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Top-down proteomics studies intact proteoform mixtures
and offers important advantages over more common bot-
tom-up proteomics technologies, as it avoids the protein
inference problem. However, achieving complete molec-
ular characterization of investigated proteoforms using
existing technologies remains a fundamental challenge
for top-down proteomics. Here, we benchmark the per-
formance of ultraviolet photodissociation (UVPD) using
213 nm photons generated by a solid-state laser applied
to the study of intact proteoforms from three organisms.
Notably, the described UVPD setup applies multiple laser
pulses to induce ion dissociation, and this feature can be
used to optimize the fragmentation outcome based on the
molecular weight of the analyzed biomolecule. When ap-
plied to complex proteoform mixtures in high-throughput
top-down proteomics, 213 nm UVPD demonstrated a high
degree of complementarity with the most employed frag-
mentation method in proteomics studies, higher-energy
collisional dissociation (HCD). UVPD at 213 nm offered
higher average proteoform sequence coverage and de-
gree of proteoform characterization (including localiza-
tion of post-translational modifications) than HCD. How-
ever, previous studies have shown limitations in applying
database search strategies developed for HCD fragmen-
tation to UVPD spectra which contains up to nine frag-
ment ion types. We therefore performed an analysis of the
different UVPD product ion type frequencies. From these
data, we developed an ad hoc fragment matching strategy
and determined the influence of each possible ion type on
search outcomes. By paring down the number of ion types
considered in high-throughput UVPD searches from all
types down to the four most abundant, we were ultimately
able to achieve deeper proteome characterization with
UVPD. Lastly, our detailed product ion analysis also re-
vealed UVPD cleavage propensities and determined the
presence of a product ion produced specifically by 213 nm

Paul M. Thomast, Philip D. Comptont, and © Neil L. Kelleherg||

photons. All together, these observations could be used
to better elucidate UVPD dissociation mechanisms and
improve the utility of the technique for proteomic
applications. Molecular & Cellular Proteomics 19: 405-
420, 2020. DOI: 10.1074/mcp.TIR119.001638.

Contemporary systems biologists are faced with the grand
challenge of elucidating sophisticated cellular processes aris-
ing from the physical and temporal dynamics of thousands of
different biomolecules. In this context, the analysis of pro-
teomes, or proteomics, is of primary importance given the role
played by proteins as effector molecules within a cell (1).
Generally, two main approaches are prevalent in proteomics.
First and most commonly, proteins are analyzed after prote-
olysis by methodologies referred to as bottom-up proteomics
(BUP)' (2), extended bottom-up proteomics (eBUP) (3, 4) or
middle-down proteomics (MDP) (5, 6), depending on the av-
erage mass of the resulting proteolytic peptides (about 1-3,
3-5 and >5 kDa, respectively). Alternatively, intact proteo-
forms, gene products with their specific set of genetic and
chemical modifications (7), are characterized using the ap-
proach known as top-down proteomics (TDP) (8, 9). As the
only mass-spectrometry (MS)-based proteomic technology
that can characterize all sources of variability simultaneously
present on an intact protein molecule (10), such as post-
translational modifications (PTMs) or single nucleotide poly-
morphisms (SNPs), TDP offers unique advantages when com-
pared with proteolysis-based proteomics. Importantly, TDP is
not limited by the ‘protein inference’ problem that complicates
analysis of BUP, eBUP, and MDP data and negatively impacts
the specificity of these latter approaches (11). TDP ultimately
delivers highly specific information about biological events
otherwise impossible to study in a high-throughput manner,
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including endogenous protein processing and PTM cross-talk
(12), an important phenomenon in epigenetics (13) as well as
in cancer biology (14).

To achieve its full potential, TDP should fully characterize
the proteoforms present in a sample. Although high mass
resolution and mass accuracy MS, particularly Fourier trans-
form MS (FTMS) (15), can lead to the accurate determination
of a proteoform’s molecular weight, the precise identification
and localization of the sources of chemical and genetic vari-
ation present in a proteoform require tandem MS (MS?) ca-
pable of producing a variety of fragment ions distributed
throughout the entire primary structure. Traditional ion activa-
tion technologies cause extensive fragmentation of smaller
proteins, but present challenges when analyzing larger pro-
teins. The most used ion dissociation strategies are vibra-
tional excitation techniques (also known as “energy-thresh-
old” fragmentations), such as low energy collision-induced
dissociation (CID) and beam-style CID, including higher-en-
ergy collisional dissociation (HCD) (16). All vibrational excita-
tion technologies primarily lead to the detection of relatively
small terminal fragments when applied to large biomolecules,
leading to incomplete characterization of the amino acid se-
quence. Additionally, activation by vibrational excitation also
has the potential to produce a large humber of internal frag-
ments (i.e. fragment ions produced by at least two consecu-
tive fragmentation events that do not include either of the
proteoform termini), so that large canonical N- and C-terminal
ions (typically, b- and y-type ions) might be reduced to smaller
fragments, decreasing their spectral signal-to-noise ratio
(SNR) (17).

An alternative to vibrational excitation methods, radical-
driven fragmentation is based on the interaction between
analyte ions and electrons (18). The most popular electron-
based ion activation techniques for intact protein analysis are
electron capture dissociation (ECD) (19) and electron transfer
dissociation (ETD) (20). ECD and ETD can produce extensive
fragmentation (primarily through c- and z-ions) throughout the
entirety of the proteoform molecule, making them ideal for
targeted top-down MS experiments, even of very large pro-
teins (21-24). At the same time, the lack of specificity in
cleavage sites results in low SNR for a vast number of poten-
tial fragment ions which can be compensated primarily by
transient averaging, and furthermore both ECD and ETD re-
quire more time to implement than vibrational excitation, (25);
these two features limited so far the implementation of radical
driven fragmentation to large-scale TDP, with a few notable

" The abbreviations used are: BUP, bottom-up proteomics; UVPD,
ultraviolet photodissociation; HCD, higher-energy collisional dissoci-
ation; TDP, top-down proteomics; MDP, middle-down proteomics;
FTMS, Fourier transform mass spectrometry; SNR, signal-to-noise
ratio; ETD, electron transfer dissociation; ECD, electron capture dis-
sociation; C-score, characterization score; PTMs, post-translational
modifications; LC-MS, liquid chromatography-mass spectrometry;
FDR, false-discovery rate.

exceptions (26, 27). Recent studies by Coon and co-workers
demonstrated the potential offered by activating precursor
ions using IR photons during ETD experiments (the so-called
AI-ETD), and this strategy proved particularly useful for in-
creasing analysis throughput in TDP runs using both liquid
chromatography (LC) and capillary zone electrophoresis for
proteoform separation (28, 29). However, this promising in-
strument setup is still not commercially available.

Another fragmentation technique has existed for more than
three decades but is recently getting renewed attention by a
broad audience in the proteomic field. This type of fragmen-
tation relies on the interaction of ions with photons, where the
photon energy dictates the physical mechanism underlying
the dissociation of the polypeptide ion (30). Specifically, the
absorption of low-energy (~0.1 eV/photon) infrared photons
induces a progressive increase of ion internal energy, and
ultimately leads to the cleavage of the peptide bond. This
process, known as infrared multiphoton dissociation (IRMPD),
generates a series of b- and y-ions like other vibrational
excitation fragmentation methods (31). Conversely, the fast
energy deposition mechanism that characterizes the absorp-
tion of high-energy UV photons (~5-10 eV/photon) produces
a completely different fragmentation pattern, either through
the interconversion to vibrational energy of the initial elec-
tronic excitation (major pathway leading to bond rupture) or
via direct dissociation (cleavage occurring on the femtosec-
ond time-scale because of the generation of an excited-state
electron that occupies a dissociative orbital) (32, 33). This
process, called ultraviolet photodissociation (UVPD), was in-
troduced in the 1980s (34, 35) and has undergone a resur-
gence with further development given its unique properties.
Particularly, UVPD at 157 nm induced the complete backbone
fragmentation of singly-charged peptides with the formation
of the three main series of a/x, b/y and c/z-ions (some of which
were present in their radical form), as well as v and w side
chain-loss ions and immonium ions (36). Furthermore, irradi-
ation with 157 nm photons was also shown to cleave inter-
and intra-molecular disulfide bonds (37). UVPD with 193 nm
photons generated via an ArF excimer laser produces the
same fragment ion types (38), and when applied to intact
proteins resulted in nearly full sequence coverage of 29 kDa
carbonic anhydrase (39). 193 nm UVPD also demonstrated
very low dependence on the precursor charge state, unlike
ETD or HCD. This feature underlies the recently reported
application of UVPD for the dissociation of protein complexes
under native MS conditions, where precursor cations are
characterized by low charge density (40, 41). In consideration
of these appealing premises, Cannon et al. applied 193 nm
UVPD to the characterization of intact proteoforms on the LC
time scale. This pioneering TDP study led to the identification
of 46 UniProt entries from purified ribosomes of Escherichia
coli, versus 44 identified by HCD (42). More recently, Cleland
et al. used the same ArF 193 nm laser in combination with a
Tribrid Orbitrap mass spectrometer to characterize proteo-
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forms in Hela cells, demonstrating that 193 nm UVPD pro-
duced a higher average sequence coverage than HCD (43).
Finally, a recent study also demonstrated the possibilities
offered by UVPD performed using 355 nm photons on poly-
peptide ions generated with either electrospray or matrix-
assisted laser desorption ionization (44).

Here, we describe the implementation of UVPD based on
213 nm photons generated by the 5™ harmonic of a solid-
state Nd:YAG laser. Previous studies in which 213 nm UVPD
was coupled to a quadrupole-Orbitrap mass spectrometer
showed that photons at this wavelength induced polypeptide
fragmentation similar to that achieved with 193 nm photons
(45-49). Notably, all previous proteomics studies based on
1983 nm UVPD were carried out at a laser power of ~1-2
mJ/pulse, whereas the 213 nm laser beam power is much
lower at 25 pJ/pulse in this study. This difference is counter-
balanced by a higher pulsing frequency of the solid-state
device. Importantly, the Nd:YAG laser is considerably more
economical than an excimer 193 nm laser. In our study, we
first benchmarked the performance of 213 nm UVPD on a
quadrupole-Orbitrap-linear ion trap mass spectrometer using
standard proteins with masses ranging from 8.5 to 29 kDa.
We subsequently performed the high-throughput analysis of
proteoforms <30 kDa from one prokaryote, Pseudomonas
aeruginosa, and two eukaryotic organisms, Mus musculus
and Homo sapiens. To fully assess the potential offered by
this newly introduced ion activation method, 213 nm UVPD
was compared with traditional HCD-based TDP not only in
terms of the total number of unique proteoforms and UniProt
entries identified, but more importantly in regard to the quality
of proteoform characterization as measured by sequence
coverage and proteoform characterization score (C-score)
(50). Finally, we analyzed the 213 nm UVPD data with a focus
on the propensity to form different types of product ions, in
order to improve database searching. In summary, with the
present study we provide a comprehensive guide to efficiently
perform TDP using 213 nm UVPD.

EXPERIMENTAL PROCEDURES

Chemicals—Water, acetonitrile (ACN), chloroform, methanol, ace-
tic acid, and formic acid (FA) were purchased in LC-MS purity grade
(Fisher Scientific, Rockford, IL). Dithiothreitol (DTT), phosphate buff-
ered saline (PBS), penicillin-streptomycin, and HALT protease and
phosphatase inhibitor mixture were obtained from Thermo Fisher
Scientific. Sodium butyrate, sodium dodecyl sulfate (SDS), Dulbec-
co’s Modified Eagle’s Medium, lyophilized ubiquitin (U6253), trypsin-
ogen (T1143), and myoglobin (M5696) were purchased from Sigma
Aldrich (St. Louis, MO).

Preparation of Samples for High-throughput Proteomics—Pseu-
domonas aeruginosa (strain PAOT) cells were cultured in rich media
and harvested at mid-log phase. Mouse cardiac myocytes were ob-
tained from adult mice as previously reported (51). Briefly, mouse
hearts were prepared for protein extraction by cryopulverization using
a Retsch Mixer Mill MM400 (frequency 30 Hz, 2 min cycle), keeping
tissue samples in liquid nitrogen between two consecutive milling
sessions. Primary IMR90 human fibroblasts were cultured as previ-
ously described (52). Briefly, cells were grown adherently in Dulbec-

co’s Modified Eagle’s Medium, supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. At 80% confluence, cells were
pelleted by centrifugation and washed with PBS. For all samples
(either cell pellets or tissue powder), cell lysis was carried out with a
buffer composed of 4% SDS (w/v), 1 mm DTT, 10 mm Tris-HCI pH =
7.8, 10 mm sodium butyrate, and HALT protease and phosphatase
inhibitor mixture diluted according to the manufacturer’s recommen-
dation. Resuspended cell pellets were boiled in lysis buffer for 10 min
under shaking (600 rpm). Proteins in the cell lysate were purified by
acetone-precipitation at —20 °C overnight, and the resulting protein
pellets were re-solubilized using 1% SDS (w/v). Protein quantification
was performed by BCA assay (Pierce BCA Protein Assay Kit, Thermo
Scientific). Prior to online liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis, proteins were subjected to molecular
weight (MW) fractionation with a GELFrEE 8100 Fractionation System
(Expedeon, Harston, Cambridgeshire, UK) using a 10% T cartridge
(563). One or two lanes were loaded with 350-500 ug of protein each,
and the first 5 or 6 fractions (which include the proteins <30 kDa)
were collected. GELFrEE fractions were analyzed by SDS-PAGE
(10 ul loaded/lane) and visualized by silver staining (supplemental Fig.
S1). Each fraction was purified by MeOH/CHCI4/H,O precipitation
according to a previously described protocol (54). Pellets were resus-
pended in Solution A (vide infra). For P. aeruginosa, a single lane was
used. For the mouse hearts, corresponding fractions from two differ-
ent lanes (e.g. fraction 1 of each lane) were pooled in order to obtain
enough homogeneous material for multiple LC injections, as previ-
ously described (55). For the IMR90 proteins, GELFrEE fractions from
a single lane were analyzed in a specific set of experiments without
pooling, and 2 lanes in total were used (one for HCD and one for
UVPD).

Liquid Chromatography— Proteoforms from each GELFrEE fraction
were subjected to nanocapillary reversed-phase liquid chromatogra-
phy performed on a Dionex Ultimate 3000 chromatographic system
(Thermo Scientific, Sunnyvale, CA). Two main setups, previously de-
scribed in detail, were used (55, 56). P. aeruginosa and mouse heart
samples were separated using the combination of an in-house pre-
pared trap column (150 uwm i.d., 25 mm length) and analytical column
(75 wmi.d., 250 mm length) packed with PLRP-S resin (5 um particle
size, Agilent, Santa Clara, CA). Separations were carried out at 300
nL/min. IMR90-derived proteins were separated using monolithic trap
(PepSwift, 200 um i.d., 20 mm length, Thermo Scientific) and analyt-
ical columns (RP-4H, 100 um i.d., 500 mm length, Thermo Scientific)
at a 1 wl/min flow rate. Samples loaded on the trap column in 100%
Solution A were separated using a gradient of Solution B from 5 to
15% in 2 min, followed by a ramp to 50% in 50 min. Columns were
washed using 95% B for 5 min followed by re-equilibration at 5% B
for 15 min. Solution A was composed of 4.8% ACN in H,O with 0.2%
FA, whereas Solution B consisted of 4.8% H,O in ACN and 0.2% FA.
The column temperature was set to 55 °C and 35 °C for PLRP-S and
RP-4H, respectively. The column outlet was coupled to a nanoelec-
trospray ionization (nanoESI) source built in-house. This source em-
ployed a 15 umi.d. electrospray emitter (New Objective, Woburn, MA)
packed at the tip with ~5 mm of PLRP-S resin to prevent outgassing.

Mass Spectrometry—All MS experiments were carried out on an
Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific, San
Jose, CA) operated in “protein mode” with 2 mTorr N, in the HCD cell.
The instrument was controlled through Tune v. 3.0 (Thermo Scien-
tific). For all measurements the high capacity transfer capillary tem-
perature was set at 320 °C, the ion funnel RF was set at 30%, and a
15 V offset between SRIG and MP00 was used to improve desolva-
tion and declustering. Top-down MS acquisition parameters were set
as follows (unless otherwise stated): broadband MS (MS') used
120,000 resolving power (at m/z 200), with an automatic gain control
(AGC) target value of 2e5. MS? spectra were acquired at 60,000
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resolving power (at m/z 200), with target AGC values of 2e5 or 5e5.
Four microscans were averaged for both MS' and MS2. The UVPD
setup is like that described previously (47, 48) (supplemental Fig. S2).

For direct infusion experiments, proteins were resuspended at 1 um
concentration in a mix of H,O (49.9%), ACN (49.9%) and acetic acid
(0.2%). Each single protein was infused at 5 ul/min (via syringe pump)
to an lonMax electrospray source (Thermo Scientific) operating at 3.5
kV. Acquisition was performed via Tune, and each acquisition method
applied either a single normalized collision energy (NCE) value for
HCD or a specific number of laser pulses for UVPD, and sequentially
fragmented different precursor charge states (four charge states for
ubiquitin and five charge states for both myoglobin and carbonic
anhydrase) selected in the quadrupole using a 5 m/z isolation window.

For LC-MS/MS experiments using the nanoESI source, a 2.1 kV
potential was applied through a PEEK high voltage union intercon-
necting the LC column and spray emitter. Precursor ions were qua-
drupole selected using a 3 m/z isolation window. The dynamic exclu-
sion option was used with a 60 s duration. Data acquisition was
performed by applying a data-dependent top-2 method, with the two
most abundant precursors selected for fragmentation.

Experimental Design, Data Analysis and Statistical Rationale—In
direct infusion experiments, each targeted precursor was fragmented
for 30 s, corresponding to ~50 spectra. Each spectrum was analyzed
separately, and mean and standard deviation values for sequence cov-
erage and ratio of matched versus unmatched fragment ions were
calculated. All LC-MS/MS experiments for a single GELFrEE fraction
and a selected ion activation method (i.e. HCD or UVPD) were repeated
in triplicate. In the case of HCD, the Normalized Collision Energy (NCE)
was set at 23%, 24%, and 25% for the first, second and third technical
replicate, respectively. For UVPD we applied a differing number of
pulses that were increased in steps of 5 pulses across the technical
replicates (from a minimum of 30 to a maximum of 65, depending on the
GELFrEE fraction) following an order specified in supplemental Table
S1. RAW files from LC-MS/MS experiments were analyzed through
TDPortal 1.0 (http://nrtdp.northwestern.edu/tdportal-request/), accord-
ing to a previously described workflow (26, 55). Briefly, a cRAWIer
algorithm grouped deconvoluted MS? spectra and corresponding pre-
cursor neutral masses. Deconvolution was carried out with Xtract
(Thermo Scientific). The resulting combinations of precursor and frag-
ment masses were searched against a database of candidate proteo-
forms generated from a UniProt formatted text file for P. aeruginosa
(Taxon ID: 208964, Proteome ID: UP000002438), Mus musculus (Taxon
ID: 10090, Proteome ID: UP000000589) or Homo sapiens (Taxon ID:
9606, Proteome ID: UP000005640). The proteoform search space was
generated in silico, allowing up to 11 PTMs or sequence variations per
candidate proteoform. Three different database searches were run in
parallel for the same set of masses, including: (1) an Absolute Mass
search with precursor tolerance of 2.2 Da; (2) a Biomarker search with
10 ppm precursor tolerance; (3) an Absolute Mass search with 200 Da
precursor tolerance applying the Am mode to account for unexpected
modifications. The tolerance applied to fragments was 10 ppm. Each
forward hit consisted of a proteoform with associated p-score (57),
E-value (58) and C-score (50). An instantaneous g-value was also as-
sociated with each identified proteoform, as a result of searching a
decoy database and using a false-discovery rate (FDR) estimation (for
which a scrambled version of the UniProt database is used) (59). Distinct
g-values were obtained separately for each of the three searches. After
single FDR cutoffs were determined for each search, a global FDR
estimation was finally generated according to the procedure described
by Higdon et al. (60), using only the hit with the best g-value obtained
from the three searches. Identical FDR calculations were applied at the
protein isoform and UniProt entry (protein) level. All reported proteo-
forms and entries derived from a 1% FDR cutoff. A unique ProteoForm
Record number (PFR) was assigned to confidently identified proteo-

forms. Identified proteoforms with a C-score >40 were uploaded to an
online repository hosted by the Consortium for Top Down Proteomics
(http://repository.topdownproteomics.org/) and cross-referenced by
UniProt. Graphical fragmentation maps were obtained using ProSight
Lite (available at http://prosightlite.northwestern.edu/) (61, 62). Heat-
maps representing the propensities of HCD and UVPD to cleave be-
tween specific pairs of amino acid residues were generated according
to the procedure described by Haverland et al. (63).

RESULTS

Performance of 213 nm UVPD on Standard Proteins—For
the initial evaluation of UVPD performance, three standard
proteins of different molecular weight (MW) were used: ubig-
uitin (8.5 kDa), myoglobin (17 kDa), and carbonic anhydrase
(29 kDa). Similar to other dissociation techniques capable of
producing high protein sequence coverage—namely ETD and
ECD—in 213 nm UVPD experiments a large part of the pre-
cursor current is not directly transformed into sequence-in-
formative, dissociated product ions, probably because of
poor photon absorption—although, unlike ECD and ETD,
UVPD does not generate charge-reduced species. As men-
tioned previously, with 213 nm UVPD it is possible to com-
pensate for the low power of the solid-state Nd:YAG laser by
using multiple laser pulses to activate and dissociate protein
cations. For standard proteins directly infused into the ESI
source of the Tribrid mass spectrometer, the decrease in
precursor peak area and simultaneous increase in fragment
ion area as a function of applied 213 nm laser shots can be
easily calculated (supplemental Fig. S3). A precursor “half-
life” (t,,.) can be estimated by fitting the obtained data points.
This half-life is roughly inversely proportional to the collisional
cross-section of the protein (which typically increases with the
mass of a denatured protein cation). Supplemental Fig. S4
shows the sequence coverage obtained for myoglobin and
carbonic anhydrase as a function of the number of used laser
pulses. Empirically, it was possible to determine that the
maximum sequence coverage for each standard protein was
obtained at several pulses corresponding to approximately
three times t,,, when the spectra were collected at 120,000
resolution (at 200 m/z) using 100 microscans. However, such
conditions do not reflect the actual parameters used in pro-
teomic experiments, where the elution of proteins from an
on-line coupled column dictates rapid fragmentation and
spectral acquisition. Therefore, we recorded spectra with 4
microscans/spectrum, and compared 213 nm UVPD with
HCD to provide a direct comparison to the most used ion
activation technique in TDP. Initially, both HCD and UVPD
main parameters (NCE for HCD and the number of laser
pulses for UVPD) were varied to determine whether optimal
values could be identified to generate maximized sequence
coverage and fraction of matched product ions. For HCD,
NCE was increased in steps of 2% from 14% to 30%. The
number of pulses in UVPD was increased in steps of 5, from
5 to 60. Four different precursors were isolated and subse-
quently fragmented in the case of ubiquitin, namely the 8+,

408

Molecular & Cellular Proteomics 19.2


http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1
http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1
http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1
http://nrtdp.northwestern.edu/tdportal-request/
http://repository.topdownproteomics.org/
http://prosightlite.northwestern.edu/
http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1
http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1

Benchmarking 213 nm UVPD for Top-Down Proteomics

>

HCD

80

60+

404

Sequence coverage, %

14 16 18 20 22 24 26 28 30

Normalized collision energy, %

I
[}

© o o ©
M @ & 9

Matched / Total fragment ratio ()
o

o
o

14 16 18 20 22 24 26 28 30

Normalized collision energy, %

B UVPD
80
ES
q; 607 %W
(=)
©
]
3 401
o —e— Carbonic anhydrase
© —=— Myoglobin
o —a— Ubiquitin
c 1
R SR M
3
o
3 01 -— = = 5 = —

0 10 20 30 40 50 60

Number of pulses

o
)

—e— Carbonic anhydrase
—a— Myoglobin
—a— Ubiquitin

o
S

°c o o
M ow B

Matched / Total fragment ratio O
o

o
=)

10 20 30 40 50 60

o

Number of pulses
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the sequence coverage for the three standard proteins ubiquitin (8.5 kDa), myoglobin (17 kDa) and carbonic anhydrase (29 kDa) as a function
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10+, 11+ and 13+ charge states, whereas five were selected
for both myoglobin (14+, 16+, 20+, 24+, 25+) and carbonic
anhydrase (29+, 32+, 35+, 38+, 43+). Fig. 1A and 1B show
the sequence coverage obtained for the three proteins as a
function of the fragmentation parameters for HCD and UVPD.
Although these graphs average the results obtained for all the
analyzed charged states, it is apparent (particularly in the case
of ubiquitin) that under these experimental conditions the
selection of the correct NCE in HCD is fundamental to obtain
the best sequence coverage possible, whereas in UVPD the
variation of the number of pulses does not substantially alter
the final sequence coverage.

When the ratio between fragments matched to the protein
sequence relative to the total number of detected fragments is
considered, HCD and UVPD again exhibit different behavior.
Fig. 1C shows that in HCD the best ratio is obtained around
narrow windows of NCE values which are centered on differ-
ent values for proteins of different masses. Specifically, ubig-
uitin has the highest matching fragment ratio at low NCE
values (14-18%), whereas the opposite happens for carbonic
anhydrase, which reaches the best ratio at high NCE values
(26-30%). Myoglobin is in between, requiring low NCE val-
ues, but in a less pronounced fashion than ubiquitin. Con-
versely, UVPD shows very little variation in the matched/total

fragment ratio as the number of laser pulses increases: all
three proteins reach their best ratio at the lowest number of
pulses. However, the decrease in that ratio observed from 5 to
60 pulses is very limited for ubiquitin and myoglobin, and
slightly higher for carbonic anhydrase (Fig. 1D). When se-
quence coverage and ratio of matched/total fragment ions is
analyzed as a function of the protein charge density (calcu-
lated as number of charges of the precursor per kDa of protein
average mass), HCD and UVPD demonstrate further differ-
ences. In HCD, at least one of the proteins, myoglobin, ex-
hibits a clear trend toward lower charge density precursors to
produce the best sequence coverage, whereas a less obvious
trend toward higher charge density precursors is shown by
ubiquitin. Interestingly, the sequence coverage of carbonic
anhydrase stays constant throughout the entire charge den-
sity range investigated (Fig. 2A). In UVPD, both myoglobin and
carbonic anhydrase reach the same level of sequencing inde-
pendently of the charge state of the isolated precursor, and
ubiquitin shows variations that do not indicate any clear trend,
which might potentially be related to variations in the protein
conformation rather than the charge density itself (Fig. 2B).
Regarding the matched/total fragment ratio, in HCD, only
myoglobin shows a clear propensity to return higher ratios
when low charge state precursors are selected for fragmen-
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Fic. 2. Sequence coverage and ratio of matched/total fragment ions as a function of charge state density of protein precursors in
HCD and UVPD. The charge density is expressed as number of charges per kDa of protein average mass. Fig. 2A and 2B show the variation
in sequence coverage for the three standard proteins for HCD and UVPD, respectively. Fig. 2C and 2D display the dependence of the fraction
of matched ions over charge state density for HCD and UVPD, respectively. In these plots, all the applied NCE values (for HCD) or number of
laser pulses (for UVPD) are averaged together. Error bars correspond to standard deviation.

tation, whereas the other two proteins do not display any clear
tendency (Fig. 2C). Conversely, proteins fragmented by UVPD
show moderate but consistent variations along the charge
density axis, with ubiquitin and myoglobin having their related
matched/total fragment ratios increased with charge density
whereas carbonic anhydrase exhibits an opposite trend.
However, charge density-based variations are minor in UVPD
(ubiquitin and myoglobin increase the ratio from a minimum of
0.3 and 0.14 to a maximum of 0.39 and 0.25, respectively,
whereas for carbonic anhydrase the ratio decreases from 0.22
to 0.13), whereas in HCD the changes are more apparent with
the ratio for myoglobin passing from a maximum of 0.27 to a
minimum of 0.06 (Fig. 2D). Importantly, we also used these
MS? spectra recorded under typical proteomic conditions to
determine the propensity of 213 nm UVPD to generate each of
the 9 types of termini-containing product ions first attributed
to 193 nm UVPD in 2013 (39) (i.e. a, a+, b, ¢, X, x+, y, y—, Z°,
where “+” and “—” respectively indicate the presence or
absence of an extra hydrogen compared with the standard ion
form) (supplemental Fig. S5) (64). Like for 193 nm UVPD, the
most abundant class of N-terminus containing ions was a/a+-
type ions (39). In terms of C-terminus containing ions, 193 nm
UVPD produces mainly z°-type ions whereas UVPD at 213 nm
primarily generated x/x+-type ions in the case of ubiquitin and
myoglobin, and y/y~ for carbonic anhydrase.

213 nm UVPD Top-down Proteomics and Standard Data-
base Search—Proteoforms <30 kDa from P. aeruginosa, M.
musculus and H. sapiens were analyzed by LC-MS/MS, with
each single GELFrEE fraction characterized both by HCD and
213 nm UVPD. For the initial database search, two ion types
(i.e. b- and y-ions) were considered for HCD, whereas all nine
canonical termini-containing ions were included for UVPD
data. A summary of the results is reported in supplemental
Fig. S6. HCD fragmentation returned a larger number of both
UniProt entries and proteoforms identified at 1% FDR (an
average increase of +32% and +111% at the protein and
proteoform level, respectively). Notably, the majority of re-
ported UniProt entries were identified by both HCD and UVPD
(specifically, 68.6%), 56.9%, and 57.1% of the total for bac-
terial, mouse and human samples, respectively). However, the
situation is radically different at the proteoform level, where
fewer than a third of the total identified proteoforms are iden-
tified by both HCD and UVPD (22.7%, 18.9%, and 28.3%,
respectively). The lower identification numbers obtained by
UVPD are counterbalanced by the greater characterization
provided by this type of ion activation compared with HCD.
Supplemental Fig. S7 shows an increase in average proteo-
form sequence coverage by UVPD fragmentation over HCD
for each analyzed sample (a 48%, +27%, and +27% im-
provement for P. aeruginosa, M. musculus and H. sapiens,
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respectively). Additionally, UVPD outperformed HCD in terms
of the fraction of identified proteoforms that are fully charac-
terized (i.e. with an associated C-score >40). The right panels
of supplemental Fig. S7 show the C-score distributions for the
three proteoform datasets, and the fully characterized fraction
of the datasets by UVPD is equivalent to 100, 77.3 and 86.3%
of the total for P. aeruginosa, M. musculus and H. sapiens,
respectively. For the human fibroblasts, HCD returned 410
fully characterized proteoforms versus 392 for UVPD, despite
the total number of proteoforms identified by UVPD being only
~57% of those identified by HCD. Interestingly, the advan-
tage in characterization offered by UVPD seems to not be
limited to a specific mass range. Supplemental Fig. S8 dis-
plays the C-score distribution for the proteoforms identified in
the HCD and UVPD data sets as a function of MW, and with
the exception of very small proteoforms (average mass <5
kDa), the fraction of proteoforms with C-score >40 is always
larger for UVPD than for HCD. Notably, the analysis of the
proteoforms identified by both HCD and UVPD in mouse and
human samples (supplemental Fig. S9 and S10, respectively)
shows that 213 nm UVPD returns +16% and +12% proteo-
forms with C-score >40 compared with HCD for the two data
sets, respectively. Although the average sequence coverage
obtained by the two fragmentation techniques for this sub-
group of proteoforms is comparable (for instance, in the case
of human proteoforms the average sequence coverage
yielded by HCD is 30% whereas for UVPD it is 31%), 213 nm
UVPD can often provide better localization of PTMs, single
amino acid substitutions or other modifications than HCD
(Fig. 3).

Analysis of 213 nm UVPD Product lons and Consequences
on Database Search—The analysis of the population of
matched product ions for standard proteins (supplemental
Fig. S5) or monoclonal antibodies characterized in previous
studies (48) suggested that not all fragment ion types might be
produced with equal frequency by 213 nm UVPD (or, possibly,
that their long-term stability is not identical). We performed a
product ion analysis considering the nine fragment ion types
for each proteoform spectral match (PrSM) (59) from the three
available data sets (i.e. bacterial, mouse, human). The results,
summarized in Fig. 4, clearly show that two fragment types
alone, a and a+, account for more than 50% of all matched
ions in each proteome context studied here. Notably, the
relative abundance associated with each ion type remains
highly consistent from one data set to the other. Considering
these results, we performed new database searches while
progressively removing ions one-by-one in inverse order of
abundance, until we searched only one ion type (a@+, the most
abundant). We then reported the variation in identified UniProt
accession numbers, unique proteoforms (both calculated at
1% FDR), and average sequence coverage as a function of
ion types (Fig. 5A-5C and supplemental Fig. S11). The graphs
for all three proteomes share the same trend, and specifically
they reach maxima in the number of entry and proteoform

identifications when the four most abundant ion types (@+, a,
x+ and y—) are used (with the only exception of the unique
proteoform in the human data set, reaching the maximum
when only one ion type is considered, Fig. 58). Removing the
five least abundant product ion types results in losing 5-6%
of total backbone cleavages previously matched when using
all nine canonical fragments (Fig. 5C and supplemental Fig.
S11C). However, the C-score distribution is not substantially
affected by the sequence coverage reduction, as displayed in
Fig. 5D. Detrimental effects on proteoform characterization
are instead observed when only a+-ions are searched (Fig.
5D gray histogram). Database search results obtained by
including only the four most abundant product ion types are
summarized in Fig. 6. Compared with the Venn diagrams
derived from the canonical search results (supplemental Fig.
S6), the new plots show not only an increase in the total
number of identifications for UVPD (on average of +14% for
UniProt entries and +31% for proteoforms), but also that
most of the additional identifications correspond to entries or
proteoforms previously identified by HCD (i.e. shared be-
tween HCD and UVPD). Remarkably, not only did the adop-
tion of optimized search parameters reduce the identification
gap between HCD and UVPD, but for the first time a higher
number of UniProt accession entries were identified in the
same sample using UVPD over HCD (human data set, 245
versus 265 identified entries for HCD and UVPD, respectively).

A Product lon Type Specific for Photodissociation with 213
nm Photons—The manual validation of tandem mass spectra
of standard proteins suggested that a product ion type,
X+x+, notincluded in the canonical list of UVPD product ions
(which was originally based on studies with 193 nm photons)
could be generated by 213 nm UVPD at the N-terminus of
Pro. This finding was confirmed by performing the database
search of the UVPD human data set including the newly
discovered ion in the product ion list. The heatmap in supple-
mental Fig. S12 shows strong evidence that y-2-ions are
produced by UVPD, almost exclusively at the N-terminal side
of proline residues. Oftentimes these ions are among the most
abundant in 213 nm UVPD spectra, as shown in supplemental
Fig. S13 and S14.

DISCUSSION

Applying 213 nm UVPD to Targeted or High-throughput
Top-down MS—The primary goal of this study was to evalu-
ate the performance of the newly introduced 213 nm UVPD
setup combined with high resolution Orbitrap FTMS for high-
throughput TDP. This type of application demands highly
specific instrument settings, particularly for tandem MS, as a
fine balance between acquisition rate/duty cycle optimization
and spectral quality must be achieved. Specifically, with the
increase of MW, the dissociation of a polypeptide produces
progressively more complex spectra with a larger number of
different fragment ions that are often multiply-charged. With
the precursor ion current split into a multitude of fragmenta-
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Fic. 3. Comparison between HCD and 213 nm UVPD fragmentation of proteoforms on the LC time scale. Tandem mass spectra for
proteoform PFR 13328 (from UniProt entry P60468) are shown: Fig. 3A displays the HCD MS? spectrum whereas Fig. 3B represents the UVPD
spectrum. Note that whereas the base peak in Fig. 3A is represented by the product ion b,;8* (m/z 916), the UVPD MS? spectrum is largely
dominated by the undissociated precursor (m/z 764), as it is often the case for UVPD, and product ion intensities have been magnified 5-fold.
Despite similar sequence coverage and number of matched fragments, only 213 nm UVPD could precisely localize the phosphorylation at
Ser16; in the case of HCD, Ser12 and Ser13 - annotated in UniProt as potential phosphorylation sites - cannot be ruled out. The
complementarity between backbone cleavages induced by HCD (covering only the C-terminus) and UVPD (fragmenting primarily in the middle

of the sequence, but also in part of the N-terminus) is apparent.

tion channels, ion statistics becomes a fundamental param-
eter to finely control. To improve spectral signal-to-noise ratio
(SNR) for low abundant fragment ions, the most employed
strategy in FTMS is the acquisition of multiple time-domain
transients (i.e. microscans) that are summed prior to Fourier
transformation. However, the number of microscans that can

be averaged in high-throughput experiments is limited, as the
instrument cycle time cannot be extended over the limits that
are imposed by the chromatographic time scale. Moreover,
activations based on vibrational excitation such as CID and
HCD are highly efficient in converting the precursor ion cur-
rent into fragment ion current usable for obtaining sequence
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information—without the need of supplemental activation—
when compared with other activations, including UVPD (Fig.
3) (65, 66). Ultimately, these features allowed HCD to become
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Fic. 4. Breakdown of matched fragment ions by type derived
from 213 nm UVPD experiments. The histogram shows the relative
frequency of each ion type within the total population of matched
fragment ions generated by 213 nm UVPD. Color coding distinguishes

between the bacterial (orange), mouse (gray) and human (blue) data
sets. All nine canonical ions produced by UVPD are considered.
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the standard ion activation technology for TDP, and at the
same time limited the application of other activation tech-
nigues such as ECD/ETD (18) primarily to targeted top-down
MS experiments. In these experiments, where a single purified
protein is directly infused for a prolonged time (67) or analyzed
in a series of LC-MS/MS runs from which time-domain tran-
sients are collected and summed (68, 69), high spectral SNR
can be achieved for many more product ions. An example
clearly illustrating the differences between targeted and high-
throughput top-down experiments is given by recent applica-
tions of activated ion ETD: Riley et al. used multiple Orbitrap
fills (three, with that increasing ~3 times the final spectral
SNR) and averaged 3 microscans/spectrum for characterizing
AI-ETD in targeted mode (which also took advantage of ex-
tremely high resolving power, 240,000 at m/z 400, for MS?
spectra) (70). Conversely, the same research group applied
conditions similar to those of our study (SNR improvement
obtained averaging 4 microscans/spectrum, and MS? spectra
recorded at resolving power 60,000 at m/z 200) when using
Al-ETD in high-throughput mode (29). Because of the sub-
stantial difference in the data acquisition parameters, in the
present study we sought to characterize 213 nm UVPD by
separately performing targeted and large-scale top-down ex-

B

700

(2]
a
(=}

[o2]
o
o

Unique proteoforms
o (%))
o (9]
o o

N
a
o

N
o
o

9 8 7 6 5 4 3 2 1
Number of ion types considered

< 100

c 90

2

5 80

£ 70 I 9 ion types

£ 60 [ 4 ion types

1 .

% [ 1 ion type

2 50

S 40

S

§ 30

= 20

g 10

2 . mm ]|
<3 3-40 > 40

C-score

Fic. 5. Variation of database search results for UVPD experiments as a function of considered product ion pool. Fig. 5A and 5B show
the variation in the number of unique UniProt accession and proteoforms identified at 1% FDR, respectively, as a function of the considered
number of ions. Fig. 5C shows the decrease in sequence coverage produced by the reduction in the pool of product ions considered in the
database search. Fig. 5D displays the C-score distribution for pools of nine, four, and a single product ion. All graphs refer to the H. sapiens
data set. Product ions were removed from the canonical list of nine starting from the least abundant type, according to the relative frequency

analysis summarized in Fig. 4.
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Fic. 6. Comparison of HCD results versus UVPD considering
the four most abundant ion types. A, B, and C, display Venn
diagrams for P. aeruginosa, M. musculus and H. sapiens, respectively.
The left column refers to UniProt accession whereas the right column
refers to unique proteoforms.

periments. When used for targeted top-down MS, 213 nm
UVPD shows sequencing capabilities in line with those of 193
nm UVPD (supplemental Fig. S15). Furthermore, in targeted
mode it is possible to determine an optimal number of laser
pulses to achieve the maximum sequence coverage for pro-
teins of different MW (supplemental Fig. S4). The finding that
~3x the ‘t,,,’ yields near optimal sequence coverage can be
optionally used by the data acquisition software to automat-
ically determine the number of laser shots based on the
precursor mass, when this is calculated on-the-fly (primarily in
the case of peptides or small proteins). However, when aver-
aged microscans are reduced to 4/spectrum, as in LC-
MS/MS TDP experiments, the maximum sequence coverage
obtained via HCD or UVPD on standard proteins was similar
(Fig. 1 and 2). Nevertheless, although HCD showed a sub-
stantial dependence on NCE and charge state density of the
selected precursor, UVPD was less dependent on equivalent
parameters (i.e. number of laser pulses and precursor charge
density) and led to a relatively constant level of protein se-
quencing. This characteristic can be fundamental in TDP,
where the selection of precursor ions for tandem MS is a
stochastic process. Furthermore, exposing protein cations to
multiple laser shots does not seem to significantly alter the
matched/total fragment ion ratio (Fig. 1D), an important fea-
ture when the statistical confidence of identifying a specific
proteoform in high-throughput TDP experiments is based on
a p-score (vide infra). Finally, although we clearly demon-

strated that proteomics-like conditions differ dramatically
from those used in targeted top-down MS experiments, we
took advantage of the MW-based pre-fractionation of ex-
tracted proteins facilitated by GELFrEE to estimate an optimal
number of laser pulses for each fraction to analyze by LC-
MS/MS. The number of laser pulses, reported in supplemental
Table S1, was progressively reduced for higher MW fractions.
Applying this tuning strategy would be difficult for the more
powerful 193 nm excimer lasers, where 1 or 2 laser pulses are
used with limited possibility of power dampening (71).

A New Set of Database Search Parameters for UVPD—The
latest technological advances in MS (in particular the devel-
opment and application of hybrid tandem MS technologies)
(72) are being successfully applied to top-down proteomics,
necessitating the investigation of the performance of 213 nm
UVPD on different proteomes with various degrees of com-
plexity. We calculated the average number of annotated
PTMs per gene product (i.e. UniProt entry) being equal to only
0.087 for P. aeruginosa, whereas this number dramatically
grows to 2.76 and 2.55 for mouse and human, respectively.
This difference could be explained considering that P. aerugi-
nosa expresses fewer protein-modifying enzymes and lacks
histones, but we believe that another contributing factor is
that mouse and human proteomes are among those anno-
tated more in detail because of a high number of proteomic
laboratories focused on these two organisms. Regardless, the
different levels of complexity of the samples is reflected in
supplemental Table S2, which reports the absolute numbers
and relative percentages of post-translationally modified pro-
teoforms identified for the three sample types. For the two
mammalian proteomes, the fraction of identified proteoforms
exhibiting PTMs exceeds 70% of the total. 213 nm UVPD has
proven to be capable of fully characterizing proteoforms (i.e.
C-score >40) more often than HCD. However, previous com-
parative studies (43) have shown that UVPD exhibits a gap in
identification performance compared with HCD. Through the
analysis of the relative frequencies of occurrence of the nine
fragment ions produced by UVPD, we have determined that
including in the database search a subset restricted to the
four product ion types produced with the highest propensities
leads to improved identification results. The conclusion that
searching for four ion types represents the optimal choice for
UVPD data is not only reached considering the increased
identification numbers (both at the protein entry and proteo-
form levels), but is also supported by the observation that the
use of this subset of product ions primarily increases the
number of UVPD identifications that are shared with HCD. In
other words, it seems that the new search parameters
improved the recovery of proteoforms and protein entries
present within the sample. Importantly, the increase in iden-
tifications is obtained for both bacterial and mammalian pro-
teomes, although the relative increase in identifications is
more similar between the mammalian data sets. Supplemen-
tal Table S2 also indicates that the increase in proteoform
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identification was constant for both unmodified and modified
proteoforms. To explain these results, we need to consider
that the FDR calculation is based on g-values derived from
p-scores. The p-score is based on a Poisson distribution (Eq.
1) (73):

(Xf )nefxf

P(nf) =— (Eq. 1)

Where P(n,f) is the probability of a random proteoform match,
f is the total number of detected ions, and n the number of
matching ions. A key variable is x, which corresponds to the
mean probability of matching one ion by chance, Eq. 2:

X=9917 X (2 X M,) X nPossFrags (Eq. 2)
with 111.1 being the mass of averagine (74) and M, the
defined mass accuracy (tolerance) for fragment ion match;
nPossFrags is instead a parameter that specifies the number
of potential fragment types that can be used to assign a
backbone cleavage. The p-score originally used nPoss-
Frags = 2, as it was developed for beam-style CID, where only
b- and y-ions are typically produced. This number needs to be
dramatically increased for UVPD (nPossFrags = 9) if all prod-
uct ions are considered (and this is what was done for the
standard search in this study and in the past (42, 43)). How-
ever, this leads to an overestimation of x, as normally most of
these 9 product ions are not actually produced by UVPD, or
their relative abundance is low enough to prevent their detec-
tion unless the spectral SNR is increased by extensive tran-
sient/spectrum averaging. Including all the 9 canonical ion
types would make sense only if they were produced with
similar frequency, as increasing the number of ion types con-
sidered generally decreases the p-score obtained for a given
number of matched ions: in other words, if 9 ion types are
considered, reaching good p-score values (for passing the
FDR cutoff) requires a higher number of matched ions in a
spectrum (supplemental Fig. S16). This, combined with the
fact that to offset increased false-positive ion match rates the
FDR cutoff shifts toward stricter p-score requirements as
the number of considered ion types increases, explains the
reduced identification rates when 9 product ion types are
used for the database search. Considering that the number of
identified proteoforms increased by 35 and 39% (for human
and mouse data sets, respectively) when setting nPos-
sFrags = 4, we resolved to include only a+, a, x+, and y-
product ions in future database searches of UVPD LC-MS/MS
top-down data.

Why 213 nm UVPD Can Characterize Proteoforms Better
than HCD—An additional observation supporting the move
from nine to four product ions for UVPD searches is that the
C-score distribution does not change when considering only
the most frequently matched fragment ion types, as shown in
Fig. 5D. This is true despite a non-negligible decrease in

sequence coverage when the five least abundant fragment ion
types are removed (Fig. 5C and supplemental Fig. S11C).
Based on a Bayesian model, the Characterization score (50) is
used here as in previous large-scale top-down studies (43, 55)
to distinguish three categories of identified proteoforms:
those with C-score <3 that are identified without possibility of
knowing the exact position of the modifications they carry,
those with C-score comprised between 3 and 40, where the
localization of modification can be narrowed down but not
unambiguously assigned, and those with C-score >40 where
modifications are assumed precisely localized based on the
matched product ions. Achieving complete molecular char-
acterization of the proteoforms identified with high statistical
confidence is of primary importance to take full advantage of
the theoretical superiority of the top-down approach over the
reductionist bottom-up one, especially in the case of proteo-
forms carrying combinations of multiple genetic/chemical
modifications, as discussed also in a recent piece by the
Consortium for Top-Down Proteomics (75). Although HCD
outperforms UVPD with regard to the numbers of proteoforms
identified at 1% FDR, our study shows that the C-score
distributions generated by accounting for either canonical or
reduced groups of UVPD product ion types are substantially
unbalanced in favor of fully characterized proteoforms,
whereas in HCD experiments the fraction of proteoforms with
C-score >40 is about one half or one third of the total in the
case of human and mouse proteomes, respectively (supple-
mental Fig. S7). Remarkably, these results derived from LC-
MS/MS experiments with limited spectral averaging applied
to MS? spectra (4 microscans), a condition that should have
favored the vibrational excitation ion activation because of its
higher efficiency of conversion of precursor ion current into
product ion current. Further, supplemental Fig. S9 and S10
clearly show that for proteoforms identified by both HCD and
UVPD, with overall similar sequence coverage, UVPD nor-
mally characterizes the proteoforms to a higher degree than
HCD. With all this considered, it is apparent that the average
sequence coverage alone cannot explain UVPD’s higher effi-
ciency in proteoform characterization. It is therefore neces-
sary to move the focus from sequence coverage to product
ions and their features in order to fully clarify this phenome-
non. We ultimately determined two main reasons that explain
the observed differences between HCD and UVPD. First, a
recent study by Lyon et al. based on TDP experiments (fully
comparable to those performed here (76)) suggests that
UVPD generates a lower fraction of internal fragments than
HCD. Although tools for matching internal fragments and
manually validating their presence in top-down MS spectra
exist (48), such product ions are not used in database
searches and therefore cannot contribute to proteoform char-
acterization in high-throughput studies (and for the same rea-
son they have a negative impact on the p-score calculation).
A secondary consequence of multiple collisional fragmenta-
tion events (leading to the production of internal fragments) is

Molecular & Cellular Proteomics 19.2

415


http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1
http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1
http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1
http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1
http://www.mcponline.org/cgi/content/full/TIR119.001638/DC1

Benchmarking 213 nm UVPD for Top-Down Proteomics

XX’
A B
< AA\C\D\E\F\GH | [KILIMINIPIQIRIS|T VWY AA\C\D\E\F GH|I KILIMINIPIQRIS|T|VW]Y
52 3 S feEatuigess
D D
El E|
F F
g Gl =
H H
u H HCD
L >
Fic. 7. Heatmap of fragmentation % %:H:!E]
propensities for HCD and UVPD. P Pl
indi- Ql
Matched baqkbone gleavages are indi R %H HE
cated by residue pairs. For all panels, B s
X X' (columns) refers to fragmentation T T
occurring C-terminal to the amino acid % HE %
residue, whereas X X' (rows) refers to Yl = Y|
fragmentation occurring N-terminal to
) } ; ) c D
the amino acid residue. A and B, display IAICIDIEF GIH[1 [K|L MIN|PIQIR|S [T|VW]Y AICIDIEFIGIH] I [K|L MNP QRIS |T|VW]Y
propensities for matched b- and y-ions A A
generated by HCD, respectively. C and C C
D, display propensities for matched a+- g g H
and x+-ions generated by UVPD, re- F F
spectively The H. sapiens data set was G 1 Gl [
. H ] ] H
considered to generate the heatmaps. I uveD
White color indicates average cleavage IE <> IE
frequency. M Il M EI
N H N
P P
2 : n
S = ] S F
T || T
V| V| H
W
i V
Cl fi
: eavage frequency -
Maximum Average Minimum

also that termini-containing large product ions are reduced to
smaller ones. Supplemental Fig. S17 displays the mass dis-
tribution of matched product ions from HCD and 213 nm
UVPD data sets, and for each of the three analyzed pro-
teomes UVPD-generated fragments are on average larger
than HCD fragments. This might also suggest that UVPD
cleaves more often in the central portion of large polypeptide
chains than HCD, perhaps because its cleavage mechanism
is less dependent on the position of protonation sites com-
pared with vibrational excitation activation (77, 78). A recent
study based on the fragmentation of low-charged proteins by
HCD and UVPD supports this assertion (79). This hypothesis
leads to the second reason that explains the improved char-
acterization achieved by UVPD, which is its lower cleavage
specificity compared with HCD. A comparison of several
graphical fragmentation maps of the same proteoform ob-
tained by HCD and UVPD, like those reported in supplemental
Fig. S10, suggest that the primary, secondary or even tertiary
structure of a proteoform cation in the gas phase might play a
more important role in directing the fragmentation of a poly-
peptide backbone for HCD than for UVPD. Supplemental Fig.
S18 reports the frequency of consecutive backbone cleav-

ages produced by HCD and UVPD. The histogram indicates a
similar general behavior between the two activation types, as
most of the backbone cleavages they produce are located
alone (i.e. followed and preceded by unassigned backbone
cleavage sites) or in short series of two or three consecutive
cleavages along the protein sequence. However, the very
short series are more common for UVPD, whereas the long
series (i.e. four or more consecutive assigned cleavages) are
primarily present in HCD spectra. The logical implication is
that HCD might result in complete sequence coverage of
certain portions of a protein sequence with a concurrent lack
of characterization of other sequence portions—potentially
those where PTMs or other sources of variation might occur,
which is precisely what is observed in supplemental Fig. S10C
and S10D. The randomness of UVPD backbone cleavages,
likely because of direct dissociation (where electronic excita-
tion leads to fast backbone cleavage without energy redistri-
bution through vibrational states), is further supported by the
analysis of cleavage propensity maps. The cleavage propen-
sity of a product ion can be defined as the relative frequency
with which this product ion cleaves between a specific amino
acid pair. Fig. 7A and 7B display the heatmaps that summa-
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rize the cleavage propensities of b- and y-ions generated by
HCD (considering the H. sapiens data set containing a few
thousand identified PrSMs). In full agreement with the avail-
able literature regarding collisional activation of polypeptides
(80-85), HCD product ions are frequently produced at the
N-terminus of Pro and at the C-terminus of Asp (and, to a
lower extent, of Glu). When we then consider the four most
abundant product ions in 213 nm UVPD (the N-terminal con-
taining a+- and a-ions, and the C-terminal containing x+- and
y—-ions), some fragmentation hotspots are apparent (Fig. 7C
and 7D, and supplemental Fig. S19); however, the favorable
residue pairs differ substantially passing from one type of
product ion to the other. Although related a+- and a-ions
show similar cleavage propensities (Fig. 7C and supplemental
Fig. S19A, respectively), it is also noticeable that the latter ion
type seems to appear at the C-terminal side of Cys with
slightly higher frequency. More surprisingly, the complemen-
tary x+-ion (Fig. 7D) shows different cleavage frequencies,
and it seems to occur frequently at the N-terminus of proline
and, to a lesser extent, of cysteine. Importantly, all 213 nm
UVPD product ions seem to be frequently produced next to
phenylalanine and tyrosine (and on their C-terminal side), in
agreement with reports based on 193 nm UVPD (79). The
frequency of cleavage at the C-terminus of these aromatic
residues is also the main difference between the cleavage
propensities of HCD-produced y-ions and UVPD produced
y-ions (that also show a pronounced “proline effect”).

Proline Effect in Hydrogen-depleted y-ion Series—The pro-
pensity of cleavage at the N-terminal side of Pro is charac-
teristic not only of y—-ions but, in an even more pronounced
fashion, also of doubly hydrogen-deficient y-2-ions. First re-
ports on the generation of y-2-ions by UVPD linked their
production specifically to the use of 213 nm photons for
inducing photodissociation of the polypeptide backbone (45,
86). Although our study is the first to systematically investi-
gate the cleavage propensity of y-2-ions across a large data-
set based on the fragmentation of intact proteins, the previous
studies, based on the analysis of shorter polypeptides, also
reported the generation of y-2-ions at the N-terminus of Pro.
Furthermore, in agreement with the above-mentioned pep-
tide-based studies, y-2-ions were never reported for UVPD
top-down experiments using 193 nm lasers. Finally, y-2-ions
are not uniquely produced by 213 nm UVPD. Their generation
has been reported also in electron ionization dissociation (EID)
experiments aimed at the characterization of proteins under
native MS conditions (87). Although some similarities between
EID and 193 nm UVPD have been proposed with respect to
their use in native MS experiments, further studies will be
needed to understand if the proline effect observed for y-2-
ions in 213 nm UVPD is found also in EID.

Conclusions—In this study we have evaluated the use of
213 nm UVPD for top-down proteomics. We also reported on
the frequent generation of a product ion type, y-2, that seems
specific for UVPD using 213 nm photons and that should be

considered in future iterations of software for the analysis of
targeted UVPD tandem mass spectra. Importantly, an in-
depth analysis of UVPD-derived product ions led to improved
outcomes of database searches for large-scale TDP. Al-
though at the current state HCD is still capable of returning
more proteoform identifications than UVPD, we envision that
our findings will assist UVPD to play a more prominent role in
TDP applications in disease biology research and clinical
studies, where its improved capability for proteoform charac-
terization could be used in discovery and validation studies by
a larger number of proteomic laboratories.
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