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Abstract

Obtaining extensive sequencing of an intact protein is essential in order to
simultaneously determine both the nature and exact localization of chemical and genetic
modifications which distinguish different proteoforms arising from the same gene. To
effectively achieve such characterization is necessary to take advantage of the analytical
potential offered by the top-down mass spectrometry (TDMS) approach to protein
sequence analysis. However, as a protein increases in size, its gas-phase dissociation
produces overlapping, low signal-to-noise fragments. The application of advanced ion
dissociation techniques such as electron transfer dissociation (ETD) and ultraviolet
photodissociation (UVPD) can improve the sequencing results compared to slow-heating
techniques such as collisional dissociation; nonetheless, even ETD and UVPD-based
approaches have thus far fallen short in their capacity to reliably enable comprehensive
characterization of proteoforms =230 kDa. To overcome this issue, we have applied proton
transfer charge reduction (PTCR) to limit signal overlap in tandem mass spectra (MS2)
produced by ETD (alone or with supplemental ion activation, EThcD). Compared to
conventional MS2 experiments, following ETD/EThcD MS2 with PTCR MS3 prior to m/z
analysis of deprotonated product ions in the Orbitrap mass analyzer proved beneficial
for the identification of additional large protein fragments (210 kDa), thus improving the
overall sequencing and in particular the coverage of the central portion of all four
analyzed proteins spanning from 29 to 56 kDa. Specifically, PTCR-based data
acquisition led to 39% sequence coverage for the 56 kDa glutamate dehydrogenase,
further increased to 44% by combining fragments obtained via HCD followed by PTCR

MSs.



Introduction

The main allure of top-down mass spectrometry (TDMS)! is its potential to enable full
characterization of different proteoforms? derived from the same gene but carrying
different patterns of post-translational modifications (PTMs) and genetic modifications
(e.g., single nucleotide polymorphisms leading to amino acid substitution). Improving
sequence coverage obtained through gas-phase dissociation and mass-over-charge
(m/z) analysis of proteoform ions increases the accuracy of identification of modification
sites; therefore, sequence coverage is the primary metric for measuring success in
proteoform characterization. Typically, the difficulty of this endeavor is inversely
proportional to the mass of the proteoform being analyzed. For small proteins such as
ubiquitin or histones, achieving high levels of sequence coverage is relatively
straightforward.3# At present, the major hurdle for TDMS is the efficient amino acid

sequencing of larger proteoforms, typically =2 30 kDa.

Two main challenges can be readily identified in the gas-phase sequencing of
proteoforms composed of hundreds of amino acid residues. First, the polypeptide
backbone should be cleaved at as many positions as possible; secondly, the generated
fragments should be present as well-resolved isotopic clusters to facilitate deconvolution
and interpretation of product ion mass spectra, ideally leading to the identification of
both fragments derived from a single backbone cleavage to improve the confidence in
cleavage assignment. The former challenge can be addressed through the application of
advanced ion dissociation techniques.5 Several studies have provided convincing
evidence that, while vibrational energy threshold methods are highly efficient — with

efficiency of fragmentation defined as the ratio between the ion current of product ions



to that of the selected precursor —, ion dissociation techniques based on the interaction
of protein cations with electrons® or high-energy photons? produce more extensive and
randomized fragmentation, particularly for larger proteins. Radical driven methods,
specifically electron capture dissociation (ECD)® and electron transfer dissociation
(ETD),° have been applied since their invention to the analysis of intact proteins. ECD
implementation had been long limited to Fourier transform-ion cyclotron resonance
mass spectrometers (FT-ICR),19 where it was successfully applied to the characterization
of intact proteins up to ~150 kDa.1!-12 Recently, ECD has been successfully applied to
other types of instrument platforms equipped with time-of-flight (TOF)!3 or Orbitrap
mass analyzers.!* Conversely, since its inception ETD has equipped different
instruments with hybrid designs thanks to its less demanding working conditions (i.e.,
higher pressure regime) that make it compatible with radio frequency (RF) ion trap
devices.15-16 Examples of ETD-based characterization of whole proteins 230 kDa include
the use of high-resolution quadrupole-TOF instruments!7-18 as well as hybrid linear ion
trap (LTQ)-Orbitrap!® and tribrid quadrupole- Orbitrap-LTQ2° instruments. While ETD
alone can lead to high sequence coverage (up to ~35%) for proteins as large as an intact
150 kDa immunoglobulin G,19-21 even more extensive sequencing can be obtained when
disrupting non-covalent interactions that prevent the separation of already dissociated
protein fragments (typically leading to the observation of intact charge-reduced
precursor species, ETnoD products) by supplying either the totality of ETD products or
the undissociated precursor with additional vibrational energy. Originally developed for
enhancing the quality of ECD spectra through the irradiation of ECD-generated charge-
reduced species with low-energy infrared photons in experiments termed activated-ion
ECD (AI-ECD),22 this same concept is implemented in ETD-enabled mass spectrometers

in a variety of ways.23-24 Specifically, the odd-electron precursor cations can be further



activated using low-energy collision-induced dissociation (CID) in the ion trap in
experiments termed ETciD;25 or all the ETD products can be transferred to a collision
cell to be subjected to re-activation through beam-type higher-energy collisional
dissociation (HCD),26 applying a supplemental activation strategy named EThcD.27 In
another approach, cations can be irradiated with 10 um photons generated by a CO:
laser during the ETD reaction, in experiments typically referred to as AI-ETD.28-30 In
their application to TD MS, EThcD and AI-ETD have proven superior to ETD in
generating a larger number of c- and z-type ions along with b- and y-types, ultimately
increasing sequence coverage of larger proteins. For example, Riley et al. reported up to
25% coverage of the 66 kDa bovine serum albumin performing AI-ETD tandem mass
spectrometry (MS?) on a tribrid Orbitrap instrument, whereas ETD MS?2 produced 19%

coverage.31

Alternatively, ultraviolet photodissociation (UVPD) performed using 193 or 213 nm
photons has also proven effective in the fragmentation of large protein cations, offering
the possibility of randomly cleaving the backbone at any of its three covalent bonds (Cq-
C, C-N, N-C,) thus generating up to 9 different odd- or even-electron ion types (without
counting side chain losses).32-33 Direct comparisons between UVPD and other
techniques such as ETD or HCD have shown that the use of high-energy photons can
produce highly dense MS2 spectra and outperform rival techniques in term of sequence
coverage and number of identified unique backbone cleavages.32. 34 Like ETD, UVPD is
particularly effective if spectral averaging (or averaging of time-domain transients in
Fourier transform mass spectrometry, FTMS) is applied to improve signal-to-noise ratio
(S/N), as UVPD is generally not as efficient as HCD and ion current is diluted into

multiple fragmentation channels. Furthermore, UVPD was demonstrated to be



complementary to ETD and HCD in terms of amino acid cleavage propensities and

portions of a protein’s sequence preferentially fragmented.33

Nonetheless, even considering the impressive improvements in whole protein
characterization offered by the most advanced ion dissociation techniques, the second
challenge related to the detection of product ions and subsequent interpretation of
resulting MS? spectra — spectral congestion — remains. In the case of large proteoforms,
the dilution of the precursor ion current into a myriad of fragmentation channels can
lead to lower abundances and poor ion statistics for fragment ions, not only reducing
their S/N but can also negatively affecting the relative isotopic abundances within single
ion isotopic clusters. In the common case of experiments conducted using electrospray
under denaturing conditions, the high protonation of the resulting precursors further
exacerbates these issues,35 as each backbone cleavage typically results in the formation
of a distribution of charge states for the product ions, likely reflecting the fact that
multiple “protonation isomers” are present for each proteoform cation. As a result, low
abundant, multiply charged product ions often overlap in the m/z space, rendering their
identification difficult or even impossible. Additionally, sequence uninformative species
such as leftover precursor (in ETD/ECD and derivate techniques, and also in UVPD)
and charge-reduced species (ETD/ECD) are often highly abundant and hinder the clear
detection of other ion species in close m/z proximity. This is also a known issue in UVPD
MS? spectra where distribution of m/z values for the larger mass product ions are

primarily centered around the intact precursor m/z.”

Gas-phase fractionation (GPF) is an approach that has been utilized to improve
detection of proteoforms3¢ and also to enhance the performance of imaging mass

spectrometry;37 therefore, its application could also be beneficial for improving the



quality of MS? spectra of whole proteoforms. However, GPF could increase spectral
dynamic range but would not solve the signal interference problem. For this reason,
non-dissociative ion-ion reactions in the gas-phase,38-39 and specifically proton transfer
reactions,*0-41 are currently finding application*? in the field of TDMS though having
being first described in the nineties. In ion-ion proton transfer reactions, multiply
charged cations are reacted with anions (typically singly charged perfluorinated
species)*3 to form a deprotonated cations — which will be subsequently detected at a
higher m/z values — and a neutral molecule (the original anion) that cannot interfere
with the m/z analysis. The application of proton transfer reactions in TDMS MS3
strategies (where precursor fragmentation is followed by deprotonation of product ions
prior to high resolution m/z detection) has proven beneficial for decongestion of MS2
spectra of intact proteins resulting from either ETD#* or UVPD events,45-46 allowing the
detection and sequence-matching of fragments otherwise unidentified in canonical MS2

experiments.

In this study, we describe the combination of electron-based dissociation techniques
(ETD, and EThcD) with the commercial implementation of ion-ion proton transfer
reactions termed proton transfer charge reduction (PTCR),*” available in the latest
generation of tribrid Orbitrap mass spectrometers, the Orbitrap Eclipse. We
demonstrate the improvements in protein sequencing obtained over standard MS2
experiments when performing PTCR MS3 experiments with different degrees of
complexity. Additionally, we apply the PTCR MS3 strategy to a non-electron based
dissociation method, HCD, which is commonly utilized in TDMS and is complementary
to ETD, as a further point of comparison to evaluate the utility of the PTCR MS3 TDMS

methods for analysis of proteins of molecular weight above 30 kDa.



Experimental Section

Materials. Bovine carbonic anhydrase II (catalog number C2624), rabbit aldolase
(catalog number A2714), Saccharomyces cerevisiae enolase (catalog number E6126),
and bovine liver glutamate dehydrogenase (catalog number G7882) were purchased
from Millipore Sigma (St. Louis, MO). Lyophilized protein stocks were resuspended in
water to a concentration of 2 mg/mL then desalted using Pierce Zeba spin columns
(Thermo Scientific, Rockford IL) following the manufacturer’s suggested protocol.
Proteins were diluted to 1 uM in 50%/50% acetonitrile /water (v:v) with 0.1% formic acid.

All solvents were obtained in LC-MS purity grade from Fisher Scientific (Houston, TX).

Mass Spectrometry. All experiments were performed on an Orbitrap Eclipse mass
spectrometer (Thermo Scientific, San Jose, CA) equipped with a front-end auxiliary
ionization source*® with a dual inlet for ETD and PTCR reagents (i.e., Easy-ETD and
PTCR options). Protein solutions were directly infused at 0.7-1 uL/min and ionized using
a custom-made nano-electrospray source to which a 1.7-2.0 kV potential was applied.
The mass spectrometer was operated in intact protein mode at 3 mTorr of N, pressure
in the ion-routing multipole. The heated capillary was set at 320° C, and an offset of 15
V between SRIG and MPOO was applied to favor ion declustering and desolvation. Source
RF was set at 30%. MS! spectra were collected in the orbitrap mass analyzer at 7,500
resolution (at m/z 200) while averaging five transients (i.e., microscans) per spectrum.
For MS2 and MS3 experiments, the automatic gain control (AGC) target for each
precursor was set at 2000% (corresponding to 1e6 charges), and spectra were recorded
at 240,000 resolution (at m/z 200) averaging ten microscans/spectrum in “full profile”
mode (i.e., without automatic noise thresholding). MS?2 experiments were recorded over

a 400-2000 m/z window, while MS3 experiments used an extended 500-8000 m/z



window (available through the HMR» option). Protein precursors were m/z selected with
the quadrupole m/z filter (isolation width: 2 m/z units) and dissociation was performed
via HCD, ETD and EThcD. HCD experiments utilized 29-33% normalized collision
energy (NCE) applying precursor charge state correction for optimized setting of collision
energy. ETD was performed for 2-7 ms (fluoranthene reagent ion target: 1.5e6 charges).
EThcD experiments where performed by following ETD with HCD activation of all
reaction products using 15% NCE. PTCR MS3 experiments were performed as previously
described4” with a target value for the reagent (perfluoroperhydrophenanthrene anions,
PFPP, mass = 624 Da, Sigma Selectophore 56919) of 2e6 charges for single MS3 isolation
window experiments, and le6 charges for multiwindow experiments. Two main sets of
PTCR MS3 experiments were designed, as shown in Figure 1: in the first set, the whole
product ion population generated by HCD, ETD or EThcD MS?2 was isolated in the high
pressure cell of the dual cell linear ion trap using a wide isolation window (width: 1800
m/z units, including all products between 200 and 2000 m/z), and all MS2 products
were subjected to PTCR simultaneously. Hereinafter, these experiments will be indicated
as “1x1800 PTCR MS3”. For the second set, MS?2 fragmentation products were divided
into six sub-populations based on their m/z position, and each of these was isolated in
the LTQ and subjected to PTCR one at a time. These experiments will be indicated as
“6x250 PTCR MS3” throughout the rest of the manuscript. PTCR duration was varied
depending on the complexity of the product ion population, with experiments using a
single isolation window using longer reaction times (20-50 ms) than those based on a
narrow isolation window (2-20 ms). Further details for the 6x250 PTCR MS3 experiments
are reported in Table S1. All measurements were performed in triplicate. A complete list

of all the different conditions tested for the 4 standard proteins and their respective



efficacy (measured as resulting sequence coverage and number of matched unique

product ions) is provided in Figures S1-S4 (Supporting Information).

Data analysis. For each experiment, MS2 or MS3 spectra were averaged in Qual
Browser (Thermo Scientific) and exported as a single spectrum RAW file. For carbonic
anhydrase II, fifteen spectra were averaged (for a total of 150 transients) in both MS2
and PTCR MS3 experiments. For aldolase, enolase, and glutamate dehydrogenase in
both MS2 and PTCR MS3 experiments, twenty spectra were averaged (for a total of 200
transients). Single spectrum RAW files were batch-loaded into TDValidator Pro
(Proteinaceous Inc, Evanston, IL),20 and matched against theoretical fragment ion
isotopic distributions from protein sequences obtained from the UniProt knowledgebase
(accession P0O0921 for carbonic anhydrase II, POO883 for aldolase, PO0924 for enolase,
and P0O0366 for glutamate dehydrogenase). A complete list of the parameters used for
fragment matching is reported in Table S2 while the rationale for the parameter
selection is described in “Results and discussion”. Graphical fragmentation maps were
obtained directly in TDValidator in the case of MS2 experiments and 1x1800 PTCR MS3
experiments, while they maps for “narrow isolation” 6x250 PTCR MS3 experiments were
obtained by combining the lists of masses of matched fragments for each of the 6
isolation windows in ProSight Lite.49-50 Final graphs including violin plots were

generated using GraphPad Prism 9 (GraphPad Software, San Diego, CA).

Results and discussion.

Preliminary test runs (including both MS2 and PTCR MS3 experiments) were performed
using all four proteins to determine appropriate fragment matching parameters to apply
in TDValidator Pro to the analysis of hundreds of spectra (resulting from all the tested

experimental conditions summarized in Figures S1-S4). Mass spectra resulting from
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test runs were manually validated in TDValidator Pro starting from “loose” parameters
—ion S/N cutoff 5, similarity score (which accounts for the relative abundances of the
isotopomers in a cluster) 0.5, fragment mass tolerance 10 ppm, inter-isotopomer
tolerance 3 ppm. After validation, various combinations of more stringent parameter
sets were tested in order to automatically eliminate the vast majority of false positives
while retaining the validated true positive matches. The final parameters for each
experiment type are reported in Table S2, while examples of the comparison between
the manually validated set of matched product ions and their automatically obtained
counterparts (represented by Venn diagram) are displayed in Figure S5. Using the final
parameter values for each experiment type, the overlap between the two fragment lists
is of at least 80%, and the respective sequence coverages differ of less than 4%. Not
surprisingly, the finalized set of parameters differ only minimally among ion dissociation
techniques, while a larger variation in the optimal values is observed between MS2 and
PTCR MS3 experiments, with the former data type requiring more stringent parameters
than the latter. We attribute this discrepancy to the spectral congestion that
characterizes MS? spectra, with highly charged product ion clusters overlapping with
each other in the m/z vicinity of the precursor and any intact charge reduced products.
Such signal interference is practically absent in PTCR MS3 spectra, where the rare cases
of signal overlap are typically solved thanks to the high resolving power offered by the
Orbitrap mass analyzer in conjunction with the low charge state of PTCR-deprotonated
fragment ions. The difference in spectral congestion between MS2 and corresponding
PTCR MSS3 experiments can be appreciated in Figures $6-S7, comparing 3 ms EThcD
spectra resulting from the fragmentation of the 42+ charge state of aldolase with or
without subsequent PTCR of product ions. Visually, the spectral density observed in

100 m/z-wide windows in the MS2 spectrum is comparable to that of 1000 m/z-wide
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windows in the PTCR MS3 spectrum. Overall, we believe that applying data-driven

decisions for data analysis ensured the reliability of the results discussed hereinafter.

We started our MS2 vs PTCR MS3 comparison with the 29 kDa carbonic anhydrase,
commonly used as a standard in top-down MS and for which an extensive comparative
literature exists. Using the Orbitrap Eclipse, ETD MS?2 spectra obtained by averaging
150 transients returned 70%, 75% and 64% sequence coverage for charge states 25+,
30+ and 35+, respectively (Figure S8A). When EThD was used, the coverage went up to
77% (Figure 2A). These results compare favorably with previous works which used
electron-based ion activations on an Orbitrap Fusion Lumos: by averaging 300
microscans, Riley et al. reported nearly 70% sequence coverage on carbonic anhydrase
fragmented with AI-ETD, while in the same study the coverage obtained via ETD and
EThcD fell slightly short of 60% regardless of the selected precursor charge states.
Almost 200 unique fragments were matched in our ETD experiments (searching
uniquely for c- and z-type ions); EThcD experiments on the Orbitrap Eclipse returned
~250 matched unique product ions (including also b- and y-type ions), by that
outperforming of ~15% the best AI-ETD results available in literature (Figure 2B).
Despite an early report where 81% sequence coverage was shown on an Orbitrap Elite,32
other studies based on 193 nm UVPD claim that the coverage of carbonic anhydrase
reaches typically ~60-70% across different FTMS platforms.46. 51 The most recent work
based on an Orbitrap Fusion Lumos reported 63% sequence coverage for UVPD MS? of
the 25+ precursor, with ~250 unique fragments matched (searching for 9 different
product ion types).*> These comparisons are important to evaluate the impact of the
technical improvements introduced with the latest generation of tribrid Orbitrap mass
spectrometers on top-down MS: we attribute the observed boost in MS2 performance

primarily to the redesigned high pressure cell of the dual cell linear ion trap which offers
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better control of the ion-ion reaction kinetics via higher reagent capacity and, more
importantly, to a significantly enhanced ion transmission from the LTQ to the C-trap
and the Orbitrap owing to a redesigned ultra-high vacuum chamber. Despite the high
bar set by MS?2 experiments, the 1x1800 PTCR MS3 experiments using a single, wide
isolation window completely outperformed the MS2 runs: for both ETD and EThcD an
increase in the number of unique matched fragments was observed (Figure S8B and
Figure 2B, respectively), and the sequence coverage also increased for all the
precursors, reaching up to 90% coverage for the 35+ precursor using EThcD. Notably,
EThcD MS2 - 1x1800 PTCR MS? experiments slightly outperformed the corresponding
ones by Sanders et al. based on 193 nm UVPD which produced ~80% sequence
coverage. Finally, the 6x250 PTCR MS3 experiments based on the fractionation of
product ions to charge-reduce into 6 sub-populations produced a noticeable increase in
the number of matched product ions. This increase also translated into an increase of
sequence coverage for ETD, where the coverage consistently exceeded 80% across the
three selected charge states with a maximum of 86% for the 35+ precursor. Conversely,
EThcD reached up to 89% sequence coverage, essentially the same value reached via
the 1x1800 PTCR MS3 runs. A lack of improvement in sequence coverage despite an
increase in the number of unique matched fragments was reported also by Sanders et
al. for the corresponding UVPD-based experiments followed by proton transfer reaction
that used 10 narrow isolation windows. Importantly, the violin plots for ETD and EThcD
experiments (Figure S8C and Figure 2C, respectively) show that even for this relatively
small protein PTCR MS3 allows the identification of large product ions which would
otherwise be undetected in MS2 experiments, likely due to elevated spectral congestion.
Stunningly, by passing from MS?2 to 6x250 PTCR MS3 experiments the number of

complementary ion pairs (e.g., N- and C-terminal containing product ions arising from
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the same backbone cleavage) increased from 13 to 134 for ETD and from 12 to 118 for

EThcD, respectively (Figure S8D and E, Figure 2D and E).

When the mass of the analyzed protein was increased, the differences between
ETD/EThcD sequence coverage results obtained without or with charge reduction of
product ions became more apparent. For 39 kDa aldolase, passing from MS2 to 1x1800
PTCR MS3 experiments resulted in an additional 10-15% sequence coverage (from 53%
to 64% for ETD and from 55% to 70% for EThcD, Figure S9A and Figure 3A). The only
exception was when ETD was performed on the 52+ precursor and no significant benefit
was derived from PTCR. The 6x250 PTCR MS3 experiments contributed an additional
12-14% sequence coverage, which led to 76% sequence coverage for ETD and 84% for
EThcD. Importantly, the 6x250 PTCR MS3 strategy doubled the number of unique
matched fragments compared to the corresponding MS?2 experiments for both ETD and
EThcD; fragmenting the 42+ precursor with EThcD, the 6x250 PTCR MS3 runs returned
a total of 480 unique fragments (Figure S9B and Figure 3B). As shown in Figure S9C
and Figure 3C, the majority of the additional product ions identified via charge
reduction have mass larger than 10 kDa, with the largest fragments identified having
masses close to that of the precursor (i.e., 230 kDa). As shown in Figure S9D and E for
ETD, and Figure 3D and E for EThcD, the MS? experiments failed to provide sequence
coverage for the central portion of the protein (amino acid residues 150-200), whereas
PTCR MS3 strategies (and particularly the 6x250) led to the identification of a number
of complementary product ions in that region. More precisely, the total number of
complementary product ion pairs increased from O to 83 for ETD and from 6 to 81 for

EThcD.
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For 46 kDa enolase, following ETD or EThcD with PTCR produced a substantial increase
in sequence coverage: ETD MS?2 resulted in over 40% sequencing (specifically, 41%, 44%
and 45% for charge states 50+, 55+ and 60+, respectively), and EThcD MS? slightly
exceeded these values, reaching 45% coverage for both the 55+ and 60+ precursors
(Figure S10A and Figure 4A, respectively); the sequence coverage was substantially
raised to 59% and 66% through the application of PTCR following ETD and EThcD,
respectively. Differently from aldolase, no major difference in sequence coverage or in
the count of unique identified fragments resulted from the use of the 6 narrower
isolation windows in place of the single 1800 m/z-wide one for enolase (Figure S10B
and Figure 4B). Interestingly, using EThcD the upper mass distribution of identified
enolase fragments does not increase proportionally to the degree of experimental
complexity: while in ETD we observe a substantial increase in the median of the
fragment mass moving from MS2 to 1x1800 PTCR MS3 runs, and from there to 6x250
PTCR MS3 experiments (Figure S10C), in the case of EThcD the highest median value
is reached with the 1x1800 PTCR MS3 experiments, for all the three analyzed precursor
charge states (Figure 4C). As observed for aldolase, charge reduction via proton transfer
facilitated the identification of complementary product ion pairs, not observed in MS?2
experiments where only the terminal portions of the protein were sequenced (Figure
S10D and Figure 4D). Specifically, 8 complementary pairs were identified using ETD
and 4 using EThcD in the 6x250 PTCR MS3 runs (Figure S10E and Figure 4E,
respectively). By applying PTCR, the longest portion of the protein that remain
unsequenced is 14 consecutive amino acid residues for EThcD-based experiments

(Figure 4E).

Finally, for the 56 kDa glutamate dehydrogenase, both ETD and EThcD MS?2 returned

sequence coverages between 19% and 21%, with better results from the 70+ precursor
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(Figure S11A and Figure 5A). A similar trend was observed for the number of unique
matched fragments, with fewer than 100 distinct product ions identified in ETD MS2
experiments and up to 123 for EThcD MS? (Figure S11B and Figure 5B). In the majority
of cases, applying PTCR starting from a single wide isolation window of ETD or EThcD
products did not prove beneficial in terms of overall sequence coverage: for ETD, the
1x1800 PTCR MS3 experiments outperformed the MS?2 counterparts only starting from
the 60+ precursor (that with the lowest charge); even in this case, the sequence coverage
reached ~20%, not improving over the MS2 results obtained from the 70+ charge state
precursor (Figure S11A). Similarly, for EThcD, the 1x1800 PTCR MS3 experiment that
demonstrated the highest increase in sequence coverage was the one based on the 60+
precursor, which reached 28% sequence coverage (Figure S5A). A more substantial
improvement in sequence coverage was obtained by applying the 6x250 PTCR MS3
strategy, which outperformed both the MS2 and the 1x1800 PTCR MS3 experiments also
in terms of number of identified fragments. Using the PTCR MS3 strategy based on
multiple isolation windows, ETD returned nearly 30% sequence coverage and almost
140 unique identified fragments, while these values increased to 36% and over 220,
respectively, using EThcD. Partially paralleling the observations made for enolase, also
for glutamate dehydrogenase the 1x1800 PTCR MSS strategy led to the identification of
the largest product ions, but the highest median mass of fragments was obtained
through the more complex 6x250 PTCR MS3 data acquisition strategy (Figure S11C and
Figure 5C). Likely due to the high charge states of the selected precursors, we observed
that in ETD and EThcD MS? spectra of glutamate dehydrogenase most product ions
were concentrated in a relatively limited spectral region of approximately 800-1000 m/z
units (Figure S12). In light of this, we modified our 6x250 strategy by adapting both the

width and center of the six isolation windows, to split the densely populated m/z window
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spanning approximately from 800 to 1600 m/z into smaller batches and covering the
remaining portions of the spectrum (down to m/z 200 and up to m/z 2000) using
windows larger than the standard 270 m/z units (Table S2). This “alternate” 6x250
strategy proved beneficial for sequence coverage (which reached up to 32% for ETD and
39% for EThcD), number of identified fragments and even to retrieve some of the large
fragments that, while identified by the simpler 1x1800 PTCR MS3 experiments, were
missed by the standard 6x250 PTCR MS3 data acquisition. Importantly, while
unsequenced regions of 30-40 consecutive amino acid residues remain even when
applying the “alternate” 6x250 strategy, in general the characterization of the central
portion of glutamate dehydrogenase was improved using PTCR, with both isolated
matched cleavages and also 3-to-7 residue long “sequence tags” present between amino

acids 150 and 350.

Regardless of the protein mass, in EThcD experiments b- and y-type ions generated via
collisional activation of ETD products contributed to extend protein sequencing: these
ions account for 10, 9, 8 and 13 unique cleavages not identified by c-/z-type ions in
MS2 experiments for carbonic anhydrase, aldolase, enolase and glutamate
dehydrogenase, respectively. These numbers increase to 18, 16, 25 and 52 considering
the 6x250 PTCR MS3 experiments (see panels E of Figures 2-5). This observation
corroborates the notion of complementarity between radical-driven ion activation
methods and vibrational energy threshold ion activation techniques such as collision-
induced dissociation and higher-energy collisional dissociation (HCD), which had been
explored and demonstrated by multiple studies, even using the same standard proteins

chosen for the present work.31, 52
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Given the popularity of HCD in top-down proteomics, we also tested this fragmentation
method and compared HCD MS?2 results with HCD MS?2 - 1x1800 PTCR MS3 data
acquisition. For each of the 12 total protein precursor ions investigated (three different
charge states for each protein), PTCR allowed the identification of additional fragments
and increased the matched fragments’ median mass, not only leading to higher
sequence coverages than the corresponding MS?2 experiments but also providing better
characterization of the central portions of the proteins’ sequences (Figure S13-S16).
Similar to ETD and EThcD, HCD was capable of returning many complementary ion
pairs, even for glutamate dehydrogenase, when fragmentation was followed by product
ions’ charge reduction. The application of PTCR brought HCD results almost on par with
ETD and EThcD MS? ones: for example, HCD MS?2 - 1x1800 PTCR MS3 returned more
than 40% sequence coverage for the 50+ precursor of aldolase, in line with the
corresponding electron-based fragmentation outcomes. As a results of PTCR efficacy in
increasing the quality of HCD spectra, the combination of a single HCD MS2 - 1x1800
PTCR MSS3 experiment with one EThcD MS2 - 1x1800 PTCR MS3 experiment elevates the
sequence coverage for 46 kDa enolase up to 77%, largely outperforming the results
obtained by EThcD MS?2 — PTCR MS3 alone (Figure 6A). When the product ions of the
same HCD MS2 - 1x1800 PTCR MS?3 experiment are added to those derived from the
EThcD MS2 - 6x250 PTCR MS3 experiments, the coverage is further improved to 80%
(Figure 6B). The combination of HCD and EThcD charge-reduced fragments slightly
increased also the coverage obtained for glutamate dehydrogenase: the sum of one HCD
and one EThcD 1x1800 PTCR MS3 run led up to 35% coverage (not far from the results
of the alternate 6x250 PTCR MS3 strategy), while summing HCD charge-reduced
fragments to those obtained through the alternate 6x250 PTCR MS3 strategy led to 44%

sequence coverage, the highest value we registered for this 56 kDa protein (Figure $17).
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Finally, until now we focused on results achievable via ETD, EThcD and HCD alone or
in combination with PTCR, but we did not provide details about the optimization of the
fragmentation conditions. Both tested ion-ion reactions (i.e., ETD and PTCR) were
performed under conditions ensuring a pseudo-first order kinetics (i.e., large excess of
the reagents, set to 1.5e6 charges for fluoranthene anions for all experiments and 2e6
charges for PFPP anions for MS2and 1x1800 PTCR MS3 while 1e6 charges of PFPP were
used for 6-window PTCR MS3 experiments). Keeping the total number of precursor
charges fixed, we varied the reaction durations. Interestingly, the results shown in
Figure 7 demonstrates that longer ETD durations generally led to improved sequencing
of the analyzed proteins: 5 ms was typically the best duration, with the exception of
aldolase (where 3 and 5 ms returned very similar results, with a slight advantage for the
former value) and glutamate dehydrogenase, where extending the activation to 7 ms
helped identifying more product ions; it is possible this trend could continue to longer
ETD activations. Typically, increasing ETD reaction duration favors the formation of
multiple generations of product ions, resulting from larger and therefore higher charge
state product ions (ETD reaction kinetics is proportional to z2) undergoing further ETD
reactions. This produces a plethora of low abundance internal fragments and a bias
toward relatively abundant shorter C- and N-terminal sequence ions. Particularly in the
case of large proteins, we hypothesize that forming second and greater generation
fragments during MS? experiments can be beneficial for obtaining a higher sequence
coverage as smaller product ions also have more variance in their degree of protonation
relative to their masses and thus are distributed over a larger m/z range thus resulting
in reduced overlapping of isotopic envelopes in the m/z domain. Further, detection of
lower mass product ions is more sensitive in the Orbitrap analyzer at m/z resolutions

appropriate for TDMS. Thus, independent of the issue of overlapping isotopic envelopes
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due of spectral density, the detection of m/z peak isotopic clusters of lower mass
fragment ions will likely be more sensitive (i.e., with improved S/N) than for much larger
mass first-generation product ions. These hypotheses are supported by the analysis of
the violin plots in Figure S18, showing that the median mass of matched product ions
typically decreases, or at least remains stable, as the ETD reaction duration increases.
Distributing product ions across a wider portion of the m/z space by reducing their size
and charge state is conceptually similar to what achieved by subjecting product ions to
PTCR. This strategy was recently applied with success to improve the sequencing of an
intact antibody characterized by ETD and AI-ETD MS2.53 However, the best results
obtained in PTCR MS3 experiments were based on shorter ETD durations (Figures S19-
S$22), likely due to the fact that larger, first-generation product ions where maintained
intact and could be detected once spectral congestion was reduced via deprotonation.
Regarding the PTCR duration, for the 1x1800 PTCR MS3 experiments we tested values
of 20, 30 and 50 ms. Example spectra for different PTCR durations are shown in Figure
S$23. Generally, 20 ms PTCR provided the best results, followed by 30 ms. While 50 ms
PTCR distributed fragments up to 7000-8000 m/z, excessive charge reduction resulted
in the loss of several product ions (which is visible visually by comparing the 30 ms and

50 ms spectra in Figure S23) and thus in a decrease in sequence coverage.

Conclusions.

While the top-down approach for targeted and large-scale analysis of intact proteoforms
is becoming more popular and the required technology accessible to many
laboratories,54 the effective restrictions of TDMS analysis to proteins <30 kDa represents

a clear limitation. Even by applying well-tested sample preparation and data acquisition

20



protocols,55 the gas-phase sequencing of large proteoforms remains an inherently
complicated process. While preliminary results have demonstrated the potential of
proton transfer reactions combined with parallel ion parking for TDMS experiments
using a customized 21 T FT-ICR instrument at the National High Magnetic Field
Laboratory,56 in this study we demonstrated the advantages offered by a commercial
high-resolution FTMS platform which natively incorporates PTCR capabilities along with
an extended m/z range and efficient transmission of ions from the reaction cell (i.e., the
LTQ) to the Orbitrap. Importantly, the above described EThcD MS2 - PTCR MSS3
experiments returned higher sequencing than previous reports based on AI-ETD MS2
(for carbonic anhydrase, aldolase and enolase)3! or on 193 nm UVPD followed by proton
transfer reaction MS3 (for all four proteins investigated herein).#5 Admittedly, PTCR
facilitates product ion identification, but it does not enhance ion dissociation. Therefore,
we anticipate that implementing AI-ETD (possibly in combination product ion parking)+2
as well as UVPD on a PTCR-enabled Orbitrap Eclipse would enable further
improvements in large protein (> 30 kDa) sequence coverage relative to the results
reported in this study. Nonetheless, independent of the possibilities for further future
improvements, we believe this work can establishe a blueprint for facilitating the
thorough sequence analysis of any protein up to 60 kDa without the need of customized

instrumentation.
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dehydrogenase, EThcD MS2 - PTCR MS3 experiments with different PTCR

durations.Figure legends.

Figure 1. Schematic representation of applied data acquisition schemes. In a standard
MS?2 experiment (spectrum on the left) product ions generated in the LTQ or HCD cell
are then transferred to the Orbitrap mass analyzer for high resolution detection.
Alternatively, product ions can be isolated using a single, 1800 m/z-wide isolation
window and subjected to PTCR prior to their detection in the Orbitrap (“1x1800” PTCR
MS3 experiment, spectrum on the right). Finally, sub-populations of product ions can
be consecutively isolated via narrower isolation windows and subjected one by one to

PTCR (“6x250” PTCR MS3 experiment, bottom spectra).

Figure 2. Comparison of EThcD MS2 and EThcD MS2 - PTCR MS3 experiments on
carbonic anhydrase. (A) Sequence coverage for precursor ions 30+, 35+ and 40+. Error
bars represent the standard deviation and experiments are color-coded. (B) Number of
identified unique product ions for the same precursors. (C) Violin plots of the mass
distributions of identified product ions (the thicker line represents the median, the
dashed lines the first and third quartile). (D) EThcD MS? fragmentation map (from a
single run). Red bars represent c-/z-type ions, blue bars b-/y-type ions. (E) EThcD MS2

- 6x250 PTCR MS3 fragmentation map (from a single run).

Figure 3. Comparison of EThcD MS2 and EThcD MS? - PTCR MS3 experiments on
aldolase. (A) Sequence coverage for precursor ions 42+, 47+ and 52+. (B) Number of
identified unique product ions for the same precursors. (C) Violin plots of the mass
distributions of identified product ions. (D) EThcD MS2 fragmentation map (from a single

run). (E) EThcD MS2 - 6x250 PTCR MS3 fragmentation map (from a single run).
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Figure 4. Comparison of EThcD MS2 and EThcD MS? - PTCR MS3 experiments on
enolase. (A) Sequence coverage for precursor ions 50+, 55+ and 60+. (B) Number of
identified unique product ions for the same precursors. (C) Violin plots of the mass
distributions of identified product ions. (D) EThcD MS2 fragmentation map (from a single

run). (E) EThcD MS2? - 6x250 PTCR MS3 fragmentation map (from a single run).

Figure 5. Comparison of EThcD MS2 and EThcD MS2 - PTCR MS3 experiments on
glutamate dehydrogenase. (A) Sequence coverage for precursor ions 60+, 65+ and 70+.
(B) Number of identified unique product ions for the same precursors. (C) Violin plots of
the mass distributions of identified product ions. (D) EThcD MS? fragmentation map
(from a single run). (E) EThcD MS? - 6x250 PTCR MS3 fragmentation map (from a single

run).

Figure 6. Fragmentation maps of enolase combining a single HCD MS2 - 1x1800 PTCR
MS3 experiment with different EThcD MS2 — PTCR MS3 experiments. (A) Fragment map
based on fragments produced by a single 1x1800 PTCR MS? experiment. (B) Fragment

map based on fragments produced by a single 6x250 PTCR MS3 experiment.

Figure 7. Sequence coverage achieved via ETD MS? of the four proteins as a function of
ETD duration. (A) Carbonic anhydrase. (B) Aldolase. (C) Enolase. (D) Glutamate

dehydrogenase. Experiments on different precursor charge states are color-coded.
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