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ABSTRACT

Hardware changes introduced on the Orbitrap Ascend MultiOmics Tribrid MS include dual ion
routing multipoles (IRMs) that can enable parallelized accumulation, dissociation, and Orbitrap
mass analysis of three separate ion populations. The balance between these instrument functions
is especially important in glycoproteomics, where complexities of glycopeptide fragmentation
necessitate large precursor ion populations and, consequently, long ion accumulation times for
guality MS/MS spectra. To compound matters further, dissociation methods like electron transfer
dissociation (ETD) that benefit glycopeptide characterization come with overhead times that also
slow down scan acquisition. Here we explored how the dual IRM architecture of the Orbitrap
Ascend can improve glycopeptide analysis, with a focus on O-glycopeptide characterization using
ETD with supplemental collisional activation (EThcD). We found that parallelization of ion
accumulation and EThcD fragmentation — uniquely enabled by the Orbitrap Ascend — increased
scan acquisition speed without sacrificing spectral quality, subsequently increasing the number
of O-glycopeptides identified relative to analyses on the Orbitrap Eclipse (i.e., the previous
generation Tribrid MS). Additionally, we systematically evaluated ion-ion reaction times and
supplemental activation energies used for EThcD to understand how best to utilize acquisition
time in the dual IRM architecture. We observed that shorter-than-expected ion-ion reaction times
minimized scan overhead time without sacrificing c/zs-fragment ion generation, and that higher
supplemental collision energies can generate combinations of glycan-retaining and glycan-
neutral-loss peptide backbone fragments that benefit O-glycopeptide identification. We also saw
improvements in N-glycopeptide analysis using collision-based dissociation, especially with
methods using faster scan acquisition speeds. Overall, these data show how architectural
changes to the Tribrid MS platform benefit glycoproteomic experiments by parallelizing scan
functions to minimize overhead time and improve sensitivity.

KEYWORDS
Glycoproteomics, N-glycopeptides, O-glycopeptides, tandem mass spectrometry, fragmentation,
electron transfer dissociation

https://doi.org/10.26434/chemrxiv-2024-4sqd3-v2 ORCID: https://orcid.org/0000-0001-5150-4346 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-4sqd3-v2
https://orcid.org/0000-0001-5150-4346
https://creativecommons.org/licenses/by-nc-nd/4.0/

INTRODUCTION

Glycosylation is a common post-translational modification (PTM) found on nearly 50% of human
proteins.t?2 This PTM plays a fundamental role in biological processes, including cellular
communication and recognition, and dysregulation of these processes has been widely implicated
in disease.> Protein glycosylation is highly heterogeneous, with hundreds of glycans resulting
from non-templated regulation from approximately 200 glycosyltransferases active in the
endoplasmic reticulum and/or Golgi.® These glycans can potentially modify tens of thousands of
glycosites across the proteome, and glycosites are classified by glycan identity and attachment
to amino acid side chains.” N-glycosylation is defined by an N-glycosidic linkage to asparagine
residues within the N-sequon consensus motif (N-X-S/T, where X is any amino acid other than
proline).1%12 O-glycosylation has multiple subclasses, but mucin-type O-glycosylation is arguably
the most abundant and involves an initiating N-acetylgalactosamine (GalNAc) attached via an O-
glycosidic bond to serine, threonine, and sometimes tyrosine residues.'*%°

Detailed analysis of precisely what glycans modify specific glycosites is important to understand
the functional implications of glycosylation, and mass spectrometry is currently the premier tool
for characterizing site-specific glycosylation.’®18 A typical glycoproteomics workflow entails
proteolytic cleavage of glycoproteins followed by analysis of intact glycopeptides via LC-MS/MS,*°
but methods often vary in details involving glycopeptide enrichment,?®?! data collection,???® and
data analysis.?*#?> One important decision in every glycoproteomics experiment is how to
maximize the information available in glycopeptide tandem mass spectra, which are the
foundation of site-specific analysis.?®2° Designing methods to maximize both the number of
MS/MS spectra acquired and the quality of glycopeptide MS/MS spectra is not trivial, especially
on advanced instrumentation that offers multiple fragmentation methods, humerous scan types,
and flexible data acquisition schemes.3%-34

Several instrument platforms have shown promise for flexible glycopeptide characterization,
including time-of-flight instruments with ion mobility and multiple ion activation capabilities.®>-3°
One popular platform for glycoproteomics is the quadrupole-Orbitrap-linear ion trap Tribrid MS
system, which now exists in four distinct generations.**** Flexibility in data acquisition is a
hallmark of Orbitrap Tribrid instruments, which is especially useful when designing methods for
heterogeneous populations of glycopeptides that may have different analytical needs.*® For
example, Orbitrap Tribrids provide multiple modes of peptide activation, including resonant
excitation collisional dissociation, beam-type collisional dissociation, electron-driven
fragmentation, and photodissociation.*’->* N-glycoproteomics workflows largely benefit from the
acquisition speeds enabled by beam-type collisional activation (called higher-energy collisional
dissociation, or HCD, on Orbitrap Tribrids), even though fragment ions often do not retain intact
glycans.>*>° Site-specific characterization of O-glycopeptides, however, requires peptide
fragment ions that retain glycan masses, meaning that electron transfer dissociation (ETD) and
ETD with supplemental HCD activation (EThcD) are particularly valuable.>*%2 Conveniently,
Orbitrap Tribrids enable acquisition schemes that generate MS/MS spectra with varying
dissociation types using product-dependent triggering methods and other forms of intelligent data
acquisition.®3-%6

Another key feature of Orbitrap Tribrids is the architecture uniting the quadrupole, Orbitrap, and
linear ion trap mass analyzers.®® The first three generations, the Fusion, Fusion Lumos, and
Eclipse, built on an architecture with the quadrupole in front of the C-trap and Orbitrap, followed
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by an ion routing multipole (IRM), and finally, the linear ion trap (Figure S1). This design enables
scan parallelization so that two ion populations can be manipulated at once: one being mass
analyzed in either the ion trap or Orbitrap while another is accumulated in the IRM for subsequent
manipulations.*® This parallelization has been demonstrated to improve acquisition speeds,
especially when combining survey scan acquisition in the Orbitrap with MS/MS scan acquisition
in the linear ion trap.324! Using more nuanced scan features, however, such as ETD and EThcD,
requires ion manipulations of precursor cations and reagent anions in addition to movement
through the IRM prior to mass analysis.®” These advanced functions create overhead time that
can limit parallelization schemes or require balancing scan acquisition speeds at the cost of ion
injection time and, ultimately, spectral quality.

The fourth and most recent generation of Orbitrap Tribrid, the Orbitrap Ascend, reimagined the
Tribrid architecture by adding a second “front” IRM between the quadrupole and C-trap/Orbitrap
to complement the “back” IRM (i.e., the only IRM in previous generations) (Figure 1A).
Additionally, the Ascend includes redesigned source optics to improve ion transmission and
reduce in-source fragmentation, among other engineering improvements to the vacuum system
and ion path.®® Importantly, adding the second IRM enables the manipulation of three ion
populations at a time to significantly improve parallelizable ion injection time. This is especially
advantageous for methods used in glycoproteomics where overhead time due to scan functions
(e.g., ETD) or long accumulation times are unavoidable features.®® Here we explore how the dual
IRM architecture of the Orbitrap Ascend can benefit glycoproteomics data acquisition, especially
for O-glycopeptide characterization that requires ETD-based MS/MS scans. Furthermore, we
investigate EThcD ion-ion reaction time and supplemental activation energy to understand how
to maximize glycopeptide identifications.

EXPERIMENTAL PROCEDURES

Proteins were purchased from R&D Systems (PD-L1, CD80, SARS-CoV-2 spike glycoprotein,
CD58, MUC16, CD43, GPlba, podocalyxin, and PSGL-1), Sigma Aldrich (alpha-1-acid
glycoprotein and fetuin), and AbCam (EpCam). All other reagents were obtained from Sigma
Aldrich unless otherwise noted.

Preparation of O-glycoproteomics samples. Five glycoprotein standards were combined to
create a semi-complex mixture suitable for O-glycopeptide analysis: MUC16 (Q8WXI7.3), CD43
(P16150), GPlba (P07359), Podocalyxin (000592), and P-selectin glycoprotein ligand-1
(Q14242). For each protein, 30 micrograms were combined and dissolved in 50 mM
Tris(tris(hydroxymethyl)aminomethane) (Tris), pH 8, before being digested with IMPa O-
glycoprotease (Pseudomonas aeruginosa, NEB) with a 1:10 (w:w) glycoprotease:protein ratio.
Digestion occurred over three hours at 37°C before the solution was brought to a final
concentration of 10 mM tris(2-carboxyethyl)phosphine (TCEP) and 40 mM chloroacetamide
(CAA). This was followed by an overnight (~14 h) digestion with trypsin (Promega) at 37°C with a
1:50 (w:w) protease:protein ratio. After digestion, peptides were desalted using Strata-X
cartridges (Phenomenex) by conditioning the cartridge with 1 mL ACN followed by 1 mL 0.2%
formic acid (FA) in water. Peptides were acidified with formic acid and then loaded onto the
cartridge, followed by a 1 mL wash with 0.2% FA in water. Peptides were eluted with 400 pL of
0.2% FA in 80% ACN and dried via vacuum centrifugation.
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Preparation of N-glycoproteomic samples. Seven glycoprotein standards were combined to
create a semi-complex mixture suitable for N-glycopeptide analysis: alpha-1-acid glycoprotein
(P02763), human fetuin (P02765), PD-L1 (Q9NZQ7), CD80/B7-1 (P33681), SARS-CoV-2 spike
(PODTC2), CD58/LFA-3 (P19256), and Epithelial cell adhesion molecule (P16422). Ten
micrograms of each protein were dissolved in 50 mM Tris, combined and brought to a total
concentration of 5% SDS using a 10% SDS stock solution, and digested using an S-trap mini
(Protifi) following minor adaptations to the suppliers’ protocol.”” Briefly, cysteines were
carbamidomethylated via incubation with 10 mM TCEP for 10 minutes at 60°C, followed by 40
mM CAA at room temperature for 60 minutes in the dark. Samples were acidified with phosphoric
acid, and 7x volumes of bind/wash buffer (100 mM tetraethylammonium bromide (TEAB) in 90%
methanol) were added. Samples were added to the trap and washed 3x with bind/wash buffer via
centrifugation, followed by a 90-minute trypsin digestion at 47°C using a 1:25 protease:protein
ratio. Following digestion, peptides were eluted with three washes: 1) 50 mM TEAB, 2) 0.2%
formic acid in water, and 3) 0.2% formic acid in 50% ACN. The eluate was lyophilized and stored
until LC-MS/MS analyses.

LC-MS/MS data acquisition. Samples were resuspended in 0.1% formic acid and approximately
1 ug of total peptide was injected per analysis. Each sample was analyzed by LC-MS/MS using
the same Dionex UltiMate 3000 nano-LC system that was moved between an Orbitrap Ascend
MultiOmics MS and an Orbitrap Eclipse MS that was housed in the same facility. All samples
were measured with technical duplicate injections with a 90-minute total LC-MS/MS acquisition
using a 25 cm Aurora Series Gen2 reverse-phase LC column (75 um inner diameter packed with
1.6 um FSC C18 particles, lon Opticks). Peptides were loaded onto the column and eluted at a
constant 300 nL/min flow rate using buffer A (0.1% formic acid in water) and B (0.1% formic acid
in acetonitrile). The gradient was held at 1% B for 5 minutes, increased to 5% B from 5 to 5.1
minutes, increased from 5% B to 28% B from 5.1 to 70 minutes, increased to 95% B in 1 minute,
held at 95% B for 5 minutes, and returned to 1% B to re-equilibrate the column for the remaining
14 minutes. LC conditions were identical for all analyses.

Standard O-glycopeptide analyses. Precursors were ionized at 1.8 kV, the inlet capillary
temperature was held at 275°C, and the RF lens was set to 60%. Full MS scans were acquired
with a resolution of 60k at 200 m/z, a normalized AGC target of 100% (400,000 charges), a
maximum injection time of 123 ms (Ascend) or 118ms (Eclipse), and a scan range of 400-1800
m/z. Monoisotopic peptide filtering was enabled, dynamic exclusion was set at 60 seconds after
1 occurrence with a £10 ppm window, a minimum intensity threshold of 50,000 was used, and
charges 2-5 were selected for fragmentation. EThcD MS/MS scans were performed in a data-
dependent fashion with a cycle time of 3 seconds, with constant parameters including a 2 m/z
guadrupole isolation width for precursor ion isolation, an Orbitrap resolution of 60k at 200 m/z, a
normalized AGC target set to 200% (100,000 charges), and a scan range of 120-4000 m/z. EThcD
MS/MS scan parameters that were systematically evaluated in this study are summarized in
Table S1 and include a) a reagent anion target of 200,000 charges with 200 ms max injection
time and static ion-ion reaction times of 30 ms, 50 ms, or 70 ms — or calibrated ion-ion reaction
parameters;’* b) maximum injection times of 100 ms or 150 ms; and c) supplemental HCD
activation of 15%, 25%, and 35% normalized collision energy (NCE). These parameters were
identical for Orbitrap Ascend and Orbitrap Eclipse data acquisition.
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Fragmentation-specific O-glycopeptide analyses. To test the effects of specific fragmentation
parameters, methods were created that performed multiple ETD and/or EThcD MS/MS scans on
the same precursor ion. All LC and MS parameters described above remained the same unless
noted, and all of these methods were only performed on the Orbitrap Ascend. For variable reaction
time testing, precursor ions were selected in a data-dependent fashion for six subsequent MS/MS
scans: ETD and EThcD using 30 ms ion-ion reaction time, ETD and EThcD using 50 ms ion-ion
reaction time, and ETD and EThcD using calibrated ion-ion reaction time parameters. All EThcD
scans used 25% NCE for supplemental activation, and the maximum injection times for all MS/MS
scans was 150 ms. Individual methods were used that selected precursor charge states of either
z=2or z = 3. For supplemental activation testing, precursor ions were selected in data-dependent
fashion for four subsequent MS/MS scans: ETD, EThcD at 15% NCE, EThcD at 25% NCE, and
EThcD at 35% NCE. All ion-ion reaction times were 50 ms with a reagent anion target of 200,000
charges, and only doubly protonated precursor ions were selected.

N-glycopeptide analyses. All LC and MS parameters outside of MS/MS settings remained
identical for N-glycopeptide methods. All MS/MS scans used a scan range of 120-2000 m/z, a
precursor isolation width of 2 m/z, and stepped collision energy HCD (sceHCD) with NCEs of 15%,
30%, and 45%. The resolution and maximum injection time were held constant at 60K and 150
ms while normalized AGC targets of 200%, 300%, 400%, and 500% were tested on both
instruments (as discussed in the text), where 100% = 50,000 charges. Subsequent methods used
a 300% AGC target setting when testing paired settings of varying Orbitrap resolutions and
maximum injection times, with all resolutions defined at m/z 200 m/z. Methods on the Orbitrap
Eclipse Orbitrap Eclipse had MS/MS scan resolutions of 15K, 30K, 50K, 60K, and 60K with
maximum injection times of 43 ms, 54 ms, 86 ms, 118 ms, and 150 ms, respectively. Orbitrap
Ascend had MS/MS scan resolutions of 22.5K, 30K, 45K, 60K, and 60K with maximum injection
times of 43 ms, 59 ms, 91 ms, 123 ms, and 150 ms, respectively. All tested parameters are
summarized in Table S2. Note, minor differences in injection times between the Eclipse and
Ascend come from the dual IRM architecture that eliminates ~5 ms of overhead time on the
Ascend to allow for more ion accumulation to occur per scan with no additional time cost to the
duty cycle. In other words, the Eclipse and Ascend both collect FTMS2 with 60k resolving power
spectra at 14.5 Hz; however, the Ascend has 59 ms of parallelizable injection time at this rate
while the Eclipse only has 54 ms. Furthermore, because the Orbitrap central electrode on the
Ascend operates at -4kV and the Orbitrap central electrode on the Eclipse operates at -5kV,
resolution settings cannot be set the same between the two instruments. Instead, the most
comparable settings were used (e.g., 45K on the Ascend vs. 50K on the Eclipse).

Data analysis. All searches were performed on a PC running Windows 10, with two 2.20 GHz
Intel Xeon Silver 4114 CPU processors with 64 Gb of installed RAM, or on a PC running Windows
10, with two 3.00 GHz Intel Xeon W-2295 CPU processors with 128 Gb of installed RAM. Sixteen
cores were used per search. O-glycopeptide raw data were searched using O-Pair Search
implemented in MetaMorpheus (v.0.0320), which is available at https://github.com/smith-chem-
wisc/MetaMorpheus.” The spectra were searched against a FASTA file containing Uniprot-
derived sequences from all five proteins [Leukosialin (P16150), Mucin-16 (Q8WXI7.3), P-selectin
Glycoprotein ligand 1 (Q14242), Podocalyxin (O00592), and Platelet glycoprotein Ib alpha chain
(P0O7359)] as described by their sequences from the vendor, which was concatenated with decoy
peptides by reversing sequences of the forward database. The “O-Glycopeptide Search” option
was selected, where the O-glycopeptide search feature was enabled with an O-glycan database
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of 22 common O-glycans (Table S3). The “Keep top N candidates” was set to 10, and the Data
Type was set to EThcD or ETD. A mass tolerance of +10 ppm was used for precursor ions and
+20 ppm for product ions. Methionine oxidation was specified as a variable modification with a
maximum of 2 variable modifications per peptide, while carbamidomethylation of cysteine was set
as a fixed modification. A combined IMPa and trypsin specificity was defined as previously
described,” up to 12 missed cleavages were used (due to IMPa’s cleavage behavior), and the
maximum modification isoforms permitted was 1024. The oglyco.psmtsv results file was used,
and the data was further filtered using C# scripts®, some of which used the C# Mass
Spectrometry Library (CSMSL, https://github.com/-dbaileychess/CSMSL). Only the highest
quality (Level 1) identifications were used for further analysis. N-glycopeptide raw data were
searched using the standalone Byonic environment (v. 3.11.3, Protein Metrics).’*" The spectra
were searched against a FASTA file containing Uniprot-derived sequences from all seven proteins
[Sars-CoV-2 spike (PODTC2), PD-L1 (QINZQ7), CD80/B7-1 (P33681), Epithelial cell adhesion
molecule (P16422), Lymphocyte function-associated antigen 3 (P19256), Alpha-1-acid
glycoprotein (P02763), and Fetuin (P02765)], which was concatenated with a reversed sequence
of the forward database. A 306 N-glycan database (Table S4) was used with glycan modifications
denoted as common2 (meaning each glycan could occur twice per identified peptide). A mass
tolerance of £ 10 and + 20 ppm for the precursor and product ions was used, respectively, and
fragmentation was set to HCD. Cleavage specificity was set as fully specific for C-terminal to R
and K residues (fully tryptic) with two missed cleavages allowed, and protein FDR was set to 1%.
The total common and rare max values were both set to 2. Carbamidomethylation (+57.021644)
of cysteine was set as a fixed modification, and oxidation (+15.994915) of methionine was set as
a rare2 variable modification. Following Byonic searching, results were filtered further as
previously described,® with filtering metrics including a Byonic score greater than or equal to 200,
a logProb value greater than or equal to 2, a deltaMod score greater than or equal to 10, and
peptide length greater than 4 residues. To identify in-source fragmented N- and O-glycopeptides,
we first generated a list of potential in-source fragmented glycopeptides, based on identical
peptide backbones, identical elution profiles, and glycan composition subsets. These
glycopeptides were quantified using the MS1 area under the curve in Skyline (version
24.1.1.284).7

RESULTS AND DISCUSSION

Architectural changes increase scan speed through the parallelization of ion populations
The architecture of the first generations of the quadrupole-Orbitrap-linear ion trap Tribrid MS
platform enabled scan parallelization, especially when using the Orbitrap and linear ion trap (LIT)
mass analyzers in combination.*® A central feature of this architecture was the ion routing
multipole (IRM) that served as the hub where all ions are initially accumulated and then transferred
along for further manipulation (Figure S1). While this approach was a significant improvement
over previous LIT-Orbitrap hybrid instruments, there were still major limitations when the ion trap
was utilized for complex ion/ion manipulations (e.g., EThcD or MS" scans) and the subsequent
product ion population had to be moved back “upstream” past the IRM to the C-trap for Orbitrap
m/z analysis. The newest generation Tribrid MS, the Orbitrap Ascend, houses several hardware
changes, most notably the addition of a second IRM between the quadrupole and the C-trap
(Figure 1A).#3% This “front” IRM enables precursor ion accumulation or HCD fragmentation in
parallel with concurrent mass analysis in the Orbitrap and manipulation of a third population of
ions using the “back” IRM and LIT. A practical effect of this architecture change is the ability to
parallelize ion accumulation in the front IRM to minimize time losses from the overhead time
needed for ion manipulations in the back IRM and LIT. This is especially apparent for EThcD
scans that require the LIT for ion-ion reactions and the back IRM for supplemental activation. For
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example, when holding ETD reaction time, reagent ion injection time, and Orbitrap transient time
constant at 50 ms, 10 ms, and 128 ms (60k resolution at 200 m/z), respectively, the dual IRM
architecture of the Orbitrap Ascend MultiOmics MS allows for an additional ~50 ms of “free”
precursor ion accumulation time without a subsequent loss in scan acquisition speed relative to
the single IRM format of the Orbitrap Eclipse (Figure 1B). Additionally, for any given precursor
ion injection time between ~20-200 ms, the Ascend will provide faster spectral acquisition speeds.
This can be especially advantageous in glycoproteomics, where sampling heterogenous
glycopeptide populations demands fast acquisition speeds, longer ion accumulation times
improve spectral quality of low abundance glycopeptides, and ETD-based methods can provide
benefits for glycosite localization.”8-8°
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Figure 1. Architecture changes to the Orbitrap Tribrid MS platform provide more parallelization of
scan functions. a) The addition of a second ion routing multipole (IRM) before the C-trap, i.e., the front
IRM, on the Orbitrap Ascend MS allows simultaneous manipulation of three ion populations: 1) mass
analysis in the Orbitrap, 2) tandem MS functions in the linear ion trap and back IRM, and 3) accumulation
and/or beam-type collisional activation of precursor ions in the front IRM. b) When controlling for scan
function overhead times like Orbitrap detection time (128 ms for a 60k resolution scan), a 50 ms ion-ion
reaction time for ETD, and a 10 ms ETD reagent anion accumulation time, the dual IRM Tribrid architecture
on the Orbitrap Ascend MS provides ~50 ms of additional precursor ion accumulation time without
sacrificing scan acquisition speeds relative to the single IRM architecture on the Orbitrap Eclipse MS.

MS/MS scans and O-glycopeptide identifications
To systematically evaluate how the dual IRM instrument architecture can benefit glycoproteomics,
we first focused on O-glycopeptide characterization using EThcD in a head-to-head
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benchmarking experiment. There were several constants, including the mixture of O-
glycopeptides used and all liquid chromatography variables. The same liquid chromatography
system was wheeled between Orbitrap Eclipse and Orbitrap Ascend mass spectrometers housed
in the same facility, and methods were identical between the two instruments, including gradient
and scan parameters. The data-dependent EThcD methods themselves, all of which used a
supplemental collision energy of 25% NCE, tested two variable types: ETD reaction time (30, 50,
or 70 ms) and maximum precursor ion injection time (100 or 150 ms) (Table S1).

The top row in Figure 2 shows data from both instruments for the 100 ms max injection time
methods, while data from the 150 ms max injection time methods are in the bottom row. The
Ascend acquired 20% to 29% more scans than the Eclipse for the tested ETD reaction times
using a maximum injection time of 100 ms (Figure 2a) and 16% to 25% for scans using a
maximum injection time of 150 ms (Figure 2d). This improvement across all methods highlights
the improved scan acquisition speeds offered by the Ascend’s dual IRM architecture. As expected,
the largest increase in MS/MS scans was observed for the 70 ms ETD reaction times because
the Eclipse must wait for the ETD reaction to complete and for ions to traverse the IRM and C-
trap into the Orbitrap before accumulating a new packet of precursor ions. Additional EThcD
MS/MS scans on the Ascend also translated to an increase in high-fidelity O-glycopeptide
identifications relative to the Eclipse (Figure 2b and 2e), although the increases in identification
were not as substantial as the increase in MS/MS scans. This result is also somewhat expected,
as the process of identifying O-glycopeptides is multifaceted and new, lower abundance precursor
ions sampled in the additional MS/MS scans are simply more challenging to identify. All methods
had an automatic gain control (AGC) setting for 100,000 charges, but both instruments only hit
that target (i.e., hit the maximum injection time) for ~45-55% of scans for the 100 ms max injection
time methods and ~20-25% of scans for the 150 ms maximum injection time methods. Thus, the
Ascend likely would have shown even better performance across all conditions if a higher
precursor ion target had been used. Regardless, the Ascend methods collected ~80 more EThcD
MS/MS scans per minute than Eclipse methods for both methods as the majority of precursor
ions were eluting from ~18-78 minutes (Figure 2c and 2f).

Fine-tuning the ETD reaction time generates more O-glycopeptide identifications

One somewhat surprising result from the comparison of methods on the Ascend and Eclipse was
the performance of the methods using a shorter ETD reaction time. More EThcD MS/MS scans
with shorter ion-ion reaction times are expected (Figure 2a and 2d), but we did not expect reaction
times of 30 and 50 ms to consistently generate more identifications. This expectation is largely
because O-glycopeptides tend to be predominantly doubly and triply-charged precursors, which
typically use reaction times in the 40-100 ms range.’*8! Thus, we expected shorter reaction times
to generate underreacted precursor ions that would cause a decrease in identifications relative to
the 70 ms reaction time. To investigate this further, we plotted the distribution of precursor ion
charge states for O-glycopeptide identifications from the Ascend (Figure 3a). We also included
data from methods that used calibrated ETD reaction parameters, where the optimal reaction time
is determined for each charge state based on a calculated rate constant.”* These calibrated ETD
reaction parameters are intended to balance optimal product ion yield with acquisition speeds,
but Figure 3a makes it clear that this setting is less effective than static ion-ion reaction times, at
least in these experiments. Figure 3b shows the calibrated reaction times for each precursor ion
charge state, highlighting that doubly charged precursors are being reacted for 2-3x longer than
they are in the 30 and 50 ms static reaction time methods. There is a slight increase in the
percentage of z =2 identifications as static reaction times increase closer to the calibrated reaction
time of ~92 ms, which is to be expected based on the kinetics used for that calculation, but it is
clear that reduced activation times under these acquisition conditions generate spectra that were
amenable to O-glycopeptide identification. Indeed, the percentage of identified MS/MS scans and
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the number of acquired scans increased as the ETD reaction time decreased, and both metrics
were higher than at the calibrated reaction time (Figure S2).
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Figure 2. The dual IRM architecture of the Orbitrap Ascend MS generates more EThcD MS/MS scans
and localized O-glycopeptides. An O-glycopeptide mixture was measured in technical duplicates on the
Orbitrap Ascend MS and the Orbitrap Eclipse MS using EThcD fragmentation with 30, 50, and 70 ms ion-
ion reaction times. Supplemental HCD activation was kept at 25% NCE. The top row shows data for
methods using a 100 ms maximum precursor ion injection time (panels a-c), and the bottom row shows
data for a 150 ms maximum injection time (panels d-f). The number of EThcD MS/MS scans (a,d) and O-
glycopeptides (b,e) are compared for the Eclipse (havy) and Ascend (teal), with the percentage gain
provided by the Ascend shown for each condition. All data here represent technical duplicate injections.
Bar heights show replicate averages, and error bars show the individual replicates. When plotting scans
per minute across 90-minute LC-MS/MS acquisitions using 50 ms reaction times (c,f), the Ascend was able
to consistently acquire scans of about 80 more scans per minute during the time when the sample was
eluting (starting at ~18 min).

We were intrigued by this result and sought to investigate fragment ion generation under these
reaction conditions, especially as it relates to what reaction times can be used to optimize scan
acquisition parameters with the dual IRM architecture of the Ascend. To do so, we designed a
method where each precursor is selected in a data-dependent fashion for six subsequent MS/MS
scans: ETD and EThcD at 25% NCE using a 30 ms static reaction time, a 50 ms static reaction
time, or calibrated reaction parameters (Figure 3c). We ran this method twice, with each run only
selecting for doubly or triply charged precursor ions. ETD is known to underperform for z = 2
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precursor ions without supplemental activation, so we elected to focus on EThcD data that is
widely used for O-glycopeptides. That said, we used ETD spectra to check for ETD-specific
fragment ion types and degrees of unreacted precursors to help evaluate EThcD spectra (Figure
S3). Figure 3d and 3e plot the distribution of fragment ion intensity and fragment ion counts seen
across the three reaction conditions for z = 2 and z = 3 precursor ions, respectively. ETD
generates mainly c- and ze-type ions, with some y-type ion generation; supplemental HCD
activation helps improve c- and z+-type ion generation by activating the non-dissociative electron
transfer product while also generating b- and y-type ions from collisional dissociation of unreacted
precursor ions.®? Glycans are typically lost from b- and y-type ions when fragmenting O-
glycopeptides with HCD; thus we only evaluated for non-modified b- and y-ion masses, but we
extracted signal for c- and ze-type fragment ions that both retained or lost glycan masses.
Surprisingly, the distribution of fragment types and their intensities from EThcD of z = 2 precursor
ions remains relatively consistent for various ETD reaction times (Figure 3d). One exception was
a slight increase in b- and y-ions for the MS/MS scans using an ETD reaction time of 30 ms, likely
from the greater amount of unreacted precursor ions present with a shorter reaction time that
generated more HCD-type fragments. For z = 3 precursor ions, the intensity and number of
fragments for b-, y-, c-, z*-, and z-- glycan loss fragments from EThcD slightly increased for scans
with 30 ms ion-ion reaction time (Figure 3e), but increases resulting from collisional activation of
the unreacted precursor are less dominant. Triply protonated precursors resulted in more ETD-
specific ¢- and ze-type ions due to a more effective ETD fragmentation reaction for precursors of
higher charge states.®#* Interestingly, c-type ions did not show substantial glycan losses despite
most c-type ions having a glycan modification (due to the nature of IMPa cleavage)’®®.
Conversely, ze-type ions show more glycan loss, likely because they are less stable radical ions®®.
Altogether, these data show that shorter, static reaction times do not dramatically decrease
fragment type count or intensity relative to calibrated reaction times. One explanation of these
results could be a loss of the of the pseudo-first order kinetics that govern ion-ion reactions.®’
Here we used a 1:2 ratio of precursor: reagent ions for ETD reactions, which may have led to
depletion of the excess reagent ion population needed to drive first order kinetics. This would
mean the longer ETD reaction under the calibrated settings would not drive product ion generation
at the same rate throughout the reaction time duration, which could reduce the benefit of using
the calibrated settings. To explore this, we also examined fragment ion generation in ETD scans
(instead of EThcD scans) collected in the same experiment (Figure 3c). The calibrated reaction
time, along with the 30 ms and 50 ms reaction times, did not result in a clear difference in the
number or intensity of b-, y-, c-, c-glycan loss, z+-, and z+- glycan loss fragments (Figure S4). This
indicates that the reagent anion population may have been sufficiently depleted during the ETD
reaction, causing a loss of pseudo-first order kinetics. The reagent ion target can be increased to
regain pseudo-first order kinetics that may provide better performance for the calibrated reaction
times; however, this would require longer reagent ion injection times, which would slow scan
acquisition down further. Such an increase in time per scan would likely result in fewer MS/MS
scans that could offset benefits gained from increased product ion generation. Overall, using
shorter 30-50 ms static reaction times for all precursor ion charge states can increase scan speed
to generate more O-glycopeptide identifications without significant sacrifices to spectral quality.
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Figure 3. Comparing static and calibrated ion-ion reaction times for O-glycopeptide EThcD spectra.
a) Localized O-glycopeptide spectral matches, broken down by precursor ion charge state, from Ascend
data using 30 ms, 50 ms, 70 ms, or calibrated ion-ion reaction times. Numbers and percentages from each
charge state are provided, with z = 4 and z = 5 presented in aggregate. b) A table showing calibrated
reaction times that were automatically determined on the Ascend. c) Method design to investigate the
influence of ion-ion reaction time on fragment ion production. Each precursor is selected for six subsequent
MS/MS scans. In panels d and e, distributions of fragment ion intensity (top) and count (bottom) are shown
for localized O-glycopeptides identified from EThcD spectra with varying ion-ion reaction times for z = 2
and z = 3 precursor ions, respectively. Fragment ion types are separated out by type, including b-, y-, c-,
z+-, c-glycan loss fragments, and ze-glycan loss fragments. Boxes represent first and third quartiles, and
the median is shown with a black bar. Whiskers show 10-90 percentiles.

Optimizing supplemental collisional energy in EThcD scans is important

Supplemental activation, often through collisional or photoactivation, is particularly useful for
ETD,’8-808288 egpecially for low-charge density precursors that are typically generated by O-
glycoproteomics samples.® Non-covalent interactions can hold c- and ze-type fragment ions
together in the gas phase, a process called electron transfer without dissociation (ETnoD). In
EThcD, the supplemental HCD activates the ETnoD product to increase c- and z--type fragment
ion generation, and it also fragments unreacted precursor to generate b- and y-type fragment ions
typical of collisional dissociation.®”#2 Often the collisional activation of EThcD is enough to provide
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supplemental energy to improve c- and zs-type fragment ion yield while not over-fragmenting to
cause losses of these useful ETD-specific fragments. The b- and y-ion generation from
supplemental HCD can also prove helpful for identifying glycopeptides (and other species). This
balance is important for O-glycopeptides, where O-glycans are particularly labile. Based on our
surprising results above that shorter static reaction times could provide a similar fragment ion
signal as calibrated reaction times, especially for z = 2 precursor ions, we also investigated the
effect of supplemental HCD activation energies (15%, 25%, and 35% NCE) for EThcD at different
ion-ion reaction times on the Ascend. Figure 4a shows that increasing EThcD supplemental
activation energy led to a dramatic increase in O-glycopeptide identifications.

We set up a method specifically designed to compare fragmentation between ETD and EThcD at
15%, 25%, and 35% NCE. All reaction times were held constant at 50 ms, and only doubly
charged precursor ions were selected for tandem MS. Each precursor ion was selected for four
MS/MS scans, as shown in Figure 4b. We extracted b-, y-, ¢c-, z*-, c-glycan loss, and z--glycan
loss-ions from scans from all localized O-glycopeptide spectral matches, and Figure 4c shows
their distribution for each condition. As supplemental HCD collision energy increases, there was
a consistent increase in all fragment ion types investigated. Despite small and noticeable
increases in c-glycan-loss and z--glycan loss-ions with increasing supplemental activation energy,
there was not a substantial decrease in ¢- and ze-type ions that are crucial for O-glycosite
localization. This increase across all ion types partially explains increases in O-glycopeptide
identifications, but what is particularly relevant are increases in four of these fragments (b-, y-, c-
glycan loss, and ze-glycan loss) that are “unmodified” (gray boxes in Figure 4c). In other words,
they can be used by search engines to identify peptides without needing to know the glycan
modifications. This information is especially critical in the fragment ion indexing’>°° approach used
in high-performing O-glycopeptide search algorithms like O-Pair Search (used here) that cannot
account for modification status prior to indexing. Thus, besides increasing all fragment ion yields,
EThcD at higher collision energies uniquely benefits from the generation of non-glycan-retaining
fragments that aid in peptide identification. Simultaneously, EThcD under these conditions did not
generate substantial losses of localization-critical ¢ and z--type ions that retain O-glycans. This
shows that higher EThcD collision energies may be broadly beneficial for O-glycoproteomics,
although instrument differences should be evaluated for each experiment.

Comparing N-glycopeptide identifications on the Eclipse and Ascend

Beyond the benefits for EThcD-based O-glycopeptide characterization, we also investigated the
performance of the Orbitrap Ascend for sceHCD-based methods for N-glycopeptides relative to
the Orbitrap Eclipse. The dual IRM architecture on the Ascend eliminates ~5 ms of overhead time
to allow for more ion accumulation to occur per OT acquisition with no additional time cost to
acquisition rate, which can benefit N-glycopeptide identifications.®® To understand how the
Ascend could benefit various N-glycoproteomics methods, we set up a similar head-to-head
comparison between the Ascend and Eclipse with identical N-glycopeptide sample, gradient, and
most scan parameters. Subtle differences, e.g., Orbitrap resolution for MS/MS scans and
parallelizable injection times for a given Orbitrap transient, meant that some methods varied
slightly between the two instruments, but methods using various Orbitrap resolutions and
corresponding maximum injection time were compared for the Eclipse and Ascend (Figure 5a).
Here, we did test for optimal precursor ion AGC target and used 150,000 ions as the target for all
subsequent methods (Figure S5).
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Figure 4. Effects of EThcD supplemental activation energy on O-glycopeptide identifications and
fragment ion generation. a) O-glycopeptide spectral matches using various ion-ion reaction times and
EThcD supplemental activation energies of 15%, 25%, or 35% NCE. b) Method design used to collect O-
glycopeptide spectra at different collision energies on the Orbitrap Ascend. An example doubly glycosylated
O-glycopeptide shows annotated spectra collected using this data-dependent acquisition scheme that
acquired four MS/MS spectra per precursor ion. ¢) The distribution of fragment ion counts, delineated by
fragment ion types, for localized O-glycopeptide identifications each of the EThcD supplemental collision
energies used. All scans used a 50 ms ETD reaction time. Boxes in box plots represent first and third
guartiles, and the median is shown with a black bar. Whiskers show 10-90 percentiles. The gray boxes
denote “unmodified” fragment ion types, i.e., those that do not retain glycan modifications.

The Ascend consistently generated more sceHCD MS/MS scans during the 15-84 min window in
the gradient when the sample eluted (Figure 5b), although the differences were less dramatic
than with the EThcD-based methods above. This is expected because the scan overhead time of
sceHCD is already low, meaning these types of scans do not slow down the Eclipse as much as
EThcD. Despite only modest gains in MS/MS scans acquired, the faster sceHCD methods
generated noticeably more N-glycopeptide identifications on the Ascend (Figure 5c), especially
for methods with faster scan rates. This benefit can be explained by the improvements in ion
accumulation allowed by the front IRM on the Ascend, as well as by other hardware improvements
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that increase ion transmission (Figure S5).°8 When looking at scan acquisition rates on the
Ascend and Eclipse for each method, it is clear that the Eclipse has maximized its spectral
acquisition rate in all experiments, as evidenced by the mostly flat lines in Figure 5d. On the
Ascend, however, these methods did not consistently run at the maximum acquisition speed, as
seen by the fluctuating lines. This means that the lower-resolution, high-scan-acquisition-rate
Ascend methods could likely be further optimized to make use of all parallelizable time. Or,
alternatively, the LC-MS method could be shortened to increase sample throughput. For slower
sceHCD methods, the difference in scan acquisition rate between the Ascend and the Eclipse is
marginal when using “all parallelizable injection time”, e.g., 60k resolution with 118 ms (Eclipse)
or 123 ms (Ascend) maximum injection time. However, for the method that increased the
maximum injection time to 150 ms, meaning the instrument potentially sits idle for tens of
milliseconds, it is clear that this “idle time” is less detrimental to the scan acquisition rate using
the front IRM accumulation of the Ascend. Overall, these data show that the dual IRM architecture
can benefit N-glycoproteomics with sceHCD methods, especially when balancing scan rates with
necessary ion accumulation times. As a final note, we examined N- and O-glycopeptides for
evidence of in-source fragmentation on the two instruments and found a small humber of in-
source fragmented glycopeptides that could be reliably assigned based on identical peptide
backbones, identical elution profiles, and glycan composition subsets (File S1 and S2). We did
not observe a notable difference between in-source fragmentation rates between the Ascend and
the Eclipse (Figure S6).

CONCLUSIONS

Advances in instrumentation are crucial for improving glycoproteomics throughput and data
quality. Orbitrap Tribrid mass spectrometers have proven beneficial for N- and O-glycoproteomics,
due to their flexibility and sensitivity. The newest generation Orbitrap Tribrid, the Orbitrap Ascend,
introduced a dual ion routing multipole architecture that substantially improves parallel
manipulation of ion populations. Here, we report how this dual IRM infrastructure on the Ascend
can benefit on O- and N-glycopeptide identifications. For EThcD-based O-glycopeptide analyses,
we demonstrated how the front IRM significantly improves scan acquisition rate, which in turn
improves localized O-glycopeptide identifications. We also saw interesting trends in ion-ion
reaction times and supplemental HCD activation energies used for EThcD, suggesting that
shorter, static reaction times (e.g., 30 or 50 ms) and relatively high (35% NCE) supplemental
activation energies may be most beneficial for improve O-glycopeptide identifications, especially
when considering the benefits in scan acquisition rates provided by the Ascend. We also show
how balancing scan rate and ion injection time for N-glycopeptide characterization can benefit
from hardware improvements on the Ascend. In all, this study underscores the utility of the
Orbitrap Ascend for glycoproteomic analyses and highlights the value in careful evaluation of
dissociation methods to maximize the number of informative spectra for glycopeptide identification.
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Figure 5. N-glycopeptide identifications with sceHCD methods on the Orbitrap Ascend and Orbitrap
Eclipse. a) Five different sceHCD methods were tested for N-glycopeptide identification, where Orbitrap
resolution and corresponding maximum parallizeable injection time (and by extension, scan acquisition
speeds) were varied. The number of sceHCD MS/MS scans (b) and N-glycopeptides (c) are compared for
the Eclipse (navy) and Ascend (teal). All data here represent technical duplicate injections. Bar heights
show replicate averages and error bars show the individual replicates. d) Comparisons of sceHCD MS/MS
scans per minute for the Ascend and the Eclipse across 90-minute LC-MS/MS acquisitions using various
resolution and maximum precursor injection time settings.
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Figure 1. Architecture changes to the Orbitrap Tribrid MS platform provide more
parallelization of scan functions. a) The addition of a second ion routing multipole (IRM) before
the C-trap, i.e., the front IRM, on the Orbitrap Ascend MS allows simultaneous manipulation of
three ion populations: 1) mass analysis in the Orbitrap, 2) tandem MS functions in the linear ion
trap and back IRM, and 3) accumulation and/or beam-type collisional activation of precursor ions
in the front IRM. b) When controlling for scan function overhead times like Orbitrap detection time
(128 ms for a 60k resolution scan), a 50 ms ion-ion reaction time for ETD, and a 10 ms ETD
reagent anion accumulation time, the dual IRM Tribrid architecture on the Orbitrap Ascend MS
provides ~50 ms of additional precursor ion accumulation time without sacrificing scan acquisition
speeds relative to the single IRM architecture on the Orbitrap Eclipse MS.
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Figure 2. The dual IRM architecture of the Orbitrap Ascend MS generates more EThcD
MS/MS scans and localized O-glycopeptides. An O-glycopeptide mixture was measured in
technical duplicates on the Orbitrap Ascend MS and the Orbitrap Eclipse MS using EThcD
fragmentation with 30, 50, and 70 ms ion-ion reaction times. Supplemental HCD activation was
kept at 25% NCE. The top row shows data for methods using a 100 ms maximum precursor ion
injection time (panels a-c), and the bottom row shows data for a 150 ms maximum injection time
(panels d-f). The number of EThcD MS/MS scans (a,d) and O-glycopeptides (b,e) are compared
for the Eclipse (havy) and Ascend (teal), with the percentage gain provided by the Ascend shown
for each condition. All data here represent technical duplicate injections. Bar heights show
replicate averages, and error bars show the individual replicates. When plotting scans per minute
across 90-minute LC-MS/MS acquisitions using 50 ms reaction times (c,f), the Ascend was able
to consistently acquire scans of about 80 more scans per minute during the time when the sample
was eluting (starting at ~18 min).
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Figure 3. Comparing static and calibrated ion-ion reaction times for O-glycopeptide EThcD
spectra. a) Localized O-glycopeptide spectral matches, broken down by precursor ion charge
state, from Ascend data using 30 ms, 50 ms, 70 ms, or calibrated ion-ion reaction times. Numbers
and percentages from each charge state are provided, with z=4 and z = 5 presented in aggregate.
b) A table showing calibrated reaction times that were automatically determined on the Ascend.
¢) Method design to investigate the influence of ion-ion reaction time on fragment ion production.
Each precursor is selected for six subsequent MS/MS scans. In panels d and e, distributions of
fragment ion intensity (top) and count (bottom) are shown for localized O-glycopeptides identified
from EThcD spectra with varying ion-ion reaction times for z = 2 and z = 3 precursor ions,
respectively. Fragment ion types are separated out by type, including b-, y-, c-, ze-, c-glycan loss
fragments, and z--glycan loss fragments. Boxes represent first and third quartiles, and the median
is shown with a black bar. Whiskers show 10-90 percentiles.
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Figure 4. Effects of EThcD supplemental activation energy on O-glycopeptide
identifications and fragment ion generation. a) O-glycopeptide spectral matches using various
ion-ion reaction times and EThcD supplemental activation energies of 15%, 25%, or 35% NCE.
b) Method design used to collect O-glycopeptide spectra at different collision energies on the
Orbitrap Ascend. An example doubly glycosylated O-glycopeptide shows annotated spectra
collected using this data-dependent acquisition scheme that acquired four MS/MS spectra per
precursor ion. ¢) The distribution of fragment ion counts, delineated by fragment ion types, for
localized O-glycopeptide identifications each of the EThcD supplemental collision energies used.
All scans used a 50 ms ETD reaction time. Boxes in box plots represent first and third quatrtiles,
and the median is shown with a black bar. Whiskers show 10-90 percentiles. The gray boxes
denote “unmodified” fragment ion types, i.e., those that do not retain glycan modifications.
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Figure 5. N-glycopeptide identifications with sceHCD methods on the Orbitrap Ascend and
Orbitrap Eclipse. a) Five different sceHCD methods were tested for N-glycopeptide identification,
where Orbitrap resolution and corresponding maximum parallizeable injection time (and by
extension, scan acquisition speeds) were varied. The number of sceHCD MS/MS scans (b) and
N-glycopeptides (c) are compared for the Eclipse (navy) and Ascend (teal). All data here
represent technical duplicate injections. Bar heights show replicate averages and error bars show
the individual replicates. d) Comparisons of sceHCD MS/MS scans per minute for the Ascend
and the Eclipse across 90-minute LC-MS/MS acquisitions using various resolution and maximum
precursor injection time settings.
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