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Abstract

Mass spectrometry-based discovery glycoproteomics is highly dependent on the use of
chromatography paradigms amenable to analyte retention and separation. When compared
against established stationary phases such as reversed phase and hydrophilic interaction liquid
chromatography, reports utilizing porous graphitic carbon (PGC) have detailed its numerous
advantages. Recent efforts have detailed the utility in porous graphitic carbon in high

throughput glycoproteomics, principally through enhanced profiling depth and liquid phase
resolution at higher column temperatures. However, increasing column temperature has shown

to impart disparaging effects in glycopeptide identification. Herein we further elucidate this
trend, describing qualitative and semi-quantitative effects of increased column temperature on
glycopeptide identification rates, signal intensity, resolution, and spectral count linear response.
Through analysis of enriched bovine and human glycopeptides, species with high mannose

and sialylated glycans were shown to most significantly benefit and suffer from high column
temperatures, respectively. These results provide insight as to how porous graphitic carbon
separations may be appropriately leveraged for glycopeptide identification while raising concerns
over quantitative and semi-quantitative label free comparisons as temperature changes. RAW MS
glycoproteomic data are available via ProteomeXchange with identifier PXD034354.
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Introduction

Glycosylation is one of the most prevalent and heterogenous post-translational modifications
(PTMs) within the human proteomel 3. The inherent complexity of its study is not felt
just in considering the vast expanse of known and theoretical modification sites?, but

also through appreciation of the high degree of compositional and structural complexity?.
Decades of targeted research have revealed the high degree of glycosylation diversity
presents an equally diverse set of functions. Glycans and glycoproteins are known to
participate in a litany of biological processes such as cell signaling®~’, host-pathogen
interaction8-10, and protein folding11-13, and are ever increasingly implicated in health and
human disease. Despite the importance of these PTMs and the extensive effort contributed
to their study, analytical strategies that can keep pace with biological complexity remain
limited.

In order to offset the overwhelming difficulties in glycopeptide analysis, numerous areas

of analytical development have received significant attention in recent years. Glycopeptide
enrichment strategies have been developed to compensate for low analyte abundance in
proteolytic mixtures4-16, with some being tailored to unique glycan classes!’ 18, As

well, ubiquitous utilization of tandem-MS for glycopeptide identification has brought about
validation and application of numerous unique dissociation modalities1®22. Even efforts for
accurate quantitation of intact glycopeptides have seen a rise in popularity as isotopic and
isobaric labeling strategies become more accessible23. These areas of development, however,
largely ignore any potential benefits that may come through more effective chromatography.

Glycoproteomic analyses continue to utilize traditional reversed-phase liquid
chromatography (RPLC) due to the effective retention mechanism and ease of
implementation. This separation strategy provides meaningful access to the glycoproteome,
but analyte retention is dependent on a dominant hydrophobic character of the peptide
backbone — a characteristic not observed for all glycopeptides. Furthermore, the
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large, hydrophilic glycan moiety often reduces the efficacy of RPLC for glycopeptide
retention and separation24 25, Hydrophilic interaction chromatography (HILIC) and
electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) are popular
separation modalities that promote greater retention of glycopeptides26-28 but are less
commonly implemented on-line due to the need for salt-containing buffers??- 2% and sample
phase changes prior to MS analysis.

Offering reprieve from these shortcomings, porous graphitic carbon (PGC) has demonstrated
great utility in the retention and separation of polar analytes. PGC has been extensively

used in the analysis of released glycans3%-35 and has even shown baseline resolution

of glycan isomers when run at elevated temperatures36. Increasing column running
temperatures promotes an expanded glycan morphology, increasing the partition coefficient
and improving resolution. These improvements in glycan retention and separation have
recently been validated for targeted3’ and discovery-based glycoproteomics analyses where
higher temperature PGC separations were shown to enhance glycoproteomic coverage and
profiling depth38. However, these improvements were shown to come at a cost.

Whereas previous studies demonstrated that modest increases in column temperature result
in higher peptide and glycopeptide identification rates, these improvements often diminished
at higher column temperatures3®. With specific attention drawn to high mannose and
sialylated glycopeptides, these two glycopeptide classes were shown to yield the most
significant changes in identification rates and signal response. As PGC separations are
increasingly employed for glycan and glycopeptide analysis — and due to the biological
significance of affected glycopeptide classes — these observations present substantial
roadblocks in the pursuit of successful glycoproteomic analysis. Understanding the cause of
altered identification rates and the effects higher temperatures impart on intact glycopeptides
is imperative to promoting enhanced glycoproteomic coverage and providing guidance over
experimental conditions that reduce analytical efficacy.

To survey the effects of higher column temperatures in PGC separations, we performed
discovery-based glycoproteomic analysis on glycopeptides enriched from human prostate
cancer cell lysate, supplemented with sialoglycopeptides from bovine standard proteins.
Recreating previous experimental conditions38, we reaffirm profiling depth is enhanced with
modest increases in column temperature (45°C). Increasing temperature to 60°C, however,
results in significant disparities in glycopeptide detection. Confining much of our focus to
high mannose and sialylated glycopeptides — those species most differentially affected —

we demonstrate how elevated temperatures are responsible for altered reporting signal and
peak shape, affecting detection and identification. Further knowing the prevalence of label-
free and reaction monitoring quantitative approaches that rely on precursor peak intensity

or area, we also analyzed serial dilutions of enriched glycopeptide mixtures to evaluate
impact of column temperature on glycopeptide quantitation. Mirroring the observations seen
in glycopeptide identification, glycopeptide spectral matches were shown to significantly
deviate as temperature climbs, indicating label-free comparisons across temperatures are
not viable without special consideration. Nevertheless, for almost all glycopeptide classes,
our data demonstrate greater spectral-counting-based quantitative accuracy at the highest
temperature, 60°C. The disparity in observations between discovery and quantitative
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analyses suggest that column temperature must be individually tailored to suit biological
discovery or quantitative accuracy. Overall, the findings presented within serve to highlight
notable limitations and topical concerns for future PGC-based glycoproteomics analyses.

Dithiothreitol (DTT, D9779), iodoacetamide (IAA), sodium dodecyl sulfate (SDS),
trifluoroacetic acid (TFA), bovine ribonuclease B (R7884), bovine fetuin (F3004), bovine
asialofetuin (A4781), and bovine a1-acid glycoprotein (G3643) were purchased from
Millipore Sigma (Burlington, MA). Urea (U15), tris-base (BP152), hydrochloric acid
(A144Sl1), formic acid (A117), water, acetonitrile, and PGC guard columns (35003-014001)
were purchased from Fisher Scientific (Waltham, MA). Capillary tubing (1068150019) was
purchased from PolyMicro. Trypsin (V5113) was purchased from Promega (Madison, WI).
PolyHYDROXYETHYL-A packing material was purchased from PolyLC. Pencil column
heater was purchased from Pheonix S&T. Sources of all other materials are noted.

Protein Digestion

300mg of each standard glycoprotein was aliquoted into separate reaction microtubes and
dried under vacuum. Urea was dissolved in 50mM Tris-HCI to a concentration of 8M, which
was then used to resuspend standard glycoproteins at a concentration of 2.0ug/uL. Disulfide
bonds were reduced with 5SmM DTT at room temperature for 1 hour, followed by alkylation
with 15mM IAA at room temperature for 30 minutes in the dark. Alkylation was quenched
with excess DTT prior to diluting the mixture 1:10 to reduce Urea concentration to <1M.
Trypsin was added 1:100 for 4 hours at 37°C, followed by 1:50 and overnight incubation at
37°C.

Cell Preparation

Prostate cancer cell lines (BCaPMT10) were generated and described previously3®. Cell lines
were grown and maintained in phenol-free DMEM/Ham’s F12 (Gibco) supplemented with
5% fetal bovine serum (HyClone) and 1% penicillin-streptomycin solution (Gibco). T175
culture flasks were placed in an incubator at 5% CO2 and 98% humidity. Cells were grown
to 90% confluency, washed with 1x phosphate-buffered saline (Cytiva), and harvested using
a cell scraper. Approximately 1e6 cells were collected after culture. Cell pellets were washed
twice using phosphate-buffered saline and stored at —80°C for subsequent processing.

Cell pellets were resuspended in 4 volumes of 4% SDS prior to lysis via ultrasonication.
Protein concentration was estimated via bicinchoninic acid (BCA) assay (ThermoFisher
Scientific). Disulfide bonds were reduced with 450nM DTT for 30 minutes at 55°C followed
by alkylation with 10mM IAA at room temperature for 15 minutes. Protein was extracted
through repeated additions of cold 80% acetone and incubation at —20°C. Protein was
reconstituted in 8M Urea with 1x protease inhibitor cocktail. 300mg aliquots were taken,
diluted, and digested similarly to the standard proteins.
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Glycopeptide Enrichment

Glycopeptides were enriched using a custom spin tip method. Briefly, 200jL pipette tips
were packed with 3mg sterile cotton and loaded with polyHYDROXYETHYL-A packing
resin at a 30:1 bead-to-peptide ratio. Beads were hydrated in 1% TFA prior to loading.
Beads were flushed with 1% TFA and conditioned with 80%ACN+1%TFA. Samples were
resuspended in 80% ACN+1% TFA and applied to the beads a total of six times, which
was followed by six washes in the same buffer to remove non-glycosylated peptides.
Glycopeptides were eluted in 10% ACN+5% FA prior to drying under vacuum. Samples
were reconstituted in 0.1% FA and serially diluted 1x to 16x prior to LC-MS analysis
(Figure 1).

Column Preparation

Capillary tubing (0.d.=360um, i.d.=75um) was trimmed to a length >30cm with a small
portion of the polyimide coating removed. A Sutter P-2000 micropipette laser puller was
used to stretch the glass capillary into the final emitter geometry. The closed, tapered tip
was then opened via emersion in 48% hydrofluoric acid for 2.5 minutes. 3um PGC packing
material was harvested from PGC guard columns (Thermo Fisher Scientific, 35003-014001)
and resuspended in optima grade methanol in a 1.5mL glass vial. A micro flea stir bar was
added to provide agitation, and the slurry and etched capillary were placed in a pressure
injection cell (Next Advance, PC77-MAG). The capillary was packed with PGC material
using ~1000psi industrial grade nitrogen until 30cm of the capillary was full. Pressure was
released and the same packing conditions were used to flush the column with methanol and
air, sequentially. Columns were stored at room temperature until use.

LC-MS Analysis

Enriched glycopeptide mixtures were analyzed in technical triplicate using a Nano Ultimate
3000 chromatography stack coupled to an Orbitrap Fusion Lumos mass spectrometer.
Glycopeptides were trapped on the column at 3% B for 18 minutes, followed by a 52-minute
gradient from 15% B to 40% B. Column was washed at 75% B for ten minutes followed

by another ten-minute wash at 95%B. The column was then equilibrated to 3% for the

final ten minutes. The Fusion Lumos was set to perform DDA analysis using a 3-second
MS? acquisition window rather than selecting top N precursors. MS? settings were as
follows: resolution, 120,000; m/z range, 400-2,000; RF lens, 30%; AGC target, 2.0e5;
maximum injection time, 50ms; microscans, 1; polarity, positive. MS? settings were as
follows: resolution, 60,000; detector, orbitrap; isolation width, 1.6m/z; activation, HCD;
collision energy mode, stepped HCD; collision energies, 20-30-40; first mass, 120m/z; AGC
target, 5.0e4; maximum injection time, 118ms. Precursors were also required to meet an
intensity threshold of 2.5e4 for selection. Allowed charges states were 2+ to 7+; precursors
were excluded after 1 occurrence for 15 seconds.

Standard Peptide Analysis

A standard disialylated glycopeptide (KVANK[HexNAc4Hex5NeuAc2]T) was purchased
from TCI America (S0523). Listed at >95% pure with uniformity confirmed through gel
and capillary electrophoresis, this product enables analysis of a highly uniform glycopeptide
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not subject to biological variation or abundance constraints. Preparation and analysis of this
standard is detailed in the Supplemental Information.

Data and Code Availability

The mass spectrometry glycoproteomics data have been deposited to the
ProteomeXchange*® Consortium via the PRIDE#L: 42 partner repository with the dataset
identifier PXD034354 and 10.6019/PXD034354. Data were searched using Proteome
Discoverer 2.5 with the Protein Metrics Byonic node; searching and filtering parameters
are described in the Supplemental Information. Search results are available in the PRIDE
repository. All code used for analysis is available at https://github.com/lingjunli-research/
pgc-glycosylation-Ifg.

Results and Discussion

Changes in Glycopeptide Identification

Previous reports have signaled improved peptide and glycopeptide identification rates at
elevated column temperatures38, indicating potential differences in analyte behavior or
optimal separation and desolvation efficiency. This trend is rearticulated in this study where,
especially at higher concentrations (1x, 2x, and 4x dilutions), 45°C provided the highest
overall rates of glycopeptide identification (Figure 2A, Table S1). Though this behavior is
not conserved at lower concentrations (8x and 16x dilutions), a consistent trend across all
analyses is that 60°C provided the lowest rates of glycopeptide identification. This latter
observation is in-line with previous reports3® and serves as an early marker for suboptimal
chromatography conditions. Mapping glycopeptides back to their parent protein, our data
demonstrate that the increase in glycopeptide identifications at 45°C stem from the detection
of glycosites on previously undetected proteins, rather than new, additional glycosites or
glycopeptides from proteins already identified (Figure 2A, right). Interestingly, while our
data show that the majority of glycosites are identified across all temperatures (Figure 2B),
each unique glycopeptide dilution contained proportional quantities of unique glycosites
with statistically insignificant differences across all but the most concentrated sample
(Figure S1). As our data showed high intra-sample reproducibility in the identification of
glycosites at all temperatures (Figure 2B), we are confident this complementary detection

is not due to analytical inaccuracies and serves to corroborate previous observations3® that
column temperatures provide access to different portions of the glycoproteome.

We investigated whether the peptide backbone played a significant role in the retention of
glycopeptides at different temperatures. As shown in Figure 2C, the relative hydrophilicity —
presented here in the form of grand average of hydropathy (GRAVY) — and peptide length
are well conserved across temperatures for each glycopeptide dilution. While the data show
some slight preference for more hydrophilic analytes at higher temperatures, this observation
is biased by fewer identified glycopeptides and should be further investigated in analyses of
unmodified tryptic peptides where a hydrophilic glycan moiety plays no role. Interestingly,
our data show a decrease in GRAVY score that mirrors glycopeptide concentration. This
lower average value is mostly due to the lower number of identified glycopeptides, but it
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does speak to the power of PGC to selectively trap, retain, and elute these highly polar,
hydrophilic analytes.

However, the differences in glycopeptide identification begin to take shape when examining
the classes of glycans identified (Figure 2D). High mannose glycans were the most
predominant modification identified across our analyses. These glycans, considered
immature within the biosynthetic pathway?, may be seen in greater quantity due to the
known relationship between cancer cell proliferation and glycan nascence*3-4, though
targeted investigation is needed for confirmation within this respective cell line model.
Interestingly, while we anticipated complex glycans would be the second most prevalent
glycan type, instead our data reveal paucimannose glycans as the next most common.
Paucimannose glycans are relatively understudied in humans as it can be conjectured these
glycans result from degradation or harsh preparation conditions*®. However, recent studies
have validated the occurrence of these glycan types in humans and have even been shown
to play significant roles in human cancer4’=49. Sialoglycopeptides, complex glycopeptides,
and fucosylated glycopeptides follow in number of identifications. A clear disparity
between mannose and the latter three glycan subtypes is the effect seen when elevating
column temperature. While identifications of glycopeptides in all classes increased or were
unaffected at 45°C, identifications of mannose subtypes continued to increase at 60°C
(Figure 2D), albeit marginally. Conversely, the remaining glycan subtypes demonstrated
overall worse performance at the highest temperature. This trend is less severe in complex
glycopeptides but is immediately noticeable in fucosylated and sialylated glycopeptides.

Increasing glycopeptide identifications at 45°C are consistent with previous reports3é;
however, these data show more substantial increase of mannose subtypes at higher
temperatures, which we attribute to different cell lysis methods and scale-up. Nevertheless,
the reproducibility of declining identifications at high temperatures presented in our data
indicates these observations are not due to experimental aberrations such as run-to-run
variance or uncontrolled variables. Instead, we hypothesize that raising column temperatures
induces some underlying chemical or chromatographic abnormalities that are responsible for
affecting identification rates. Our results may be further dissected to provide qualitative and
semi-quantitative investigation of this hypothesis.

Aberrant Chromatographic Behavior

To survey any potential underlying abnormalities that may be responsible for the
observations mentioned above, we compiled extracted ion chromatograms (XICs) for all
identified glycopeptide masses in the highest concentration sample. Given the different
quantities of glycopeptides as temperature rises, it would be reasonable to expect that
glycopeptides not identified were truly absent or were seen at such low intensities they
could be mistaken for noise. Neither of these suspicions were confirmed. Our analyses
demonstrate that the vast majority of glycopeptide masses were both present and observed
at appreciable intensity in every run — an observation that holds true regardless of glycan
class, as evidenced below. This further supports our hypothesis that column temperatures are
responsible for affecting identification rates.
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To avoid misinterpretation of data, we first manually inspected the XIC images, removing
any species that were poorly extracted or contained traces of insufficient quality (i.e.,
indistinguishable major peaks, co-extracted masses, etc.). Inspecting the remaining data,
several trends became obvious. First, and most expectedly, increasing column temperature
resulted in nearly unanimous increases in resolution, with XICs displaying narrower full
width at half maximum (FWHM) and resolution of some putative glycopeptide isomers.
More interestingly, however, is the disparity in overall signal intensity and peak height

seen between glycopeptides of different classes. As temperature increased, the improved
resolution for high mannose glycopeptides translated into higher signal intensity (i.e.,
narrower, taller peaks) (Figure 3A). This trend is largely conserved across high mannose
glycopeptides to varying extents. At the same time, sialoglycopeptides show a similar
improvement in resolution and signal intensity at 45°C but show a significant drop off

at 60°C (Figure 3B). These observations rearticulate those seen elsewhere38 and provide
direct evidence of temperature-correlated analyte response. If these temperature effects were
directly related to glycopeptide detection and identification, we anticipate other glycopeptide
subtypes to display similar correlations. Indeed, examining paucimannose and fucosylated
glycopeptides reveal similar evidence. Paucimannose glycopeptides generally benefited from
higher column temperatures while fucosylated glycopeptides showed higher intensity at
45°C that waned at higher temperatures (Figure S2). It should be noted that the associated
trends are less significant for these latter two glycopeptide classes, but further study and
broader collections of analytes may serve to definitively characterize their response to
elevated temperatures.

With evidence to support our hypothesis that temperature changes promote chromatographic
behavior that impacts glycopeptide identification, we sought to provide further qualitative
analysis to aid in characterizing these occurrences. For all glycopeptides identified in the
highest concentration sample, we isolated the major peak and determined peak height,
FWHM, and peak area via curve integration. We selected only the major peak for these
analyses as the confident assignment of minor peaks must rely on exact match of isotopic
envelopes to that of the major species that was selected for MS? fragmentation; we found
this to be untenable, given the quantity of unique glycopeptide identifications, replicates, and
possible minor species.

Examining the data underpinning these glycopeptide identifications, all classes demonstrated
the expected decrease in FWHM as temperature increases, reflecting the known
improvements in liquid phase resolution achieved as glycan morphology expands (Figure
4A). As well, all glycopeptide classes demonstrated changes in peak intensity that

directly reflect the observations made above, though these changes are most visible

for sialylated glycopeptides. Similarly, when integrating area under the curve, high

mannose and paucimannose glycopeptides demonstrate little discrepancy in peak area as
temperature increases, contrasting that of complex and sialylated glycopeptides (Figure 4A).
Taken together, we posit those improvements in liquid-phase resolution for mannose-type
glycopeptides at high temperatures result in sharper, narrower elution peaks that conserve
the overall peak area observed at lower temperatures. Because these observations directly
correlate with identification rates, deviating peak intensities and areas are likely directly
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responsible for the incremental improvement in identifications, as greater intensity will raise
precursor priority when performing DDA-MS/MS.

In order to validate this conjecture, we utilized the extracted information from each
glycopeptide to represent the fold-change in relative abundance with respect to the base
temperature, 30°C. Averaging across technical triplicates, the vast majority — though not

all — glycopeptides exhibit higher relative abundance at 45°C (Figure 4B), mirroring the
aforementioned XIC observations and identification rates. However, where these data begin
to diverge is the relative abundance seen at the highest temperature, 60°C. For high mannose
and paucimannose glycopeptides, relative abundances are often even higher than those
observed at 45°C. While these glycopeptide classes do show some species to be lower in
abundance at 60°C than at 45°C, the relative abundance at the highest temperature are often
equivalent to or higher than the abundances seen at the base temperature of 30°C. Contrary
to this observation, complex, fucosylated, and sialylated glycopeptides show significant
drops in relative abundance at 60°C, with the majority of glycopeptides displaying lower

or substantially lower abundances compared to that observed at either of the two lower
temperatures.

These observations and conjectures notwithstanding, we acknowledge the presence of
glycopeptides that deviate from these noted trends. However, these cases are the minority,
giving way to the prevailing observations discussed here. This diversity in results should

be expected for any biological population and therefore do not significantly hamper

our interpretation of the overall trends seen across glycopeptide classes. Fucosylated
glycopeptides, as well, show diversity in their relative abundances as temperature climbs.
Given the lower number of these species and that fucosylation and sialylation often co-
occur, these data may be further reorganized and investigated in later experiments to provide
a more comprehensive dataset.

Overall, these data serve to confirm our hypothesis that increases in temperature induce
chromatographic behavior that impacts glycopeptide identification. As shown, mannose
type glycopeptides benefit from increased temperatures as their increased resolution results
in greater peak intensity and therefore greater selection in DDA-MS/MS. Complex,
fucosylated, and sialylated glycopeptides do benefit from improved resolution at higher
temperatures but often yield lower peak intensities, affecting downstream identification.
Beyond this, given the demonstrated abnormalities in glycopeptide detection and peak
shape as temperature increases, we suspect common label-free quantitative methods may be
unreliable under these chromatographic conditions.

Assessing Spectral Count-Based Quantitation

Strategies for glycopeptide quantitation have experienced a surge in innovation over the
past decade?3. While metabolic labeling, isotopic chemical tags, and isobaric labeling
strategies have all been demonstrated as viable and effective, these approaches are often
custom-tailored and require additional handling that can introduce sample loss. Label-free
quantitation (LFQ) avoids these complications but is prone to missing values and run-to-run
variance. Common LFQ approaches such as reaction monitoring rely on precursor area
under the curve or intensity of transition ions® as the quantitative marker, while others such
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as spectral counting assume relative quantity is proportional to frequency of MS selection.
Given each of these methods relies on precursor and fragment intensity, severe limitations
may be met when employing PGC separations at elevated temperatures.

Averaging the number of peptide spectral matches (PSMSs) across technical replicates, a
subset of glycopeptides was shown to be quantifiable (i.e., identified in =3 dilutions) with
good linearity (Figure 5A). Notably, fucosylated glycopeptides demonstrated the worst
linear response; this is due to the relatively low abundance of this class of glycopeptide
—evidenced by the low number of identifications and PSMs. When comparing across the
remaining glycopeptide subtypes, high mannose glycopeptides demonstrated the highest
density of species with linear regression fit >0.9, though all classes demonstrated a
meaningful distribution of high linearity species. More interestingly, quantifiable complex,
fucosylated and sialylated glycopeptides showed greater PSM-based linearity as temperature
climbed (Figure 5B). This observation presents a caveat to our existing discussion of

how elevated temperatures bring limitations to glycopeptide identification. Though high
temperatures (i.e., 260°C) reveal the fewest overall identifications, those that are identified
tend to show excellent linear response and may be more easily relied upon for quantitation.
On the other hand, mannose type glycopeptides generally showed a decrease in linear
response at 45°C before becoming bimodally distributed at 60°C (Figure 5B). These data
inform us that column temperatures may be tailored based on intended experimental
outcome; 45°C typically provides best signal response but does not provide the best
quantitation for all species.

While these data suggest at which temperatures spectral counting-based quantitation may
be achieved, we have not established whether individual glycopeptides may be accurately
compared across temperatures. As shown in Figure 5C, all glycopeptide classes yield
different quantities of PSMs at different temperatures. This observation may be obvious,
given the discussion of chromatographic behavior. However, mannose and fucosylated
subtypes generally showed a more conserved spectral count as temperatures increased
compared to complex and sialylated glycopeptides. As seen, sialylated glycopeptides
displayed a demonstrable increase in the number of PSMs at 45°C before decreasing again
at 60°C, which reflects the deviation in signal intensity at these temperatures. Complex
glycopeptides, on the other hand, exhibited steady increases in the number of PSMs as
temperature climbs higher, being only one of two peptide classes that display such trend.

Taken together, these data are not intended to confer any quantitative information beyond the
efficacy of using a label-free strategy for glycopeptide analysis when column temperature

is an experimental variable. While our data demonstrate good linear response when PSMs
are averaged as a function of sample dilution, this is only true when temperature is constant.
In large part, glycopeptides cannot be directly compared across different temperatures in

a label-free fashion. This conclusion is evidenced first by the significant changes in PSM
count as temperature changes (Figure 5C) and when considering the noted differences in
precursor peak intensity and area (Figure 3, S2). While quantitative accuracy remains to

be evaluated when using area under the curve, our data suggest this approach may not be
suitable; we did attempt to perform XIC area based LFQ in these analyses, but the breadth of
identifications combined with technical replicates at three temperatures was untenable and
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computationally inefficient. Perhaps MS2-based transition monitoring is a more appropriate
strategy for glycopeptide LFQ when using elevated column temperatures, but this claim
should be investigated on its own.

Hypotheses and Future Directions

Given the nature of our data, it is imperative we consider the underlying phenomena that
induce the observed chromatographic behavior shown to impact glycopeptide analysis.
Focusing on sialylated glycopeptides, those species most adversely affected, two prevailing
hypotheses exist that may explain the significant decrease in signal intensity at high
temperatures. The first hypothesis is that sialoglycopeptides exhibit greater structural
diversity in nature (i.e., antennae linkage, a/p orientation, etc.) and this structural diversity
is readily resolved at high temperatures, as shown previously3® 37 This increased resolution
distributes the density of glycopeptides eluting per unit time, lowering overall peak heights.
The alternative explanation is that liquid phase separations at high temperatures impart
greater energy into the system, provoking early dissociation of labile sialic acid linkages.
As well, sialylated glycopeptides are known to be labile under acidic conditions!7: 51 52;
our 0.1% FA additive during LC-MS, though common practice, likely exacerbates their
lability and may contribute to early dissociation. We do not find strong evidence to support
this hypothesis in our data as examining the identified sialoglycopeptides did not provide
any such correlation between high sialylation states and lower sialylation states. To state
tersely, we did not observe any disalylated glycopeptides converted to monosialylated
glycopeptides, and so on. We did further investigate this claim through analysis of a
commercially available sialoglycopeptide standard and no early dissociation could be
definitively observed (Figure S3). In addition, we did not observe any relationship between
the five high mannose glycans and identification rate, peak height, etc., further reinforcing
the trends discussed in this report as global observations and not specific to a subset of
modifications.

In all, the chemical or physical cause of altered glycopeptide identifications at elevated
temperatures is still not clear. Anecdotal evidence supports the idea that the acidic
conditions chosen for LC-MS analysis does cause dissociation of sialic acid. Considering the
addition of higher temperatures during separation and desolvation, indiscriminate cleavage
of glycosidic bonds is not outside the realm of possibilities. As our study provided some
semi-quantitative investigations of this anomaly, we propose a more rigorous means of
quantitation may be employed to fully elucidate this trend. Establishing specific transition
ions for a broad array of glycopeptides and utilizing reaction monitoring (MRM or

PRM) would eliminate any errors in precursor identification, extraction, and quantitation.
Regardless of future approaches that provide a succinct connection between column
temperature and glycopeptide identification, the data presented here provide heuristic
guidance towards appropriate experimental design, depending on analytical objectives.

Conclusions

Porous graphitic carbon separations are a powerful addition to mass spectrometry-based
glycoproteomics. Providing excellent retention of hydrophilic glycopeptides with a
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dominant glycan moiety, PGC provides facile access to regions of the glycoproteome that
may be unobtainable through traditional separation modalities. As shown within, elevated
column temperatures inspire significant improvements in liquid-phase resolution for all
glycopeptide classes and yield greater reporting signal that aids in auto-MS identification.
However, further increasing column temperature presents a tradeoff between liquid-

phase resolution and glycopeptide identification. Our analyses show unique glycopeptide
classes are differentially impacted — mannose type glycopeptides appear to benefit from
high temperatures while complex and sialylated glycopeptides do not. Beyond this,

we demonstrate the feasibility of performing label-free glycopeptide quantitation when
temperature is held constant. However, glycopeptide species cannot be reliably compared
from one temperature to the next as their spectral count and precursor area under curve

are shown to deviate substantially according to their glycan composition. In summary, PGC-
based glycopeptide separation and discovery is most effective at 45°C, providing excellent
reporting signal and modest resolution. However, in chasing isomeric resolution at higher
temperatures, special consideration must be taken to avoid misinterpretation of glycopeptide
identifications — or lack thereof — and when drawing comparisons to analyses under different
experimental conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Outline of workflow. Glycoprotein mixtures or cell lysate were enzymatically digested prior
to glycopeptide enrichment. Glycopeptides were reconstituted, serially diluted, and analyzed
in technical triplicate on a custom PGC-packed capillary column. Data were collected on an
Orbitrap Fusion Lumos with database searching performed in Proteome Discoverer with the

Protein Metrics Byonic node.

JAm Soc Mass Spectrom. Author manuscript; available in PMC 2023 January 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Delafield et al.

# Unique Glycopeptides

Unique Glycopeptides
500 Dilution

Ty

N
=3
°

-
=3
o

o T
30°C  45°C  60°C

¢ $0 5O O
oo«"““ O 5% S8

Identified Proteins
120

80

) |II
. Il 1

# Glycoproteins
o
3,
.
A

80

120

GRAVY Score

Q,QO (l ¢ QG‘:OQG

o
|| o
("

W Total Proteins
M Unique Proteins

16x

000

Page 17

Shared Glycosites

s I
30°C 45°C 60°C

Glycan Type Distribution

Fucosylated High M:

-0.8-

50

.

.i.;i. phd Ml BEs Mad

1
W
L

Peptide Length

1x 2x

.

. o * o e .

# Identified Glycopeptides

30°C 45°C 60°C  30°C 45°C 60°C  30°C 45°C 60°C  30°C 45°C 60°C  30°C 45°C 60°C

200-
100
AL 1y “l

.- o7 e e o
G oG oG 0C oG oG G oG oG G G oG
S4s %

1x 2x 4ax 8x 16x A0S S FORCRrOS ORI

Figure 2).

Rgsults z)utlining temperature-based differences in glycopeptide identification. A) Higher
concentration glycopeptide samples (i.e., the undiluted sample (1x), and first two serial
dilutions (2x and 4x)) displayed the expected increase in identifications when separated

at 45°C, stemming largely from accessing new glycoprotein constituents. Concentration
and temperature are independent; all concentrations (i.e., dilutions) were analyzed at all
temperatures. B) Our analyses showed high technical reproducibility indicating the changes
in unique glycosites between temperature is unlikely due to analytical abnormalities. C) The
peptide backbone information of glycopeptides was largely conserved across temperatures,
suggesting major differences are not due to the backbone itself. D) Glycopeptides
demonstrated a class-dependent response to temperature with mannose type glycans
benefitting from higher temperatures; complex, fucosylated and sialylated types show
decreased identifications at high temperatures.
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Figure 3).

RegpreseLtative extract ion chromatograms (XICs) of high mannose and sialylated
glycopeptides. Both glycopeptides demonstrate improved resolution as temperature
increases but high mannose types (A) displayed further increases in signal intensity as
temperature climbs. Conversely, sialylated glycopeptides (B) increase in intensity at 45°C
before showing significant attenuation at 60°C.
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Figure 4).

Qualitative metrics from identifiable glycopeptides. A) All glycopeptides demonstrate
improved resolution at high temperatures, but most classes demonstrate little change

in median peak height or peak area. Sialylated glycopeptides, however, do show
disparities in these metrics. However, this change in median value is only reflective

of the whole population. (B) When examining peak intensity for each individual
glycopeptide, we observed that the majority of glycopeptides from each glycan class showed
noticeable improvements in peak intensity at 45°C with a subset demonstrating statistical
significance (P<0.05, high mannose: 74 glycopeptides, 23.6% of high mannose population;
paucimannose: 22 glycopeptides, 25.9% of population; complex: 16 glycopeptides,

30.8% of population; sialylated: 15 glycopeptides, 25.0% of population, fucosylated: 7
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glycopeptides, 14.9% of population). Mannose type glycopeptide peak intensity is not

largely impacted at 60°C, whereas complex and sialylated glycopeptides are — a finding
that reflects their identification rates at high temperatures.
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Semi-quantitative evaluations of glycopeptide dilution series across temperature. A) Plots
demonstrating the linear response of glycopeptide identifications across dilutions. When
temperature is held constant, spectral counting may be a viable option for LFQ. B)
Distribution of linear regression for quantifiable glycopeptides as temperature increases.
While 45°C is most beneficial for glycopeptide identifications, it is not the most optimal
for LFQ. Conversely, identifiable glycopeptides may be best quantified at 60°C. C) Change
in spectral count as temperature climbs. While PSM count for mannose type glycans is
relatively conserved, complex and sialylated glycopeptides show significant differences
across temperatures. This observation suggests that LFQ methods may be significantly
impacted at different temperatures.
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