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Abstract

Mass spectrometry (MS)-based proteomics is a powerful technology to globally profile protein
abundances, activities, interactions, and modifications. The extreme complexity of proteomics
samples, which often contain hundreds of thousands of analytes, necessitates continuous
development of MS techniques and instrumentation to improve speed, sensitivity, precision,
accuracy, among other analytical characteristics. Here, we systematically evaluated an Orbitrap
Ascend Tribrid mass spectrometer in the context of shotgun proteomics, and we compared its
performance to that of the previous generation of Tribrid instruments - Orbitrap Eclipse. The
updated architecture of Orbitrap Ascend includes a second ion routing multipole (IRM) in front
of the redesigned C-trap/Orbitrap and a new ion funnel that allows gentler ion introduction,
among other changes. These modifications in Ascend hardware configuration enabled an increase
in parallelizable ion injection time during higher-energy collisional dissociation (HCD) Orbitrap
tandem MS (FTMS?) analysis of ~ 5 ms. This enhancement was particularly valuable in the
analyses of limited sample amounts, where improvements in sensitivity resulted in up to 140%
increase in the number identified tryptic peptides. Further, analysis of phosphorylated peptides
enriched from the K562 human cell line yielded up to ~ 50% increase in the number of unique
phosphopeptides and localized phosphosites. Strikingly, we also observed a ~ 2-fold boost in
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the number of detected N-glycopeptides, likely owing to the improvements in ion transmission
and sensitivity. In addition, we performed the multiplexed quantitative proteomics analyses of
TMT11-plex labeled HEK293T tryptic peptides and observed 9-14% increase in the number of
quantified peptides. In conclusion, Orbitrap Ascend consistently outperformed its predecessor
Orbitrap Eclipse in various bottom-up proteomic analysis, and we anticipate it will generate
reproducible and in-depth datasets for numerous proteomic applications.
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High complexity of human and other proteomes necessitates the continuous advancement of
mass spectrometry (MS)-based proteomic technology for more in-depth and high-throughput
analyses of protein abundances, activities, interactions, and modifications-2. With the
human genome containing ~ 20,000 entries (~ 70,000 considering splice variants)3,
achieving deep and comprehensive proteome coverage has been an analytical challenge

for mass spectrometry in terms of speed, sensitivity, precision, and accuracy?. The ability to
rapidly acquire high-quality tandem mass spectra is one of the most critical characteristics
that deals with this challenge, and hybrid mass spectrometers featuring Orbitraps and other
mass analyzers are uniquely suited for the task®.

Among Orbitrap-equipped mass spectrometers, the Tribrid architecture, combining Orbitrap,
quadrupole and ion trap mass analyzers, provides flexible and diverse modes of operation.
This instrument efficiently pipelines ion with its ability to perform ion isolation,
dissociation, and mass analysis in parallel®. The basic layout of the Orbitrap Tribrid mass
spectrometer series includes an ion inlet proceeded by a quadrupole mass filter, then the
C-trap/Orbitrap, followed by the ion routing multipole (IRM) for initial ion accumulation
and higher-energy collisional dissociation (HCD), with the quadrupole linear ion trap in the
back of the instrument.

The design of the latest addition in the Orbitrap Tribrid series, the Orbitrap Ascend,
improves upon this architecture by adding a second IRM in front of the redesigned
C-trap/Orbitrap and the new ion funnel that allows gentler ion introduction, among other
changes. Collectively, these updates increase scan speed and sensitivity of the instrument,
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resulting in generation of a greater number of higher quality tandem mass spectra.

Here, we systematically evaluated the new Orbitrap Ascend in the context of various
shotgun proteomics experiments and compared its performance to that of the previous
generation Tribrid instrument, the Orbitrap Eclipse. We acquired data using multiple
Orbitrap MS? (FTMS?) resolution settings and evaluated varying peptide loading amounts
and liquid chromatography (LC) elution lengths for single-shot proteomics. A substantial
improvement in the number of detected peptides was observed in analyses of limited
peptide amounts (= 10 ng) and at low FTMS? resolution. Analyses of post-translationally
modified (PTM) peptides, including phosphorylation and N-glycosylation, demonstrated 14—
127% increases in the number of modified peptides and PTM sites. We also explored the
multiplexed quantitative proteomics by analyzing TMT11-plex labeled HEK293T tryptic
peptides and observed 9-14% improvement in the number of quantified peptides. Together,
enhanced sensitivity and scan parallelization of Orbitrap Ascend translated into promising
improvements in the results of various bottom-up proteomics analyses.

EXPERIMENTAL SECTION

Solvents and Chemicals.

Water (Optima, W6-4), acetonitrile (ACN, Optima, A9554), methanol (Optima, A454SK-4),
formic acid (Pierce, P128905), TMT10plex label reagents (90406) and TMT11-131C

label reagents (A34807) were purchased from Fisher Scientific. Trifluoroacetic acid

(TFA, 302031-100ML), tris(2-carboxyethyl)phosphine hydrochloride (TCEP HCI, C4706),
2-chloroacetamide (C0267), glycolic acid (124737), and ammonium hydroxide solution
(338818) were purchased from Sigma Aldrich. Lysyl EndopeptidaseR (LysC, 129-02541)
was purchased from Wako. Trypsin (V5113) and intact MS-compatible human protein
extracts (V6941) was purchased from Promega.

Lysis, Digestion, and Desalting.

Proteins from cell lines were solubilized in 8 M Urea and 100 mM tris buffer. 10 mM TCEP
and 40 mM 2-chloroacetamide were added for reduction and alkylation. LysC was added

at a protein-enzyme ratio of 50:1. After 4 h of incubation at room temperature, trypsin was
added at a protein-enzyme ratio of 50:1 for overnight digestion at room temperature. The
digestion was quenched by adding 10% TFA to pH of ~ 1. Peptides were desalted using
Strata-X 33 um polymeric reversed phase SPE Cartridge (Phenomenex, 8B-S100-AAK).
Desalted peptides were dried by SpeedVac (Thermo Scientific).

Mouse brain tissue was frozen in liquid nitrogen immediately upon collection, pulverized
with mortar and pestle, and lysed as described above. Proteins were precipitated through the
addition of 90% methanol (volume/volume), sequentially digested with LysC and trypsin,
and desalted, as described above.

PTM Enrichment.

Phosphopeptides were enriched using ReSyn Biosciences Ti-IMAC HP beads (MR-
THPOO05). The Ti-IMAC beads were washed three times by 1 mL 80% ACN with 6%
TFA. Peptide samples were mixed with beads at a bead-peptide ratio of 2:1 in 1 mL 80%
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ACN with 6% TFA, followed by a vortex for 20 min at room temperature. The beads were
washed by 1 mL 80% ACN with 6% TFA for three times, 1 mL 80% ACN for one time,

1 mL 80% ACN with 0.5 M glycolic acid for one time, and 1 mL 80% ACN for one

time. Phosphopeptides were eluted from beads by 300 pL 50% ACN with 1% ammonium

hydroxide for two times. Eluted phosphopeptides were dried by SpeedVac, resuspended in
0.2% formic acid, desalted using Strata-X 33 pm polymeric reversed phase SPE Cartridge,
and dried by SpeedVac again.

Glycopeptides were enriched using SAX-ERLIC solid-phase extraction columns (Thermo
Scientific), according to the published protocol°.

TMT Labeling.

TMT labeling was performed as described previouslyl®. Briefly, 6 mg HEK293T tryptic
peptides were resuspended in 30% acetonitrile, split into 11 fractions, and labeled each
with 10 mg of TMT 11-plex. To check mixing ratios, 1 pug of each sample was pooled,
desalted with Strata-X 33 um polymeric reversed phase SPE Cartridge, and analyzed by
mass spectrometry. After accounting for normalization factors, samples were mixed 1:1
across channels and desalted.

High-pH Fractionation.

TMT labeled peptides were fractionated using XBridge Peptide ethylene bridged hybrid
(BEH) C18 Column, 130A, 3.5 pm, 4.6 mm X 150 mm column (Waters) and Agilent 1260
Infinity Binary LC. Mobile phase A consisted of 10 mM ammonium formate in water (pH
10). Mobile phase B consisted of 10 mM ammonium formate in 80% methanol (pH 10). The
LC was set to 0.8 mL/min. Mobile phase B was set to 35% for 2 min, increased to 75% for

6 min, and further increased to 100% for 5 min. The LC was re-equilibrated at 0% mobile
phase B for 5 min. 24 fractions were collected and then combined into 12 fractions.

Capillary LC-MS.

LC separation was performed on a Vanquish Neo System (Thermo Scientific) with an
in-house packed reversed-phase BEH C18 column (50 cm length x 75 um inner diameter
x 1.7 um particle size) at 55 °C and 300 nL/min flow ratel2. Mobile phase A consisted of
0.2% formic acid in water. Mobile phase B consisted of 0.2% formic acid in 80% ACN.
Eluting peptides were ionized by electrospray ionization and then analyzed by an Orbitrap
Ascend Tribrid mass spectrometer (tune version 4.0.4084.16, Thermo Scientific) and an
Orbitrap Eclipse Tribrid mass spectrometer (tune version 4.0.12491, Thermo Scientific).
Spray voltage was set to 2 kV. lon transfer tube temperature was set to 275 °C. Source RF
was set to 30.

For single-shot proteomics with data dependent acquisition (DDA), the MS? scan resolution
was set to 60,000 (at 7727z 200) for all methods that use the Orbitrap for tandem MS (FTMS?)
and 240,000 for all methods that use the ion trap for tandem MS (ITMS?2). MS? scan range
was 300-1,350 m/z, AGC target was 250%, maximum injection time was 50 ms. Precursor
ions with charge states of 2-5 were isolated with the quadrupole mass filter and fragmented
by higher-energy collisional dissociation (HCD) at a normalized collision energy (NCE)

Anal Chem. Author manuscript; available in PMC 2024 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heetal.

Page 5

of 25%. On the Orbitrap Eclipse trapping and HCD occur in the one (rear) IRM, on the
Orbitrap Ascend trapping and HCD for MS? scans occurs in the new IRM in front of the
C-Trap. Quadrupole isolation was 1.1 m/zfor FTMS?2 and 0.5 /m/z for ITMSZ2. For FTMS?
scans on the Orbitrap Ascend, first mass was set to 150, AGC target was 300%, maximum
injection time was 11 ms for resolution of 7,500, 27 ms for resolution of 15,000, and 59

ms for resolution of 30,000. For FTMS? scans on Orbitrap Eclipse, first mass was set to
150, AGC target was 300%, maximum injection time was 11 ms for resolution of 7,500,

22 ms for resolution of 15,000, and 54 ms for resolution of 30,000. For ITMS? scans on
both instruments, scan rate was set to turbo, scan range was 150-1,350 m/z, AGC target was
250%, and maximum injection time was 14 ms.

For single-shot proteomics with data independent acquisition (DIA), the MS? scan
resolution was set to 60,000 (at 777z 200). MS? scan range was 300-1350 //z, AGC target
was 250%, maximum injection time was 50 ms. Precursors were isolated with an isolation
width of 10 m/z covering 400-1040 m/z. Precursors were fragmented by HCD at an NCE
of 25%z+5%. MS? scans were acquired by Orbitrap with a resolution of 15,000. Maximum
injection time was 22 ms for the Eclipse and 27 ms for the Ascend.

For phosphoproteomics, MS? scan range was 300-1,350 /7/z, AGC target was 250%,
maximum injection time was 50 ms. Cycle time was set to 1 s. Dynamic exclusion was

set to 10 s for method with 10 min elution length and 20 s for all other methods. Precursor
ions with charge states of 2—6 were isolated with the quadrupole mass filter using 0.7 m/z
width and fragmented by HCD at an NCE of 30%. For FTMS? scans on Orbitrap Ascend,
first mass was set to 150, AGC target was 300%, maximum injection time was 11 ms for
resolution of 7,500, 27 ms for resolution of 15,000, and 59 ms for resolution of 30,000.
For FTMS? scans on Orbitrap Eclipse, first mass was set to 150, AGC target was 300%,
maximum injection time was 11 ms for resolution of 7,500, 22 ms for resolution of 15,000,
and 54 ms for resolution of 30,000.

For glycoproteomics, MS® scan range was 300-2,000 /7/z, AGC target was 250%,
maximum injection time was 123 ms. Cycle time was set to 2 s in TopSpeed mode, and
dynamic exclusion was set to 20 s. Precursor ions with charge states of 2-6 were isolated

by quadrupole mass filter at 1.3 m/zwidth and fragmented by HCD at fixed NCE of 36%.
The fragments were scanned in the Orbitrap at resolutions of 15,000, 30,000, or 60,000 with
normalized AGC of 200% and defined first mass of 150. Injection times for resolutions of
15,000, 30,000, and 60,000 were set to 27 vs 22, 59 vs 54 and 123 vs 118 ms for Ascend
and Eclipse, respectively. If fragments of m/z of 204.0867, 138.0545, 366.1396, 274.0921,
292.1027, 126.055, 144.0655, 168.0654 or 186.076 (= 10 ppm) were detected, an additional
MS? scan was triggered. The resolutions and injection times for the triggered scans were set
to be the same as described above for the survey scans, except precursors were fragmented
using stepped HCD of 3515 % and scan range was set to 150—-4,000.

For TMT experiments, MS? scan range was 400-1,600 /7/z, AGC target was 250%,
maximum injection time was 50 ms. Cycle time was set to 2.5 s. Precursor ions with

charge states of 2-5 were isolated by quadrupole mass filter at 0.5 m/zwidth and fragmented
by collision-induced dissociation (CID) at an NCE of 34%, activation time of 10 ms, and
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activation Q of 0.25. MS? analysis was performed in ion trap at the turbo scan rate. MS?
scan range was 150-1,600 /m/z, AGC target was 300%, maximum injection time was 23 ms.
Top10 most abundant ions from MS? were isolated at 2 /7/z width and fragmented at an
HCD NCE of 55% after synchronous precursor selection (SPS) if the MS? spectrum passes
the real time search (RTS) filter®:13. Static modifications were set to Carbamidomethyl on
cysteine (C) and TMT6plex on lysine and N-terminus (Kn). Variable modifications were
set to Oxidation on methionine (M). Maximum missed cleavages were set to 1. Maximum
variable mods/peptide were set to 2. Maximum search time was set to 35 ms. The scoring
threshold was set to 1.4 XCorr, 0.1 dCn, and 20 ppm precursor tolerance. MS?2 analysis was
performed in the Orbitrap at resolutions of 15,000 and 30,000 when turboTMT was enabled
for super resolution of the very narrow 777/zband containing reporter ions (phase-constrained
spectrum deconvolution method, ®SDM). A higher resolution of 45,000 (50,000 res on the
Eclipse) was used when turboTMT was disabled.

Data Processing.

For single-shot proteomics, raw files were searched through a custom release of the software
suite COMPASS (v1.4.3.31)14. This in-house software suite was modified to enable high-
throughput processing using resources provided by University of Wisconsin-Madison Center
for High Throughput Computing. For DIA, data were process by FragPipe (v19.0) using

the default workflow with DIA-NN15-17_ For phosphoproteomics, raw files were searched
through FragPipe (v19.0)1%16, Digest mass range was 500-6,500. Isotope error was 0/1/2.
PTMProphet was used for modification localizationl8. All other parameters were set to
default. For glycoproteomics, raw files were searched through FragPipe (v19.0) with default
settings for HCD N-linked glycosylation with the exception of peptide length, which was set
to 6-65 and max peptide mass which was set to 6,500 Da. For TMT data, raw files were
searched through MaxQuant (v2.2.0.0)19:20, Default parameters were used.

RESULTS AND DISCUSSION

Instrument Architecture.

The main components of Orbitrap Ascend Tribrid mass spectrometer consist of an
electrodynamic ion funnel, an advanced ion beam guide, a quadrupole mass filter, two
ion-routing multipoles (IRMs), a C-trap, a dual-pressure linear ion trap, and an high field
Orbitrap mass analyzer (Figure 1a). While the basic layout of the analyzers remains the
same as the legacy Tribrid instruments, the Ascend was substantially overhauled. The
C-trap/Orbitrap components and electronics were updated to those used in the Orbitrap
Exploris 480 instruments. Previous Tribrid generations utilized the Q Exactive version of
these components. While dimensions of the Orbitrap analyzer remained the same, with
the Exploris-based components the central electrode is now held at 4 kV. Further, the
Ascend also benefits from faster polarity switching and improved vacuum systems with
these updated C-trap/Orbitrap assemblies.

The largest change to the instrument is a new ion routing multipole (the front IRM) installed
between the quadrupole mass filter and C-trap. This additional IRM allows parallel ion
injection and accumulation during FTMS" ion manipulation and Orbitrap injection. Note
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earlier hybrid and Tribrid mass spectrometers included a single IRM located downstream

of the C-trap. This old hardware configuration necessitated quadrupole-isolated ions to pass
through the C-trap to enter the IRM for ion accumulation and possible HCD fragmentation.
lons from this rear IRM then need to be moved back to the C-trap for injection into the
Orbitrap. Only after the C-trap was reset from ejection, could the instrument start injecting
the next packet of ions into the rear IRM. With the new IRM in front of the C-trap, the

next packet of ions can start accumulating as soon as the ions are passed from this IRM

into the C-trap, thereby gaining ~ 5 ms of parallelizable injection time during higher-energy
collisional dissociation (HCD) FTMS? analysis. This time gain is equal to the time spent
transferring and injecting ions into the Orbitrap (Figure 1b). The data in Figure 1b were
measured by directly infusing Thermo FlexMix calibration solution, isolating the peptide
MRFA (524.4 m/Z) using quadrupole with an isolation width of 2 m/z, and scanning in the
Orbitrap after HCD fragmentation with an NCE of 30%. Thanks to the presence of the front
IRM, the Ascend can now record FTMS? spectra at up to 50 Hz when utilizing up to 11

ms of ion injection time, while the FTMS? scan rate of Orbitrap Eclipse only reaches ~ 38
Hz (Table 1). The hardware/software updates further reduce ion transfer time and improve
ion transmission, resulting in faster ITMS? spectral acquisition rates (Supplemental Figure
1). These data were collected by the same way as described above except the linear ion trap
was used for MS? scanning. These gains grow substantially from ~ 5 ms, as the complexity
of the FTMS" scan increases. On the Ascend instrument, ions can be accumulated in the
front IRM during all MS" ion manipulation steps (e.g., MS? isolation and activation, ion/ion
reactions). The back IRM is reserved for dissociating ions isolated in the linear ion trap and
for MS" scans, where n is = 3.

The electrode lengths and profiles are similar between the two IRMs, with the front IRM
being slightly longer than the back (~ 17 cm vs. 12 cm). This combination of lengths is
optimal for the instrument footprint and permits running the front IRM at slightly reduced
pressure, depending on the application. Both IRMs are capable of operating at pressures
ranging from 1-20 mTorr (same as the Orbitrap Eclipse). The Ascend IRM RF frequencies
are capable of “switching” from a high frequency of ~ 3 MHz down to a low frequency of

~ 1 MHz, a feature that allows scan range to extend to 16,000 /7/z (not examined or tested
in this publication). For all the experiments performed in this study, the ion guides operated
at the higher frequency, which affords a better mass range and transmission efficiency in the
“standard” mass range of < 2,000 m/z.

To characterize performance of the new front IRM, we assessed a range of HCD NCE values
by analyzing a complex mixture of unmodified tryptic peptides separated over a 70 min LC
gradient (Supplemental Figure 2a). The range of front HCD NCE values between 21-27%
yielded a comparable number of identified unique peptides. The NCE values are typical

in analysis of tryptic peptides on other Tribrid instruments2123, indicating the added front
IRM works the same as the previous ones.

Other modifications on the Ascend include new ion funnel optics, similar to those found in
the Orbitrap 1Q-X Tribrid, which allow for gentler ion introduction. Briefly, the ion funnel
lenses taper down to a radius of 3 mm at the exit of the ion funnel, while the ion funnel
design on older Tribrid instruments tapers down to 2 mm. The larger radius produces a
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weaker axial field, which in turn results in lower ion energies as the beam exits the ion
funnel. The gentler funnel is paired with a higher capacity ion transfer tube, and together
they enable the same bright ion flux with less ion-source dissociation, relative to the Eclipse.
The ion funnel exit aperture was also increased from 2 mm to 2.5 mm. This alteration
slightly improves the ion beam flux and helps load up the downstream chamber with more
gas to improve desolvation of large ions (/m/z values approaching 16,000).

We assessed the effect of the new ion funnel on the shotgun proteomic analysis. We
observed no significant differences in the total number of identified unique peptides for
source RF values between 28 and 52, when analyzing 1 ug tryptic peptides separated over a
70 min gradient (Supplemental Figure 2b). However, when we directly infused the purified
standard peptide VILEVAEEFYK, the Ascend generated fewer in-source fragments than
the Eclipse, especially at higher RF values (Supplemental Figure 2c—€). We speculate that
while marginally important to the analysis of unmodified tryptic peptides, the redesigned
ion funnel with reduced in-source fragmentation will be more valuable for analyses of labile
post-translationally modified peptides and small molecules.

Single-shot proteomics.

The hardware changes allow Ascend to either extend ion injection time while maintaining
the same scan rate or collect spectra faster under certain fixed maximum injection times. To
evaluate improvements in the number of detected peptides afforded by the new instrument,
we performed a series of experiments comparing the Ascend to its predecessor, Orbitrap
Eclipse, using complex mixtures of human tryptic peptides prepared from the HAP1 human
cell line. Note in all experiments we used the same chromatographic setup on the Ascend
and the Eclipse (the capillary column and the LC system). Four methods were assessed

on both instruments: 1) 7,500 res FTMS?; 2) 15,000 res FTMS?; 3) 30,000 res FTMS?;

4) turbo scan ITMSZ. For 7,500 res FTMS?2 method, we set injection times to 11 ms

on both instruments. The value was chosen because although 5 ms is the maximum
parallelizable ion injection time for 7,500 res FTMSZ on Eclipse, practically it is too

short to accumulate enough ions. For the other three methods, the instruments could
achieve optimal parallelization with the corresponding optimal injection times (Table 1).
We applied the four methods with an elution length of 40 min to the analyses of a range

of peptide loading amounts — 10 ng, 100 ng, and 1,000 ng (Figure 2a—d). Comparing the
results obtained on the Ascend to those of the Eclipse, we observed a 138.7% increase

in the number of unique peptides identified from the 10 ng injections when utilizing the
FTMS? method with a resolution of 7,500. 19.3% and 14.6% more unique peptides were
identified with the 7,500 resolution FTMS?2 method when loading 100 ng and 1,000 ng,
respectively (Figure 2a). Similarly, we identified more unique peptides in analysis of 10 ng
(54.8% increase), 100 ng (6.8% increase), and 1,000 ng (2.9% increase) peptide loading
amounts using the ITMS2 method (Figure 2d). For the 15,000 and 30,000 resolution FTMS2
methods, we observed 76.1% and 25.1% more unique peptides detected in the analyses

of 10 ng loading amount, respectively. However, we found no significant increases in the
number of unique peptides detected for larger loading amounts when using these two higher
resolution Orbitrap methods (Figure 2b—c). Based on these results, we conclude that when
the Ascend operates in a fully parallelized manner, the gain of extra 5 ms in ion injection
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time noticeably benefits sensitivity, which is especially evident when sample amount and
parallelizable injection time is limited.

To investigate how throughput is improved with the higher scan rate of the Ascend, we
tested a range of LC elution lengths — 10, 40, 70, and 100 min — while loading 1 g of
tryptic peptides. For the FTMS?2 method with a resolution of 7,500, the Ascend acquired >
20% more MS? spectra than the Eclipse, which translated into detection of additional 9.6%
(100 min analysis) to 25.4% (10 min analysis) unique peptides (Figure 2e—f). Nearly equal
number of unique peptides (> 62,000) were identified in 70 min method on the Ascend as
were in 100 min method on the Eclipse. For the ITMS2 method, we observed only a slight
increase in the number of MS? scans and unique peptides detected by the Ascend over the
Eclipse, likely owing to the reduced ion transfer time and improved ion transmission of
the former. We obtained equal detection depth on both instruments when analyzing 1 ug
injections using the higher FTMS?2 resolution method (15,000 and 30,000, Supplemental
Figure 3). We conclude that for the analyses where the sample amount is not limited, the
gains in sensitivity and the throughput of the Ascend are more consequential for shorter
analysis time when utilizing lower FTMS? resolution.

Additionally, we conducted a set of experiments with 1 ug HAP1 peptides analyzed over
the elution lengths of 40- and 70-min using data independent acquisition (DIA). The

same sample was fractionated into 8 fractions by offline high-pH fractionation and then
analyzed using the same 15,000 res DDA method mentioned above. The Ascend performed
slightly better than the Eclipse: 8,664 vs 8,451 protein groups (2.5% more) for the 40-min-
elution method; 9,177 vs 8,907 protein groups (3.0% more) for the 70-min-elution method
(Supplemental Figure 4). Although moderate, these differences are consistent with the
increased scan rate of the Orbitrap Ascend.

PTM analyses.

Post-translational modifications (PTMs), such as phosphorylation and glycosylation, are
important regulators of protein functions and play vital roles in various molecular and
cellular processes. Detection of PTM-containing peptides, as well as localization of

the modified amino-acid residues remains challenging. To evaluate if PTM analysis
benefits from the sensitivity gain and higher scan rate of Orbitrap Ascend, we performed
phosphoproteomic and N-glycoproteomic analyses on both the Ascend and the Eclipse.

For phosphoproteomics, we loaded 400 ng of enriched phosphopeptides from K562 cell line
on the column, eluted over varying gradient lengths between 10 and 100 min, and analyzed
on both instruments with multiple Orbitrap MS? resolutions. For 15,000 res FTMSZ, a

40 min elution length yielded the optimal number of localized phosphosites on both the
Ascend (6,630) and the Eclipse (5,056), with the Ascend’s results corresponding to 31.1%
boost in the number of unique localized phosphosites (Figure 3a). Extending the run time
did not improve the results due to the concurrent reduction in analyte intensity and the
limited maximum MS? injection time, kept fixed in all experiments at 22 and 27 ms for
the Ascend and the Eclipse, respectively. Across methods tested, the 100 min 30,000 res
FTMS?2 method yielded the highest number of localized phosphosites on both the Ascend
(8,222) and the Eclipse (7,154), representing a 14.9% increase afforded by the Ascend
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(Figure 3b). The 30,000 res FTMS? method benefited from longer elution lengths, as they
were better complemented by its longer maximum ion injection times. In all experiments,
we observed higher spectra quality with data collected on the Ascend, as compared to the
Eclipse (Figure 3c—d, Supplemental Figure 5&6). Note, although the Ascend and the Eclipse
generated comparable number of phosphopeptides using 30,000 res method, the Ascend

was more successful at localizing phosphosites because of improved signal-to-noise in MS?2
spectra (Supplemental Figure 7). Additionally, the 15,000 and 30,000 res FTMS? methods
outperformed 7,500 res FTMS?2 method due to the shorter injection times and the resultant
low sensitivity of the 7,500 res FTMSZ method (Supplemental Figure 8).

For N-glycoproteomics, we loaded ~ 1 pg of enriched N-glycopeptides from mouse brain

on the column, separated over an elution length of 70 min, and analyzed with five different
data acquisition methods (see Experimental Section for additional details): 1) 15,000 res
fixed HCD FTMS? scan followed by triggered 60,000 res FTMS? using stepped HCD
(15k/60k sceHCD) with source RF of 30; 2) 30,000 res fixed HCD FTMS? followed by
triggered 30,000 res FTMS? using stepped HCD (30k/30k sceHCD) with source RF of 30;
3) 30,000 res fixed HCD FTMS? followed by triggered 60,000 res FTMS? using stepped
HCD (30k/60k sceHCD) with source RF of 20; 4) 30,000 res fixed HCD FTMS?2 followed
by triggered 60,000 res FTMS? using stepped HCD with source RF of 30; 5) 30,000 res
fixed HCD FTMS?2 followed by triggered 60,000 res FTMS? using stepped HCD with source
RF of 50. The resolution for MS? was set to 60,000 for all methods. Stepped collision
energy HCD (sceHCD) was used for triggered FTMS2 scans if signature oxonium ions

were detected. We observed a pronounced increase of 1.7- to 2.3-fold in the number of
detected N-glycopeptides for all tested methods (Figure 3e). The 30k/30ksceHCD method
generated the highest number of N-glycopeptides on both the Ascend and the Eclipse (3,508
vs 1,822). This method generated 2.3-folds more MS? spectra on Ascend over Eclipse
(56,878 vs. 24,461). While the MS2 AGC targets were identical, the percentage of MS2
scans that reached the AGC target before the allowed maximum injection time was 65.8%
on the Ascend, while only 41.1% on the Eclipse (Figure 3f). These results indicate that the
Ascend not only could accumulate ions longer for MS? scans, while maintaining maximum
parallelization, but also generated more MS? scans with enough ions to reach the AGC
target. These differences are likely attributed to the improved ion transmission and the
reduced in-source fragmentation of the Ascend. The hypothesis is further supported by the
observation that the glycan scores reported by MSFragger were considerably improved in
the spectra obtained by the Ascend, over those from the Eclipse, indicating higher spectral
quality for the scans generated by the former instrument (Figure 3g). Overall, we can
conclude that due to the boost in sensitivity and corresponding spectral quality, the hardware
and other advancements present on the Ascend uniquely benefit analyses of PTM-containing
peptides.

Multiplexed quantitative proteomic analyses.

Multiplexed quantification of stable isotope labeled peptides (e.g., tandem mass tags TMT),
remains a workhorse of quantitative bottom-up proteomics and is especially popular for
large-scale proteomic studies?4. To assess whether the Orbitrap Ascend could outperform
the Orbitrap Eclipse in multiplexed quantitative proteomic analyses, we prepared TMT11-
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plex labeled HEK293T tryptic peptides and analyzed the sample using an RTS FTMS3
method. In this method, peptides are identified in ITMS? scans and then quantified in
higher resolution FTMS3 scans. This sequence is expected to be sped up on the Ascend,
thanks to the presence of the second IRM that improves parallelizable injection time during
the FTMS3 scans. Additionally, we employed the turboTMT (®SDM) feature for scans at
resolutions of 15,000 and 30,000, which enables super resolution to differentiate the 6.3
mDa mass difference of the tags in the narrow /7/z band containing reporter ions?>:26, The
resolutions of 45,000 and 50,000 were used on the Ascend and the Eclipse, respectively,
when ®SDM was disabled.

First, we evaluated the instrument performance in the 70 min analyses of 1 ug unfractionated
labeled peptides. For the 15,000 res FTMS3 method, we observed an improved signal-to-
noise across all channels (Supplemental Figure 9a). On the Ascend, more MS3 scan events
were triggered (Ascend 24,150 vs Eclipse 22,249). Further, more and higher percent of MS3
spectra contained non zero-intensity reporter in all channels (Ascend 22,659 and 93.8% vs
Eclipse 18,501 and 83.2%). The Ascend yielded a greater number and a higher percent

of quantifiable 126/127C (Ascend 23,078 and 95.6% vs Eclipse 19,291 and 86.7%) and
126/131N (Ascend 23,071 and 95.5% vs Eclipse 19,249 and 86.5%) pairs (Supplemental
Figure 9b). Similar improvements were observed for the 30,000 res FTMS?® method
(Supplemental Figure 9c—d). The median cumulative signal-to-noise levels were higher on
the Ascend for the 15,000 and 30,000 res (Supplemental Figure 9¢). For the 15,000 res
FTMS3 method, 8.6% more unique peptides were quantified by the Ascend (Ascend 12,064
vs. Eclipse 11,110). For the 30,000 res FTMS? method, the percentage increase was 13.2%
(Ascend 11,362 vs. Eclipse 10,041). For the 45,000 res FTMS2 method (50,000 res on
Eclipse) there was a 12.9% improvement (Ascend 10,501 vs. Eclipse 9,299) (Figure 4a).
The higher number of quantified unique peptides resulted in the higher number of quantified
protein groups. We observed increases of 6.5% (Ascend 2,466 vs. Eclipse 2,316), 8.4%
(Ascend 2,359 vs. Eclipse 2,176), and 7.5% (Ascend 2,217 vs. Eclipse 2,062) quantified
protein groups for the 15,000 res, 30,000 res, and 45,000 (50,000) res FTMS3 methods,
respectively (Figure 4b).

Next, we fractionated the labeled sample offline by reversed-phase high-pH liquid
chromatography into 24 fractions and concatenated them into 12 fractions. We injected 500
ng of the fractionated peptides and analyzed them in the same manner as described above
for the single-shot TMT experiments. Consistently, the Ascend identified and quantified a
greater number of unique peptides across all fractions (Figure 4c). In total, we quantified
an additional 10.4% unique peptides at 15,000 res (Ascend 67,872 vs. Eclipse 61,502),
10.9% at 30,000 res (Ascend 66,498 vs. Eclipse 59,959), and 10.5% at 45,000 (50,000)
res (Ascend 63,940 vs. Eclipse 57,885) (Figure 4d). These improvements translated into
3.8% (Ascend 7,994 vs. Eclipse 7,705), 4.2% (Ascend 7,948 vs. Eclipse 7,629), and 3.5%
(Ascend 7,820 vs. Eclipse 7,552) increases in the number of quantified protein groups for
the 15,000 res, 30,000 res, and 45,000 (50,000) res FTMS3 methods, respectively (Figure
4e). Together these results illustrate that the addition of the second IRM and the resulting
increase in spectral acquisition rates and scan parallelization produce consistent, albeit
moderate, improvements in the number of quantified TMT-labeled peptides and proteins.
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CONCLUSIONS

Here, we evaluated an Orbitrap Ascend Tribrid mass spectrometer and systematically
compared this new instrument to its predecessor the Orbitrap Eclipse in the context

of shotgun proteomics. We observed substantial improvements in various single-shot
proteomics analyses, PTM analyses, and multiplexed quantitative proteomics experiments.
The additional 5 ms of parallelizable ion injection time for FTMS?2 with HCD benefited
analyses of limited peptide loading amount, which on the Ascend yielded > 17,000 unique
peptide identifications, a 76.1% increase over the results produced by the Eclipse. The
faster ion transfer times and improved ion transmission of the Ascend also benefit ITMSZ.
Further, the extra parallelizable injection time combined with gentler ion transmission
benefited a phosphopeptide analysis workflow, generating up to ~ 50% more localized
phosphosites and > 2-fold increase in the number of identified N-glycopeptides. We also
observed a boost in the number of quantified unique peptides and protein groups in
multiplexed quantitative proteomics analyses, which could potentially increase throughput
- a particularly valuable advantage for fractionation methods. Future work will focus on
PTM analyses, especially glycoproteomics, in addition to investigating multiple activation
strategies and MS" methodologies. We envision the stark improvements can be afforded
by the new Ascend instrument in other cases where samples are limited, e.g., single cell
proteomics. Lastly, further investigations should consider biomolecules other than proteins
and peptides that can take full advantage of the gentler ion transmission and improved MS"
acquisition, such as hydrophilic small molecules and lipids?’.
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Figure 1. Overview of Orbitrap Ascend Tribrid mass spectrometer.
(a) Schematic of Orbitrap Ascend Tribrid mass spectrometer. (b) Scan rates of FTMS? for

different resolutions of Orbitrap Ascend and Orbitrap Eclipse by measuring peptide MRFA
(524.4 m/2) from direct infusion of Thermo FlexMix calibration solution.
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Figure 2. Single-shot proteomics comparing Orbitrap Ascend and Orbitrap Eclipse.
The number of identified unique peptides from serial dilution analysis, injecting 10-1,000

ng of tryptic peptides and eluting with a length of 40 min, performed using (a) 7,500 res
FTMS?, (b) 15,000 res FTMS?, (c) 30,000 res FTMS?, and (d) ITMSZ. (e) The number
of 7,500 res FTMS? scans acquired over a range of elution lengths. (f) The number of

unique peptides identified over a range of elution length using 7,500 res FTMS?2. Student’s

t-tests were performed to calculate p values for comparison between the two instruments.
* p <0.05. ** p<0.01. *** p < 0.001. Error bars represented one standard deviation of

uncertainty. n=3.
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Figure 3. Phosphoproteomics and glycoproteomics comparing Orbitrap Ascend and Orbitrap

Eclipse.

The number of unique localized phosphosites detected over a range of elution lengths by (a)
15,000 res FTMS? and (b) 30,000 res FTMS2. Student’s t-tests were performed to calculate
p values for comparison between the two instruments. *, p < 0.05. **, p < 0.01. ***, p <
0.001. Error bars represented one standard deviation of uncertainty. n=3 for elution length of
10 to 70 and n=2 for elution length of 100. Hyper score of unique phosphopeptides detected
over a range of elution lengths by (c) 15,000 res FTMS2 and (d) 30,000 res FTMSZ. (e)

The number of glycopeptides identified by various 70 min data acquisition methods. (f) MS?
ion injection times of 30,000 res FTMS2/sceHCD 30,000 res FTMS2 method. (g) Glycan
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scores, as reported by MSFragger - Glyco, of 30,000 res FTMS2/sceHCD 30,000 res FTMS?
method.
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Figure 4. Multiplexed quantitative proteomic analyses comparing Or bitrap Ascend and

Orbitrap Eclipse using TMT11-plex labeling.
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(a) The number of quantified unique peptides detected in unfractionated HEK293T tryptic
peptide samples (n=3). (b) The number of quantified protein groups detected in analysis

of unfractionated HEK293T tryptic peptide samples (n=3). (¢) The number of identified
peptides detected in each fraction of the HEK293T tryptic peptide samples. (d) The number
of quantified unique peptides in analysis of fractionated HEK293T tryptic peptide samples.
(e) The number of quantified protein groups in analysis of fractionated HEK293T tryptic

peptide samples.
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