPLC Protein BEH C4 VanGuard Pre-column but is not explicitly dedicated to protein
separations. It has the more retentive Cs stationary phase ligand and smaller particle pores.

Briefly, these two trap columns demonstrated peptide retention time laying between
those from the initially tested columns, but the peak shape was again worsened similarly to
the case of the 2.1 x 30 mm Accucore 150-C4 column (see Figure S2 in Supp. Materials).
Although the average peak width shows a large standard deviation because of the non-equal
peak width of different peptides, it does not make this parameter unconvincing since all
peptide peak shapes behave similarly when broadened by the factor influencing all peptides.
As the peak shape was the priority, the finally chosen trap column was the 2.1 x 5 mm Acquity
UPLC Protein BEH C4 VanGuard Pre-column, being the only trap column that demonstrated a
negligible effect on the separation performance.

Along with attempts to find the optimum conditions via changes in the trap column
dimensions and stationary phase, we also tried to adjust the column temperature regime to
reach a balanced difference in peptide retention on the trap and separation column. For most
analytes, it is valid that the higher the column temperature, the shorter the retention time.
Applied to the optimization of the trap-elute setup, there was an option either to elevate the
trap column temperature to lower its retentivity or to reduce the separation column
temperature to increase its retentivity. We speculate that for many of the examined trap
columns, it was feasible to find the temperature regime that would make the installation of
the trap column imperceptible, but for most trap columns, it would result in the temperature
conditions barely profitable for the prevention of artifact formation and full exploitation of the
high column temperature. In other words, we could try to elevate the trap column
temperature to mitigate the peak shape worsening, but it would result in a smaller profit for
peptide modification. Analogously, we could lower the separation column temperature, but it
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would only partially enhance the separation performance compared to LC at traditional
temperatures. Therefore, both described measures were undesired and applied to the
minimum required extent only when necessary.

The utilization of the trap 2.1 x 5 mm Acquity UPLC Protein BEH C4 VanGuard Pre-column
was possible under the initial temperature regime, i.e., 22/70 °C. However, to evaluate the
potential applicability of other trap columns (2.1 x 10 and 2.1 x 30 mm Accucore Cs-150
columns), we repeated gradient separations of iRT peptides under alternative column
temperature regimes: 22/50 °C and 50/50 °C (Figure 9):
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trap-elute setup, 5 mm C, trap (22/70 °C) ——
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Figure 9: Average peak widths of iRT peptides obtained under different temperature regimes (trap
column temperature/separation column temperature) and using 3 different C, trap columns. The data
from the 30-min gradient separation are shown.

The first regime (22/50 °C) remains potentially profitable in terms of formed artifacts
and exploits the lower but still elevated column temperature. However, the second regime
(50/50 °C) is not advantageous at all. It was used only to determine if it is possible to couple a
trap column to the given separation column, at least under unrestricted temperature
conditions. The experiment revealed only a minor effect of lowering the separation column
temperature from 70 to 50 °C on average peak width when this column is included in the trap-
elute setup. When the temperature of both columns was changed towards the equal value of
50 °C, it had a more significant effect. But still, the peak widths before and after the trap
column installation were too far from each other even under the temperature regime that is
completely useless for the project's purpose. Hence, we conclude that the only applicable trap
column (even if the temperature regime is changeable) for coupling with the separation 2.1 x
150 mm Acquity Premier CSH C1g among the 4 tested trap columns is 2.1 x 5 mm Acquity UPLC
Protein BEH Cs VanGuard Pre-column. However, when the trap-elute setup was later
transferred to the LC-MS instrument and the separation column temperature was changed
from 70 to 80 °C, we observed slight peak broadening likely caused by the reduced difference
in the column retentivities. This eventually required elevation of the trap column temperature
from the ambient 22 to 35 °C to get back the desired peak shape.

After the trap column was selected for the narrow-bore 2.1 mm i.d. separation column,
we proceeded to the 1.0 mm i.d. one. The first tested trap column was the column previously
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selected for the 2.1 mm i.d. trap-elute setup. The separation column temperature was set at
80 °C from the very beginning — in contrast to the trap column selection for the 2.1 mm i.d.
separation column, where we started with 70 °C and then switched it to 80 °C during setup
transfer to the LC-MS instrument. This is because the intention to use it at 80 °C in the LC-MS
experiments was already clear in the beginning.

Unfortunately, the difference in i.d. between the trap and separation column resulted in
significant peak broadening. The trap column of 2.1 mm i.d. has a 4.41-fold larger volume than
a hypothetical 1.0 mm i.d. trap column of the same length. If the flow rate is constant, the
mobile phase passes this broader trap column for a 4.41-fold longer time. We would expect
the same increase in passage time if we compared two trap columns of the same i.d. but with
a 4.41-fold difference in length. This was particularly the case of the 2.1 x 5 and 2.1 x 30 mm
Cs trap columns that we had tested at the beginning for the 2.1 mm i.d. separation column,
where we observed peak broadening in results from the lengthy one. Here, we again observed
broadened peaks using a broader trap column, similarly to the experiments with a longer trap
column. That is how we explain the nature of peak broadening resulting from the
inappropriate choice of trap column i.d. Even when this 2.1 mm i.d. trap column was heated
to the maximum tolerated temperature of 45 °C, the peak width increase was too far from the
previous results for the 2.1 mm i.d. trap-elute setup. This is why the i.d. of the next candidate
trap columns for the 1.0 mm i.d. separation column was restricted to 1.0 mm, even though the
assortment of trap columns with the Cs stationary phase ligand and dimensions of 5 x 1.0 mm
was limited. We examined two commercially available EXP trap columns that fulfill the
mentioned conditions, but the observed peak width increase led us to purchase the trap
column with dimensions of 5 x 1.0 mm custom-packed with the stationary phase particles of
the 2.1 x 5 mm Acquity UPLC Protein BEH Cs VanGuard Pre-column. Only this trap column
provided the effect on the peak shape comparable to that obtained from the trap column
coupled with the 2.1 mm i.d. separation column (Figure 10). However, this trap column must
be heated to 35 °C as well as in the 2.1 mm i.d. trap-elute setup. Thus, the setups of both
column diameters have a unified temperature regime of 35/80 °C.

drecmecionon f =
separation column (80 °C)

1.0 mmi.d.
trap-elute setup (35/80 °C) -
direct injection on -
separation column (80 °C) 2.1 mmi.d.
trap-elute setup (35/80 °C)— A
T T T 1
0 1 2 3 4

Peak width at half height (s)

Figure 10: Average peak width of iRT peptides analyzed using the trap-elute setup and the direct
injection configuration of both column diameters. The data from the 30-min gradient separation
performed on the LC-MS instrument are shown.

For both trap-elute setups, we also examined the effect of the capillary connecting the
trap and separation column on the peptide peak width. This capillary must be placed in the
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thermostat that heats the separation column so that the mobile phase outflowing from the
trap column is preheated to the temperature of the separation column before it enters the
column. It must have sufficient volume so that the time of mobile phase passage through the
capillary is enough for complete preheating. Preferably, the capillary should be made of well-
thermally conductive material and placed close to the heated parts of a thermostat. Also, the
higher the ratio of the capillary external surface area to its internal volume, the more efficient
the preheating. All these measures enable the cooling of the separation column to be avoided
by the inflowing mobile phase, which would create a thermal gradient along the column,
resulting in peak distortions [104]. On the other hand, the large volume of the capillary would
broaden peaks due to diffusion, even though this consequence would be partially mitigated
by downstream refocusing at the head of the separation column.

These relationships led to the assumption that inappropriately selected capillary may be
the cause of the observed peak width increase due to the trap column installation — either
because of incomplete mobile phase preheating or excessive diffusion. This is why we
compared the peak width of iRT peptides obtained from the separation using the developed
trap-elute setups of both column diameters assembled with different connecting capillaries,
including the 0.1 x 380 mm capillary with the active preheater initially installed and used on
the LC-MS instrument (Figure 11):
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Figure 11: Average peak width of iRT peptides obtained using the 2.1 and 1.0 mm i.d. trap-elute setups
(35/80 °C) assembled with different capillaries. As the experiment was carried out on the LC-UV
instrument incompatible with active preheaters from Thermo Fisher Scientific, the active preheater
was not connected and worked as a passive preheater. The data from the 30-min separation are shown.

For both column diameters, the selection of the connecting capillary was only shown to
be a minor contributing factor. The difference in the average peak width between the best and
the worst capillary did not exceed 3%, except for the smallest 0.075 x 150 mm nanoViper PEEK
capillary connecting the 2.1 mm i.d. column setup that broadened the peaks by 5.7% on
average. Therefore, we conclude that any of the listed stainless-steel capillaries can be
effectively used, provided that the major portion of the capillary is placed in the separation
column thermostat. Due to the higher flow rate used for the operation of the 2.1 mm i.d. setup,
it is more vulnerable to the use of the smallest capillaries. This is because the time of mobile
phase passage through the capillary is 4.4 times shorter than if it was operated using the flow
rate of 68 puL/min set for the 1.0 mm i.d. setup. Consequently, non-steel capillaries (with worse
thermal conductivity) of dimensions as small as the mentioned 0.075 x 150 mm should be
avoided. Regarding the steel capillaries, we decided to use the 0.1 x 380 mm capillary with the
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active preheater from Thermo Fisher Scientific in the following LC-MS experiments since it is
the only capillary enabling active preheating and is lengthy enough to easily connect the
columns placed in two separate thermostats.

Based on the previous findings regarding the dependence of peptide retention on CSH
and BEH columns on mobile phase acidity, it was considered a potential tool for increasing the
difference in peptide retention on the used BEH trap and CSH separation columns. Therefore,
we compared the peak width of iRT peptides obtained from the separation using setups of
both column i.d. using mobile phase acidified with 0.05% and 0.1% formic acid (see Figure S3
in Supp. Materials). Expectedly, the lower concentration of formic acid provided better peak
shapes. 0.05% formic acid was then used in LC-MS analyses with both trap-elute setups,
consistently with the LC-UV experiments. The initial LC-UV experiments were performed with
0.05% formic acid only because of the UV detector cut-off. At the time these experiments were
carried out, the effect of the formic acid concentration on the peptide retention in these
stationary phases had not been described yet. That is why this factor was not considered
during the design of the LC-UV experiments.

5.2. Proof of Hypothesis: LC-MS Analysis of Whole-Cell Proteome with Integration
of Trap-Elute Setup

To prove the hypothesis that the shortening of the in-column residence time by
installation of a less retentive trap column upstream reduces artifact formation, we designed
an experiment similar to that performed by Lenco et al. in a recent study [3]. The experiment
simulates a typical single-shot long-gradient LC-MS analysis of a complex sample. The whole-
cell bacterial digest was analyzed using the 2.1 mm i.d. trap-elute setup (35/80 °C) and direct
injection on the 2.1 mm i.d. separation column maintained at 80 and 30 °C. The high-
temperature analysis served as the illustration of the number of modified peptides that are
generated at elevated column temperature if no preventative measures are applied. At the
same time, it shows how many peptides from the given sample can be identified in total by
the method exploiting direct injection on the heated separation column. This can be used as a
straightforward measure of method productivity. Using the number of identified peptides, we
can compare the separation performance of the proposed method to the conventional
approach. The low-temperature analysis demonstrates the smaller number of peptides
identified using the method that runs at a near-to-ambient temperature. Then, it provides the
number of identified artifacts that originate mainly from the sample preparation/storage and
in vivo modification. As the column temperature can be barely lowered more due to the
generated back pressure, the number of artifacts generated during the separation at 30 °C can
be considered the lowest achievable. We assume that this number is negligible compared to
the number of artifacts generated before LC-MS analysis. Thus, the number of identified
artifacts obtained from the separation at the low temperature represents the target value for
the trap-elute setup development.

A long shallow gradient was substituted with an isocratic hold at 0.5% component B of
ascending duration, followed by steep 30-min gradient elution. The isocratic step at this low
mobile phase strength does not allow most peptides to leave the trap column in the
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experiment with the trap-elute setup (or the head of the separation column in the experiment
with the direct injection configuration) earlier than the gradient starts. Hence, this hold serves
as an in-column incubation step. We expected that some number of peptides would elute and
reach the MS detector during this step. These peptides would be “lost” since the data
evaluation involved only peptides eluted during the gradient step. To prevent premature
peptide elution, we might have turned off the mobile phase flow shortly after the injection.
However, the system would be thus left with a flow rate of zero, which was considered
undesirable. We reduced the flow rate during the incubation step as a compromise solution.

The experiment was aimed at the modification reactions strongly dependent on column
temperature and the analysis time in the mentioned study by Lenco et al. [3]. We compared
the relative abundance of modified peptides among all identified peptides after in-column
incubations of different lengths under the three analytical conditions (Figure 12):
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Figure 12: Relative abundances of temperature-related artifacts among all peptides identified in
analyses of a whole-cell digest of F. tularensis live vaccine strain performed using the 2.1 mm i.d. trap-
elute setup (35/80 °C) and direct injection on the 2.1 mm i.d. separation column maintained at 30 and
80 °C. Post-injection in-column incubation under isocratic conditions at 0.5% component B is followed
by 30-min gradient elution. Standard deviations smaller than the size of data symbols are not shown.

The relative abundance was calculated for distinct modifications as a number of peptides
containing the modified amino acid residue divided by the summed number of peptides
containing both the modified and unmodified amino acid residue. For the N-terminal pyroGlu
formation, it was divided by the summed number of peptides that only start either with Glu
or Gln at the N-terminus regardless of the identified peptide form. For Asp-specific non-
enzymatic cleavage, it was calculated separately as a number of peptides cleaved at the C- or
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N-terminus of Asp by non-tryptic hydrolysis both divided by the total number of peptides
containing Asp. The figure demonstrates that the trap-elute setup indeed managed to reduce
the relative abundance of traced artifacts. In line with previous findings of Lenco et al., the
number of artifacts increases with the column temperature and the gradient time. The profit
from trap column installation increases towards longer incubation times, making it especially
advantageous for long analyses. This is supported by the previous observation that the portion
of the total in-column residence time that peptides spend in the trap column increases with
the gradient time. For Asp dehydration and pyroGlu formation, the artifact abundance almost
dropped to that observed in the low-temperature analysis, which provides the minimum
modification extent (“baseline”). The same trend was observed for Asp-specific non-enzymatic
cleavage, especially in the abundance of C-terminal cleavage that more strongly correlates
with the column temperature and the in-column residence time. We speculate that it is likely
caused by the slower kinetics of these reactions, meaning that these artifacts require longer
in-column residence time or higher temperature to be formed. In other words, peptides elute
from the trap column too late to undergo a “full-scale” modification process and form artifacts
in quantity sufficient to reach a detection limit before they leave the separation column. This
may explain why the decrease in the abundance of these artifacts is more significant than in
the case of Met oxidation. Despite the differences in the results for distinct modifications, we
concluded that the hypothesis was confirmed and proceeded to the test applications.

5.3. Application 1: Exploratory Microflow LC-MS Analysis of Jurkat Cell Proteome

The design of the previous experiment enabled us to test the study hypothesis reliably.
However, the method sensitivity and separation performance described via the number of
identified peptides could not have been evaluated because of the bias resulting from the
prepended isocratic step and the data evaluation approach limited to the peptides eluted
during the short gradient step. That is why the real-life gradient method was necessary.
Furthermore, by this concept of the prepended incubation, the portion of in-column residence
time spent by peptides in the trap column is artificially increased in comparison to the time
that peptides would have spent in the trap column in a real-gradient analysis. Due to this, we
expected less significant improvement in the artifact abundance in the real gradient analyses.
To better simulate typical exploratory LC-MS analyses, the microflow 1.0 mm i.d. trap-elute
setup was used in contrast to the previous experiment. The prokaryotic bacterial sample was
replaced by the eukaryotic human cell line digest to increase sample complexity and,
consequently, statistical confidence of results.
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First, we again compared the relative abundance of artifacts in the same manner (Figure 13):
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Figure 13: Relative abundances of temperature-related artifacts among all peptides identified in
analyses of the Jurkat cell line digest performed using the 1.0 mm i.d. trap-elute setup (35/80 °C) and
direct injection on the 1.0 mm i.d. separation column maintained at 30 and 80 °C. Standard deviations
smaller than the size of data symbols are not shown.

For Asp dehydration, pyroGlu formation, and Asp-specific non-enzymatic cleavage, the
trap-elute setup preserved the capability to significantly reduce the relative abundance of
identified artifacts even under the conditions of the actual gradient method. As expected, the
decrease is slightly smaller than in the previous experiment. However, the trap column can still
prevent the modification of at least 50% of peptides (up to the quantity sufficient for artifact
detection) containing Asp or N-terminal Glu/GIn that otherwise would be modified if the high
column temperature was applied without any preventative measures. On the other hand,
there was no significant improvement in the extent of Met oxidation if the abundances of
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identified artifacts were compared. We hypothesize that it may be again caused by the fast
reaction kinetics. Likely, the portion of total in-column residence time that peptides spend in
the separation column is still big enough to form these artifacts in the quantity needed for
detection. Therefore, the only way to prevent their excessive formation would be to increase
the peptide retention on the trap column. Unfortunately, this had been previously shown to
be an unacceptable measure because of the rising peak broadening. The poor improvement
in the number of peptides with oxidized Met led us to start also comparing the artifact
guantities in the following test application, along with the traditional approach involving the
number of identifications.

In contrast to the previous experiment, the peptides with deaminated Asn (ammonia
loss) were also considered. In all subsequent experiments, this modification was considered
regularly. We observed a similar dependency of the artifact abundance on the column
temperature, analysis time, and the presence of the trap column in the configuration, even
though the correlation between the modification extent and the column temperature is not
as significant as for other modifications.

The next compared method characteristics were sensitivity and separation performance.
We considered the number of identified peptides the most convenient means for the
comparison of the trap-elute setup to the direct injection, provided that the only variables are
the separation column temperature and the presence of the trap column in the configuration.
However, during data evaluation, we realized that the total number of identifications increases
with column temperature not only because of the effect of temperature on the separation
performance but also because of the increased number of artifacts. The latter increases the
total number of identifications but does not mean improved separation performance or
method sensitivity (both influencing the method productivity) as the peak shape of intact
“parent” peptides of interest remains constant. The quantity of intact peptides may decrease
due to artifact formation, but it also does not indicate any changes in separation performance.
Although modified peptides increase the total number of identified peptides, they only
duplicate the sequences of intact peptides. They do not bring any additional biological
information, which does not make the method more productive. That is why a comparison of
the productivity of two methods that provide the same peak shape but generate different
numbers of artifacts would be biased towards the ostensibly “better” method generating more
artifacts. Applied to the comparison of the trap-elute setup and the direct injection, even if
the actual separation performances were equal, we would observe a higher total number of
identifications in the results from the direct injection due to a greater number of artifacts. This
is valid if the data search parameters include thermal modifications.

On the other hand, if only intact peptides with an exception for Met oxidation were
considered in data evaluation (see the conventional data search approach in Methods) in the
effort to perform unbiased comparison, it would lead to the opposite result. When the less
artifact is formed, the less intact peptide quantity is “consumed”. As the trap-elute setup
protects peptides from modification and helps to maintain the intact peptide quantity at the
initial level, we would observe more identified intact peptides in the analysis using the trap-
elute setup compared to the direct injection configuration with a heated separation column.
Also, a certain portion of modified peptides eluting from the heated separation column no
longer have an unmodified counterpart because it has been completely modified. Therefore,
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if the conventional data search strategy was applied, the sequence segments represented only
by modified peptides would not be covered.

To conclude, the comparison would be biased anyway, no matter which data search
strategy is used. Stimulated by this fact, a hybrid means for method comparison was
introduced. The data search strategy involved both modified and intact peptides of
unrestricted cleavage specificity, but only one peptide per sequence segment was counted in
the identification number used in the comparison. All the modified peptides that duplicate the
sequence of an already found intact peptide were removed, so only unique peptide sequences
remained. Thus, there is no increase in the number of identifications caused by the clusters of
modified peptides that otherwise would be misinterpreted as a sign of improved method
productivity. This eliminates the bias originating from the comparison of data searched using
the parameters considering thermal modifications. On the other hand, this type of search still
enables coverage of a certain protein sequence, even if this sequence is represented only by a
modified peptide. In other words, this hybrid search strategy is not blind for modified peptides
and still counts the peptides present only in the modified form but does not indicate ostensibly
higher method productivity when a dataset contains clusters of modified peptides as sequence
duplicities. This number of unique peptide sequences was used for an unbiased comparison
of separation performance (Figure 14):
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In line with the previous findings, a larger number of peptides was identified in the
analyses using the separation column kept at 80 °C. However, the relative increase in the
number of identifications normalized to the low-temperature analysis starts to decrease from
10.9% in the 120-min analysis to 6.5% in the-240 min analysis, likely because of extensive
artifact formation. The trap-elute setup provided the same number of identifications in 30-
and 60-min analyses as the high-temperature analysis using direct injection. For 120- and 240-
min runs, the installation of the trap column even increased the number of identified peptides
compared to the analyses on the separation column kept at 80 °C by 3.1 and 3.6%, respectively.
We trust that it is likely because the trap-elute setup helps to reduce the drop in the intact
peptide peak intensity caused by artifact formation. Consequently, the peak intensity of this
protected intact peptide will less likely drop under the intensity threshold of the MS/MS
fragmentation trigger. Hence, the trap-elute setup demonstrated comparable productivity
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resulting from the preserved separation performance and even showed the potential to
prevent losses in identifications that normally occur in long gradient analyses using a heated
separation column. We also extracted the numbers of modified peptides that duplicate the
sequences of intact peptides and the numbers of peptides present in the datasets only in the
modified form (Figure 15):
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Figure 15: Portion of sequence duplicities and the number of peptides present only in the modified
form among all identified peptides in analyses of the Jurkat cell line digest performed using the 1.0 mm
i.d. trap-elute setup (35/80 °C) and direct injection on the 1.0 mm i.d. separation column maintained
at 30 and 80 °C. Standard deviations smaller than the size of data symbols are not shown.

As shown in the figure, the trap-elute setup reduced the number of sequence duplicities
that normally compete for sequencing with intact peptides in the data-dependent acquisition
and may “occupy the spot” of another intact peptide with a unique sequence providing extra
biological information. This may also explain the increase in the number of identified unique
peptide sequences in 120- and 240-min analyses with the installed trap column. Additionally,
the trap column installation reduced the number of peptides present only in modified form,
which otherwise would not have been identified in case the conventional data search strategy
unaware of thermal modifications is applied. Both results prove that the hybrid approach for
method comparison was indeed necessary to avoid bias coming from either unadjusted
conventional or extended search strategy.

The experiment was carried out using a large mass of injected peptides from a highly
complex sample to keep the number of identified peptides as high as possible to gain statistical
confidence in the results. DDA experiments rely on a limited number of fragmented peptides
per MS1 scan. Therefore, after a certain gain in the injected mass, the number of identifications
stops increasing because the number of precursors exceeding the minimum intensity
threshold for MS/MS fragmentation has already reached TopN. The injected peptide mass of
2 ug was considered the most reasonable in our experiment. However, when there is a large
excess of available precursors at every moment of analysis, the total number of identifications
will not suffer from a loss of a few precursors that dropped under the intensity threshold due
to peak broadening. That is why we might not have observed the drop in identifications after
the trap column installation since its effect on the peak width is very slight, and it has not
affected the number of identified peptides because there was still an excess of available
precursors. TopN was still reached even if there were slightly fewer precursors due to peak
broadening. Therefore, we conducted an experiment involving smaller injection masses to
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simulate the conditions when the loss of available precursors would indeed manifest as fewer
identifications. By the decrease in the injected peptide mass, the sample complexity was
indirectly reduced to avoid oversaturation of MS1 scans and permanent fragmentation of the
maximum of allowed precursors. Also, it is a straightforward way to compare method
sensitivities by a simple reduction in the analyte concentration. The experiment was also
repeated in a reverse order of tested configurations to avoid bias coming from unequal sample
age or the time from the latest MS calibration. The single 30-min gradient method was chosen
to avoid the influence of temperature- and analysis time-related modification on the number
of identifications. The number of unique peptide sequences was again used to compare the
method sensitivity (Figure 16):

Number of unique peptide sequences

A Bl Averaged B
15 k9 2000 ng- g Directinjection
4 measured first
g Trap-elute setup
° 800 ng measured first
10 k= =
S
@ 300 ng-
s g
°
5 k] — Direct injection (80 °C) o 125 hg-
Trap-elute (35/80 °C) ~?:—"-
50 ng-
0 T T ——T—T—TrrTTT] : : | : ,
10 100 1000 10000 30 20 10 0 10 20
Injected peptide mass (ng) Relative decrease in identified unique peptide sequences (%)

Figure 16: (A) The number of unique peptide sequences identified in 30-min separations of different
injected peptide masses using the 1.0 mm i.d. trap-elute setup (35/80 °C) and direct injection on the
separation column maintained at 80 °C. The data from experiments with both orders of the tested
configurations are averaged. The X-axis has a log 10 scale. (B) The relative drop in identifications after
the trap column installation normalized to the direct injection (80 °C). The positive percentual change
stands for fewer identified unique peptide sequences with the trap-elute setup. The relative changes
from experiments with both orders of the tested configurations are shown first and then averaged to
obtain a conclusive measure.

Based on the number of identifications, we conclude that the slight peak broadening
observed during the trap-elute setup development eventually had a negligible effect on the
method sensitivity, and the trap-elute setup preserved the productivity of the direct injection
configuration. Only for the injected mass of 800 ng, we observed a noticeable drop in
identifications (4.1% on average). For the other injected masses, it does not exceed 1.2%. The
increase in identifications in the separation of 50 ng with the trap column should be considered
experimental deviation because the trap column can not contribute in this way up to that
extent, especially in a short 30-min analysis.
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5.4. Application 2: Multi-Attribute LC-MS Method for Characterization of
Therapeutic Proteins

The second test application represents a quantitation-oriented analysis of a sample of
low complexity. Up to this experiment, the characterization of the trap-elute setup was
performed using a simple measure of the number of identified peptides. This approach is
reliable, provided that peptide sets are large enough to ensure statistical confidence. However,
it is a one-sided evaluation and does not serve as a comprehensive assessment. To make it
orthogonal and to expand the method application scope, the experiment involved therapeutic
proteins. We were also motivated to observe the quantities of single peptides since it
remained unclear if the trap column installation can reduce the formation of certain
modifications, for instance, Met oxidation, in short analyses. The sample preparation protocol
and LC-MS analysis were designed to mimic a common MAM for the characterization of
therapeutic proteins. It exploits the 2.1 mm i.d. trap-elute setup, again compared to direct
injection on the separation column maintained at the low and the high temperature. The data
evaluation strategy was aimed at the modifications that are degradation sites commonly
characterized by manufacturers due to their impact on product quality. We selected only those
modifications that were previously shown to be formed during LC-MS analyses, not only during
drug production or storage. We also selected a sample preparation protocol with minimum
artifact formation to reduce the quantity of sample preparation-related artifacts in our
experiment. For each protein, several modification sites were selected either based on
previous general studies reporting the influence of these modifications on drug efficiency or
safety (for a review, see [30]) or using studies involving quantitation of modifications formed
on specific degradation sites as the CQAs in the analyzed therapeutic proteins [105]-[109].
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We compared peak areas of the artifacts identified in the three datasets and normalized
them to the artifact quantity observed in the analyses using direct injection on the separation
column maintained at 80 °C (Figure 17):
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Aflibercept Figure 17: Peak areas of artifacts traced in the

analyses of 3 therapeutic proteins using the 2.1
100m = = = m m e Directinjection (80°C)  mm i.d. trap-elute setup (35/80 °C) and direct
injection on the 2.1 mm i.d. separation column
maintained at 30 °C. Peak areas from these two
datasets are normalized to the peak area of the
same artifact observed in the analyses using
direct injection on the 2.1 mm i.d. separation
column maintained at 80 °C (red dotted line). The
peak areas are calculated considering only the
most intense charge state of a precursor in an
extracted ion chromatogram. Abbreviations of
locations in protein structure: LC — light chain,
HC - heavy chain, CDR — complementarity-
determining region. Superscripted numbers
stand for the position of modified amino acids
from the N-terminus.

Artifact peak area (%)

For most degradation sites, the reduction in artifact quantity after the trap column
installation was shown to be at least half of the hypothetical maximum decrease to the
modification level observed in the analyses at 30 °C. Thus, the improvement in the number of
identified peptides indeed correlates with decreased quantities of single artifacts after visual
expertise of chromatograms. The experiment also made clear the improvement in the Met
oxidation rate that was not that evident for short analyses in the first test application.

For illustration, we also calculated the percentage of the artifact peak area from the
intact peptide peak area for one of the most attention-grabbing artifacts in antibody structure
as well as the average peak width of the given intact peptide under the three experimental
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conditions (Figure S4 in Supp. Materials). It demonstrates how the proposed trap-elute setup
can preserve the improved peak shape of peptides as an effect of applied elevated column
temperature but minimize the quantity of generated artifacts. In another example, the trap
column installation prevented the modification of a substantial portion of a tryptic peptide
with N-terminal GIn, resulting in the peak height of the intact peptide unmatched by the direct
injection configuration (Figure S5 in Supp. Materials). On the other hand, there was no
improvement in ammonia loss from Asn as significant as for other modifications, which is in
line with the previous findings from the first test application. Collectively, this modification was
shown to be less dependent on the column temperature, which also explains only a small
difference associated with the trap column installation both in the number of identified
artifacts and their quantities.

Based on the results, we assume that a certain quantity of artifacts observed in several
previous studies exploiting high-temperature LC methods comes particularly from the in-
column modification, besides the actual artifacts of interest generated before the LC analysis
[46][109]-[112]. We suggest that the reliability of results in such works might be improved via
the implementation of the proposed trap-elute setup with differential column heating. At the
same time, the trap-elute setup may enable the utilization of elevated column temperature in
analyses of therapeutic proteins, where it has been restricted because of extensive artifact
formation. For practitioners who avoid elevated column temperatures for other reasons in the
quality control of biopharmaceuticals, it makes adopting this feature more beneficial (e.g., for
improvement in the new peak detection). Hypothetically, for the modifications that were
particularly efficiently reduced by the trap-elute setup (e.g., Asp dehydration or pyroGlu
formation), it may serve as an indicator of the artifact origin: the analysis with and without the
trap column would demonstrate if the artifact fully originates from the pre-LC-MS phase
(observed artifact quantity is constant regardless of the presence of the trap column) or some
portion of it is formed during the analysis (artifact quantity drops with the installation of the
trap column).

Additionally, we speculate that if the temperature of the separation column was
lowered, for instance, to 60°C, the entire modification extent using the trap-elute setup would
drop to that observed in analyses with the direct injection at 30°C. Using the separation
column temperature of 80°C, the trap column fails to reduce artifact formation to the lowest
possible level, which is desirable in the case of biopharmaceuticals. This lowering of the
separation column temperature would also increase the difference between the trap and
separation column retentivity, neglecting the residual peak broadening after the trap column
installation observed in our experiments. It would also enable to use the trap column at
ambient temperature without the necessity to acquire an additional thermostat. Thus, a user
may tune the temperature regime based on the analysis aims: either to keep the separation
column at 70-80 °C and obtain the superior separation performance but sacrifice peptide
intactness to a moderate extent or to keep the modification extent at the “baseline” and profit
from lower, but still elevated column temperature of 50-60 °C. The study provides a simple
method for the selection of the optimal temperature regime using a standard peptide set.
More importantly, it demonstrates several signs of the correct temperature choice, as well as
the relationships that define the trap-elute system efficiency.
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6. CONCLUSION

Current LC-MS-based bottom-up proteomics needs more efficient chromatographic
separation to keep up with the advances in mass spectrometry and to fully exploit the
capabilities of state-of-the-art MS instruments. Elevated column temperature represents an
attractive means for the improvement of separation performance. However, it also promotes
the artificial modification of peptides that, in numerous ways, compromises the outputs of
proteomic analyses. The study aimed to develop a high-temperature LC-MS method for
bottom-up proteomic analyses that would preserve the benefits of elevated column
temperature but minimize artifact formation. The method relies on the installation of a less
retentive upstream trap column maintained at a lower temperature. Inspired by traditional
trap-elute setups in nanolLC but motivated to exploit the benefits of the higher-flow regime,
we developed trap-elute setups for 1.0 and 2.1 mm i.d. column formats. The trap-elute setup
was optimized so that peptides spent the maximum part of the analysis being retained in the
trap column but still eluted with a peak shape comparable to the direct injection.

The concept efficiency was examined via exploratory LC-MS analyses of whole-cell
digests. Although the trap column installation failed to reduce artifact formation to the
achievable minimum observed in analysis at low column temperature, we observed more than
a 50% drop in the extent of most modification reactions, especially in long-gradient analyses.
The clear improvement in Met oxidation rate was observed only in quantities of single artifacts
identified in analyses of therapeutic proteins. The modification extent followed a similar trend
in the mimicked MAM for the characterization of biopharmaceuticals. This enables safer
utilization of elevated column temperature in this field and extends a potential applicability
spectrum of the trap-elute setup. Using the trap-elute setup, we identified the same number
of unique peptide sequences, which indicates preserved separation performance, and
observed modification extent typical for significantly lower column temperatures. Method
sensitivity was shown to be almost preserved at different peptide concentration levels. We
also observed a significant drop in the number of sequence duplicities and the peptides
present only in a modified form, both considered common issues arising from the use of
elevated column temperature.

We present an easy-to-introduce concept that increases the profitability of elevated
column temperature. We speculate that if the separation column temperature was slightly
lowered, the trap column could be efficiently used at ambient temperature, which makes the
concept affordable even with a single-column thermostat available. This is also likely the way
to approach the minimum of formed artifacts while using a lower but still elevated
temperature of the separation column. This would enable the use of elevated column
temperature in analyses with zero tolerance for analysis-related artifacts. The concept can be
easily adapted for nanoLC that traditionally exploits trap-elute setups. Finally, the trap column
also functions as a guard column, preventing the clogging of the separation column. In the
future, we plan to adapt the method for online solid-phase extraction via the introduction of
a T-piece upstream of the capillary connecting the trap and separation column, which will
divert the flow from the trap column to waste during the sample wash step [12].
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8. SUPPLEMENTARY MATERIALS

Table S1: lon source parameters applied in distinct experiments in accordance with used
mobile phase flow rate (auto-default):

Microbore Narrow-bore
1.0 mm i.d. columns 2.1 mm i.d. columns
Mobile phase flow rate 50 pL/min 68 uL/min 300 pL/min
lon Source Parameter
Sheath gas flow rate, arb. units 30.0 32.0 48.0
Aux gas flow rate, arb. units 10.0 10.0 11.0
Sweep gas flow rate, arb. units 1.0 1.0 2.0
Spray voltage, kV 3.5 3.5 3.5
Capillary temperature, °C 250.0 250.0 256.0
Funnel radio frequency level 60.0 50.0 50.0
,:ACux gas heater temperature, 150.0 168.0 413.0
Depth of the ESI probe A A halfway between B-C

Table S2: Parameters of MS1 filtering, DDA, and MS/MS acquisition.

4.2.2. Trap Column Selection and Optimization of Analytical Conditions
MS1 settings

Polarity positive
Resolution at 200 m/z 60 000

AGC target 3 x10°
Maximum injection time 110 ms

Scan range 350 to 1500 m/z

4.2.3. Proof of Hypothesis: LC-MS Analysis of a Whole-Cell Proteome with Integration of
Trap-Elute Setup

MS1 settings

Polarity positive
Resolution at 200 m/z 60 000

AGC target 3 x10°
Maximum injection time 110 ms

Scan range 350 to 1500 m/z

DDA and MS2 settings

TopN 10
Precursor charge states excluded from 1, 6-8,>8
fragmentation

Intensity threshold 1x10°
Isolation window 1.8 m/z
Isolation offset 0.3m/z
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Table S2: Parameters of MS1 filtering, DDA, and MS/MS acquisition. (Continued)

Normalized collision energy for HCD
Resolution at 200 m/z

AGC target

Maximum injection time

Exclusion isotopes

Dynamic exclusion time
Chromatographic peak width

Apex trigger

Fragmentation of charge states

27

15 000
2x10°
50 ms
On
20.0s
4s

Single charge state, the most intense

4.2.4. Test Application 1: Exploratory Microflow LC-MS Analysis of Jurkat Cell Line

Proteome

MS1 settings

Polarity

Resolution at 200 m/z
AGC target

Maximum injection time
Scan range

DDA and MS2 settings

TopN

Precursor charge states excluded from
fragmentation

Intensity threshold

Isolation window

Isolation offset

Normalized collision energy for HCD
Resolution at 200 m/z

AGC target

Maximum injection time

Exclusion isotopes

Dynamic exclusion time
Chromatographic peak width

Apex trigger

Fragmentation of charge states

4.2.5. Test Application 2: Multi-Attribute
Therapeutic Proteins

MS1 settings

Polarity

Resolution at 200 m/z
AGC target

positive

60 000

3 x10°

110 ms

350 to 1500 m/z

15
1,6-8,>8

1x10°

1.8 m/z

0.3m/z

27

15 000

2x10°

50 ms, 75 ms?

On
15.0s,30.05s,60.0s,120.0s°"
4s,75s,15s5,30s°¢

Single charge state, the most intense

LC-MS Method for Characterization of

positive
60 000
1x10°
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Table S2: Parameters of MS1 filtering, DDA, and MS/MS acquisition. (Continued)

Maximum injection time
Scan range

DDA and MS2 settings

TopN

Precursor charge states excluded from
fragmentation

Intensity threshold

Isolation window

Isolation offset

Normalized collision energy for HCD
Resolution at 200 m/z

AGC target

Maximum injection time

Exclusion isotopes

Dynamic exclusion time
Chromatographic peak width

Apex trigger

Fragmentation of charge states

118 ms
250 to 1500 m/z

3
1,6-8,>8

2.5x10°
2.5m/z
0.3m/z
27

30 000

2 x10°
100 ms
On

3.0s

3s
1to3s
Single charge state, the most intense

3 Maximum injection time of 75 ms was set for 240-min analyses to enhance method

sensitivity.

b) Exclusion time in seconds was calculated as gradient time in minutes divided by two.

) Chromatographic peak width was increased accordingly to the expected peak broadening

due to gradient extension. Individual values correspond to the used 4 gradient times in the

ascending order.
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Scheme S1: Common in vitro peptide modifications. Mass shifts are shown in brackets.
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Figure S1: Configurations of the LC-UV (A and B) and LC-MS (C and D) instruments
with/without a trap column.
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1 — Steel block of the passive preheater accommodating a major part of the whole capillary.
2 — Viper union connecting the two inlet capillaries upstream of the separation column.
3 — Active preheater assembled on the steel 0.1 x 380 mm capillary.
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Figure S2: (A) Retention time and (B) retention factors of small-molecule analytes
obtained from 4 examined trap columns of 2.1 mm i.d under the conditions of isocratic elution
at 30% component B (22 °C). (C) Average peak widths of iRT peptides obtained using direct
injection on the 2.1 mm i.d. separation column (70 °C) and the trap-elute setups including 4
trap columns (22/70 °C). The data from the 30-min gradient separation are shown. (D) A
portion of the total in-column residence time that iRT peptides spend in trap columns of 2.1
mm i.d when it is included in the setup. Data from the 30-min separation are shown.
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Figure S3: Average peak width of iRT peptides at half height obtained from the
separation using setups of both column i.d. using mobile phase acidified with 0.05% and 0.1%
formic acid.
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Figure S4: Extracted ion chromatogram of a peptide EVQLVESGGGL (amino acids n. 1-11 in the
heavy chain of bevacizumab) with pyroGlu formed from the N-terminal Glu, which belongs to
CQAs. The percentages above show the artifact peak area normalized to the peak area of intact
peptide extracted from the analysis using direct injection on the heated 2.1 mm i.d. separation
column. The right figure illustrates the average peak width of the given intact peptide
EVQLVESGGGL under the three experimental conditions.
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Figure S5: Extracted ion chromatograms of an intact and modified form of
QTNTIIDVVLSPSHGIELSVGEK peptide (amino acids n. 97-119 in aflibercept) with pyroGlu formed
from the N-terminal GIn measured using the 2.1 mm i.d. trap-elute setup and the direct injection
on the 2.1 mm i.d. separation column maintained at 30 and 80 °C.
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