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Abstract

The impact of supercharging on the fragmentation patterns of six proteins, ubiquitin, cytochrome c, staph
nuclease, myoglobin, dihydrofolate reductase, and carbonic anhydrase, was investigated for five
activation methods, HCD, ETD, EThcD, 213 nm UVPD, and 193 nm UVPD. Changes in sequence coverage,
alterations in the number and abundance of preferential cleavages (N-terminal to proline, C-terminal to
aspartic or glutamic acid, adjacent to aromatic residues), and changes in individual fragment ion
abundances were evaluated. Large decreases in sequence coverage were observed upon supercharging
of proteins activated by HCD, whereas modest gains were observed for ETD. Minimal changes in sequence
coverage were observed when using EThcD, 213 nm UVPD, and 193 nm UVPD, all which tended to display
the highest sequence coverages of the activation methods. Specific preferential backbone cleavage sites
were increasingly enhanced for all proteins in supercharged states for all activation methods, particularly
for HCD, 213 nm UVPD and 193 nm UVPD. Even if large gains in sequence coverages were not apparent
for the highest charge states, supercharging consistently led to at least a few new backbone cleavage sites

for ETD, EThcD, 213 nm UVPD and 193 nm UVPD for all proteins.

Introduction

Advances in top-down mass spectrometry have expanded its adoption for proteome research.3
This approach offers the potential for identification of sequence truncations, single nucleotide
polymorphisms, and combinatorial post-translational modifications (PTMs),* all features which can
affect the activities, functions and structures of proteins and which can be challenging to pinpoint using
conventional bottom-up approaches.*® Characterization of such features requires activation methods
which promote numerous backbone cleavages of the protein to afford high sequence coverage and yet
do not dislodge labile modifications.® In addition to the popular conventional collisional activation

methods, other methods that have shown significant success for analysis of intact proteins include



electron-activated dissociation’ and ultraviolet photodissociation (UVPD).®2 The extent and scope of
fragmentation is governed by numerous factors such as the activation method used, and both protein
charge state and its primary sequence.®'? Understanding how these factors affect protein fragmentation

912715 and is critical for designing predictive rules, aiding

has been explored in several foundational studies
interpretation of MS/MS spectra, and implementing the optimal experimental parameters for maximizing

the information obtained from top-down proteomics strategies.

Seminal investigations of the fragmentation of peptides based on collisional activation resulted in the
development of the mobile proton model, which provides a foundation for understanding fragmentation
according to charge location and density.'®!” It was recognized that the number and locations of protons
of a protonated peptide modulate its fragmentation, particularly influenced by the presence of basic
amino acids which can sequester protons and mediate the initiation of charge-directed fragmentation.*®
As the interest and feasibility of analyzing intact proteins has grown, more attention has been directed
towards uncovering the factors that impact protein fragmentation.?*>19-25 Key studies examining the
relationship between precursor charge state and the dissociation of intact proteins found that the relative
number of charges on a protein influenced whether fragmentation was directed primarily towards neutral
losses and backbone cleavages C-terminal to acidic residues (for lower charge states or proteins with few
mobile protons) or towards backbone cleavages N-terminal to proline in addition to more non-specific
amide backbone cleavages (for high charge states with more mobile protons).}*2-22 This line of inquiry
was extended by employing guanidination of lysines, reinforcing the idea that cleavage of the protein
backbone was enhanced C-terminal to acidic residues for proteins with restricted proton mobility.?® The
enhancement of preferential backbone cleavages has been exploited in a top-down strategy that used
proton transfer charge reduction reactions to consolidate proteins into one lower charge state prior to
CID, thus enhancing cleavages occurring C-terminal to acidic residues, yielding simpler MS/MS spectra
and boosting dynamic range for protein identification.?® The analysis of fragmentation propensities was
further expanded to include the impact of a protein’s higher order structure, revealing that backbone
cleavages adjacent to acidic or aromatic residues were enhanced for proteins in native-like folded
conformations.?*?> These trends varied according to the activation method used.”'>?** Methods like
electron capture or electron transfer dissociation displayed non-specific backbone cleavages regardless
of charge state; however, the extent and efficiency of fragmentation was heavily influenced by precursor
charge state.”?” Previous top-down studies showcased this effect as the sequence coverage and the
number of matched fragments increased for proteins when activated using ETD as charge state

increased.?®? When utilizing ETD for characterization of ions in low charge states, non-dissociative
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electron transfer is often predominant, resulting in inefficient conversion of precursor ions to product ions
and necessitating the need for additional supplemental activation.3%3! Previous studies have shown that
EThcD and AI-ETD largely outperform ETD in both the number of generated fragments and overall
sequence coverage when compared to ETD of low charge states for a variety of proteins.3? Another study
which used carbamylation as a means of manipulating precursor charge state showed that a reduction in
protein charge state had a negative impact on the sequence coverage obtained from collision-based
MS/MS approaches, primarily by reducing the number of backbone cleavage sites, while UVPD exhibited
minimal deleterious effects as a function of charge state.®® This trend was also explored in a study that
examined several ways to reduce the charge states of proteins (e.g., proton transfer charge reduction,
analysis of low charge states produced by native or basic solution conditions, or by carbamylation of basic
lysine sites), and in all cases sequence coverages diminished for lower charge states upon collisional
activation but not by 193 nm UVPD.!2 One recent investigation which focused on using 213 nm UVPD to
aid in proteome identifications found that key diagnostic ions, such as y-2 ions, are prevalent regardless
of precursor charge state and occur predominantly via cleavages at N-terminal to proiline.?* Correlations
between the fragment types and sequence coverages were also examined in a study that compared the
outcome of using 193 nm versus 213 nm photons for UVPD, revealing that y-2 and a ions originating from
fragmentation next to proline residues were more notably enhanced for 213 nm UVPD relative to 193 nm
UVPD.?®

Owing to the recognized importance of charge state on the fragmentation of proteins, numerous
methods to manipulate charging of proteins have been explored. Charge reduction of proteins can be
implemented by changing the solution conditions used for ESI*®=8 or by proton transfer charge reduction
in the gas phase.* Increasing the charge states of proteins is another tactic typically enabled by addition
of solution modifiers prior to ESI.*#24344 resulting in the production of “supercharged” ions. Examples of
commonly used supercharging agents include m-nitrobenzyl alcohol, sulfolane, and ethylene carbonate,
among others.*** The use of these agents can improve mass spectrometry analyses of proteins by shifting
the m/z of the ions to a less congested region, separating overlapping ions, in some cases consolidating
ion current into fewer charge states, and/or increasing fragmentation efficiency during MS/MS. The
mechanism of supercharging is still under investigation; however, some possible explanations are based
on an increase in solvent surface tension which can lead to production of more highly charged droplets,
and increased solvent polarity which may stabilize charge sites.***>4-% Supercharging may also lead to
significant changes in protein fragmentation, offering the potential to increase the information harvested

from top-down MS/MS analysis. For example, one study showed that supercharging can result in the



funneling of fragmentation into a few dominant backbone cleavages while reducing the abundance of
fragmentation at neighboring residues.®® Supercharging of proteins also resulted in more efficient

cleavage of disulfide bonds and overall greater fragmentation efficiency for ECD and CAD.*!

Herein, we investigate the effects of supercharging agents on the fragmentation of six proteins
ranging in molecular size from 8.6 to 29 kDa using four activation methods: HCD, ETD, EThcD and 193 nm
UVPD. A set of six proteins was chosen to focus on ones with well-known sequences and allow significant
signal averaging to increase the confidence in fragment ion assignments (in contrast to LCMS data
acquisition in which many proteins can be surveyed but with far lower sequence coverage and
concomitant deterioration of confidence in ion assignments). We emphasize UVPD in particular owing to
its high energy deposition and ability to cleave at every type of backbone position, generating six ion types
(a/x, b/y, ¢/z) while preserving labile PTMs.32 We compare performance metrics of the various activation
methods, including sequence coverages, extent of preferential cleavages, and distribution of backbone

cleavages throughout the sequence as a function of charge state.
Experimental
Top-Down Mass Spectrometry

Ubiquitin (bovine, 8.6 kDa), cytochrome C (equine, 12.3 kDa), myoglobin (equine, 16.9 kDa), and carbonic
anhydrase (bovine, 29.0 kDa) were obtained from Sigma Aldrich. Staph nuclease (Staphylococcus aureus,
16.1 kDa)>® and dihydrofolate reductase (E. coli, 18.9 kDa)** were expressed and produced as reported
previously. Associated sequences, Uniprot accession numbers, and monoisotopic masses are provided in
Table S1. LC-MS grade water, acetonitrile, and formic acid were obtained from Fischer Scientific. 4-Vinyl-
1,3-dioxolan-2-one was obtained from Millipore Sigma. Each solution contained 5 uM protein in 1:1
water:acetonitrile with 0.1% v/v formic acid and was infused by electrospray ionization using Pd/Au
coated static tips (20 nm ID) pulled in-housed and using an applied voltage of 1.6 kV. Supercharged
solutions also contained 1% v/v 4-vinyl-1,3-dioxolan-2-one. All spectra were collected using a Thermo
Scientific Orbitrap Fusion Lumos Tribrid mass spectrometer, one equipped with a 213 nm solid state
Nd:YAG laser (2 ul per pulse, 2500 Hz repetition rate) and the other modified with a 500 Hz ArF excimer
laser (Coherent, Inc.) for 193 nm UVPD as described earlier.>® For 193 nm UVPD, the laser power was
adjusted to 1-2 mJ per pulse. Protein charge states were isolated using a 3 m/z isolation window. MS/MS
spectra were acquired using a resolution of 240,000, an AGC target of 1e6, a S-lens RF of 60%, 200

averages, and intact protein mode turned on. All data were collected in triplicate. Activation parameters



for all methods and charge states were optimized for sequence coverage. Typical 213 nm UVPD used an
activation period of 20-40 ms corresponding to 50-100 laser pulses. Typical 193 nm UVPD parameters
consisted of 1 laser pulse at 1-2 mJ per pulse. UVPD was performed in the low-pressure linear ion trap on
both mass spectrometers. Activation parameters for HCD ranged from 4-25 NCE depending on the protein
and charge state. Activation parameters for ETD ranged from 4-30 ms. For EThcD, a 4-30 ms period was

used for ETD during which the HCD was between 5-23 NCE.
Data Analysis

All MS/MS spectra were deconvoluted using Xtract with a fit factor of 44% and a S/N threshold of 3.
Fragments were identified using a 10-ppm error tolerance. Deconvoluted fragment ion abundances were
analyzed with a custom-built Python program, MS-TAFI, to generate fragment abundance maps.>®All ten
UVPD fragment ion types (a, a+1, b, ¢, x, x+1, y, y-1, y-2, and z) were considered for sequence coverage
and general analysis of fragment abundances. When evaluating preferential cleavage sites, each inter-
residue position is counted as one backbone cleavage site regardless of whether a,b,c or x,y,z ions are
generated from cleavage of that inter-residue position. For percentages of fragment ion current
originating from preferential backbone cleavages, all potential complementary partner ions (i.e. a and x,
b and y, or c and z) are summed together if produced. All data is available in the public repository jPOST

with the accession number JPST002123. Examples of MS/MS spectra are provided in Figures $1-S30.
Results and Discussion
Charge state distributions

The charge state distributions were evaluated for proteins sprayed under standard (50:50
water:acetonitrile, 0.1% v/v formic acid) and supercharging (50:50 water:acetonitrile, 0.1% v/v formic
acid, 1% v/v4 -vinyl-1,3-dioxolan-2-one) solution conditions. Examples of the MS1 spectra are shown in
Figure 1 for cytochrome C (cytC) and carbonic anhydrase (CA), and the analogous MS1 spectra are shown
in Figure S31 for the other four proteins included in this study. The charge state distributions for the
proteins sprayed under supercharging tended to narrow by 2 to 5 states depending on the protein size.
The center of the charge state distribution also shifted by 2 to 5 charges on average. This effect generally
varied with protein size with proteins like cytochrome c showing large shifts in charge state distribution
while proteins like carbonic anhydrase exhibiting less change (Figure 1). The charge states targeted for

the detailed MS/MS analysis were selected to capture the widest range of charge states possible while



still having sufficient signal (S/N > 50, typically corresponding to > 5e5 normalized level for an Orbitrap

Lumos mass spectrometer) for MS/MS experiments.
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Figure 1. Charge state distributions of A) cytochrome C (CytC) and B) carbonic anhydrase (CA) under
standard (black) and supercharging (red) conditions

Sequence Coverage

Sequence coverage is often used as a metric for evaluating the impact of various parameters, whether
experimental parameters or molecular features, on the fragmentation of a protein. The sequence
coverages for proteins sprayed under standard and supercharging conditions were evaluated using HCD,
ETD, EThcD, 213 nm UVPD, and 193 nm UVPD (Figure 2) for four charge states per protein (two standard
charge states, two supercharged states). Representative sequence coverage maps are provided in Figures
$32-S61. For all proteins analyzed, the sequence coverage acquired when using HCD tended to decrease
as charge state increased. The average decrease in sequence coverage for HCD going from the lowest to
highest charge state was 23% for ubiquitin, 30% for cytochrome ¢, 41% for staph nuclease, 40% for
myoglobin, 20% for dihydrofolate reductase, and 19% for carbonic anhydrase. This observation has been

documented in previous studies which suggests that the decrease in sequence coverage for high charge



states may be due to the abundance of a few key preferential fragmentation pathways such as those N-

terminal to proline.2%22
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Figure 2. Summary of the sequence coverages obtained for ubiquitin (Ubq), cytochrome c (CytC), staph
nuclease (Staph), myoglobin (Myo), dihydrofolate reductase (DHFR), and carbonic anhydrase (CA) across
charge states using five activation methods. Hatched bars indicate supercharged states.

When using ETD, the sequence coverage generally increased as charge state increased, in agreement with
the known dependence of the performance of electron activation methods on charge density.>” The
average increase for ETD when going from the lowest to highest charge state was 36% for ubiquitin, 11%
for cytochrome c, 32% for staph nuclease, 10% for myoglobin, 26% for dihydrofolate reductase, and 9%
for carbonic anhydrase. This outcome is consistent with the greater exothermicity of the electron transfer
reaction as a function of charge state of the precursor ion, increasing energy transfer and decreasing non-
dissociative processes.”’ In contrast to the more significant changes in sequence coverage as a function
of charge state for HCD or ETD, there were minimal changes in sequence coverage for proteins activated
using EThcD, 213 nm UVPD, and 193 nm UVPD. The change between the lowest and highest charge states

when using any of these three activation methods ranged between 5-15%. The minimal changes in



sequence coverage when using EThcD and UVPD have been documented in past studies which have

examined the impact of charge state.323°

Preferential Cleavages

The impact of supercharging agents on the extent of preferential cleavages was explored. In particular,
the preferential cleavages of interest include backbone cleavages N-terminal to proline (Pro,P) residues,
C-terminal to acidic residues (aspartate (Asp,D), glutamate (Glu,E)), and cleavages adjacent to aromatic
residues ((Phe, F), (Tyr, Y), (Trp, W)), the latter which are more commonly noted for UVPD methods. For
each protein and charge state, the number (count) and abundances of all fragment ions were pooled, then

categorized based on the locations of the backbone cleavages from which the fragment ions originated.
Backbone Cleavage N-terminal to Proline (Pro)

The portion of fragment ion current attributed to proline-mediated cleavage varied significantly based on
activation method and varied moderately based on charge state. For proteins activated using HCD, the
percentage of total fragment ion current and number of fragment ions attributed to backbone cleavage
N-terminal to proline generally remained unchanged or slightly decreased for supercharged ions (Figures
3; $62-S63). The impacts of supercharging on N-terminal proline cleavage for both ETD and EThcD was
negligible as these activation methods do not promote this fragmentation pathway (Figures 3; Figures
$64-567).°% For 213 nm and 193 nm UVPD, the trend in N-terminal proline cleavage as a percentage of the
total ion current did not show a consistent outcome as a function of protein charge state, increasing for
one of the supercharged proteins (cytC) but decreasing for DHFR or showing little change for the other
proteins. The same number of proline cleavages occurred for all charge states of each protein for 213 nm
UVPD ( Figures 3; Figures $S68-569), also echoed for 193 nm UVPD (Figures 3; Figures $70-S71). The most
notable finding with respect to the preferential N-terminal proline cleavage is the significant
enhancement of this pathway for 213 nm UVPD relative to all other activation methods, in agreement

with prior studies which highlighted the dominance of this pathway for 213 nm UVPD .3*%
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Figure 3. Percentages of ion current originating from preferential cleavages for (Ubq), cytochrome c
(CytC), staph nuclease (Staph), myoglobin (Myo), dihydrofolate reductase (DHFR), and carbonic anhydrase
(CA) for standard charge states and supercharged states for each activation method. Percentages are
expressed as a percentage of the total identified fragment ion current.

Backbone Cleavage C-terminal to Acidic Residue (Asp, Glu)

For collisional activation of peptides, the mobile proton model suggests that acidic cleavages are favored
when the number of added protons is less than the number of basic residues along the protein backbone
(i.e. limited proton mobility).® This finding has also been substantiated for collisional activation of
proteins.1329-2226 |n the present study, for HCD there is a consistent decrease in the number of fragment
ions originating from cleavages C-terminal to acidic residues for the super-charged proteins. (Figure S62).
When expressing this value as a percentage of the total number of possible cleavages C-terminal to acidic
residues the decrease for each protein is 10% for ubiquitin, 33% for cytochrome C, 50% for staph nuclease,
43% for myoglobin, 30% for dihydrofolate reductase, and 24% for carbonic anhydrase when going from
the lowest to highest charge states analyzed (Figure S63). For ETD, EThcD, 213 nm UVPD and 193 nm

UVPD, the total number of identified acidic cleavages and abundances of the resulting ions remained



nearly constant across all charge states (Figure S64-S71). Comparison of the patterns for the five
activation methods indicates that backbone cleavages C-terminal to acidic residues contribute a
significantly greater portion of the fragment ions for HCD than any of the other methods. This result is
not unexpected given the dependence of this fragmentation pathway on the charge state and number of
mobile protons, and it is also consistent with the prevailing perspective that the outcome of UVPD is not

significantly influenced by charge state.
Backbone Cleavages Adjacent to Aromatic Residues (Phe, Tyr, Trp)

The number and total portion of product ions originating from cleavages adjacent to aromatic residues
(Phe, Tyr, Trp) were also monitored for all activation methods (Figures 3, Figures S62-S71). Enhancement
of fragmentation adjacent to aromatic residues has been reported previously for UVPD of proteins,*? but
this effect has not been recognized as a notable factor for other activation methods. While 213 nm and
193 nm UVPD both yielded a greater number of fragment ions originating from aromatic cleavages
compared to other activation methods (Figures S68, S70), the percentage of the total ion current
contributing to these ions was similar or in some cases lower than observed for the other activation
methods (Figure 3). These results indicate that while aromatic cleavages may occur more frequently for
UVPD, they don’t necessarily result in highly abundant fragment ions. This trend appears to be largely
independent of charge state as the number and abundances of products arising from cleavages adjacent

to aromatic residues varied depending on the protein, activation method, and charge state.
Non-Specific Backbone Cleavages

The bulk of fragment ions originate from backbone cleavages at positions unrelated to the presence of
proline, acidic or aromatic residues, and these are collectively grouped as products from non-specific
cleavages. For HCD, the number of fragment ions originating from non-specific cleavages decreased for
all proteins in supercharged states; however, their contribution to the total fragment ion current varied
and showed a decrease for ubiquitin, cytochrome C, and dihydrofolate reductase and an increase for staph
nuclease and myoglobin. Little effect was observed for carbonic anhydrase. (Figure 3; Figures $62-S71).
This outcome parallels the trends discussed previously for HCD as the sequence coverage tended to
decrease with increasing charge state, while the number of identified preferential cleavages remained
constant. Non-specific cleavages were dominant for both ETD and EThcD regardless of charge state. 213

nm UVPD and 193 nm UVPD showed minimal changes in the number of fragment ions arising from non-
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specific cleavage as a function of charge state, although 193 nm UVPD consistently resulted in a larger

number of non-specific cleavages than 213 nm UVPD.
Overall Percentages of Preferential and Non-Specific Fragment lons

To examine the overall differences in the portion of fragment ions originating from preferential versus
non-specific cleavage, all fragment ions attributed to preferential (N-Pro, C-Asp + Glu, aromatic) cleavages
were grouped together, and their abundances summed and compared to the portion arising from non-
specific cleavages (Figure S72). For HCD, the portion of fragment ions from preferential cleavages
increased relative to the portion from non-specific cleavage for ubiquitin, cytochrome C, and
dihydrofolate reductase for the supercharged states. Product ions from non-specific cleavages were more
abundant for staph nuclease and myoglobin for the supercharged states. This result can be seen in the
fragment abundance maps for these two proteins which show the emergence of a highly abundant
fragment ions originating from Q/G and A/D backbone cleavages for myoglobin (22+, 24+) and staph
nuclease (25+, 27+), respectively (Figures S87, S88). For ETD, EThcD, 213 nm UVPD and 193 nm UVPD, the
proportion of fragment ion current originating from preferential versus non-specific cleavages remained
relatively constant for each protein in standard versus supercharged states (Figure $72). However, it is
notable that the overall proportion of product ions from preferential cleavages is significantly greater than

the portion form non-specific cleavages for all proteins and all charge states for 213 nm UVPD.
Other trends related to activation method

Broader trends related to the total number of identified fragments were also considered as this accounts
for the entire set of fragment ions that contribute to the sequence coverage (in contrast to the counting
of backbone cleavage sites). This metric differs from the ones discussed previously because it tallies all
fragment ions (e.g. a, a+1, b, ¢, x, x+1, y, y-1, y-2, and z) regardless of whether they contribute new
information or originate from different backbone positions (such as bss and css ions). All six proteins
followed a similar trend regardless of charge state (Figure $73). 193 nm UVPD consistently generated the
greatest number of fragment ions, followed by EThcD, 213 nm UVPD, and either HCD or ETD. HCD
produced more fragments for low charge states, whereas ETD produced more fragments for high charge
states. For four of the proteins (Ubg, CytC, Myo, and DHFR), it appears that there are more C-terminal
fragment ions than N-terminal ions produced, but it seems that N-terminal fragment ions are favored for
CA (Figures S74, S75). To explore these trends in more detail, the variation and distribution of specific ion

types was further analyzed and summarized in Figures $76-S80 for each activation method. lon types were
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grouped according to their broader families (i.e. a, a+1 grouped together; and y, y-1, y-2 all grouped as y-
type). For 213 nm UVPD, g, x and y ions were most dominant for all proteins, whereas 193 nm UVPD

resulted in a broader distribution of all six ion types.

The MS/MS spectra were also scrutinized to discern whether supercharging resulted in the identification
of unique backbone cleavage sites (Table 1; Figures S81-S85). As an example, for analysis of DHFR the
number of unique cleavage sites (3) produced by HCD of the supercharged states (22+, 24+) is significantly
lower than the number of unique cleavage sites (43) generated by HCD of the standard charge states,
indicating a substantial decrease in the sequence information. For ETD and both 213 nm and 193 nm UVPD
of DHFR (Table 1), supercharging led to production of several more unique backbone cleavage sites than
obtained for the standard charge states. For HCD in general, supercharging appears to streamline
fragmentation pathways as there are few unique cleavage sites for all the proteins in higher charge states,
and most of the identified backbone cleavages for the supercharged states are shared with the standard
charge states (Figure S81). Conversely, ETD of the supercharged states consistently led to the greatest
number of new backbone cleavage sites, averaging 18 new backbone cleavages across all six proteins
(Figure S82). Supercharging resulted in an average of 9 new backbone cleavage sites for EThcD, 11 for
213 nm UVPD, and only 6 for 193 nm UVPD (Figures S83-S85). The relatively low gain for 193 nm UVPD
is attributed to the high sequence coverage obtained for standard charge states, leaving little room for

improvement for higher charge states.

Unique Backbone Shared Unique Backbone
DHFR Cleavages Backbone Cleavages
Standard (13+, 19+) Cleavages Supercharged (22+, 24+)

HCD 43 56 3
ETD 4 122 19
EThcD 9 139 11
213 nm UVPD 9 139 11
193 nm UVPD 9 118 10

Table 1. Summary of unique or shared backbone cleavages for dihydrofolate reductase (DHFR) for
standard charge states (13+, 19+) or supercharged states (22+, 24+).

Backbone Cleavage Maps

To further examine the impacts of supercharging on preferential cleavages, backbone cleavage maps were

created using a Python program, MS-TAFI.>® This program utilizes deconvoluted fragment ion abundances
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to display the abundances of fragments (normalized to the total fragment ion current) according to the
backbone cleavage position from which they originated, allowing visualization of the pattern of backbone
cleavages (“cut sites”) throughout the protein sequence. This format graphically illustrates the impact of
highly preferred cleavage sites as a function of charge state, and also improves visualization of variations
in coverage of the protein sequence for each activation method. These backbone cleavage maps were
created for each protein and each charge state for each activation method, as illustrated in Figures 4 for

ubiquitin and $86-S90 for the other five proteins.
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Figure 4. Backbone cleavage maps based on fragment ions originating from backbone cleavages
throughout the sequence of ubiquitin (Ubq) for standard charge states (8+, 10+) and supercharged states
(12+, 14+) activated using HCD, ETD, EThcD, 213 nm UVPD, and 193 nm UVPD. Fragments are color coded
according to ion type, and abundances are displayed as a percentage of the total identified fragment ion
current. Hydrogen shift fragmentions (e.g., a+1, x+1, y-1, y-2) are included for spectra generated by UVPD.

The backbone cleavage maps reveal some notable shifts in the fragmentation patterns for most of the
proteins for the standard versus supercharged states. The backbone cleavage maps generated for the
HCD spectra indicate that much of the ion current is funneled into a few fragment ions originating from
specific backbone cleavage sites, commonly related to Pro, Asp, or Glu cleavages, features that are even
more pronounced for higher charge states. For example, a big ion is prominent for all charge states of
ubiquitin, and this ion arises from a backbone cleavage (E/P) that is both C-terminal to an acidic residue
and N-terminal to proline which have previously been defined as preferential pathways. Supercharging in
this case accentuates this particular preferential cleavage site. The observation of enhanced preferential

cleavages upon HCD, particularly for the supercharged states, is echoed in the backbone cleavage maps
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generated for the other proteins. The trend for enhancement of preferential backbone cleavage sites is
reversed for ETD. Some cleavages that are prominently favored for the lower charge states, such as a G/K
cleavage that results in a highly abundant c;o ion for ubiquitin (8+) (Figure 4), diminish in prevalence for
the higher charge states along with production of a broader array of fragment ions. EThcD exhibits
backbone cleavage patterns that blend the trends noted for HCD and ETD, with some prominent
preferential backbone cleavages emerging for the supercharged states, but in general a more
heterogenous array of backbone cleavages for all charge states. Some of the dominant backbone cleavage
sites shift significantly, as observed in the backbone cleavage maps for ubiquitin in Figure 4 in which ETD-
type z ions originating from G/K and Y/N cleavages are prominent for the 8+ charge state, HCD-type b ions
arising from E/V and E/D cleavages are most abundant for the 10+ and 12+ charge states, and then a zion
from a V/E backbone cleavage is favored for the 14+ charge state. For both ETD and EThcD, the production
of highly abundant fragment ions from a few specific backbone cleavage sites is balanced by a broad array

of other lower abundance fragment ions through cleavage of other backbone sites.

The backbone cleavage maps for both 213 nm and 193 nm UVPD data also reveals interesting
observations. While the sequence coverage does not vary much according to charge state for ubiquitin,
there is a significant funneling of ion current into a handful of fragment ions from preferential backbone
cleavage sites (E/P, P/P) as protein charge state increases (Figure 4). In addition, the fragment ions that
originate from these cleavage sites are often b/y-type ions commonly associated with collisional activation
type fragmentation. A previous CID study of ubiquitin reported changes in preferential cleavages from low
(2+) to high (12+) charge states, specifically noting a shift in the degree of cleavages adjacent to acidic
residues for low charge states to those mediated by proline residues for high charge states.?’ This invites
speculation about the location of charges and how this influences fragmentation for UVPD. One fragment
ion that is the most abundant fragment ion for 193 nm UVPD of supercharged myoglobin (24+) is a y,s ion
related to a Q/G backbone cleavage, also observed for HCD, bolstering the idea that this pathway is
occurring through a mechanism that is more akin to the processes occurring for collisional activated
dissociation, not a direct pathway from an excited electronic state. When comparing the fragmentation
trends for 213 nm and 193 nm UVPD, a similar trend is observed where ion current is funneled towards
specific backbone cleavages, although this effect is more pronounced for 213 nm UVPD. While N-terminal
proline cleavage is prominent across all charge states, certain sites appear to be enhanced for
supercharged states. For 213 nm UVPD, cytochrome C exhibits enhanced cleavage an I/P site for the

supercharged states, a cleavage site that was less pronounced for standard charge states. This finding
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holds true for a Q/P cleavage site for staph nuclease as well. These cleavages are also pronounced for 193

nm UVPD contributions, and all are related to production of b/y-type ions.

One factor that should be considered when deciphering the enhancement of certain fragmentation
pathways is the potential changes in protein structure upon supercharging. While the protein is denatured
in both standard and supercharged solutions, the assemblies of structures may be different. One
parameter that can be measured is collision cross-section, a measure of an ion’s size. The change in
collision cross section when going from standard charge states to supercharged states can be quite large,
in some cases ranging from 23-36%.>° For example, the collision cross-section of ubiquitin increased from
1990 A? (8+) to 2600 A? (13+), and similar increases were noted for myoglobin (3880 A2 (15+) to 5090 A2
(24+)), and carbonic anhydrase (5959 A? (22+) to 8142 A? (33+)).% It is reasonable to postulate that a
change in protein structure, e.g., even more protein elongation owing to Coulombic repulsion from

supercharging, may also contribute to changes in fragmentation.
Conclusion

The effects of supercharging on the fragmentation of proteins was investigated using a variety of
activation methods. Some increases in sequence coverage with increasing charge state were observed for
ETD; however, large decreases were observed for HCD. EThcD, 213 nm UVPD, and 193 nm UVPD showed
minimal changes in sequence coverage for supercharged states while also offering the consistently highest
average sequence coverage among the activation methods. Supercharging also influenced the number
and abundances of fragment ions originating from preferential backbone cleavages (N-terminal proline,
C-terminal Aspartic acid/glutamic acid) depending on the activation method. Particularly for HCD, 213 nm
UVPD, and 193 nm UVPD, often a few backbone cleavage sites were increasingly favored for the
supercharged states. Furthermore, the fragment ions that originated from preferential backbone cleavage
sites upon 213 nm or 193 nm UVPD of supercharged states were frequently b/y-type ions that are

commonly associated with the pathways favored for collisional activation.
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