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Abstract

Continual development in instrumental and analytical techniques have aided in establishing
rigorous connections between protein glycosylation and human illness. These illnesses, such

as various forms of cancer, are often associated with poor prognoses, prompting the need for
more comprehensive characterization of the glycoproteome. While innovative instrumental and
computational strategies have largely benefited glycoproteomic analyses, less attention is given
to benefits gained through alternative, optimized chromatographic techniques. Porous graphitic
carbon (PGC) chromatography has gained considerable interest in glycomics research due to its
mobile phase flexibility, increased retention of polar analytes and improved structural elucidation
at higher temperatures. PGC has yet to be systematically compared against or in tandem

with standard reversed phase liquid chromatography (RPLC) in high-throughput bottom-up
glycoproteomics experiments, leaving the potential benefits unexplored. Performing comparative
analysis of single and biphasic separation regimes at a range of column temperatures illustrates
complementary advantages for each method. PGC separation is shown to selectively retain
shorter, more hydrophilic glycopeptide species, imparting higher average charge, and exhibiting
greater microheterogeneity coverage for identified glycosites. Additionally, we demonstrate that
liquid-phase separation of glycopeptide isomers may be achieved through both single and
biphasic PGC separations, providing a means towards facile, multidimensional glycopeptide
characterization. Beyond this, we demonstrate how utilization of multiple separation regimes
and column temperatures can aid in profiling the glycoproteome in tumorigenic and aggressive
prostate cancer cells. RAW MS proteomics and glycoproteomics datasets have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD024196 (10.6019/PXD024196) and PXD024195, respectively.
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Introduction

Glycoproteins, a unique class of post-translationally modified biomolecules, have long

been an area of dedicated investigation within proteomic research communities. The high
degree of modification complexity (1) has revealed the numerous roles glycoproteins play in
physiological processes such as cell trafficking (2—4), signaling pathways (5-7) and protein
folding (8-10), among others. Aided by continual improvements in mass spectrometry
(MS)-based biomolecule discovery and identification, researchers have turned their attention
towards understanding the relationship between these protein modifications and human
disease. The dynamic nature of modification site occupancy and microheterogeneity (11)
has established connections between glycoproteins and neurodegenerative diseases (12-17),
autoimmune disorders (18-20) and numerous forms of cancer (21-23).

The growing relevance of the human glycoproteome has prompted analytical

innovation, stimulating curiosity in strategies best suited for detecting, identifying,

and characterizing glycoproteins. Specific to bottom-up glycoproteomic investigations,
glycopeptide enrichment strategies and instrument capabilities are often the areas of most
intense focus. Numerous novel enrichment strategies (24-26) have been developed to
compensate for the low abundance of glycopeptides within complex proteolytic mixtures,
while novel dissociation techniques (27-30) are pursued to provide more effective single-run
sequencing of peptide backbones. Beyond this, ion separation regimes are often the primary
focus when seeking to provide structural information of diverse glycan modifications (31—
33).

Though these analytical developments have provided unique avenues towards more
comprehensive glycoproteomic analysis, the experiments validating their efficacy almost
exclusively rely on traditional reversed-phase liquid chromatography (RPLC). As there
has been no extensive utilization of alternative separation regimes, with the exception of
hydrophilic interaction chromatography (HILIC), the potential benefits and complements
offered through novel chromatography have been left uncharacterized. Porous graphitic
carbon (PGC) has shown increased utility in recent years for glycan identification and
characterization (34-37) experiments but has not been evaluated in high-throughput
glycopeptide analyses. As Zhu et al. (38) recently demonstrated the utility of PGC in
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elucidating glycopeptide modification structure, it inspired us to ask the question to what
extent PGC may be employed to deepen the coverage of the human glycoproteome and
complement the robust strategies that currently exist.

Presented here is a systematic comparison of proteome and glycoproteome profiling enabled
through traditional RPLC C18, PGC, and biphasic RPLC-PGC separation regimes. We build
on current literature that highlights the differences in analyte retention at elevated column
temperatures, illustrating the impact it has in complex glycopeptide profiling experiments.
This study brings to light the complementary proteome coverage provided by PGC,
selectively retaining those shorter, more hydrophilic analytes that go unretained in RPLC
analyses. PGC is also shown to provide greater coverage for glycan microheterogeneity

and enable higher charge states on the retained hydrophilic glycopeptides. Interestingly,

we also demonstrate both PGC and biphasic separation regimes provide higher isomeric
resolution as column temperature increases, indicating potential utility in characterization
experiments. Finally, we examine two complex, human-derived prostate cancer cell lines,
demonstrating the utility of complementary separation regimes and characterizing the
benefits and drawbacks of altering column temperatures in complex glycopeptide profiling
experiments.

Materials and methods

Reagents and Materials

Bovine fetuin (F3004), bovine ribonuclease B (R7884), and bovine al-Acid Glycoprotein
(G3643) standards, as well as 1,4-dithiothreitol (DTT, D9779), 2-iodoacetamide (1AA,
16125), and methanol (MeOH, 34860) were purchased from MilliporeSigma (Burlington,
MA). Urea (U15), tris-base (BP152), hydrochloric acid (A144Sl), chloroform (C297), and
acetonitrile (ACN, A998) were purchased from Fisher Scientific (Waltham, MA). Trypsin
was purchased from Promega (5113, Madison, WI). Capillary tubing (1068150019) was
purchased from PolyMicro. RPLC packing material (4451GP) was purchased from Osaka
Soda Co. (Osaka, Japan). PGC packing material was obtained by extracting stationary
phase from PGC guard columns (35003-014001) purchased from Thermo Fisher Scientific
(Waltham, MA). PolyHYDROXYETHYL A packing material was purchased from PolyLC
(Columbia, MD). Materials for preparing frits were purchased from Next Advance (Troy,
NY).

Pancreatic Cancer Cell (PANC1) Culture

The commercial pancreatic cancer cell lines PANC-1 obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) were cultured and maintained in DMEM:F12
(Hyclone, GE Healthcare Life Sciences, Logan, Utah, USA) containing 10% fetal bovine
serum (FBS) (Gibco, Origin: Mexico), 1% penicillin-streptomycin solution (Gibco, Life
Technologies Corporation, Grand Island, NY, USA). Cells cultured in a 37°C moisture
incubator supplied with 5% CO2. PANC-1 cultures between passage 3 and 15 were used for
all experiments. Cells at 70%-90% confluence were trypsinized using 0.25% trypsin EDTA
solution (Corning, Mediatech, Inc., Manassas, VA, USA). Cell suspension was centrifuged
at 800g for 5 minutes and the medium was discarded. Cells were resuspended in phosphate-
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buffered saline (PBS) (Corning, Mediatech, Inc., Manassas, VA, USA) and washed 3 times
with PBS, flash frozen in dry ice, and stored at —80°C.

Prostate Cancer Cell (BCaP, LNCaP) Culture

BPH1 to cancer progression (BCaP) cells were produced by Ricke and colleagues and have
been described previously (39-41) and lymph node carcinoma of the prostate (LNCaP)

(42) cells were obtained from American Type Culture Collection (ATCC, Manassas, VA,
USA). Cell lines were grown and maintained in phenol-free DMEM/Ham’s F-12 (Gibco)
supplemented with 5% fetal bovine serum (HyClone) and 1% penicillin-streptomycin
solution (Gibco). T175 culture flasks were placed in an incubator at 5% CO- and 98%
humidity. Cells were grown to 90% confluency, washed with 1X phosphate-buffered saline
(Cytiva) and harvested using a cell scraper. Cell pellets were washed twice using phosphate-
buffered saline and stored at —80°C for subsequent processing.

Protein Extraction and Digestion

Evaluating various preparation protocols, an adapted FASP approach was chosen for
extraction and digestion of proteins from PANC1, LNCaP, BCaP-NT1, and BCaP-T10 cell
lines. This strategy, which does not provide targeted membrane protein enrichment, proved
to enable highest recovery of secretory glycoproteins and access to a small number of
heavily glycosylated (43-45) membrane-bound species. Dedicated strategies are required

to target membrane proteins and may be pursued in future analyses. Briefly, cells were
resuspended in and washed with PBS, centrifuging at 14,000 rcf between washes. Cells
were then resuspended in lysis buffer (8M Urea, protease inhibitor, 20mM HEPES) and
lysed via ultrasonication. Cell debris was removed, and proteins were reduced and alkylated
with centrifuge filtering between each step. Proteins were digested with trypsin (1:50)
overnight at 37°C and desalted via reverse phase desalting cartridges. Volume was reduced
under vacuum and concentration of peptides was estimated via Pierce Peptide Assay.
Standard glycoproteins were reduced alkylated and digested similarly; a detailed preparation
workflow is described in the electronic supplemental information.

Glycopeptide Enrichment

The enrichment procedure is fully detailed in the electronic supplemental information.
Briefly, 200uL pipette tips were blocked with 3mg sterile cotton, and loaded with a
hydrated polyHYDROXYETHYL-A resin. Weight of beads is adjusted according to the
mass of peptides used. Peptide mixture was added and allowed to bind through repeated
centrifugation. Non-specific peptides were washed away using 80% ACN+0.1% TFA with
enriched glycopeptides eluted in 10% ACN+5% FA. Prior to analysis, glycopeptides were
dried under vacuum and resuspended in LC/MS-grade water+0.1% FA.

LC-MS Parameters

Samples were analyzed on an Thermo Scientific QE-HF mass spectrometer coupled with
a NanoUltimate 3000 chromatography stack. Follow-up analyses were performed on an
Thermo Scientific Fusion Lumos with the same chromatography system. Custom capillary
columns were fabricated and coupled as described (electronic supplemental information,
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Figure S1) and temperatures were controlled by a 30 cm pencil column heater (Phoenix
S&T). Flow rate was established for each column by achieving a stable pressure drop of
450 bar at 30°C and was held constant as temperature was varied (C18: 475uL/min, PGC:
750uL/min, BP: 525uL/min). Using water+0.1%FA and ACN+0.1%FA as buffers A and B
LC gradients were held consistent between columns: a trapping phase from 0-16 minutes
at 3% B moving to 40% at minute 100, 75% B at from minutes 102.5-105, 97% B from
minutes 105.1-113, and 3% B from minutes 115-125.

Mass spectrometry settings were configured to balance profiling depth with mass resolution.
Using a full MS/dd-MS2 method, MS1 settings were as follows: polarity, positive; default
charge state, 2; microscans, 1; resolution, 60K; AGC target, 1e6; maximum injection

time, 250 ms; m/z range, 150-1500; spectrum type, centroid. MS2 settings: microscans,

1; resolution, 15K; AGC target, 2e5; maximum AGC 8e3; maximum injection time, 120 ms;
loop count, 15; isolation window, 2 m/z, isolation offset, 0 m/z; fixed first mass, 100.0 m/z;
collision energy, stepped HCD (25, 35, 45); spectrum type, centroid; dynamic exclusion,
30s; rejected charge states, 1+, 8+ >8+.

Data Analysis and Availability

Preliminary results from analysis of PANC1 cell lysate digest were identified in PEAKS

X (Bioinformatics Solutions Inc.) searching against the UniProt reviewed human proteome.
Glycopeptide data was annotated via Byonic (Protein Metrics). Standard glycopeptides
were run against a custom database of UniProt protein sequences while LNCaP and BCaP
samples were searched against the human proteome. The parameters used for PEAKS X and
Byonic searching are described in the electronic supplemental information.

RAW MS data for proteomics and glycoproteomics datasets have been deposited to the
ProteomeXchange Consortium via the PRIDE (46) partner repository with the dataset
identifier PXD024196 (10.6019/PXD024196) and PXD024195, respectively. Peptide,
glycopeptide, and protein identifications are also provided in Supplemental Tables S1-

6. Byonic output files are available at https://figshare.com/account/home#/projects/98459.
Custom data scraping, analysis, calculations, and visualization was done primarily in Python
using the Altair (47) library with additional components done in R, D3, and vega-lite. All
code is available at https://github.com/lingjunli-research/pgc-parallel-comparison.

Results and Discussion

While PGC is noted to be amenable to an array of solvent systems, a key benefit is

its compatibility with typical water/ACN buffer systems. In hand with the principle of
contrasting retention mechanisms compared to RPLC, this indicates a facile means of
complementary proteomic/glycoproteomic analysis and multidimensionality compared to
organic-based separations such as HILIC. Though a multidimensional C18-PGC strategy
was reported for pronase-digested glycopeptides (48), the profiling depths of these two
separation regimes have not yet been compared for complex proteomic or glycoproteomic
analyses.
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We address this knowledge gap through comparative analyses of complex proteolytic and
enriched glycopeptide mixtures across three custom-fabricated nanoflow separation regimes
run at varying temperatures (Figure 1). Columns were prepared as described (electronic
supplemental information) and coupled to a Q-Exactive-HF nano-electrospray source as
shown (Figure S1). As a note, 3um diameter packing materials are used for each stationary
phase as, at the time of writing, this was the smallest available PGC packing material.
Smaller diameter RPLC material may be employed to increase liquid-phase resolution and is
under evaluation for future research.

Proteomic Performance

To evaluate the performance in shotgun-like proteomic investigations, proteins were
extracted from pancreatic cancer cells (PANCL1), digested with trypsin, and subjected to LC-
MS/MS at varying temperatures (30°C, 45°C, 60°C). RPLC demonstrated the best overall
performance in peptide and protein identifications, followed by PGC and biphasic (BP)
separations (Figure 2A, S2, Table S1). While temperature variations had negligible effect
on BP performance, both C18 and PGC experiments displayed noticeable improvements

in number of identified species when run at 45°C; this observation is consistent with later
analyses and is discussed within. Across all temperatures, our results produced the expected
overlap in highly abundant identified species, though RPLC and PGC demonstrate the

most distinct differences in number of unique identifications (Figure 2B). This observation
supports the idea of complementary proteome access enabled through PGC separation,
indicating more holistic coverage may be obtained when incorporated alongside RPLC.

We further investigated the species found to be unique in RPLC or PGC separations

to establish any preferential retention of subcellular species. Our data demonstrate that
there are noticeable differences in the most prevalent subcellular locations and cellular
compartments associated with proteins unique to each separation regime (Figure S3, Table
S2). While this finding supports the gain of complementary proteome access through
respective separations, it must be considered carefully. Rather than definitively conclude
that each separation regime targets specific protein subclasses, these data only present trends
that may be further defined after in-depth discovery proteomics experiments.

Hypothesizing that differences in peptide character are the primary factor in driving this
complementary proteome access, we first evaluated the distribution of retained peptide
lengths. Considering the high number of peptides identified in each experiment (between
6,000 and 11,000) it is not surprising the median peptide lengths are largely conserved
across all experiments (Figure 2C). However, at all temperatures, PGC demonstrates the
lowest median length, a more concise interquartile range, and shorter maximums and outlier
species. More importantly is the evaluation of hydrophilic character of retained peptides
identified in each experiment. Using GRAVY (grand average of hydropathy) score to infer
hydrophilic character, RPLC separations retained those peptide species with the greatest
overall hydrophobic character at all gradient timepoints, as evidenced by the higher, positive
GRAVY scores (Figure 2D). Conversely, PGC separations yield peptides with overall
hydrophilic character (lower, more negative GRAVY scores). Noting intermediate trend

of biphasic separations compared to the two higher performing regimes, this knowledge,
combined with the presence of unique peptide identifications in this separation strategy,
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indicates that further optimization of biphasic separations could provide synergistic retention
and identification. The utility of biphasic regimes is further expanded in glycopeptide
analyses, as seen below.

To establish the reliability of our custom separation strategies, it was imperative we evaluate
inter-run reproducibility. Our follow-up replicate analyses of each separation regime (Table
S3) established high reproducibility in peptide and protein identifications (Figure S4),

as well as confirmed the trends seen in peptide length and hydropathy (Figure S5). In

total, these results point toward two notable conclusions. First, PGC separations can be
successfully employed in high-throughput analyses of tryptic proteolytic mixtures. As
previous experiments have been confined to analyses of small peptides - often using
sequential or non-specific digestion - this observation stands alone as the first of its

kind and implies high utility in proteomic analyses. Second, our results demonstrate the
complementary access to the human proteome that is granted when PGC separations are
employed. Whereas PGC selectively retains those shorter, more hydrophilic peptides, as well
as being amenable to standard LC mobile phases, this regime presents a useful approach

to proteome profiling that may be readily implemented in research settings where RPLC

is employed. As well, greater benefit may be found in multidimensional chromatography
experiments and instances where fractionation is used to reduced sample complexity.

Trends in Glycopeptide Identification

To understand the performance of these complementary separation regimes in glycopeptide
identification and characterization experiments, we performed HILIC enrichment on three
glycopeptide-rich samples: one mixture of standard glycoprotein digests and two BPH1 to
cancer progression (BCaP) cell line digests. The former sample was employed to provide a
robust, reproducible dataset that may be validated in other research settings, while the latter
two are meant to serve as real, complex glycoproteomic mixtures. Within our analyses, we
sought to profile the characteristic differences of glycopeptides retained in RPLC, PGC, and
biphasic separations while evaluating the extent to which incorporation of PGC separations
would benefit glycoproteomic workflows, expand microheterogeneity profiling, and offer
benefits in structural elucidation.

After compiling annotated glycopeptides identified in all samples, we again observed a
greater number of total and unique glycopeptides in RPLC experiments with PGC as the
next best performer (Figure 3A), with these two regimes also displaying the greatest number
of unique glycopeptides across all experiments (Figure 3B). Comparing glycopeptide
identifications when sample constituents and column temperature are held constant confirms
the difference in retention mechanism is the primary cause of unique identifications

(Figure 3C, S6). However, our data also confirms that that there are temperature-dependent
differences in glycopeptide identification (Figure 3C, S7), an observation further validated in
subsequent analyses (Figure S8, Tables S4-5). Knowing this, we then sought to understand
what differences exist between glycopeptides retained on each stationary phase. As a note,
we again observe a noticeable improvement in analyte identification when RPLC and PGC
columns are operated at 45°C compared to other conditions, which is discussed below.
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Peptide-Level Differences in Retained Glycopeptides

To illuminate the peptide-level differences existing between RPLC and PGC separations,
we consolidated the dataset to contain only those glycopeptides that were identified in a
single separation regime. Given the hydrophobicity-driven separation mechanism of RPLC,
we had anticipated this regime would vastly outpace the others in number of unique
glycopeptide backbones. In contrast to this hypothesis, holistic and sample-specific data
(Figure 4A, S9, Table S6) revealed comparable numbers of unique species in RPLC and
PGC with the former regime identifying only slightly more peptide backbones. Additionally,
RPLC-specific glycopeptides were found to be significantly longer than those identified in
PGC (p=1.44E~32, Wilcoxin rank-sum) and notably different from those in BP experiments
(p=0.102, Wilcoxin rank-sum) while simultaneously providing a greater distribution of
charge states (Figure 4A-B). These stark discrepancies in RPLC experiments result from a
higher prevalence of basic amino acid residues, due in large part to missed cleavage sites.

These observations must be carefully considered in the context of glycoproteomics. Our
data suggest that RPLC separations provide the highest identification rates of glycopeptides,
agreeing with the general utility of this technique across current literature. However, RPLC
separations very clearly benefit from instances where the hydrophobic character of the
peptide outpaces the often-dominating hydrophilicity of the glycan; such is the case for long
peptides and those with missed cleavage sites. These results highlight that the incorporation
of PGC separations into existing experiments directly complements, rather than detracts
from current glycoproteomics methodologies. As each regime provides meaningful access to
unique components of the glycoproteome, these two regimes may be leveraged in tandem to
increase glycoproteomic coverage.

Furthermore, the differences in charge state distribution across all experiments may

be further contextualized for potential benefits and drawbacks. Within glycoproteomic
analyses, longer peptides with higher charge states could be considered beneficial in some
analytical applications as they may be leveraged for modification site localization through
electron transfer dissociation (ETD) and directly combats traditional limitations in ionization
efficiency of glycopeptides. However, this can also result in precursor reporting signal being
distributed across several channels, lowering overall signal intensity, and potentially limiting
precursor selection in data-dependent analyses. Interestingly, glycopeptides identified in
PGC analyses display a consolidated charge state distribution, primarily displaying 2+

and 3+ ions at rates higher than or equal to those seen in RPLC analyses. Normalizing

this charge to the length of the peptide backbone reveals that PGC-specific glycopeptides
demonstrated higher charge density among all separation regimes (Figure 4B, S9). This
increased charge density displayed in short, hydrophilic analytes is a direct consequence

of not selectively retaining those hydrophobic species that traditionally outcompete during
ionization. As such, we may conclude that for applications where charge-mediated
fragmentation is desired, RPLC separations are more beneficial as they will retain longer,
highly charged glycopeptides. At the same time, PGC separations may find utility in
applications where researchers wish to remedy ionization inefficiency hydrophilic analytes
— the need for which is exacerbated when considering glycan-level differences of retained
glycopeptides.
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Glycan-Level Differences

Turning to the differences exhibited at the glycan level, the benefits of PGC separations
become more pronounced. Topically, PGC analyses retained the broadest array of unique
glycan structures, only falling behind RPLC in the standard glycopeptide sample (Figure
5A, S10). Interestingly, when comparing the extent of glycosylation (inferred from the
number of monosaccharide residues within each glycan structure), initial observations
revealed that PGC retained smaller glycans compared to other separation regimes,
though this discrepancy is confined to the standard peptide sample and is likely due to
microheterogeneity differences at retained glycosites.

Across all experiments, we did not observe notable bias towards any glycopeptide type, as
all identifications were found to be exclusively high-mannose or complex. More notable
however, is the relative size of the glycan in relation to the peptide backbone. Across

all samples, PGC-specific peptides displayed the highest monosaccharide-to-amino-acid
ratio, indicating the character of these glycopeptides is largely dominated by the large,
hydrophilic glycan. Rearticulating the above-mentioned observation that PGC selectively
retains glycopeptides with shorter, more hydrophilic backbones, this revelation further
emphasizes the utility of PGC separations in accessing those portions of the glycoproteome
that would traditionally go undetected in RPLC analysis.

As a primary goal in glycoprotein profiling investigations is to characterize site
microheterogeneity, it is of topical concern to evaluate the number of glycans associated
with each identified peptide backbone. Across all experiments, PGC regularly outpaced
the other separations, providing a higher median number of glycans per glycosite, with
higher maximums found in all but one sample (Figure 5B). This observation further
illustrates the value of PGC separation in glycoproteomic analyses as it not only accesses
those portions of the glycoproteome not found in RPLC analyses, but it also provides
improved microheterogeneity profiling depth. This reality may be further leveraged to
provide unparalleled glycoproteome profiling, if used alongside established methods of
sequential or non-specific enzymatic digestion to provide a broad array of PGC-compatible
glycopeptides.

Improved Isomeric Resolution

While analytical methods capable of assigning glycan location and composition occupy a
large portion of glycoproteomics investigations, facile structural elucidation remains on the
outset of widespread investigation. Previous studies have detailed the ability of PGC to
provide separation of isomeric glycans at higher temperatures (34, 38, 49) postulating the
expanded glycan morphology that results from increased temperature interacts more readily
with the stationary phase, improving liquid-phase resolution. Though this PGC-based
approach was recently demonstrated in collections of tryptic/chymotryptic glycopeptides
(38), it has never been explored in complex samples that display high diversity in peptide
sequence and glycan composition.

Similar to these previous results, our studies show that isomeric glycopeptides can be
resolved through PGC separations with benefits often being further pronounced at higher
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temperatures (Figure 6, S11-12). However, as previous studies utilized commercial columns
of shorter length (L=10cm, 7.d.=75um), we predicted our longer stationary phase would
impart greater resolution of constitutional isomers prior to MS. Contrary to this hypothesis,
a subset of glycopeptides that were partially or fully resolved in PGC experiments also
displayed comparable resolution in BP separations, with some more well-resolved in the
latter regime (Figure S13). This realization, in tandem with the poorer demonstrated
performance of BP in glycopeptide retention indicates a novel approach may be to

couple higher resolution RPLC stationary phases (L=15cm, 4d.p.=1.7um) with a 15cm PGC
stationary component. This method may provide a more effective means of deep profiling
and structural elucidation.

In addition, a survey of those species with altered liquid phase retention yields two

putative trends. The less surprising observation is that isomeric resolution is greater for
those containing high mannose and complex glycans with unequal antennae, especially
those found to be singly sialylated. Second, as liquid-phase separation was more readily
achieved in glycopeptides from our standard protein mixture and in species identified on

all separation regimes, we hypothesize this observation is concentration-dependent. This is
also supported in theory. Considering the unequal distribution between major and minor
glycan conformations, it is logical to assume some minor species may not be preserved after
extensive sample handling.

Taken together, our results serve to further emphasize the potential benefits of incorporating
PGC separation strategies into routine glycoproteomics investigations. Whereas previous
studies often employ more expensive commercial columns — many of which are no

longer available for purchase — our study highlights the facility of custom fabrication

and customization of analytical columns capable of discerning structural information.
Comprehensive structural characterization is not a primary goal of many bottom-

up glycoproteomics experiments, we present a low-cost, facile means of deepening
glycoproteome coverage that may be further developed to provide substantial gains in
biological information.

Glycoproteome Profiling

Though the results have thus far demonstrated the marked differences in proteome access
provided through PGC and RPLC separations, we must assess any potential bias in
glycopeptide retention presented in PGC analysis and evaluate the potential impact that
higher temperature plays on glycoproteome profiling. Focusing on the two complex samples,
BPHL1 to cancer progression (BCaP) NT1 and T10 cell lines (50), it is immediately
noticeable that high mannose glycans present the highest proportion of glycan species
identified (Figure 7). As this observation is shared between RPLC and PGC separations,
and because analyses of our standard mixture deviates from this trend (Figure S14), we

can hypothesize this is not a result of preferential retention of high mannose glycans and

is instead related to higher prevalence of these species in the samples analyzed. Future
quantitative investigations, performed across numerous cell lines, are needed to confirm and
validate this hypothesis.
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Mammalian N-glycoproteins are known to be dominated by complex glycans, with high
mannose modifications being considered “immature” within the synthetic pathway (1).
Recently, a growing number of studies have revealed high abundances of high mannose
glycans in cancer cells (51, 52) with these moieties noted as being involved in cell-

cell interactions (53, 54). Of note, a recent study revealed that extended high mannose
glycans directly contribute to bile duct cancer metastasis, noting the importance of specific
cell surface glycosylation (55). Importantly, this study notes the importance of terminal
a-1,2 mannose residues, bolstering the importance of providing structural elucidation in
glycoproteomic investigations. Based on our results that demonstrate resolution of isomeric
glycopeptides in BP and PGC separations, we anticipate this type of analysis would provide
a novel path toward in-depth, targeted glycoproteomics. As the importance given to glycan
isomers continues to grow, and the ability to easily distinguish these species without
specialized instrumentation becomes invaluable, the incorporation of a PGC separation
component will play a vital role in future investigations.

With respect to the observed prevalence of high mannose glycan modifications, we also
observe an obvious difference in the number of species identified at 45°C versus those at any
other temperature. As this trend was also conserved in both RPLC and PGC experiments, we
surveyed the composition of high mannose glycans identified at all temperatures and found
no significant disparities at the peptide level suggesting a cause for increased identifications
(Figure S15-16).

Speculating the increase of high mannose glycopeptides may be due to species only being
retained at 45°C, extracting the masses of identified glycopeptides demonstrated that most
precursors could be identified across all temperatures, and that very few glycopeptides
displayed temperature-dependent retention. A more consistent observation, however, is that
different column temperatures result in different MS? peak heights/areas, likely impacting
their selection in data-dependent experiments. The prevailing trend is for species to exhibit
highest median peak heights at 45°C, either increasing or decreasing in magnitude at

60°C (Figure S17). We did not observe notable differences in MS?2 fragmentation across
unique temperatures (Figure S18), indicating MS? level differences are likely driving
altered identification of glycopeptides. More intensive analysis is needed to determine the
exact cause of this observation, though we hypothesize that 45°C may provide a more
optimal balance between droplet desolvation and liquid-phase resolution, resulting in higher
identification rates overall.

One potential concern of raising column temperatures is the additional energy provided

to species prior to ionization. A consistent observation in both the complex and standard
glycopeptide samples is that lower temperatures were more successful in identifying
sialylated glycans (Figure 7, S14). In general, we observed a decay in reporting signal

as temperature increased (Figure S19) though a wider collection of sialylated species may

be needed to confirm the universality of this trend. However, it cannot be ignored that in a
small number of cases, little or no MS? signal could be observed for sialylated glycopeptides
at 60°C. Considering the labile nature of glycosidic bonds, it is possible the increased energy
prompted premature dissociation of glycosidic bonds and therefore has direct adverse effects
on identification. These hypotheses are currently under investigation.
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These potential limitations notwithstanding, our data demonstrate both RPLC and PGC
separations are benefited by moderate increases in running temperatures. Raising column
temperature even higher may result in better isomeric resolution, as suggested by previous
studies, but may cause undesired signal decay. This tradeoff must be carefully balanced
depending on experimental objectives.

Conclusions

Taken together, our results demonstrate the incorporation of a PGC stationary phase grants
complementary, though not orthogonal, access to the proteome and glycoproteome. While
traditional RPLC separation regimes provide the greatest overall retention of peptides and
glycopeptides, our results demonstrate RPLC preferentially retain longer, more hydrophobic
species within solution. In contrast, PGC expands overall sample coverage by retaining those
smaller, more hydrophilic peptides and glycopeptides that would otherwise go unidentified.
Furthermore, we demonstrate that the glycopeptides retained by PGC have a more
consolidated charge state distribution than those in RPLC experiments, generating more
charge per length of peptide regardless of dominant hydrophilic character. As well, PGC
separations provided greater microheterogeneity profiling depth by identifying more glycans
per retained peptide. Our results also build on previous studies that show the capacity

for liquid-phase separation of isomeric glycopeptides at higher temperatures. However, our
results show a long PGC stationary phase is not exclusively necessary to provide improved
liquid-phase separation. This knowledge indicates the combination of high-resolution RPLC
stationary components in tandem with a PGC stationary phase could provide a useful
strategy in high-throughput characterization studies. Finally, we demonstrate that running
both RPLC and PGC separations at higher temperatures provides altered peptide and
glycopeptide identification rates, with the most optimal temperature shown to be 45°C.

In summary, PGC enables pronounced benefits in proteomic and glycoproteomic analyses
and provides a means towards facile, high-throughput characterization. As such, this regime
is sure to exhibit utility in applications targeting unique post-translational modifications and
as a separation strategy for structural interrogation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
General workflow utilized throughout the experiment. Samples were run sequentially at

different temperatures (Run 1: 30°C, Run 2: 45°C, Run 3: 60°C). Data was collected
on a Thermo Q-Exactive-HF orbitrap mass sepctrometer, with peptide and glycopeptide
annotations provided by PEAKS and Byonic prior to custom data analysis.
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Figure 2.

High-level overview of identified peptides resulting from analysis of PANCL1 cell lysate
digests. A) Comparison of total and unique peptides identified between all columns at
varying temperatures. B) Overlap of identified peptides (left) and identified proteins (right),
demonstrating the clear distinction in the species retained in PGC and RPLC separations.
C) Comparison of identified peptide lengths. D) Hydrophilicity of identified peptides

as a function of time, demonstrating the complementary retention between PGC and

RPLC. Lesser values are associated with hydrophilic character while greater values are
associated with hydrophobic character. The line represents average GRAVY score, shaded
area represents 95% confidence interval.
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Overview of glycopeptides identified between all separation regimes. A) Comparison of
total (left) and unique (right) glycopeptides identified across all samples, shown according
to separation strategy and column temperature. B) Overlap of all glycopeptides identified

in each separation phase across all samples. C) (top) Overlap of glycopeptides identified

in the standard mixture when column temperature is held constant and column is varied,
(bottom) overlap of glycopeptides from standard mixture when separation regime is constant
and temperature is varied.
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Figure 4.

Peptide level differences between glycopeptides identified across all experiments. A)
Distribution of number unique backbones identified, average glycopeptide length, and
average glycopeptide charge between all separation regimes. Error bars: 95% confidence
inteval, /=3 (each sample). B) Distribution of glycopeptide charge states between all
separations and temperatures. C) Normalized charge per glycopeptide, shown as a function
of average charge/amino acid residue. Error bars: 95% confidence inteval, 7=3 (each
sample).
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acid residue. Error bars: 95% confidence inteval, 7=3 (each sample). B) Boxplots displaying
the number of glycans associated with retained peptide bacbones. Note: for samples “NT1”
and “T10”, the median values of RPLC are found to be 1, making them difficult to view

here.
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Extract ion chromatogram (EIC) of a representative glycopeptide (QN*GTLSK +
HexNAc(4)Hex(5)NeuAc(1)), which was identified on all columns at all temperatures. As
the retention mechanism of RPLC is driven by hydrophobic interactions, the lack of any
liquid-phase resolution is expected. However, both a longer (L=30cm) and short (L=15cm)
PGC stationary phases were shown to provide adequate liquid phase resolution of isomeric
glycopeptides. Note, the 3+ charge state in BP, 30°C has been manually confirmed as

correct.
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class (i.e., High Mannose, Complex, etc.) are colored to highlight the changing quantities of
glycans as a function of column temperature.
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