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ABSTRACT: Recent advances in top-down mass spectrometry strategies continue to improve the analysis of intact proteins. 193
nm ultraviolet photodissociation (UVPD) is one method well-suited for top-down analysis. UVPD is often performed using
relatively low photon flux in order to limit multiple-generation dissociation of fragment ions and maximize sequence coverage.
Consequently, a large portion of the precursor ion survives the UVPD process, dominates the spectrum, and may impede
identification of fragment ions. Here, we explore the isolation of subpopulations of fragment ions lower and higher than the
precursor ion after UVPD as a means to eliminate the impact of the surviving precursor ion on the detection of low abundance
fragment ions. This gas-phase fractionation method improved sequence coverage harvested from fragment ions found in the m/z
regions lower and higher than the precursor by an average factor of 1.3 and 2.3, respectively. Combining this gas-phase fractionation
method with proton transfer charge reduction (PTCR) further increased the sequence coverage obtained from these m/z regions by
another factor of 1.3 and 1.4, respectively. Implementing a post-UVPD fractionation + PTCR strategy with six fractionation events
resulted in a sequence coverage of 75% for enolase, the highest reported for 193 nm UVPD.

■ INTRODUCTION
Top-down mass spectrometry offers an exciting opportunity to
identify and characterize intact proteins, thus bypassing the use
of proteolysis common to bottom-up proteomics methods. The
increasing access to high-resolution mass spectrometers, such as
Orbitrap,1,2 FT-ICR,3 and Q-TOF4,5 mass spectrometers, has
accelerated the adoption of top-down methods. One notable
advantage of top-down strategies is that they offer the potential
characterization of combinatorial patterns of post-translational
modifications (PTMs) not possible with bottom-up strategies
owing to the inability tomapmultiple PTMs based on analysis of
short peptides.3,6,7 Despite the prospects for complete character-
ization of all proteins and their multitude of proteoforms, the
promise of top down analysis remains only partially fulfilled
owing to limitations in activation/dissociation methods, high
resolution separation techniques, and sensitivity issues asso-
ciated with the broad dynamic range of protein concentrations
and the stoichiometries of PTMs.

There have been significant inroads in developing new
activation modes to increase the production of fragment ions
from proteins,6,8,9 and an equally important effort has been
directed at harvesting more information from the resulting
fragmentation patterns. The performance of virtually all
activation methods degrades with the increasing mass of the
protein, in part due to insufficient internal energy deposition and
in part due to the inability to assign all fragment ions. In general,
higher energy methods of activation such as electron-based
activation methods (electron capture dissociation (ECD) or
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electron transfer dissociation (ETD))10−13 and ultraviolet
photodissociation (UVPD)14−17 have been shown to provide
a greater degree of protein characterization compared to
collisional-based methodologies, particularly for larger proteins.
Addition of supplemental activation to electron-based methods,
such as electron transfer higher-energy collisional dissociation
(EThCD) or activated ion electron transfer dissociation (AI-
ETD), counters the impact of the prevalent charge-reduction/
no dissociation pathways, and has improved the ability to
sequence and characterize larger proteins.13,16,18 UVPD
generates a variety of fragment ion types (a/x, b/y, and c/
z)14,19−21 which offers great potential for comprehensive
characterization of proteins, yet at the same time results in
dense spectra and decreased signal-to-noise because the ion
current is dispersed among so many fragmentation pathways. All
of these MS/MS methods also produce multiple-generation
fragment ions, particularly internal ions,12,22 that increase in
abundance and number when the activation conditions are
modified to attain higher energy deposition.23,24 A common
conundrum of top-down analysis is that extensive fragmentation
is needed to fully characterize protein sequences, identify
mutations, and pinpoint sites of PTMs, yet at the same time the
most dense, information-rich spectra often suffer from
production of redundant fragment ions in multiple charge states
and from overlapping isotope patterns of fragment ions, making
them unassignable. Furthermore, achieving the highest
sequence coverage to maximize the characterization of large
proteins requires significant spectral averaging, a factor that
confounds high throughput analysis required for LC time scales.
In summary, three of the key limitations related to production
and interpretation of MS/MS spectra of large intact proteins are
spectral congestion, poor ion statistics, and, uniquely for ion
trapping platforms, charge capacity limitations.
Many of the factors that mediate the information content of

MS/MS spectra of intact proteins are related to the balance
between producing informative fragmentation patterns and
mitigating spectral congestion. Proton transfer charge reduction
(PTCR) reactions have proven to be highly successful for
combatting spectral congestion in ion trapping instru-
ments.25−29 PTCR entails the reaction of reagent anions with
multicharged analyte ions of interest to charge reduce and
disperse analyte ions over a broaderm/z space, reducing spectral
congestion that may obscure less abundant ions or prevent
confident assignment owing to overlapping isotopic profiles.30

PTCR has been performed following ETD and UVPD in
numerous applications and has enhanced the degree of
characterization of intact proteins.22,24,26,28,31−33 PTCR has
been shown to allow more accurate and reliable deconvolution
of internal fragment ions.22 However, PTCR also may diminish
the abundance of fragment ions by diluting their signals across
multiple charge states. To counter this issue, ion parking32 can
be performed. Ion parking entails applying an auxiliary
waveform during PTCR to excite ions of a particularly frequency
range, increasing their kinetic energies and suppressing further
PTCR. Parking allows ions to be concentrated in fewer or single
charge states.29,34,34−36 Most recently, this powerful PTCR-
parking strategy has been applied on a 21 T FT-ICR platform to
showcase the analysis of proteins from cell lysates in an LCMS
workflow.27 Based on MS1 information alone, the number of
proteoforms increased from 1404 to 2472 as a consequence of
both reduced spectral congestion and consolidation of ion
signal.27 Additionally, on Orbitrap platforms, large highly
charged proteins often exhibit low S/N which is attributed to

their inability to survive the full length of the transient
acquisition.37 In this context, PTCR reduces the charge states
of proteins and consequently improves S/N due to longer
survival times in the Orbitrap analyzer.37 PTCR has also been
performed as a means of gas-phase fractionation via isolation of
“slices” of MS1 spectra acquired during an LC run and
subjecting ions to PTCR prior to CID and HCD, enabling the
identification of additional proteoforms.38

As protein size increases, the number of potential
fragmentation pathways increases, diminishing the probability
of observing any particular fragment ion. Furthermore, higher
energy deposition may cause the formation of multiple-
generation product ions (i.e., consecutive fragmentation), a
process that can degrade large fragment ions and diminish
coverage in the center sequence section of proteins. Auxiliary
methods have been developed to counter the generation of
multiple-generation product ions during IRMPD,39 UVPD,23,40

and ETD24,41 in ion traps. These methods involve the
application of low amplitude broadband dipolar excitation
waveforms in which frequencies corresponding to the precursor
ions are omitted, allowing selective excitation of fragment ions in
a manner that either moves them away from the path of the laser
(for photodissociation methods) or selectively quenches the
reaction of fragment ions with reagent anions during ETD. This
strategy when applied during UVPD has been coined fragment
ion protection (FIP) and has both increased the S/N of
fragment ions and improved the center sequence coverage of
large proteins.23,40 Advantages of such auxiliary strategies for
top-down analysis have also been highlighted when imple-
mented during ETD, as described for tailored parallel ion
parking during ETD (PIP-ETD).24 In one of the PIP-ETD
applications, both tailored waveforms for PIP and PTCR were
performed following ETD.24 PIP-ETD improved the sequence
coverage of protein G (21 kDa) from 80% to 91%.24 More
notably, the number of complementary ion pairs increased from
39% with standard ETD to 91% with PIP-ETD, reflecting the
decreased production of multiple-generation ETD ion prod-
ucts.24 Performing multiple injections of fragment ions in a
storage cell, a process known as “multi-fills”, prior to the analysis
of the entire collection has been explored as another means of
enhancing fragment ion populations and improving S/N.31,42,43

Another strategy, termed chimeric ion loading, entails
accumulation of fragment ions generated from both CID and
ETD prior to detection, leading to an average sequence coverage
of 33% for proteins derived from a MCF7 lysate as compared to
15% and 23% for CID and ETD, respectively, without chimeric
ion loading.43

Ion trapping mass spectrometers have charge capacity
limitations that constrain the population of ions, whether intact
proteins or fragment ions. As proteins increase in size, they
typically carry more charges, meaning a lower number of protein
ions can be accumulated without exceeding the charge capacity
of the mass analyzer. The population of fragment ions created
upon activation of protein faces similar constraints, a factor
exacerbated upon formation of hundreds of different fragment
ions in multiple charge states. Gas-phase fractionation strategies
have been used in several applications to subdivide the m/z
range in order to consolidate more charges (i.e., more ions) in
specific m/z regions.44−46 These fractionation methods have
yielded higher S/N of lipids44 and peptides45,46 in complex
mixtures. An alternative fractionation concept has been
implemented via field asymmetric waveform ion mobility
spectrometry (FAIMS) to fractionate ions across multiple runs
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as a result of mobility differences, as demonstrated for peptides
in lysates.47,48

As ion populations exceed the capacity of ion traps, space
charging results in decreasedmass accuracy owing to Coulombic
repulsion of ions. Particularly in the context of top down analysis
using UVPD as the MS/MS method, large precursor ion
populations are used to maximize the abundances of fragment
ions while at the same time limiting the laser fluence or photon
flux to avoid the formation of multiple-generation product ions.
The use of a low laser fluence results in survival of a large portion
of the precursor ion. At the same time, it has been noted that an
ion packet of large abundance in an Orbitrap analyzer can cause
more rapid decay of other lower abundance ions of similar m/z,
degrading the S/N of the latter.49 Tomitigate the effects of space
charging, the nondissociated precursor may be ejected after
UVPD by application of an additional waveform.50,51 In one
application both the S/N andmass accuracy of peptide fragment
ions were improved when using this precursor ejection process
following 193 nm UVPD of peptides in a linear ion trap mass
spectrometer.50 More recently, an MS3 precursor exclusion
strategy was developed on an Orbitrap platform for the analysis
of unsaturated glycerophospholipids, resulting in up to a 13X
increase in the S/N of diagnostic fragment ions.51 Gains in S/N
were attributed to minimization of both space charging in the
Orbitrap analyzer and dephasing of low abundance fragment
ions caused by the presence of the highly abundant precursor ion
population.49,52

This collection of findings related to PTCR and gas-phase
fractionation methods provides insight into the types of
strategies that should yield dividends for improving top-down
methods for protein analysis. In particular, the current study
focuses on improving the S/N of fragment ions generated by
UVPD of intact proteins by combining PTCR and gas-phase
fractionation in an Orbitrap mass spectrometer. As presented
here, isolating multiple “windows” of fragment ions both lower
and higher than the m/z of the precursor ion prior to PTCR
affords notable benefits. We propose that the gains in signal are
in part due to overcoming charge capacity limitations of the C-
trap and alleviating the deleterious impact of an abundant
nondissociated precursor ion on the detection of fragment ions
in the higher m/z region.

■ EXPERIMENTAL SECTION
Materials. Lyophilized bovine carbonic anhydrase II (29

kDa, 259 amino acids), aldolase from rabbit muscle (39 kDa,
363 amino acids), enolase from baker’s yeast (46 kDa, 436
amino acids), and protein AG(50 kDa, 454 amino acids) were
purchased fromMillipore Sigma and dissolved in 50% methanol
with 0.1% formic acid at a concentration of 10 uM. Each solution
was directly infused into the mass spectrometer using a heated
ESI (HESI) source at a flow rate of 3−5 ul/min and using
applied voltages ranging from 3.2−5.0 kV.
Mass Spectrometry. Experiments were performed on a

Thermo Fisher Scientific Orbitrap Fusion Lumos Tribrid mass
spectrometer (San Jose, CA) modified to implement 193 nm
UVPD in the dual linear ion trap using a 500 Hz excimer laser
(Coherent Excistar XS) as described previously.53 The mass
spectrometer was also modified to enable proton transfer charge
reduction (PTCR) using the reagent perfluoroperhydrophenan-
threne (PFPP), similarly to that described previously.29,38 For
PTCR, reaction conditions were varied as needed to reduce the
charge states of fragment ions and thus disperse them up to a
range of m/z 3000−3500. The PTCR reaction time varied from

25 to 200ms and utilized a reagent q value of 0.45. In some cases,
multiple rounds of charge reduction were performed by repeated
injections of the PFPP reagent ion (2e5 charges), a method
described previously.54 UVPD was performed in the high
pressure trap (HPT) of the dual linear ion trap with one pulse
and a laser energy of 0.5−1.0 mJ. Specifically, for carbonic
anhydrase UVPD was performed with 1.0 mJ, whereas a laser
energy of 0.5 mJ was used for all other proteins unless specified
otherwise. The pressure in the ion routing multipole was
reduced to 0.002 Torr to optimize transmission and detection of
fragment ions. UVPD mass spectra were collected using a
resolution of 240 000 at m/z 200, an automatic gain control
target (AGC) of 5e5 charges, the mass range set to high, and full
profile mode. 100−900 transient averages were collected for
experiments depending on the experimental comparison. For
the fractionation method, ion populations were sectioned based
on specific ranges of m/z values, and the sectioning was
implemented by broadband isolation using appropriate
combinations of DC and RF voltages enabled by the MSn
feature of the standard instrument control software. Additional
details are included in Supporting Information. Fractionation
windows lower in m/z than the precursor were offset by 2 m/z.
Windows directly higher in m/z than the precursor were offset
by 15 m/z to avoid collisional excitation of the precursor that
may occur when the window is set closer, resulting in
inadvertent CID. For all fractionation strategies, adjacent
fractionation windows overlapped by 5 m/z to ensure capture
of fragments ions at the edges of windows.

Data Analysis. FreeStyle Xtract was used to deconvoluted
mass spectra using a fit factor of 70% and S/N threshold of 10
with consideration of overlap. ProSight Lite was used to match
fragment ions to deconvoluted mass lists with a mass error
tolerance of 10 ppm. To streamline data analysis, a/a+1 ions
were grouped together, as were y/y−1 and x/x+1 ions. When
specified, fragment ion masses were only retained if identified in
two of three replicates as a means to filter out potential spurious
masses and improve confidence in assignments. Fragment ion
isotope distributions were simulated using the averagine model
and a script in Matlab. Noise levels in mass spectra were
determined by plotting the distribution of signal and setting the
noise level as the upper edge of the noise distribution, as
determined with the second derivative of the signal distribu-
tion.55,56 A detailed discussion of noise features of the spectra is
included in Supporting Information (SI) along with Figures S1−
S4. The data and the list of matched fragment ions are available
in the jPOST repository under accession numbers JPST002408

■ DISCUSSION AND RESULTS
Past studies that have shown the benefits of precursor ejection50

or precursor exclusion51 following UVPD. Elimination of the
abundant surviving precursor can be accomplished by using a
selective precursor ejection waveform50 or using anMS3method
to isolate the fragment ion population without retaining the
precursor ions.51 Specific subsets of the fragment ion population
can be targeted using multiple isolation events, a process termed
post-UVPD fractionation (PUF). Excluding the precursor
through PUF is expected to achieve a similar outcome to
precursor ejection. Both methods were evaluated for the top-
down analysis of proteins in the present study. Results based on
the precursor ejection method and comparisons to PUF are
described in SI (“Evaluation of Precursor Ejection” and Figures
S5−S7). Because the performance metrics of PUF surpassed
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that of precursor ejection, the former was adopted for the
remainder of the present study.
To demonstrate the impact of PUF on the MS/MS spectra of

intact proteins, UVPD spectra were acquired without and with
fractionation using carbonic anhydrase (25+, m/z 1161.9) as a
representative protein. After UVPD, fractionation using 1000
m/z windows both lower (m/z 159−1159) and higher (m/z
1176−2176) than the precursor ion was performed, and
examples of the resulting spectra are shown in Figure S8.
Gains in signal were observed for m/z regions lower and higher
than the precursor ion. The sequence coverage obtained from
the m/z region lower than the precursor increased from an
average of 62% (UVPD alone) to 69% (PUF), and a gain of 20%
coverage was obtained for the m/z region higher than the
precursor ion (23% for UVPD alone to 43% for PUF).
The performancemetrics of ion traps are known to depend on

the size of the ion population as defined by the total number of
charges. The C-trap charge capacity has been reported to be
lower than that of the linear ion trap (where UVPD is performed
prior to transfer of ions to the C-trap for bunching and then
pulsed into Orbitrap for high resolution analysis),57 and thus the
C-trap is expected to have a significant impact on charge capacity
effects on ion analysis. To explore whether gains in signal when
coupling UVPDwith fractionation are in part due to overcoming
C-trap charge capacity limitations, UVPD spectra were collected
for carbonic anhydrase (25+,m/z 1161.9) while varying the size
of the ion population, as defined by the automatic gain control
(AGC) target (5e4 to 1e6). Based on measurement of signal
level in a prescan, the automatic gain control feature regulates
the number of ions in an ion trap tomitigate space charge effects.
UVPD mass spectra were acquired without fractionation using
1000m/zwindows both lower (m/z 159−1159) and higher (m/
z 1176−2176) than the precursor ion. Signal increases were
observed for the PUF spectra for each AGC target, as illustrated
for an excerpt of the lower m/z window in Figure 1 (and Figure
S9 for the higher m/z window). The increase was more
substantial for the larger AGC target of 5e5 for which charge
capacity limitations of the C-trap are expected to play a larger
role. Despite the overall increase in signal, a swath of fragment
ions lower in m/z than the precursor was lost when performing
PUF at an AGC target of 5e5. Furthermore, this effect seems to

be exaggerated for higher AGC targets, suggesting that space
charging plays a role in the loss of ions. Reduction of the
isolation window from 1000 m/z to 750 m/z to 500 m/z to 250
m/z decreased the swath of lost fragment ions as displayed in
Figure S10. In total, 57 ± 3 unique fragment ions lower in m/z
than the precursor were identified without fractionation, and
110 ± 4 were identified when performing PUF of the window
spanning 1000 m/z lower than the precursor (for UVPD of
carbonic anhydrase (25+, m/z 1161) with an AGC target of
5E5). When comparing the fragment ions identified lower inm/
z than the precursor for the spectra acquired using PUF and no
fractionation, 136 ± 4 ions were found in common. Despite the
loss of fragment ions lower in m/z than the precursor when
applying PUF using wide fractionation windows, overall more
fragment ions are identified following PUF and the overall loss of
ions can be tempered by utilization of smaller isolation windows.
Sequence coverages were calculated for carbonic anhydrase

(25+) based on the resulting UVPD spectra without and with
fractionation, as summarized in Figure 2 for 1000 m/z windows
lower and higher than the precursor ion at AGC targets of 5e4 to
1e6. Regardless of the AGC target, sequence coverage increased
by 7−20% with fractionation, and gains in sequence coverage
were particularly evident for the m/z window higher than
precursor. Additionally, despite the loss of fragment ions lower
in m/z than the precursor when using the PUF approach,
sequence coverage still increased, suggesting some of the lost
fragment ions were redundant ones. Sequence coverage
generally plateaued at an AGC target of 5e5, suggesting
saturation of the ion population in the C-trap. Thus, an AGC
target of 5e5 was used for the remainder of the study.
Prior to fractionation, the surviving precursor ion is the most

abundant ion in the UVPD spectra. The fractionation process
ejects the precursor ion from the population of trapped ions,
thus alleviating its impact on the storage, transfer, and detection
of all other ions owing to alleviation of space-charging and
dephasing of ions of lower abundance. Ion distributions have
been previously modeled for RF flatapoles (an ion guide/ion
storage device), revealing that ions of lower m/z push ions of
higher m/z to the outer edges of the ion bundle.58 Based on this
model, the abundant surviving precursor after UVPD may
inhibit the detection of species of a higher m/z upon injection

Figure 1. Representative sections of UVPD mass spectra (1.0 mJ, one pulse) of carbonic anhydrase (25+, m/z 1161) without or with PUF using a
window ofm/z 159−1159 and AGC targets of (A) 5e4 or (B) 5e5. Spectra were collected with 100 transient averages. Theoretical isotope distributions
of identified fragment ions are overlaid on the mass spectra, scaled with the intensity value provided by Xtract, and color-coded for fragment ion type.
Prominent fragment ions are annotated.
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from the C-trap to the Orbitrap analyzer, rationalizing the more
significant gains in sequence coverage obtained from fragment
ions in the higher m/z window compared to the lower window.
PUF and PTCR. PUF was also explored for other larger

proteins, including aldolase (35+,m/z 1121), enolase (40+,m/z
1167), and protein AG (40+, m/z 1262), using 1000 m/z
fractionation windows lower and higher than the precursor. This
fractionation process was also combined with PTCR in order to
capitalize on the potential gains from alleviation of space
charging and dephasing and at the same time dispersing the
fragment ions across a broader m/z landscape to alleviate
spectral congestion. To accomplish this objective, the fragment
ions found in the samem/z windows employed for fractionation
were subjected to PTCR, resulting in the strategy referred to as
PUF + PTCR. PTCR conditions were varied to disperse the
majority of fragment ions up to the m/z range of 3000−3500.
The sequence coverages derived from them/z ranges lower and
higher than the precursor without fractionation, with fractiona-
tion, and with fractionation and PTCR are summarized in Figure
3. Sequence coverage in all cases improved with fractionation
alone and even more with the addition of PTCR. The fact that
sequence coverage improved with fractionation alone suggesting
that benefits from typical PTCR workflows are in part derived
from fractionation of the ion populations. Fractionation on
average improved sequence coverage harvested from the m/z
region lower than the precursor by a factor of 1.3 and the region
higher than the precursor by 2.3. These trends lend further
support to the postulate that the highly abundant surviving
precursor ion especially suppresses the detection of ions above it
in m/z space. Furthermore, combining PTCR and fractionation
on average improved the sequence coverage by another factor of

1.3 and 1.4 for the lower and upper m/z windows, respectively,
suggesting the higher window may suffer from a greater degree
of spectral congestion and thus particularly benefits from PTCR
to disperse overlapping fragment ions.
UVPD of intact proteins generates hundreds of fragment ions,

many of which are not identified and are attributed to internal
ions or fragment ions associated with side-chain losses or other
small neutral losses. In general, the percentage of fragments
explained for UVPD of intact proteins decreases as protein size
increases. For instance, the average percentages of fragments
explained for UVPD (without fractionation or PTCR) of
carbonic anhydrase (25+), aldolase (35+), enolase (50+), and
protein AG (40+) were 18%, 9%, 9%, and 5%, respectively
(based on 100 transient averages). However, these metrics
improved following fractionation and PTCR as summarized in
Figure S11. The gains were particularly notable for the lowerm/
z fractionation window for which the percentage of fragments
explained was as high as 40% for enolase (40+) with
fractionation alone and increased to 56% upon addition of
PTCR. These trends suggest that the accuracy of deconvolution
of fragment ions is enhanced with fractionation and PTCR, thus
facilitating confident assignment of ions.
To further evaluate the impact of PUF on alleviating false

positive identifications, sequence coverages with fractionation
and PTCRwere calculated with the additional constraint of only
including fragment ions if identified in at least two of three
replicates (all based on mass lists of deconvoluted fragment
ions). This constraint should reduce the number of spurious
fragment assignments by requiring replication of ions. For this
evaluation, the percentage of sequence coverage retained using
this two-of-three replication constraint relative to average
sequence coverage obtained per singlicate is tabulated in
Table S1. The sequence coverage retained was larger for the
lower m/z window in all cases but protein AG, where spectral
congestion was notably greater for the lower m/z window in
comparison to the higherm/zwindow, unlike the other proteins
in this study. Furthermore, the percentage sequence coverage
retained increased by 3−30% for all proteins when combining
fractionation with PTCR (with the lone exception again noted
for the higher m/z window for protein AG). This general

Figure 2. Sequence coverage obtained from UVPD mass spectra (1.0
mJ, one pulse) acquired for carbonic anhydrase (25+, m/z 1161)
without or with PUF using a (A) lower window of m/z 159−1159 and
(B) higher window of m/z 1176−2176 and a variety of AGC targets.
Spectra were collected with 100 transients averaged. The graphs show
the sequence coverages harvested from the lower or higher windows
(not combined).

Figure 3. Sequence coverages from fragment ions derived from m/z
regions lower and higher than the precursor ion obtained for carbonic
anhydrase (25+, m/z 1161), aldolase (35+, m/z 1121) enolase (40+,
m/z 1167), and protein AG (40+, m/z 1262) by UVPD (0.5−1.0 mJ,
one pulse) without PUF, with PUF, and with PUF + PTCR.
Fractionation utilized 1000 m/z windows lower and higher than the
precursor ion. PTCRwas performed on each fractionation windowwith
conditions optimized to disperse fragment ions tom/z 3000−3500. All
spectra were collected with 100 transients averaged. Summation of the
sequence coverages from the lower and higherm/z regions may exceed
100% owing to redundant fragment ions found in both regions.
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outcome is consistent with the expectation of the alleviation of
false positive assignments of fragment ions upon reduction of
spectral congestion. The findings heremotivated the adoption of
this two-of-three replication constraint for confirmation of
fragment ions for the remainder of the study.
PUF + PTCR Strategies. PTCR strategies commonly

fractionate ions in selected m/z regions of mass spectra prior
to PTCR to focus the charge reduction reactions on smaller
populations of ions and obtain more impressive alleviation of
spectral overlap when compared to performing PTCR on the
entire ion population.26,28 Fractionation PTCR strategies are
particularly advantageous in cases when the reagent anion
population is limited or insufficient to achieve the optimal level
of charge reduction of highly charged ions. More substantial
PTCR can also be accomplished by using multiple injections of
the reagent anion population. To further optimize the
fractionation and PTCR methods for different end-goals, three
strategies were explored in more detail. First, the PUF + PTCR
method was refined by modulation of the sizes and number of
fractions, employing either two 1000 m/z windows lower and
higher than the precursor (as described earlier in this study; this
is Strategy 1) or alternatively six windows of variable size (e.g.,
four 150 m/z windows close to the precursor and two wider
windows encompassing the remainder of the m/z range
explored with the two window strategy; this is Strategy 2). A
schematic of this latter strategy is displayed in Figure S12.
Smaller m/z windows were used around the precursor with the
expectation of higher spectral density in these regions, thus
requiring more targeted PTCR for decongestion. The third
strategy, Post-UVPD PTCR double-stage fractionation, entailed
isolating 1000 m/z windows both lower and higher than the
precursor for PTCR, followed by three additional fractionation
events to subdivide each of the two broad windows into three
sections for a total collection of six spectra. A schematic of this
strategy is described in Figure S13. Though time intensive, this
third strategy was explored to see if even more fragment ions
would be uncovered by careful manipulation of ion populations.
To afford fair comparisons of each method, the total number of
transient averages were equated across all spectra.
The isotope patterns of several large fragment ions produced

from enolase using the PUF + PTCR two window strategy are
displayed in Figure S14, ranging in size from 20 to 38 kDa
including x18710+, z28813+, and z36314+, among others. The
theoretical isotope distributions and fit percentages scores are
provided to show the quality of the fragment ions. Many of the
large fragments with low abundances do not exhibit ideal
Gaussian-like isotope distributions despite being identified with
a strict fit factor requirement of >70%. The observed mismatch
of some of the isotope patterns reinforced the requirement that
ions be identified in multiple replicates to increase confidence in
assignments.
For each method, deconvoluted mass lists from each

fractionation window were combined prior to calculating
sequence coverage while maintaining the constraint that
fragment ions were only retained if present in two of three
replicates to reduce spurious assignments. The sequence
coverages calculated for each of the three fractionation strategies
and numbers of deconvoluted fragment ions are displayed in
Figure S15A and S15B, respectively. The PUF + PTCR two-
window strategy achieved the highest sequence coverages,
ranging from 48% for protein AG to 94% for carbonic anhydrase,
outperforming the other two strategies by a small margin− 1% to
6% enhancement depending on the protein. However, upon

closer inspection, the PUF + PTCR six-window strategy
identified on average 30 additional deconvoluted fragment
ions for aldolase, enolase, and protein AG, as tabulated in Figure
S15B. These fragment ions may correspond to redundant ion
types originating from cleavages at same backbone position (e.g.,
a40 and b40) and thus do not necessarily contribute additional
sequence coverage. The post-UVPD PTCR double-stage
fractionation strategy outperformed the other methods for one
protein, aldolase.
Sequence coverage maps obtained using each fractionation +

PTCR strategy are summarized in Figure S16. The six-window
fractionation strategy generally identified more fragment ions
than the two-windowmethod, but the gain was more substantial
for a smaller protein like carbonic anhydrase compared to a
larger protein, such as enolase. For example, the six window
strategy increased the number of unique fragment ions by 100
for carbonic anhydrase and 17 for enolase. Compared to the
two-window method, the six-window strategy also increased the
number of redundant fragment ions, those originating from the
same backbone position, from 45 to 70 for carbonic anhydrase.
For the larger proteins like enolase, fragment ions are more likely
to be lower in abundance and larger in size than ones produced
from carbonic anhydrase, solely because of the greater number
of backbone positions that can be cleaved. Thus, identification of
fragment ions from the larger proteins benefited from the more
substantial signal averaging of each spectrum for the two-
window strategy, and the greater anticipated dispersion of
fragment ions using the six-window strategy did not result in
notable gains.
Because the differences in the number of unique fragment ion

identifications between the PUF + PTCR two-window and six-
window strategies were not as pronounced as expected for the
large proteins, these comparisons were repeated for enolase
(40+) by averaging 1800 transients for sets of spectra as opposed
to 600 transients. Collection of 1800 transients requires
approximately 1591 s (>26 min) and was anticipated to increase
the sequence coverage owing to increased signal-to-noise by a
factor of the square root of the number of averages. The
expected gains in S/Nmay be tempered by loss of fragment ions
that do not survive the full transient. For both the two-window
and six-window strategies, a sequence coverage of 75% was
obtained using 1800 transients (compared to 67% for two-
window and 62% for six-window using 600 transients) and the
number of unique fragment ions increase from 530 for two-
window method to 664 for six-window method. The resulting
sequence coverage map for enolase (40+) using the PUF +
PTCR two-window strategy is displayed in Figure 4. Based on
this survey of outcomes, the remainder of the study will utilize
the PUF + PTCR two-window strategy with 600 total transients.
For top down analysis of three of the largest proteins in the

present study, the number of deconvoluted fragment ions
identified using the post-UVPD PTCR double-stage fractiona-
tion strategy was greater than the PUF + PTCR two window
strategy for the majority of proteins (Figure S15B). The gains
using the double-stage fractionation method seem to be largely
related to increases in signal intensities of fragment ions. To
illustrate the enhancement of signal abundance for enolase
(40+), the spectrum obtained via PUF + PTCR two-window
method was overlaid with the corresponding spectrum obtained
by post-UVPD PTCR double-stage fractionation in Figure 5.
Additional comparisons are shown for carbonic anhydrase
(25+) and protein AG (40+) in Figure S17A and S17B,
respectively. Gains in intensity were further explored by
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summing the intensities of all identified fragment ions derived
from the fractionation windows lower and higher than the
precursor using either the PUF + PTCR two-window or post-
UVPD PTCR double-stage fractionation methods (Figure S18).
In all cases, the summed intensities of identified fragment ions
were greater using double-stage fractionation, indicating that the

double-stage fractionation method best alleviates space charging
and dephasing of lower abundance ions.

Prevalence of N-Terminal or C-Terminal Fragment
Ions and Coverage of the N-Terminal and C-Terminal
Halves of the Proteins. Fractionation windows lower than the
m/z of the precursor ion following UVPD often exhibited a
higher proportion of N-terminal fragments (a,b,c) relative to C-
terminal fragments (x,y,z), while the reverse trend was observed
for the fractionation windows higher than the precursor (i.e.,
more C-terminal fragments). These trends are evident in
sequence coverage maps created based on PUF + PTCR for the
four proteins in this study (see Figure S19). The percentage of
N-terminal and C-terminal fragment ions for the two
fractionation windows without and with PTCR are tabulated
in Table S2. For example in PUF spectra of enolase, 75% of
identified fragment ions in the lower window were comprised of
N-terminal fragments (a,b,c), while 76% of identified fragment
ions in the higher windowwere C-terminal fragment ions (x,y,z).
Additionally, the average m/z values of N-terminal and C-
terminal fragment ions were calculated for spectra obtained
using PUF without PTCR (Table S3). On average, C-terminal
ions had higher m/z values than N-terminal ions. For instance,
for carbonic anhydrase (25+) the average m/z values of N-
terminal and C-terminal ions were 850 ± 200 and 1200 ± 400,
respectively. The average m/z values of fragment ions of the
other proteins are tabulated in Table S3.
Another related trend about the characterization of proteins

using top-down methods is that the sequence coverage of the C-
terminal regions of large proteins by UVPD is often subpar.
Coverage of the C-terminal half of the protein is dominated by
C-terminal fragment ions (x,y,z), just as coverage of the N-
terminal half of the protein is dominated byN-terminal fragment
ions (a,b,c). Since many C-terminal ions are located in the m/z
region higher than the precursor ion (per Tables S2 and S3), the

Figure 4. Sequence coveragemap based onUVPD (0.75mJ, one pulse)
of enolase (40+, m/z 1167) using the PUF + PTCR two window
strategy. Individual spectra were collected with 900 transient averages,
thus totaling 1800 transients for the complete set. Fragment ions were
only retained if identified in at least two of three replicates. The total
sequence coverage is 75%.

Figure 5. UVPD spectra (0.5 mJ, one pulse) of enolase (40+, m/z 1167) using PUF + PTCR two-window strategy (black) and post-UVPD PTCR
double-stage fractionation (red) for (A) the window lower and (B) the window higher than the precursor. Spectra were collected with 100 transient
averages.
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highly abundant surviving precursor ion typically present in
UVPD spectra may inhibit the detection of these C-terminal
ions located in the upper m/z space and likely accounts for the
sparse C-terminal coverage for large proteins. This factor
underscores the importance of using either fractionation to
eliminate the deleterious influence of the nondissociated
precursor ion or utilizing PTCR to shift fragment ions away
from the nondissociated precursor ion. To illustrate the impact,
UVPD was performed on carbonic anhydrase (25+, m/z 1161),
aldolase (35+,m/z 1121) enolase (40+,m/z 1167), and protein
AG (40+, m/z 1262) without and with PTCR (and without any
fractionation). For UVPDwith PTCR, the entire ion population
was subjected to PTCR using 5−8 injections of the PTCR
reagent anion in order to disperse the majority of ions as far as
m/z 3000−3500 and simultaneously shift the nondissociated
precursor ion population to m/z values higher than that of the
majority of fragment ions. Examples of the resulting UVPD and
UVPD + PTCR spectra for enolase (40+, m/z 1167) are shown
in Figure S20. Sequence coverage maps for enolase (40+)
without and with PTCR are displayed in Figure 6A and 6B,
respectively, and the maps for the three other proteins are
provided in Figure S21. Sequence coverages were evaluated for
both the N-terminal and C-terminal halves of each protein as
summarized in Figure 6C. Sequence coverages were lower for

the C-terminal regions in all cases. PTCR generally improved
the sequence coverage of the C-terminal region by a more
substantial degree than the N-terminal region. Specifically,
sequence coverage of the N-terminal half of proteins increased
on average by a factor of 2 whereas the C-terminal half increased
by a factor of 5. These trends are consistent with the concept that
an abundant precursor ion inhibits the detection of fragment
ions higher than it in m/z space, thus suppressing C-terminal
coverage.
Throughout this study, typically the lower charge states of

proteins were selected for UVPD with the expectation of
decreased spectral congestion and ability to trap more protein
molecules when using the same AGC target compared to
proteins in higher charge states. To evaluate the impact of the
precursor charge state, UVPD was performed on the same
proteins in higher charge states, including carbonic anhydrase
(35+, m/z 830), aldolase (45+, m/z 872), enolase (55+, m/z
849), and protein AG (55+, m/z 918), without and with PTCR
(and without any fractionation) to evaluate whether the same
trends summarized in Figure 6 were observed for proteins with
higher charge densities. The resulting sequence coverage maps
are displayed in Figure S22, and sequence coverages for both the
N-terminal and C-terminal halves of the four proteins are
summarized in Figure S23. Without PTCR, sequence coverages

Figure 6. Sequence coverage maps based on UVPD (A) without PTCR and (B) with PTCR of enolase (40+,m/z 1167). PTCRwas performed on the
entire ion population (no fractionation, so the precursor ion is also subjected to PTCR) with 5−8 injections of the PTCR reagent anion and reaction
times of 40−50 ms for each injection. (C) Sequence coverages categorized by N-terminal half or C-terminal half of the protein sequence based on
UVPDwithout or with PTCR of carbonic anhydrase (25+,m/z 1161), aldolase (35+,m/z 1121), enolase (40+,m/z 1167), and protein AG (40+,m/z
1262). The sequence coverage of the N-terminal half is calculated based on those fragment ions originating from cleavages spanning backbone
positions 1−129 for carbonic anhydrase, 1−181 for aldolase, 1−218 for enolase, and 1−227 for protein AG. The sequence coverage for the C-terminal
half is calculated based on those fragment ions originating from cleavages spanning backbone positions 130−258 for carbonic anhydrase, 182−362 for
aldolase, 219−435 for enolase, and 228−453 for protein AG. All spectra were collected with 100 transients averaged and fragment ions were retained
only if identified in at least two of three replicates.
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for these higher charge states were lower owing to more severe
spectral congestion. Specifically, the sequence coverages for
enolase in the 55+ charge state (m/z 849) were 9% and 22%
without and with PTCR, respectively, compared to 20% and
43% without and with PTCR for enolase in the 40+ charge state
(m/z 1167). With the exception of protein AG, sequence
coverages in the C-terminal halves of the proteins increased by a
greater factor than the N-terminal halves when using PTCR.
Sequence coverages on average increased by a factor of 2.5 and
3.0 for the N-terminal and C-terminal regions, respectively, for
UVPD+PTCR compared to UVPD alone.

■ CONCLUSIONS
Two main challenges of UVPD of intact proteins include
spectral congestion and low signal-to-noise of fragment ions.
PTCR has been previously been shown to be highly advanta-
geous in countering spectral congestion when performing
UVPD28 while reducing the risk of false positive identifica-
tions.22 Combining PUF + PTCR with additional fractionation
of the fragment ion population further increases the signals of
fragment ions while improving confidence in identifications.
This extra enhancement upon subfractionation of the fragment
ion population is attributed to reduced space charging and
dephasing of lower abundance ions. In fact, many of the gains
observed with typical PUF + PTCR workflows originate from
the fractionation event itself. Notably, fractionation of UVPD
spectra reveal that a higher proportion of N-terminal fragment
ions are located in the m/z window lower than the precursor
while a higher proportion of C-terminal fragment ions are
located in the m/z window higher than the precursor. However,
the number of proteins analyzed in this study is small, and these
trends should be evaluated for a large suite of proteins. Despite
the benefits of removing the nondissociated precursor, this
population remains an untapped source of additional gains in
fragment ion signal. Applying more laser pulses should convert
these precursor ions to fragment ions, but primary fragment ions
are vulnerable to multiple-generation dissociation and could be
transformed into less meaningful products upon exposure to
additional laser pulses. Therefore, combining PUF + PTCR
fractionation strategies with both ion parking27,29 and fragment
ion protection23,40 are compelling avenues to further enhance
the characterization of intact proteins.
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