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Abstract. Gaseous fragmentation of intact proteins is multifaceted and can be
unpredictable by current theories in the field. Contributing to the complexity is the
multitude of precursor ion states and fragmentation channels. Terminal fragment ions
can be re-fragmented, yielding product ions containing neither terminus, termed
internal fragment ions. In an effort to better understand and capitalize upon this

fragmentation process, we collisionally dissociated the high (13+), middle (10+),

# of internal fragment ions
covering residue

1T 23

and low (7+) charge states of electrosprayed ubiquitin ions. Both terminal and internal
fragmentation processes were quantified through step-wise increases of voltage
potential in the collision cell. An isotope fitting algorithm matched observed product

ions to theoretical terminal and internal fragment ions. At optimal energies for internal
fragmentation of the 10+, nearly 200 internal fragments were observed; on average each of the 76 residues in
ubiquitin was covered by 24.1 internal fragments. A pertinent finding was that formation of internal ions occurs at
similar energy thresholds as terminal 5- and y-ion types in beam-type activation. This large amount of internal
fragmentation is frequently overlooked during top-down mass spectrometry. As such, we present several new
approaches to visualize internal fragments through modified graphical fragment maps. With the presented
advances of internal fragment ion accounting and visualization, the total percentage of matched fragment ions
increased from approximately 40% to over 75% in a typical beam-type MS/MS spectrum. These sequence
coverage improvements offer greater characterization potential for whole proteins with no needed experimental
changes and could be of large benefit for future high-throughput intact protein analysis.
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Introduction

P rotein fragmentation by top-down tandem mass spectrom-
etry produces enough data that automated data analysis is
necessary [1, 2]. Potentially hundreds of product ions can result
from a single ionic species of a whole protein [3]. Although
different computational tools exist to aid in the analysis of
protein fragmentation data, they are primarily designed to
analyze protein cleavage products that contain either the
amino- or carboxy-terminus or search for differences in frag-
ment ion masses that correspond to amino acid residues [2, 4].
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However, for internal fragment ions, there is a lack of available
analysis software because of the computational demands of the
increased search space. Owing to these limitations and the
perception of ‘over-fragmentation,” internal fragment ions have
generally been avoided by practitioners of top-down mass
spectrometry. Further, experimental conditions have even been
sought to minimize their formation, potentially decreasing
protein characterization [5]. Additionally, the value of identi-
fying internal fragment ions, as well as how to visualize and
interpret the results, is less clear than for terminal fragment
ions.

Previous studies detailing internal fragmentation have been
mainly limited to peptides [6-8]. For intact proteins, ubiquitin
is often used as a model, and has been studied extensively to
determine the influence of multiple charging on ion structure
and protein dissociation [9]. Agar et al. explored the internal
fragmentation of ubiquitin with declustering potential (i.e.,
source-induced dissociation) and at high energies found that
nearly half of all product ions were internal fragments [10].
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However, common high-throughput top-down proteomics
methodology typically targets individual charge states for frag-
mentation instead of dissociating all electrosprayed ions with
declustering potential in the electrospray source. Therefore, a
quantitative study of the effect of fragmentation energy on
individual charge states is necessary to provide insight into
internal fragmentation for top-down experiments. Here, we
present such a study with detailed internal and terminal frag-
ment analysis with visualization of axial acceleration higher-
energy collisional dissociation (HCD) product ions from the
13+, 10+, and 7+ precursor charge states of ubiquitin ions. The
study strongly motivates the further consideration of internal
ions in beam-type fragmentation, possibly important for high
mass proteins where localization of variation within the middle
region of sequence presents a major challenge for high-
throughput tandem MS using any ion fragmentation
technology.

Experimental

A solution of 2 pM bovine ubiquitin (Sigma, St. Louis, MO,
USA) was analyzed by ESI-MS under denaturing solution
conditions (50:50:1 MeOH/H,O/HCOOH, pH ~3) for the
spectra of 13+ and 10+ ions, and native solution conditions
(100:1 H,O/HCOOH, pH ~3) for spectra deriving from 7+
ions. Although ubiquitin is known to remain in its native form
at the low pH of our native electrospray solution, many proteins
are denatured under these same conditions [11]. All samples
were run on a Q Exactive HF mass spectrometer (Thermo
Scientific, Bremen, Germany). Precursor ions were
quadrupole-isolated with a 5m/z window. Fragmentation spec-
tra were collected at 120,000 resolving power @ 200m/z with
4 p scans and a fixed injection time of 200 ms (7+), 100 ms
(13+), and 50 ms (10+). Different injection times were used to
avoid space charge effects as a result of different initial precur-
sor abundances. The scan window ranged from 133 to
2000m/z.

The HCD MS/MS spectra were analyzed with an in-house
algorithm that generates the masses of all possible theoretical
terminal and internal b- and y-ions from the known protein
sequence. Only fragment ions that contained at least two resi-
dues were considered. Sets of unique fragments with the same
chemical formula were only counted once for overall yield and
length calculations and were not included in fragment maps or
coverage calculations. All possible charges of each fragment
ion were then searched against each spectrum at 5 ppm (13+)
and 3 ppm (10+ and 7+), with these different tolerances ac-
counting for slight differences in space charge. For positively
identified fragment ions, charge-normalized intensity values
were measured and tabulated.

Results and Discussion

We isolated the ubiquitin 13+, 10+, and 7+ ions individually
and fragmented each at varying HCD energies (Figure S1 of
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the Supplementary Material). At low energy, the isolated
charge states remain nearly intact (Supplementary Figure S1,
20 V on left panels), but as the applied collision energy was
increased, more fragment ions were produced (Supplementary
Figure S1, 35 V in middle panels). When collisional energy
was further increased, a larger number of lower m/z fragment
ions were observed (Supplementary Figure S1, 50 V on right
panels). Qualitatively, the number of fragment ions was ob-
served to be dependent on the amount of energy applied to the
intact precursor ion.

Fragment ions can be divided into two classes: terminal ions
containing the amino or carboxy terminus, and internal ions
with neither. The intensity yields from both terminal and inter-
nal ions were determined for isolated ubiquitin precursor
charge states of 7+, 10+, and 13+ at stepped collision energies
as shown in Figure 1a—c. The number of total matched ions for
both fragmentation types is displayed for the three charge states
in Figure 1d-f. Initially, raising the voltage potential for all
three precursors increases the number and abundances of ter-
minal fragment ions (Figure 1, red). However, this increase is
dependent on the precursor charge: the 13+ charge state frag-
ments at lower energies than the 10+, which in turn begins to
fragment before the 7+. This effect can be attributed to the
energy imparted on the parent ions, which is directly propor-
tional to the voltage multiplied by the charge, as well as other
structural and Coulombic factors [11]. As HCD energy is
further increased, internal fragment ions are generated. The
number and yield of internal fragment ions (Figure 1, blue)
increase along with a corresponding decrease of terminal frag-
ment ions, but with only a few volts discriminating their
maxima (Figure 1). Only internal fragment ions are observed
at the highest energy levels. Unexpectedly, local maxima were
observed in the number and yield of both fragment types,
particularly for the 7+ and 10+ parent ions. This feature may
be attributable to an increase in the number of ions after
cleavage of larger ions. For example, a single large ion, when
fragmented, produces two product ions. The distribution of
charge on the precursors likely plays a role in these patterns
as evidenced by the lack of maxima in the higher charged 13+
ion fragmentation data. We attribute both the corresponding
minima in product yields and the overall decrease in fragment
ion intensities at higher energies to experimental limitations in
detection. As fragments are first formed and then re-
fragmented into smaller pieces at higher energies, more low-
mass and neutral product ions are formed, including ions that
may be below the minimum scan value (133m/z) or undetect-
able by MS, respectively. Further differences in the fragmen-
tation outcomes of different precursor charge states can be seen
by analyzing the average length of matched fragment ions,
which decreases exponentially at higher energies (Supplemen-
tary Figure S2).

Although the overall yields of fragment ions are important
for studying mechanisms of protein fragmentation, the confi-
dence in protein identification and especially characterization is
dependent on the number of matched versus unmatched frag-
ment ions. At 32 V (25 normalized collision energy, or NCE,
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Differential charge state fragmentation as a function of applied voltage. Stepped HCD energies were used to fragment the

7+ (bottom), 10+ (middle), and 13+ (top) charge states of ubiquitin. Fragment ions were found by matching experimental isotope
distributions to theoretical isotope distributions. (a—c) Intensity values for terminal and internal fragment ions were normalized by
charge. Terminal fragment ions are denoted by red circles whereas internal fragment ions are signified by blue circles. (d—f) The
number of internal and terminal matching fragment ions is shown for each of the three charge states. The dashed line presentin each
graph indicates the voltage that corresponds to the typical energy used in top-down proteomics analysis

the standard HCD energy setting for top-down proteomics),
100 terminal ions from the 10+ precursor ion were matched,
including the 57 matched internal fragment ions results in a
total of 157 matching fragments. For the 13+ precursor ion at
25 NCE (24.5 V), 95 terminal and 78 internal fragments ions
were found. If the internal ions were used for proteoform
characterization [12], the 173 total matching ions would repre-
sent an 82% increase in the overall number of matched frag-
ments. For the 7+ charge state at 25 NCE (46 V), 92 terminal
and 41 internal fragments were matched, a 45% improvement
in total matching fragments. If energies yielding more internal
fragment ions are considered, the increase in matched frag-
ments could be even greater. At 70 V for the 7+ precursor ion,
only 39 terminal ions are matched, while 105 internal ions are
produced, a 269% increase in the total number of matched ions.
To account for all ions in a spectrum, we manually validated
one full fragmentation spectrum from the 10+ precursor at
30 V. Of the 201 matched fragment ions, matching terminal
fragment ions accounted for 88 ions, or 43.7% of the total. The
inclusion of internal ions led to a gain of 64 matching ions,

raising the total number of accounted ions to 75.6%. Many of
the unaccounted ions are from neutral losses. The above in-
creases in total matching fragment ions without the need for
additional fragmentation events would be beneficial for im-
proved characterization and validation during high-throughput
proteomic experiments. Furthermore, internal fragment ions
could help localization of proteoform features and may ulti-
mately benefit proteoform characterization metrics, such as the
C-score [13].

An example of the local effects of fragmentation can be seen
by examining the intensity of several 10+ products, y58 and
40 ions (terminal fragments) and the yIb[18-36] (an internal
fragment depicted by nomenclature described previously [14])
across a variety of collisional energies (Figure 2a). These three
fragment ions are formed from cleavages at sites 18 and 36
(Figure 2b), each directly N-terminal to two of the three pro-
lines in ubiquitin. Cleavage sites N-terminal to proline have
been shown to have high fragmentation propensity when col-
lisionally dissociated [15]. The formation of the y58 fragment
(a predominant product ion of ubiquitin) occurs at much lower
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Figure 2. Individual fragment ion traces from 10+ charge state

of ubiquitin. The 7+ charge state (dark) of the most abundant
fragment ion from HCD fragmentation, y58, is plotted as a
function of normalized charge intensity versus the HCD energy
applied. The 5+ fragment ion (medium) from a less abundant
terminal ion, y40, is in the medium purple color. Lastly, a 2+ ion
of an internal fragment ion (light) spanning residues 19 through
36 (cleavages after residues 18 and 36) is shown

energy than the other two ions, indicating that it is among the
first product ions to form upon activation. At higher energies,
the abundance of y58 decreases while the intensities of y40 and
yIb[18-36] increase. These trends are consistent with the re-
fragmentation of y58 into, among others, the complementary
products y40 and yIb[18-36] (Figure 2b). Thus, the new for-
mation of both smaller terminal and internal fragment ions at
higher collisional energies can be attributed to the secondary
fragmentation of larger product ions.
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Although the inclusion of internal fragment ions can greatly
increase top-down protein characterization, the sequence space
covered by all possible internals is sizable. Regarding internal
ion formation from ubiquitin, 28,490 different ions between the
fragment charge states 1+ through 10+ are theoretically possi-
ble for a 76-residue protein such as ubiquitin. By comparison,
ubiquitin has 1480 theoretical terminal fragment ions when the
same charge state range is considered. As protein size in-
creases, the theoretical number of internal fragments increases
quickly. For a protein with 500 residues, there are 1.2x10°
possible ions even when considering only charge states at or
below 10+. Only 9960 of that total can be attributed to terminal
fragment ions. The number of theoretical terminal and internal
fragment ions (with no charge states considered) for proteins up
to 1000 residues in length are graphed on a log;, scale in
Supplementary Figure S3. The total number of theoretical
internal fragments was determined by:

((n—l—l) + (n—l—l)2> /2

where 7 is the length of the protein and / is the minimum
fragment length considered. To determine the probability of
spuriously matching a fragment ion in this study, we estimated
our false discovery rate for the experimental observation of
fragment ions. Spectral m/z values from the 10+ precursor were
shifted by set amounts between —500 and +500 ppm. Using the
altered data as a null set (where the experimental mass accuracy
is far outside the expected values), we found an average of
1.4% of the number of fragments matched in the original data
set (Supplementary Figure S4, blue). Further, the false positive
fragment ion matches made up only 0.8% of the overall orig-
inal intensity (Supplementary Figure S4, red).
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Figure 3. Visualization of fragmentation patterns after 30 eV HCD fragmentation of the 10+ charge state of ubiquitin. (a) Matched
terminal fragment ions are mapped in the traditional graphical fragment format. (b) A heat map depicts internal fragmentation
propensity based on color. Darker color (i.e., red) represents the most frequent cleavage sites, with 15 instances at the top of the
range. (c) A coverage map depicts the number of times each residue is covered by internal fragment ions. As above, darker equates
to higher coverage. The highest value represented is a residue covered by 23 different internal fragment ions
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Although internal fragment ions provide a wealth of
data, to our knowledge no straightforward method to visu-
alize the internal fragment landscape has been devised.
Terminal fragment ions from bottom-up and top-down
studies are traditionally depicted by graphical fragment
maps that indicate cleavage site and fragment directional-
ity. A fragment map for the 10+ ubiquitin charge state after
HCD of 30 V is shown in Figure 3a. Unlike terminal ions,
uniquely defining internal fragments require two internal
cleavage sites, contributing an additional dimension to the
visualization process. Previous efforts to indicate internal
fragments have used vertical bars [10]. A similar method,
using horizontal bars to indicate both terminal and internal
fragment ions, is shown for ubiquitin in Supplementary
Figure S5. However, this method can be difficult to scale
up with longer protein sequences and larger numbers of
observed internal fragments. We therefore propose two
compact, easily displayable internal fragment maps that
utilize a heat map to indicate the number of internal frag-
mentation events occurring at each cleavage site
(Figure 3b), and the number of fragment ions that cover
each residue in the protein (Figure 3c). The ‘cleavage’ heat
map is used to observe ‘hotspots’ that cleave more readily
(such as between E18 and P19). In certain situations,
cleavage propensities may also depend on higher-order
gaseous protein structure. The ‘coverage’ heat map indi-
cates the number of ions that provide information on each
residue, facilitating the localization of post-translational
modifications and single nucleotide polymorphisms that
are crucial for characterizing proteoforms. In addition, a
histogram is included to show average residue coverage
over different fragmentation energies applied to the 10+
charge state (Supplementary Figure S6). Only considering
internal fragments, the peak coverage is on average 24.1
fragment ions covering each residue. Overall, the highest
coverage averaged a combined 64 terminal and internal
fragments per residue at 34.5 V. The coverage and cleav-
age graphical fragment maps provide a clear approach
towards visualization of all fragmentation data.

Conclusion

Internal fragment ions, often formed from terminal frag-
ments within a narrow range of HCD acceleration, com-
pose a large percentage of the total number of product ions
produced by threshold dissociation of whole proteins. In
certain instances, the number of matching fragment ions
can more than double when internal ions are included in
the data analysis. Therefore, the inclusion of internal frag-
ments in top-down data analysis could substantially in-
crease proteoform identification and characterization. More
specifically, the additional characterization supplied by
internal fragment ions has the potential to precisely local-
ize modifications retained at the high collision energies
that yield internal fragment ions, particularly on the middle

K. R. Durbin et al.: Internal Fragmentation of Ubiquitin lons

sequence regions of larger proteins where high sequence
coverage by terminal fragment ions is difficult to achieve.
In this work, we present a methodology to analyze and
visualize internal fragments, and present some of the
strengths and weaknesses of their inclusion. In future top-
down mass spectrometry applications, including high-
throughput proteomic experiments, the ability to analyze
internal fragments may provide critical insight towards
validating protein identifications and fully characterizing
proteoforms.
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