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ABSTRACT 

Top-down mass spectrometry (TD-MS) generates fragment ions that returns information on the 

polypeptide amino acid sequence. In addition to terminal fragments, internal fragments that result 

from multiple cleavage events can also be formed. Traditionally, internal fragments are largely 

ignored due to a lack of available software to reliably assign them, mainly caused by a poor 

understanding of their formation mechanism. To accurately assign internal fragments, their 

formation process needs to be better understood. Here, we applied a statistical method to compare 

fragmentation patterns of internal and terminal fragments of peptides and proteins generated by 

collisionally activated dissociation (CAD). Internal fragments share similar fragmentation 

propensities with terminal fragments (e.g., enhanced cleavages N-terminal to proline and C-

terminal to acidic residues), suggesting that their formation follows conventional CAD pathways. 

Internal fragments should be generated by subsequent cleavages of terminal fragments and their 

formation can be explained by the well-known mobile proton model. In addition, internal 

fragments can be coupled with terminal fragments to form complementary product ions that span 

the entire protein sequence. These enhance our understanding of internal fragment formation and 

can help improve sequencing algorithms to accurately assign internal fragments, which will 

ultimately lead to more efficient and comprehensive TD-MS analysis of proteins and proteoforms. 
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1. Introduction 

Traditional mass spectrometry (MS) sequence analysis of proteins is typically performed 

by the “bottom-up” strategy in which intact proteins are digested into small peptides and then 

analyzed by MS [1, 2]. Methods such as top-down mass spectrometry (TD-MS) have gained 

popularity to characterize the structure of proteins and proteoforms. In TD-MS, the digestion and 

separation steps required for “bottom-up” are bypassed, allowing for the preservation of labile 

posttranslational modifications (PTMs) [3-6]. TD-MS measurements start by generating intact 

gas-phase protein ions using electrospray ionization (ESI), which are subsequently fragmented by 

different activation/dissociation techniques to return information on the protein primary structure, 

i.e., sequence. Many ion activation methods have been developed throughout the years with each 

having discrete advantages [7, 8]. The most widely used fragmentation method is collisionally 

activated dissociation (CAD) [9], but other fragmentation techniques including electron capture 

dissociation (ECD) [10, 11], electron transfer dissociation (ETD) [12], electron induced 

dissociation (EID) [13, 14] and ultraviolet photodissociation (UVPD) [15, 16] have gained in 

popularity. Nevertheless, CAD remains popular and has been the “gold standard” for all ion 

activation methods to be compared with, owing to its high efficiency of energy accumulation and 

fragmentation, as well as its compatibility with nearly all MS instrumentation platforms [17].  

The thermal collision process between inert gas molecules and polypeptide ions during 

CAD transfers part of the precursor ion’s kinetic energy into internal energy, of which the 

accumulation ultimately leads to their dissociation, generating b- and y-type fragment ions [9]. In 

CAD-type experiments, many factors related to the polypeptide ion including amino acid 

composition, gas-phase basicity, basic residue content, secondary structure and charge state can 

significantly affect the fragmentation pattern. The mobile proton model has been developed to 
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describe the gas-phase fragmentation propensities of peptides to produce these b and y fragment 

ions [18-20]. If the number of available charges of a peptide ion is greater than the number of its 

strongly basic residues (e.g., arginine), there will be protons mobilizing along the peptide backbone 

to induce cleavages at various amide bonds [18, 21]. In contrast, the presence of fewer charges 

than strongly basic residues will lead to protons sequestered at these sites, resulting in higher 

energy requirements to induce backbone fragmentation [18, 22, 23]. The mobile proton model has 

been applied to elucidate different selective cleavage observations of gas-phase peptide ions 

including enhanced dissociation N-terminal to proline [24-29], C-terminal to histidine [30, 31] and 

C-terminal to acidic residues (aspartic acid, glutamic acid) [23, 32-34]. Large-scale statistical 

analyses have also been reported to support the mobile proton model, which show other selective 

and non-selective fragmentation propensities [35-38]. 

Protein cleavage products formed by TD-MS can either be i) a terminal fragment ion that 

contains the amino-terminus (a, b or c fragment) or carboxy-terminus (x, y, or z fragment) of the 

precursor ion from a single bond cleavage event, or ii) an internal fragment ion generated by 

multiple cleavage events forming ax, ay, az, bx, by, bz, cx, cy, and cz fragment ions (with the first 

letter designating cleavage on the N-terminal side and the second letter designating cleavage on 

the C-terminal side), depending on the ion activation method utilized and the cleavage sites [39-

41]. Internal fragment ions have been largely ignored by the TD-MS community due to a poor 

understanding of their formation process, resulting in a lack of software to accurately and reliably 

assign them. In a single TD-MS spectrum, the number of theoretical internal fragments that can be 

produced is significantly greater than the number of theoretical terminal fragments, and this gap 

increases exponentially as the size of the protein increases [42, 43], resulting in substantial 

computational demand. As a result, a large proportion of the mass spectral signals can go 
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unassigned by ignoring the possibility of internal fragments. Potentially, the inclusion of internal 

fragments in TD-MS analysis can offer much richer protein sequence information if accurately 

assigned. 

Previous studies that included internal fragment analysis was initially limited to peptides 

[44, 45], and has been expanded to TD-MS of intact proteins [39, 43, 46-49] and protein complexes 

[14, 50] in recent years. Among these studies, various ion activation methods have been utilized 

including CAD [39, 46-49], ECD [48, 50] and EID [14, 43, 48]. Regardless of the technique used 

for fragmentation, all of these studies showcase that the inclusion of internal fragments can result 

in greater protein sequence coverage, significantly benefitting TD-MS experiments. 

A major obstacle to the inclusion of internal fragments in the TD-MS workflow is the 

ambiguity of assigning internal fragments that likely scales as the size of the protein increases. 

Agar and co-workers classified this ambiguity into three subcategories: arrangement ambiguity, 

frameshift ambiguity, and mass accuracy ambiguity [49]. A better understanding of the formation 

of internal fragments could be useful for resolving the arrangement ambiguity and frameshift 

ambiguity, thus increasing the confidence of assigning internal fragments. 

Here, we applied a statistical approach to compare the CAD fragmentation patterns of 

internal fragments and terminal fragments of 42 polypeptides ranging in size from 1.5 to 8.8 kDa. 

The experiments generated 1412 terminal fragments and 1861 internal fragments, constituting our 

dataset to perform the statistical analysis. From this data, we demonstrate a relationship between 

internal and terminal fragments generated by CAD. This is crucial to enhance our understanding 

of the formation of internal fragments at the molecular level and to improve MS sequencing 

algorithms that can help incorporate internal fragment analysis into TD-MS workflow [51]. This 

can ultimately lead to more efficient and comprehensive TD-MS characterization of intact proteins, 
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protein complexes and identification of specific proteoforms, which have been a major challenge 

in the analytical chemistry field. Furthermore, our results can also be applied to bottom-up and 

middle-down MS experiments, benefitting the application of internal fragments in the entire 

protein MS community. 

 

2. Experimental 

2.1. Materials and sample preparation  

Human [Glu1]-fibrinopeptide B (Glu-fib), insulin chain A (ammonium salt from bovine 

pancreas), fibronectin type III connecting segment fragment 1-25, melittin, 3X FLAG peptide, C-

peptide fragment 3-33 (human), glucagon, oxidized insulin chain B (bovine pancreas), and 

ubiquitin (bovine erythrocytes) were purchased from Sigma-Aldrich (St. Louis, MO, USA). UOM-

6 peptide (1574.84 Da), Tummino peptide (2068.39 Da), synthetic I peptide (3271.88 Da) and 

synthetic II peptide (3032.53 Da) were synthesized by the University of Michigan Protein Facility. 

LARL peptide (2014.30 Da) and ß-amyloid (1 – 42; human) were acquired from AnaSpec, Inc. 

(Fremont, CA, USA). ACTH (1 - 17) and ACTH (18 - 39) (human), gastrin releasing peptide 

(human), xenin, tau peptide (45 - 73) (exon 2/insert 1 domain), peripheral myelin protein P2 (53 - 

78) (bovine), calcitonin gene related peptide (CGRP 8 - 37; human), galanin like peptide (GALP; 

N-terminal fragment, porcine), tau peptide (275 - 305) (repeat 2 domain), VIP (human, porcine or 

rat), proinsulin C-peptide (31 – 63; porcine), OVA (241 - 270), apelin - 36 (human), neuropeptide 

Y (free acid; human or rat), and anti-BetaGamma (MPS - Phosducin - like protein C terminus) 

were obtained from InnoPep Inc. (San Diego, CA, USA). All peptides were used without further 

purification. Proteins apomyoglobin (equine skeletal muscle), α-casein and ß-casein (bovine milk) 
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and carbonic anhydrase II (bovine) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

These proteins were dissolved in water and digested at 37 ⁰C with Glu-C protease for 10 hours at 

a 1:100 protease/protein ratio in 100 mM ammonium acetate solution to obtain polypeptides of 

less than 10 kDa. For electrospray ionization, all peptides were prepared in 49.5:49.5:1 

methanol/water/formic acid solution to a final concentration of 20 µM. The peptides resulting from 

protein digestion were resuspended with 1% formic acid before mass spectrometry analysis. 

For TD-MS of apomyoglobin and carbonic anhydrase II, protein solutions were prepared 

in 49.5:49.5:1 methanol/water/formic acid solution to a final concentration of 20 µM before mass 

spectrometry analysis. 

2.2. Mass Spectrometry  

All experiments were conducted on a 15-Tesla solariX Fourier transform ion cyclotron 

resonance (FTICR)-MS instrument equipped with an infinity ICR cell (Bruker Daltonics, Billerica, 

MA, USA). All analyte solutions were loaded into in-house pulled capillaries coated with gold, 

and electrosprayed by applying a voltage between 0.7 and 1.5 kV on the ESI capillary. Peptide 

ions were isolated in the quadrupole, with an isolation window between 5 and 15 m/z to ensure the 

minimum precursor ion abundance to be above the 107 level before CAD fragmentation. For CAD 

MS/MS experiments, the most abundant charge state for each peptide was isolated as the precursor 

ion to undergo fragmentation. A series of collision energies were applied, ranging from a low 

energy to reduce the precursor ion signal by ca. 10% to a high energy to reduce the precursor ion 

signal to ca. 95% of the original level. For some peptides, data from other charge states were 

acquired if these lower abundance charge states were able to be isolated efficiently and reach the 

minimum 107 signal level threshold. A similar series of collision energies were applied to these 
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lower abundance charge states. For each charge state, 1, 2, 3, 5, 6 or 10 collision energies were 

applied, spanning the collision energy range discussed above. 

CAD-MS/MS of apomyoglobin (apoMb) and carbonic anhydrase II (CAII) was done by 

isolating [apoMb + 17H]17+ and [CAII + 32H]32+ with an isolation window of 10 m/z. The CAD 

energy was set at 24V for apoMb and 11V for CAII to reduce the precursor ion signal to ca. 95% 

of the original level. 

2.3. Data Processing and Fragment Assignment  

For CAD MS/MS of polypeptides, raw MS/MS spectra were deconvoluted using either 

Bruker Data Analysis software (SNAP algorithm) or mMass software version 5.5.0.[52] Every 

deconvoluted mass list was internally calibrated against a theoretical fragment list of that specific 

peptide and uploaded into the ClipsMS program [51] to obtain a matched fragments list. The error 

for fragment matching was set at 1 ppm and the smallest internal fragment size was set at 2 amino 

acids. Up to 2 water and ammonia losses were included as unlocalized modifications to avoid 

masses overlapping between internal fragments and neutral losses of terminal fragments. Only by 

internal fragments were searched for and assigned, and all terminal fragments were assigned before 

considering internal fragments. All overlapping internal fragments due to the arrangement and 

frameshift ambiguity [49] were retained in order to include all fragmentation propensity 

possibilities. After matching, all assigned internal fragments were manually validated against the 

raw MS/MS spectra to ensure: i) these internal fragments were real peaks rather than noise or 

isotopes and ii) the masses of matched internal fragments were not overlapping with terminal 

fragments or neutral losses. 
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For the TD-MS measurements of apoMb and CAII, similar data analysis parameters were 

used, with the following exceptions note. The error for fragment matching was set at 2 ppm and 

the smallest internal fragment size was set at 5 amino acids. No localized or unlocalized 

modifications were imported. The searched fragment types include a, x, b, and y for terminal 

fragments, and ay, bx, by for internal fragments.  

2.4. Statistical Analysis  

2.4.1. Peptide Sequence Coverage  

Peptide sequence coverage is calculated by the number of observed inter-residue cleavage 

sites divided by the total number of possible inter-residue cleavage sites on the peptide backbone.  

2.4.2. Abundance Normalization  

Normalized abundances were calculated separately for terminal and internal fragments. For 

each peptide or protein, the absolute abundance of every terminal fragment is divided by the 

absolute abundance of the most abundant terminal fragment to obtain the normalized abundance 

of that terminal fragment. Likewise, the normalized abundance of an internal fragment is 

calculated by dividing the absolute abundance of that internal fragment by the absolute abundance 

of the most abundant internal fragment. To plot the distribution of normalized abundance adjacent 

to each amino acid residue, after adding normalized abundances of all peptides and proteins 

adjacent to an amino acid residue (terminal and internal fragments separately), all 20 normalized 

abundance values were divided by the largest value to obtain the normalized abundance adjacent 

to that specific residue. For example, for terminal fragments, N-terminal fragmentation adjacent 

to proline has the largest normalized abundance after all peptides and proteins added; therefore, it 

has a value of 1.00. To plot the heatmap depicting the normalized abundance deconstructed by 
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residue pair, after adding normalized abundances of all peptides and proteins between a specific 

residue pair (terminal and internal fragments separately), all 400 normalized abundance values 

were first cube rooted to avoid extremely light-colored cells for better visualization. These cube-

rooted normalized abundance values were divided by the largest value to obtain the normalized 

abundance of that specific residue pair. For example, for terminal fragments, fragmentation 

occurring at L|P inter-residue site has the largest normalized abundance after all peptides and 

proteins added; therefore, it has a value of 1.00. 

2.4.3. Delta Normalized Abundance  

To plot the bar graph depicting the difference of normalized abundance between internal 

and terminal fragments (internal – terminal) for each amino acid residue, all 20 normalized 

abundances of terminal fragments adjacent to an amino acid residue were subtracted from all 20 

normalized abundance of internal fragments, respectively, to obtain 20 delta abundance adjacent 

to a specific residue. Every delta abundance was then divided by the largest absolute value of all 

20 delta abundances to obtain 20 delta normalized abundances. For example, internal fragments 

generated by C-terminal cleavages adjacent to proline have the largest advantage to terminal 

fragments adjacent to proline; therefore, the delta normalized abundance adjacent to proline has a 

value of 1.00. Similarly, to plot the heatmap depicting the difference of normalized abundance 

between internal and terminal fragments (internal – terminal) deconstructed by residue pair, all 

400 normalized abundances of terminal fragments deconstructed by residue pair were first 

subtracted from all 400 normalized abundances of internal fragments, respectively, to obtain 400 

delta abundances between a residue pair. Every delta abundance was then divided by the largest 

absolute value of all 400 delta abundances to obtain 400 delta normalized abundances. For example, 

terminal fragments generated by cleaving E|G site have the largest advantage to internal fragments 
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generated by cleaving E|G site; therefore, the delta normalized abundance of E|G inter-residue site 

has a value of -1.00. 

2.4.4. “N-bias” Calculation  

“N-bias” is calculated by eq. 1. 

N-bias = (AbunN-term – AbunC-term) / (AbunN-term + AbunC-term)                              eq. 1 

Where AbunN-term is the normalized abundance of N-terminal fragments of an amino acid residue 

while AbunC-term is the normalized abundance of C-terminal fragments of an amino acid residue.   

 

3. Results and Discussion 

3.1. Internal fragments can enhance peptide sequence information  

To demonstrate the use of internal fragments for enhancing peptide sequence information, 

consider the CAD mass spectrum of the peptide, glucagon (29 amino acids, 3.4 kDa; Fig. 1). CAD 

of [glucagon + 3H]3+ causes amide bond cleavages that resulted in not only terminal fragments but 

also internal fragments (Fig. 1a). Many signals in this spectrum that cannot be assigned as terminal 

fragments can be assigned as internal fragments. For example, isotopically resolved (singly 

charged) peaks at m/z 674.3663 (674.3661, theory), 805.4071 (805.4065, theory), and 1483.7302 

(1483.7288, theory) were assigned as b26y8, b27y8, and b20y21, respectively. Internal fragments can 

span much of the amino acid sequence, as shown in the fragment location map (Fig. 1b) for 

glucagon from our ClipsMS  
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Fig. 1. (a) CAD MS/MS spectrum of glucagon in acidic solution denaturing conditions. (b) 
Fragment location map indicating the region of the protein sequence covered by terminal and 
internal fragments. (c) A comparison between the number and abundance percentage of internal 
fragments formed by CAD of glucagon. Open triangles indicate number percentage of internal 
fragments while open squares indicate abundance percentage of internal fragments. Internal 
fragment percentage is calculated by the internal fragment metric (number or abundance) divided 
by the sum of the internal and terminal fragment metric (number or abundance). 
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program. Internal fragments span more of the interior regions of the glucagon sequence, but more 

importantly provide complementary information to terminal fragments (Fig. 1b and Fig. S1b). 

Furthermore, terminal fragments generated by CAD of [glucagon + 3H]3+ have 5 missed cleavages 

out of 28 inter-residue sites while internal fragments cover every single inter-residue site to result 

in 100% sequence coverage (Fig. S1a). These data demonstrate that internal fragments can provide 

rich sequence information in a single mass spectrum.  

For glucagon, both the number and relative abundances of internal fragments increase with 

collision energy (Fig. 1c). Throughout the energies applied, internal fragments only account for a 

small portion of the total mass spectral signals (~ 20-30%); however, they represent a large fraction 

of the assigned fragments (> 50%), enhancing the sequence coverage of glucagon to 100%. 

To compare the number and abundances between assigned terminal and internal fragments 

in a larger scale, 42 peptides and proteins ranging from 1.5 kDa to 8.8 kDa were fragmented by 

CAD (Table S1). The number of assigned fragments listed in Table S1 for each peptide was 

documented from the experiment generating the most fragments for that specific peptide, 

regardless of the precursor charge state. Fig. 2 summarizes internal fragment abundance and 

number percentages for all peptides analyzed in Table S1. This analysis includes all precursor 

charge states shown in Table S1 and spans collision energies that range from where the precursor 

ion signal is approximately 90% relative abundance to where almost no precursor ion signal (~ 

5%) can be observed. For all peptides analyzed, the relative abundances of internal fragments are 

mostly below 20%, indicating that internal fragments usually only account for a small portion of 

mass spectral signals in a single spectrum (Fig. 2a). Nonetheless, as shown in Fig. 2b, the 

percentage of assignable mass spectral signals explained by internal fragments for most peptides 
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lie between 40% and 60%. This can account for up to 100% of the peptide amino acid sequence 

depending on the collision energy applied. As a result, including internal fragments in a MS/MS 

analysis can provide valuable information on the polypeptide sequence despite accounting for a 

small proportion of the ion signal and can be beneficial for protein characterization.  

 
Fig. 2. The distribution indicating (a) the frequency of number percentage of internal fragments in 
every 20% and (b) the frequency of abundance percentage of internal fragments in every 20%. The 
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internal fragment percentage is calculated by the internal fragment metric (number or abundance) 
divided by the sum of the internal and terminal fragment metric (number or abundance).  

3.2. Internal fragments share similar fragmentation propensities with terminal fragments  

We applied a statistical approach consisting of the dataset utilized in Fig. 2 to compare 

fragmentation propensities occurring either N- or C-terminal to a specific residue between terminal 

and internal fragments. The counts of every amino acid residue used in our dataset are listed in 

Table S2. Fragmentation propensities between two adjacent amino acids can be affected by many 

factors (e.g., amino acid basicity, secondary structure, precursor charge states), and thus 

fragmentation events are not evenly distributed across all amino acid residues in CAD experiments. 

The fragmentation propensity describes the likelihood of cleavages occurring adjacent to an amino 

acid residue (Fig. 3) or between a specific residue pair (Fig. 4). For terminal fragments, cleavages 

N-terminal to proline have a normalized abundance of 1.00, well above the average of 0.23 for all 

N-terminal fragments that retain the N-terminus (Fig. 3a). In contrast, cleavages C-terminal to 

proline to generate b- and y-type terminal fragments is highly unlikely, as a particularly low 

normalized abundance (0.02) is observed (Fig. 3a). This observation of enhanced cleavages N-

terminal to proline, termed the “proline effect”, is due to the rigid cyclic structure of the y terminal 

ion’s leaving group (C-terminal cleavages) for proline and has been reported in many studies [24-

29]. Similarly, as shown in Figure 3a, other notable selective cleavages to generate terminal 

fragments have also been observed in our dataset, e.g., enhanced cleavages C-terminal to aspartic 

acid and glutamic acid, N-terminal to glycine and tyrosine, and C-terminal to leucine and valine. 

These preferred fragmentation pathways by CAD have been previously reported in both small and 

large-scale studies and can be elucidated by the mobile proton model [21, 32, 34-38]. Our data 

agrees well with these well understood fragmentation pathways and demonstrates that sequence 

strongly impacts the CAD fragmentation propensities. 
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Fig. 3. The distribution of normalized abundance adjacent to each amino acid residue of (a) 
terminal fragments and (b) internal fragments. For each residue, X|X’ (orange) refers to the 
cleavage occurring N-terminal to the amino acid residue whereas X|X’ (blue) refers to the cleavage 
occurring C-terminal to the amino acid residue. Orange and blue dashed lines indicate average 
normalized abundance N-terminal and C-terminal to all 20 residues, respectively. 

 

The CAD fragmentation propensities to generate internal fragments were compared to 

those for terminal fragments. Similar fragmentation propensities were observed for internal and 

terminal fragments (Fig. 3a vs. Fig. 3b). For example, cleavages N-terminal to proline remain the 

most prominent fragmentation events across all internal fragments (Fig. 3b). Additionally, 

although to a lesser extent compared to terminal fragments, enhanced cleavages C-terminal to 

aspartic and glutamic acid residues, N-terminal to glycine, and C-terminal to leucine and valine 

were observed for internal fragments (Fig. 3b). Overall, the fragmentation propensities for each 

residue appear to be slightly more evenly distributed for internal fragments, with N- and C-terminal 

fragments having closer normalized abundances (Fig. 3b). Despite this difference, internal 

fragments share similar fragmentation propensities with terminal fragments. 
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Fig. 4. Heatmap depicting the normalized abundance deconstructed by residue pair for (a) terminal 
fragments and (b) internal fragments. For all cells, X|X’ (x-axis) refers to the cleavage occurring 
N-terminal to the amino acid residue while X|X’ (y-axis) refers to the cleavage occurring C-
terminal to the amino acid residue. Darker color indicates higher normalized abundance. 

 

To further corroborate this idea, we deconstructed fragmentation propensities by specific 

amino acid residue pairs [35, 36, 38] to investigate selective cleavages among the 400 residue 

combinations (Fig. 4). The prominent proline effect and the enhanced fragmentation C-terminal to 

valine, leucine, aspartic acid and glutamic acid for both terminal and internal fragments are 

featured. In addition to a specific column or row that shows the fragmentation propensity adjacent 

to a single residue, Fig. 4 also displays the fragmentation propensity between a specific residue 
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pair. For both terminal and internal fragments, L|P, E|P, K|P, V|P, L|G, and D|Y are all notable 

preferred cleavage sites (Fig. 4). The number of cleavages that occur between adjacent amino acid 

sites are shown in Fig. S2 and S3. Similar selective cleavages between amino acid residue pairs 

for both terminal and internal fragments can be rationalized as the same ion activation method 

(CAD) is utilized. 

 
Fig. 5. (a) Bar graph depicting the difference of normalized abundance between internal and 
terminal fragments (internal – terminal) for each amino acid residue. (b) Heatmap depicting the 
difference of normalized abundance between internal and terminal fragments (internal – terminal) 
deconstructed by residue pair. For both (a) and (b), blue indicates a decrease in fragmentation 
propensity for internal fragments compared with terminal fragments, while orange/red indicates 
an increase for internal fragments. For each residue, X|X’ refers to the cleavage occurring N-
terminal to the amino acid residue while X|X’ refers to the cleavage occurring C-terminal to the 
amino acid residue. 
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3.3. Internal fragments are generated by subsequent cleavages of terminal fragments  

Although internal fragments share similar fragmentation propensities with terminal 

fragments, a few dramatic differences between terminal and internal fragments are observed when 

comparing fragmentation pathways for each residue. Delta normalized abundances (internal 

fragments minus terminal fragments) for each residue were summarized in Fig. 5. Surprisingly, 

fragmentation occurring N-terminal to aspartic acid increased by approximately 2.5-fold for 

internal fragments compared with terminal fragments and increased > 10-fold C-terminal to 

proline for internal fragments compared to terminal fragments (Fig. 5a). These observations are 

further confirmed by the heatmap shown in Fig. 5b. For example, the red colored proline row 

indicates that C-terminal cleavages to proline were enhanced for internal fragments compared to 

terminal fragments, and this increase could largely be explained by cleavages between P|P and P|V 

pairs (Fig. 5b). In addition, diminished fragmentation occurring C-terminal to aspartic acid, 

enhanced cleavages N-terminal to leucine and valine, and diminished fragmentation N-terminal to 

tyrosine whereas enhanced fragmentation C-terminal to tyrosine (Fig. 5a and b) were all observed 

for internal fragments compared to terminal fragments.  

Enhanced fragmentation N-terminal to proline and tyrosine, C-terminal to aspartic acid, 

leucine and valine are prominent selective cleavages for terminal fragments (Fig. 3). However, for 

internal fragments, these enhanced fragmentation events are mostly suppressed (Fig. 5). In contrast, 

the suppressed cleavages for terminal fragments such as C-terminal to proline and N-terminal to 

aspartic acid are otherwise enhanced for internal fragments (Fig. 5). To further confirm this 

observation, the “N-bias” that describes the preference of fragmentation occurring N-terminal to a 

specific residue was calculated (Fig. S4). The N-bias value of aspartic acid increases while the N-

bias value of proline decreases for internal fragments compared with terminal fragments, which 
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suggests that the amino acid backbone is cleaved preferentially similar to that observed in terminal 

fragments albeit at a lower propensity. The generation of internal fragments reduce the impact of 

specific amino acid residues to fragmentation pathways and make the fragmentation propensities 

for each residue more evenly distributed. This would require more energy to be distributed along 

the peptide backbone to overcome certain structural barriers for specific residues, e.g., the bulky 

cyclic structure of proline to induce more C-terminal cleavages. As a result, it is likely that internal 

fragments are generated by subsequent cleavage(s) of terminal fragments.  

3.4. CAD generated internal fragments can be explained by the mobile proton model  

In the mobile proton model, the probability of protonation sites of peptide ions depends on 

the internal energy content on the peptide and gas-phase basicities of different residue constitutions 

of the peptide [23]. In general, peptide ions leaving the electrospray source have protons residing 

on residues with the largest proton affinities (arginine, histidine, lysine, N-terminal α-amino group) 

[18]. Energy will be required to move these protons to the peptide backbone to produce a 

population of ions with protons locating at various amide bond positions, inducing charge-directed 

fragmentation to generate b- and y-type terminal fragments [18, 23]. If insufficient energy is 

deposited onto the peptide backbone, no mobile proton will be readily available and selective 

cleavages will be observed. For example, charge-remote fragmentation pathways that do not 

require intramolecular proton mobilization to the amide bond can occur. In this case, protons are 

usually sequestered on arginines and the hydrogen in the side chain of acidic residues will serve 

as the proton source to initiate amide bond cleavages. This is typically observed as enhanced 

fragmentation C-terminal to aspartic acid and glutamic acid, which agrees well with our data for 

terminal fragments (Fig. 3a and 4a).  
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To generate a terminal fragment, only a single cleavage event is required; energy deposited 

onto the peptide backbone moves protons initially residing on basic residues to amide bonds to 

induce fragmentation. However, this energy accumulation is not sufficient to move protons across 

all amide bonds to initiate evenly distributed charge-directed fragmentation. This will result in 

enhanced cleavages observed for terminal fragments (Fig. 3a and 4a). In contrast, multiple 

cleavage events are required to generate an internal fragment, allowing multiple energy 

accumulation events to occur that can enhance proton mobility. Therefore, more mobile protons 

should be available to generate internal fragments than terminal fragments. As a result, charge-

remote fragmentation should be suppressed for internal fragments so less enhanced cleavages C-

terminal to acidic residues should be observed, which is consistent with our data (Fig. 3a vs. 3b, 

4a vs. 4b, and Fig. 5). The suppressed proline effect of internal fragments can also be explained, 

as well as the enhanced C-terminal cleavages to proline (Fig. 5). Multiple cleavage events result 

in more energy accessible to the peptide, which can be utilized to overcome the unstable strained 

5-5 bicyclic ring in the transition state to initiate more C-terminal fragmentation events to proline. 

Further evidence to support multiple cleavages is the more evenly distributed fragmentation 

propensities across all residues for internal fragments compared with terminal fragments (Fig. 3b). 

More energy deposition results in more mobile protons accessible at various amide bonds; thus, a 

greater variety of residue pairs can be cleaved by charge-directed fragmentation to generate 

internal fragments. As a result, for internal fragments, the preference for specific fragmentation 

pathways, which are extremely prominent for terminal fragments are largely diminished. This 

leads to the more evenly distributed fragmentation propensities across all residues for internal 

fragments.  
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3.5. Internal fragments enhance sequence coverage for TD-MS  

Previous reports by our group [14, 43, 48, 50, 51] and by others [39, 44-47, 49] have 

established the value of increasing sequence coverage by including internal fragment assignments. 

However, what has not been extensively discussed to date is the extent for which information has 

not been considered in the past in TD-MS experiments. For example, CAD of the 17+ charge state 

of apoMb (16.9 kDa) yielded 492 peaks in the deconvoluted mass spectrum; of the 492 peaks, 74 

were assigned as unique terminal fragments, or an assigned peak percentage (APP) of 15.0% (and 

yielding a sequence coverage of 46.1%). However, by including the 174 peaks assigned as unique 

internal fragments, the APP increases to 50.4% (and 80.3% sequence coverage). Similarly, for the 

CAD mass spectrum of the 32+ charge state of CAII (29 kDa), 55 of the 349 total deconvoluted 

peaks were assigned as terminal fragments, or an APP of 15.8% (22.1% sequence coverage). 

Including the 121 peaks assigned as internal fragments increases the APP to 50.4% (50.8% 

sequence coverage). A large fraction of the remaining ca. 50% of the unassigned peaks are likely 

due to neutral losses (e.g., loss of H2O, NH3, etc.) common to polypeptide MS/MS experiments. 

Work is on-going to accurately account for these unassigned peaks. 

In principle, the presence of internal fragments may enhance the protein identification 

process in TD proteomics. Since the early days of tandem MS of multiply charged polypeptides, 

complementary ion pairs, which in sum account for the entire precursor molecule, have been 

observed in TD-MS of proteins [26, 53, 54]; later, complementary ion pairs have been observed 

in native TD-MS of protein complexes [55]. Complementary ion pairs often result from cleavage 

of the N-terminal bond to a proline residue, but it can be found from fragmentation of other 

residues. The inclusion of internal fragments that, when combined with terminal fragments, span 

the entire polypeptide sequence, can result in complementary product ions. For example, CAD of 
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[apoMb + 17H]17+ yields terminal fragments b6 (1+) and y106 (10+); when joined by internal 

fragment by7-47 (4+, 5+), these 3 product ions form complementary product ions that cover the 

entire sequence (Fig. 6a). Similarly, CAD of [CAII + 32H]32+ generates b135 (15+ - 21+) and y76 

(7+ - 9+) terminal fragments and the by136-183 (4+ - 7+) internal fragment that can be combined to 

form complementary product ions (Fig. 6b). (Table S3 and S4 list many examples of 

complementary product ions for CAD of apoMb and CAII.) Nielsen et al. suggested the inclusion 

of complementary ion pairs to improve the protein identification process for bottom-up proteomics 

[56]. We posit that complementary product ions that include internal fragments could improve the 

protein identification for top-down proteomics. 

 
Fig. 6. Examples of complementary product ions that includes terminal and internal fragments to 
cover the entire protein sequence for (a) apomyoglobin, [apoMb + 17H]17+ and (b) carbonic 
anhydrase II, [CAII + 32H]32+. Numbers above and below each bar indicate the amino acid residue 
number at the cleavage site and the N- or C-termini. (Blue color indicates N-terminal fragments, 
orange color indicates C-terminal fragments, and green and purple colors indicate their 
complementary internal fragments.) 
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4. Conclusion 

Here we report the first extensive investigation of fragmentation propensities of internal 

fragments generated by CAD of peptides and small proteins. We demonstrate that although 

internal fragments only account for a small portion of mass spectral signals in a single spectrum, 

they can explain a large number of fragments generated overall. Therefore, many previously 

unassigned signals can be explained as internal fragments and provide additional sequence 

information to enhance peptide and protein sequence coverage. By applying a statistical approach, 

we have shown that internal fragments share similar fragmentation propensities with terminal 

fragments as similar selective cleavages are observed. Importantly, this observation corroborates 

that the abundance of terminal fragments and their sequentially generated internal fragments agree 

well with each other. This suggests that internal fragments generated by CAD follow the same 

fragmentation pattern as terminal fragments and can be explained by the mobile proton model. 

However, these enhanced cleavages are slightly suppressed, causing a more evenly distributed 

fragmentation propensities across all residues for internal fragments compared with terminal 

fragments. This is likely due to more mobile protons readily available to generate internal 

fragments, providing evidence that internal fragments are generated by subsequent cleavages of 

terminal fragments. 

The gas-phase fragmentation propensity of internal fragments presented here improves our 

understanding of the formation of internal fragments. This knowledge, along with the assignment 

of complementary product ions that account for the total polypeptide sequence, could be beneficial 

for the development of sequencing algorithms to assign internal fragments more accurately and 

reliably, as well as providing a new strategy for protein identification and validation in top-down 
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proteomics. By assigning internal fragments, it is possible to gain more insight into protein 

sequence, leading to more efficient TD-MS analysis of proteins and proteoforms. Notably, the 

results presented here can be expanded to bottom-up and middle-down MS experiments, 

potentially improving the confidence and efficiency of protein identification in these MS 

techniques as well. 
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