
B American Society for Mass Spectrometry, 2018 J. Am. Soc. Mass Spectrom. (2018) 30:34Y44
DOI: 10.1007/s13361-018-1965-3

FOCUS: HONORING CAROL V. ROBINSON'S ELECTION TO THE
NATIONAL ACADEMY OF SCIENCES: RESEARCH ARTICLE

Maximizing Selective Cleavages at Aspartic Acid and Proline
Residues for the Identification of Intact Proteins

David J. Foreman,1 Eric T. Dziekonski,2 Scott A. McLuckey1

1Department of Chemistry, Purdue University, 560 Oval Drive, West Lafayette, IN 47907-2084, USA
2SCIEX, Concord, ON L4K 4V8, Canada

Received: 8 March 2018/Revised: 6 April 2018/Accepted: 9 April 2018/Published Online: 30 April 2018

Introduction

T henotion of using collision-induced dissociation (CID) to
elucidate the primary structure of intact proteins was first

presented in 1990 [1], and formed the basis for the develop-
ment of Btop-down^ tandem mass spectrometry of proteins.
Today, collisional activation remains one of the most common
techniques for the identification of proteins in top-down

workflows [2–6]. Other dissociation approaches, such as elec-
tron capture dissociation [7], electron transfer dissociation [8],
and UV photodissociation (UVPD) [9] have subsequently been
applied to whole protein ions with a common objective of
maximizing the number of sequence informative products.
With this objective in mind, it is desirable that fragmentation
be non-selective. However, as the number of different product
ions increase, the overall product ion signal is dispersed among
the many fragmentation channels [10]. There is merit, there-
fore, in having the option to maximize selective cleavages that
tend to concentrate product ion signal into fewer channels.
Scenarios that might benefit from this capability include, for
example, the identification of low level proteins in cases when
the dispersal of product ion signal among many channels limits
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Abstract. A new approach for the identification of
intact proteins has been developed that relies on
the generation of relatively few abundant prod-
ucts from specific cleavage sites. This strategy is
intended to complement standard approaches
that seek to generate many fragments relatively
non-selectively. Specifically, this strategy seeks
to maximize selective cleavage at aspartic acid
and proline residues via collisional activation of
precursor ions formed via electrospray ionization

(ESI) under denaturing conditions. A statistical analysis of the SWISS-PROT database was used to predict the
number of arginine residues for a given intact protein mass and predict a m/z range where the protein carries a
similar charge to the number of arginine residues thereby enhancing cleavage at aspartic acid residues by
limiting proton mobility. Cleavage at aspartic acid residues is predicted to be most favorable in the m/z range of
1500–2500, a range higher than that normally generated by ESI at low pH. Gas-phase proton transfer ion/ion
reactions are therefore used for precursor ion concentration from relatively high charge states followed by ion
isolation and subsequent generation of precursor ions within the optimalm/z range via a second proton transfer
reaction step. It is shown that the majority of product ion abundance is concentrated into cleavages C-terminal to
aspartic acid residues and N-terminal to proline residues for ions generated by this process. Implementation of a
scoring system that weights both ion fragment type and ion fragment area demonstrated identification of standard
proteins, ranging in mass from 8.5 to 29.0 kDa.
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dynamic range and in single (or multiple) reaction monitoring
workflows.We note here a distinction between Bidentification^
of a protein or Bproteoform^ [11] and complete
Bcharacterization.^ Maximizing the number of cleavages is a
priority for the latter objective in spite of the fact that this might
limit detection limits and dynamic range.

The generation of almost exclusively b- and y-type fragment
ions upon CID of multiply protonated proteins is commonly
observed and is consistent with the mobile proton model [12–
14]. Collisional activation of a peptide or protein leads to
mobilization of the excess protons along the polypeptide back-
bone that can initiate a charge-directed fragmentation process
to produce b- and y-fragment ions [15]. While a number of
non-specific fragmentation pathways are observed when using
collisional activation, particularly at intermediate charge states,
several site-specific fragmentation pathways have been report-
ed [16–20]. Specifically, under favorable conditions, cleavages
at aspartic acid residues and proline residues have been shown
to be the dominant pathways [16, 19, 21–24]. Despite both
fragmentation pathways resulting in highly selective cleavages,
the underlying mechanism regarding both cleavages differs.
The higher basicity of the proline amide bond, relative to those
of other amino acids, leads to preferential localization of a
mobilized proton at the proline amide bond, initiating the
charge-directed fragmentation N-terminal to the proline resi-
due. The favorable cleavage at aspartic acid residues C-
terminal to the acidic side chain does not require a mobile
proton and can become prominent when the ionizing protons
are sequestered by arginine residues [25].

Numerous studies have been performed to characterize the
gas-phase fragmentation behavior of intact proteins [26–32],
revealing that the information obtained in a CID experiment is
highly dependent on the charge state subjected to activation as
well as the number of basic residues present in the protein
sequence [33, 34]. Fragmentation patterns can be rationalized
on the basis of three major precursor ion types: high charge
states, intermediate charge states, and low charge states. Acti-
vation of high charge states, where the large intramolecular
Coulomb field tends to minimize proton mobilization, leads to
fragmentation patterns that are difficult to predict a priori.
Activation of intermediate charge states typically results in a
high degree of sequence coverage and extensive non-specific
fragmentation due to maximum proton mobility. Collisional
activation of low charge state proteins, where protein mobility
is hindered by solvation of a proton by multiple basic residues
or where protons are sequestered ontomostly arginine residues,
generates prominent small molecule loss and cleavage C-
terminal to aspartic acid residues.

Recently, in recognition of the differences observed be-
tween the product ion spectra of protein ions generated under
denaturing conditions versus those generated under native con-
ditions [26–29, 35], the Kelleher group examined the gas-phase
fragmentation propensities of native intact proteins [36]. In this
study, a statistical analysis of 5311 matched fragments from
165 different experiments revealed striking differences in frag-
mentation propensities for native conditions when compared to

denatured conditions. Most notably, under native conditions,
fragmentation C-terminal to aspartic acid residues and N-
terminal to proline residues showed significant enhancement
in fragmentation tendency when compared to their denatured
counterparts. This observation suggests that the CID of protein
ions generated under native conditions could constitute a strat-
egy for maximizing selective fragmentation at aspartic acid and
proline residues. However, protein ion signals tend to be less
intense using native conditions relative to denaturing condi-
tions (e.g., low pH and, perhaps, some fraction of organic
solvent) and the extent of sodium and potassium ion adduction
tends to be greater due to differences in ionization mechanism
[37].

Here, we present a methodology for the identification of
intact proteins that maximizes the selective cleavages at
aspartic acid and proline residues while retaining the advan-
tages in signal levels and lower metal ion adduction afforded by
generating ions under denaturing conditions [38–41]. A draw-
back associated with protein ionization under denaturing con-
ditions is that the precursor ion signal is divided among many
relatively high charge states. We therefore use a sequence of
proton transfer ion/ion reactions within the mass spectrometer
to, first, concentrate the precursor ion charge state distribution
largely into one charge state prior to ion isolation and, second,
to move the precursor ion charges into a range (i.e., m/z 1500–
2500) that is most likely to lead to selective cleavages. This
methodology is demonstrated here with four standard proteins
often used by the National Resource for Translational and
Developmental Proteomics in optimizing top-down
workflows: ubiquitin (8.6 kDa), myoglobin (16.9 kDa), tryp-
sinogen (24.0 kDa), and carbonic anhydrase (29.0 kDa) [42].

Materials and Methods
Sample Preparation

Ubiquitin from bovine erythrocytes, myoglobin from equine
skeletal muscle, trypsinogen from bovine pancreas, carbonic
a n h y d r a s e f r o m b o v i n e e r y t h r o c y t e s ,
2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluoro-1-octanol (PFO),
ammonium bicarbonate, dithiothreitol (DTT), iodoacetamide,
and formic acid were purchased from Sigma-Aldrich (St. Lou-
is, MO, USA). Optima-grade acetonitrile, HPLC-grade metha-
nol, and Optima LC/MS-grade water were purchased from
Fisher Scientific (Fair Lawn, NJ, USA). Chloroform was pur-
chased from Mallinckrodt (Phillipsburg, NJ, USA) and urea
was purchased from Pierce Chemical (Rockford, IL, USA).
PFO was made at a concentration of 200 μM in a methanol
solution containing 2% ammonium hydroxide.

Stock solutions of ubiquitin, myoglobin, and carbonic
anhydrase were prepared at ~ 2 mg/mL in water. Fifty micro-
liters of the ubiquitin stock, 80 μL of the myoglobin stock, and
80 μL of the carbonic anhydrase stock were combined and
precipitated using 1:1:4:3 protein/chloroform/methanol/water
[43]. The dried precipitated protein mixture was reconstituted
in 100 μL of mobile phase A. The proteins were then separated
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via reverse-phase HPLC using an Agilent 1200 series with
manual injector (Palo Alto, CA, USA) using an Agilent Zorbax
300SB-C3 4.6 × 150 mm, 5 μm (Palo Alto, CA, USA) analyt-
ical HPLC column. The HPLC method consisted of a linear
gradient from 5%mobile phase B to 50% mobile phase B over
60 min (mobile phase A: 95%water, 5% acetonitrile, and 0.2%
formic acid, mobile phase B: 5%water, 95% acetonitrile, 0.2%
formic acid) at flow rate of 1 mL/min and a detection wave-
length of 215 nM.

A total of four 20 μL injections were made. For each
injection, each protein was collected into a separate Eppendorf
tube for a total of four fractions for each protein. The first three
fractions were dried under vacuum and reconstituted in the
fourth sample. The concentrations of the working samples are
approximately 9, 8, and 4 μM for ubiquitin, myoglobin, and
carbonic anhydrase, respectively.

Reduction and Alkylation of Trypsinogen

Approximately 2 mg of trypsinogen was dissolved in 1 mL of
reduction buffer (100 mM ammonium bicarbonate, 7 M urea).
DTT was added from a 500 mM stock to a final concentration
of 5 mM and was incubated for 45 min at 55 °C. The solution
was cooled to room temperature and centrifuged briefly.
Iodoacetamide was added to a final concentration of 14 mM,
from a 500 mM freshly prepared stock solution. The solution
was incubated at room temperature in the dark for 30 min.
Unreacted iodoacetamide was quenched with addition of an-
other 5 mM of DTT and incubated at room temperature for
15 min in the dark. One hundred microliters of the reduced and
alkylated trypsinogen was subjected to the precipitation and
HPLC procedures as described above. The final trypsinogen
concentration is estimated to be approximately 6 μM.

Mass Spectrometry

All data were collected using a modified TripleTOF 5600
quadrupole/time-of-flight mass spectrometer (SCIEX, Con-
cord, ON, Canada), modified to perform ion/ion reactions
[44]. Alternatively pulsed nano-electrospray (nESI) ionization
allows for sequential injection of multiply protonated proteins
and singly deprotonated pentadecafluoro-1-octanol dimer
(PFO) [45]. Analyte cations were injected into the mass spec-
trometer and trapped in q0 followed immediately by injection
of the reagent anions. Instrument parameters were tuned such
that PFO dimer was injected and transmitted through q0 while
still trapping protein cations, resulting in consecutive proton
transfer ion/ion reactions [46, 47]. During the reaction, the
period which anions are passing through q0, an excitation
voltage was applied at a slightly higher frequency than the
desired ion’s fundamental frequency [48]. This process is re-
ferred to as ion parking. Application of the excitation voltage
slows the ion/ion reaction rate of a specific mass-to-charge,
allowing concentration of signal into a single, lower charge
state. Ion parking was performed at the charge state immedi-
ately prior to m/z 1500. Reaction times varied from 100 to
300 ms.

Next, the charge reduced protein was isolated in Q1 and
transferred to q2. PFO dimer was once again generated via
negative nESI and transferred to q2. The ions were mutually
stored for a reaction time optimized to generate a distribution of
charge states betweenm/z 1500 and m/z 2500 (10–30 ms) [49].
Application of two high amplitude frequency sweeps were
used to eject any low m/z ions (<m/z 1500) and any high m/z
ions (>m/z 2500). All charge states between m/z 1500 and
2500 were isolated and subjected to dipolar direct current
(DDC) collisional activation [50]. Mass analysis was per-
formed using time of flight (TOF).

Database Search

Database searches were performed using a program written in
MATLAB (MathWorks®, Natick, MA, USA). All entries of
the SWISS-PROT database (556,197 entries) were processed
to create separate entries for the cleavage of the N-terminal
initiator methionine residue and cleavage into individual pro-
tein chains [51]. The processing of the SWISS-PROT entries
resulted in a database of 624,084 entries across all species.

Uninterpreted MS/MS spectra were processed using a
zero-charge THRASH deconvolution algorithm written in
MATLAB, using a S/N threshold of three [52]. The output
contained a list of monoisotopic zero-charge masses as
well the total area under each fragment’s isotopic distribu-
tion. Theoretical zero-charge b- and y-fragment masses for
each protein, within a ± 100 Da window of the experimen-
tally derived protein mass, were compared to the masses of
the deconvoluted peak list with a fragmentation tolerance
of ± 15 ppm. A McLuckey Score, with modified coeffi-
cients for native-like protein charge states, was calculated
for each protein within the 200-Da mass window as shown
below,

Score ¼ 5� nD� ∑DAð Þ þ 3� nP � ∑PAð Þ
þ nX � ∑XAð Þ

where n and Σ are, respectively, the number of matched
fragments and summation of fragment area (where the
smallest area is normalized to an area of 1) for either D
(aspartic acid), P (proline), or X (non-specific) cleavages
[53]. These coefficients are based qualitatively off our
understanding of the well-known aspartic acid effect and
the fragmentation propensities of native intact proteins as
determined by Kelleher and coworkers [36]. This scoring
system accounts for the preferential cleavage at aspartic
acid and proline observed with native-like protein charge
states.

Results and Discussion
Experimental Design and Rationale

The approach to intact protein analysis as described here ex-
ploits the highly selective cleavages C-terminal to aspartic acid
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residues and N-terminal to proline residues upon collisional
activation, resulting in fewer, more abundant fragment ions,
when compared to conventional top-down protocols where
complete sequence coverage is desirable. Using a 27-residue
polypeptide represented schematically in Fig. 1 as an example,
cleavage at every residue would result in a minimum of 26
fragments ions, inherently dispersing the precursor ion intensi-
ty across 26 different fragmentation channels. Realistically, the
resulting tandem mass spectrum will likely contain more than
26 fragment ions as both complementary fragments from a
single cleavage often appear in the spectrum, as do products
from small molecule losses, amino acid side chain losses, and
frommultiple backbone cleavages (i.e., internal fragment ions).
As an alternative to complete sequence coverage, one could
manipulate the protein charge state distribution to produce
abundant aspartic acid cleavages. As shown in Fig. 1, cleavage
at aspartic acid residues, as represented by the red amino acids,
generates six fragment ions. Consequently, the precursor ion
intensity is divided into only six fragments of higher abun-
dance. In principle, this approach can lead to an extension of
the lower limit of the dynamic range for top-down protein
analysis.

The influence of precursor ion charge state on the gas-
phase fragmentation behavior of multiply charged proteins
is illustrated by ubiquitin (Fig. 2). The ion trap CID prod-
uct ion spectra of [M + 8H]8+, [M + 7H]7+, [M + 6H]6+, and
[M + 5H]5+ precursor ions show drastic differences in both
fragment ion identities and abundances. At intermediate
charge states, as shown in Fig. 2a, b, extensive non-
specific cleavage was observed. For lower charge states,
fragmentation at aspartic acid residues becomes more
prominent. Activation of the [M + 6H]6+ ion, the spectrum
of which is shown in Fig. 2c, shows a base peak corre-
sponding to the doubly charged y18 fragment (aspartic acid

channel), and activation of the [M + 5H]5+ ion (Fig. 2d)
produces almost exclusively cleavages at aspartic acid
residues. These results are consistent with fragmentation
characterization studies of ubiquitin and are consistent with
the mobile proton model for peptide and protein dissocia-
tion [26, 32]. For ubiquitin, a small protein containing four
arginine residues, the number of ionizing protons for the
[M + 6H]6+ and [M + 5H]5+ ions begins to approach the
number of arginine residues. The arginine residues, which
have the highest gas-phase basicity of any amino acid [54,
55], sequester the protons allowing for processes that do
not require proton mobilization (e.g., cleavage at aspartic
acid residues and small molecule loss) to dominate the
spectrum. These processes are also observed for the [M +
4H]4+ precursor ions, where the number of ionizing pro-
tons is equal to the number of arginine residues. The ion
trap CID spectrum, as shown in supplemental Fig. S1,
shows a dominant water loss as well as cleavages C-
terminal to aspartic acid residues.

Based on the assumption that proton mobility in protein
ions is inhibited when the number of excess protons is
roughly equal to the number of arginine residues in the
protein, we sought to determine the m/z range within which
most protein ions with limited proton mobility are likely to
fall. A program written in MATLAB was used to count the
number of arginine residues and calculate the mass of each
protein ≤ 250,000 Da in the SWISS-PROT database. Linear
regression of mass versus arginine count was used to predict
the number of arginine residues for each entry (Fig. 3a).
Next, the true count, the actual number of arginine residues
present in the protein sequence, was compared to the pre-
dicted count, the number of arginine residues predicted by
the linear model. For any sequence ± 3 arginine residues to
the true count, seven mass-to-charge ratios were generated
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Figure 1. Illustration of selective cleavages upon collisional activation
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from [M + n(PR-3)H]
n+ to [M + n(PR + 3)H]

n+, where PR is the
number of predicted arginine residues. Inspection of the
histogram plot of these mass-to-charge ratios provided in
Fig. 3b reveals that greater than 75% of the charge states fall
between m/z 1500 and m/z 2500.

Protocol Demonstration Using Reduced
and Alkylated Trypsinogen

nESI of the reduced and alkylated trypsinogen sample under
acidic denaturing conditions generates a broad and bi-modal
distribution of charge states (Fig. 4a) with the highest and lowest

Figure 2. Ion trap CID spectrum of ubiquitin for (a) [M + 8H]8+, (b) [M + 7H]7+, (c) [M + 6H]6+, and (d) [M + 5H]5+ precursor ions.
Cleavages C-terminal to aspartic acid residues are labeled in red, cleavages N-terminal to proline residues are labeled in blue, and
non-specific cleavages are labeled in black

Figure 3. (a) Scatter plot of arginine count versus protein mass. (b) Histogram of mass-to-charge ratios calculated using ± 3 the
predicted number of arginine residues



observable charge states being the [M+ 33H]33+ and [M+ 9H]9+

species, respectively. Much of the protein signal at the highest
charge states was concentrated into a single lower charge state,
[M+ 17H]17+, via a series of q0 transmissionmode proton transfer
ion/ion reactions and ion parking (Fig. 4c). Signal enhancement is
evidenced by the ion abundance of the [M+ 17H]17+ species
(compare Fig. 4c to Fig. 4a, b). Figure 4b demonstrates that there
is no signal enhancement in the absence of ion parking, as no
auxiliary excitation voltage is applied to inhibit the ion/ion reac-
tion of the [M+ 17H]17+ species in that experiment.

The concentrated [M + 17H]17+ ion was isolated in Q1 (Fig.
4d) and transferred to q2 where it was subjected to a second set
of proton transfer ion/ion reactions. Reaction conditions were
tuned such that the reduced charge states fell largely into the

m/z 1500–2500 window. This region is highlighted in green in
Fig. 4e. Two high amplitude frequency sweeps were applied to
q2, one using a frequency to eject ions lower in m/z than 1500,
and one using a frequency to eject ions higher inm/z than 2500.
The resulting spectrum is shown in Fig. 4e.

In the case of reduced and alkylated trypsinogen, m/z 1500
to m/z 2500 contains seven charge states, ranging from the
[M + 16H]16+ ion to the [M + 10H]10+ ion. These charge states
were subjected to broadband DDC collisional activation, max-
imizing the chances of observing the preferential cleavage at
aspartic acid and proline residues. The MS/MS spectrum is
provided in Fig. 5. Only b- and y-type fragment ions, matched
within a ± 15 ppm tolerance, are labeled. As summarized in
Table 1, a total of 12 fragments were identified, 6 coinciding
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Figure 4. (a) Nano-electrospraymass spectrumof reduced and alkylated trypsinogen. (b) Post ion/ion spectrum from reaction of (a)
with PFOdimer. (c) q0 ion parking of the [M+ 17H]17+ ion under the same reaction conditions as (b). (d) Q1 isolation of (c). (e) Post ion/
ion spectrum and isolation ofm/z 1500 tom/z 2500 from the reaction of (d) with PFO dimer. a(a), (b), and (c) are plotted on the same
absolute intensity scale while b(d) and (e) are plotted on a scale of percent relative abundance

Figure 5. Simultaneous activation of the [M + 16H]16+ to [M+ 10H]10+ charge states of reduced and alkylated trypsinogen via DDC
collisional activation. Only peaks matched to ± 15 ppm of theoretical b- and y-fragment ions are labeled



with selective fragmentation, 3 at aspartic acid, and 3 at proline.
Visually, it is evident proline fragment ions are among the most
abundant peaks in the spectrum.

Identification of Model Proteins

For each protein, database searching was initiated by retrieval
of all proteins within the user-defined precursor tolerance. In all

cases, this tolerance was set to ± 100 Da of the experimentally
derived precursor mass, obtained from deconvolution based on
Bayesian statistics within the PeakView Software (SCIEX,
Concord, ON, Canada). Theoretical b- and y-fragment zero-
charge masses were calculated for each protein in the retrieved

list and compared to the experimental zero-charge masses.

Proteins were ranked according to their McLuckey Score.

Table 1. Summary of Database Search Results

Observed mass (monoisotopic) 8559.72
Theoretical mass (monoisotopic) 8559.62
Mass difference (ppm) 12.08
Identity Ubiquitin
Species Various
Sequence MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGR

TLSDYNIQKESTLHLVLRLRGG
Number of basic residues Arg: 4, His: 1, Lys: 7, Total: 12
Matches 22 of 100 (22 of 100)a

McLuckey Score 100,719.97 (76,750.99)b

P-Score 3.8e−29 (3.8e−29)c
Matched fragments b7, b8, b9, b11, b13, b16, b18, b21, b32, b36, b39, b52, y9, y12, y13, y16, y18, y24, y25, y37, y55

Observed mass (monoisotopic) 16,941.02
Theoretical mass (monoisotopic) 16,940.96
Mass difference (ppm) 3.27
Identity Myoglobin
Species Equus caballus (horse)
Sequence GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEA

EMKASEDLKKHGTVVLTALGGILKKKGHHEAELKPLAQSHATKHKIPIKYLEF
ISDAIIHVLHSKHPGDFGADAQGAMTKALELFRND
IAAKYKELGFQG

Number of basic residues Arg: 2, His: 11, Lys: 19, Total: 32
Matches 24 of 45 (11 of 45)a

McLuckey Score 36,787.9 (5729.11)b

P-Score 6.1e−34 (9.9e−13)c
Matched fragments b20, b41, b44, b47, b63, b78, b79, b96, b118, b122, y7, y8, y9, y10, y11, y12, y13, y27, y31, y34, y44, y74, y90

Observed mass (monoisotopic) 24,662.18
Theoretical mass (monoisotopic) 24,661.82
Mass difference (ppm) 14.43
Identity Trypsinogen
Species Bos taurus (bovine)
Sequence VDDDDKIVGGYTCGANTVPYQVSLNSGYHFCGGSLINSQWVVSAAHCYKSGIQVRLGEDNINV

VEGNEQFISASKSIVHPSYNSNTLNNDIMLIKLKSAASLNSRVASISLPTSCASAGTQCLISGWGN
TKSSGTSYPDVLKCLKAPILSDSSCKSAYPGQITSNMFCAGYLEGGKDSCQGDSGGPVVCSGKL
QGIVSWGSGCAQKNKPGVYTKVCNYVSWIKQTIASN

Number of basic residues Arg: 2, His: 3, Lys: 15, Total: 20
Matches 12 of 143 (2 of 143)a

McLuckey Score 129,384.11 (12,828.84)b

P-Score 3.7e−10 (0.24)c

Matched fragments b4, b5, b6, b10, b11, b12, b18, b59, b79, b111, y10, y23

Observed mass (average) 29,024.55
Theoretical mass (average) 29,024.63
Mass difference (ppm) − 2.83
Identity Carbonic anhydrase 2
Species Bos taurus (bovine)
Sequence Ac-SHHWGYGKHNGPEHWHKDFPIANGERQSPVD IDTKAVVQDPALKPLALVYGEATSRRMVNNGHSFN

VEYDDSQDKAVLKDGPLTGTYRLVQFHFHWGSSDDQGSEHTVDRKKYAAELHLVHWNTKYGDFGTA
AQQPDGLAVVGVFLKVGDANPALQKVLDALDSIKTKGKSTDFPNFDPGSLLPNVLDYWTYPGSLTTPP
LLESVTWIVLKEPISVSSQQMLKFRTLNFNAEGEPELLMLANWRPAQPLKNRQVRGFPK

Number of basic residues Arg: 9, His: 11, Lys: 18, Total: 38
Matches 21 of 69 (2 of 69)a

McLuckey Score 183,239.01 (12,439.74)b

P-Score 1.6e−28 (0.047)c

Matched fragments b3, b6, b8, b17, b18, b31, b33, b38, b40, b40, b70, y17, y27, y47, y48, y61, y62, y63, y64, y67, y68

aThe number of matched fragments of the second ranked protein is provided in parenthesis
bThe McLuckey Score of the second ranked protein is provided in parenthesis
cThe P-Score of the second ranked protein is provided in parenthesis
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The peak lists used in the database searches are provided in the

supplemental information.
In the case of ubiquitin, 2350 proteins were retrieved and

scored in the database search. The top 153 scores were identical
and, upon inspection, all 153 were correctly identified as ubiq-
uitin. This is an artifact of the database creation as there are
several parent proteins, across all species, in the SWISS-PROT
database containing ubiquitin chains. Of the 100 fragment
masses obtained by the THRASH deconvolution algorithm,
22 corresponded to b- and y-fragments of ubiquitin. The results
of the top scoring protein are summarized in Table 1. By
concentrating the precursor signal via proton transfer ion/ion
reaction in conjunction with ion parking, andmoving the charge
state distribution to a region which maximizes selective cleav-
ages, we observed greater than 90% of the matched fragment
ion signal corresponding to cleavage at aspartic acid and proline
residues. Specifically, 86.4% of the total matched fragment area
was contained in seven unique aspartic acid fragments and 5.5%
was contained in two proline fragment ions (Fig. 6).

ProSight Lite was used to calculate a P-Score for each
of the top five ranked proteins [56]. While the output of

the database search ranked according to the McLuckey
Score does not necessarily coincide with ranking based
on P-Score, in the case of ubiquitin, the top five unique
protein sequences based on P-Score were identical to the
top five unique protein sequences ranked according to their
McLuckey Score. As shown in Table 1 and Table 2, the
top two ranked proteins each matched 22 fragment masses
of the 100 experimental fragment masses, resulting in
equivalent P-Scores [57]. In our approach, three specific
aspartic acid fragments, b52, y37, and y55, provided suffi-
cient information to distinguish between ubiquitin and
ubiquitin-related proteins (supplementary Table S1). These
results demonstrate the utility of using a scoring system
that is weighted both by abundance and cleavage site as
the conventional approach was unable to distinguish be-
tween ubiquitin and the ubiquitin-related protein.

For apomyoglobin, the database search returned 2446 results.
The highest scoring protein was correctly identified as myoglo-
bin from Equus caballus, while the second and third scoring
proteins, as shown in supplementary Table S2, were found to be
myoglobin from different species. Here, greater than 50% of the
matched fragment area is comprised of seven aspartic acid
fragments (Fig. 6). While equine myoglobin contains only two
arginine residues, there are 19 lysine residues and 11 histidine
residues in addition to the N-terminus, for a total of 33 nominal
basic sites. When the charge state distribution is moved to the
m/z 1500 to m/z 2500 region, [M + 11H]11+ to [M + 7H]7+, the
ionizing protons may well be solvated by multiple basic resi-
dues, thereby reducing the proton mobility and thereby allowing
for prominent cleavage at the aspartic acid residues.

Like equine myoglobin, trypsinogen is another protein con-
taining only two arginine residues. The database search, which
included carbamidomethylation (+ 57.0198 Da) of cysteine
residues, successfully identified trypsinogen, matching only
12 fragment masses. Despite the lowest number of matched
fragments, there remains a factor 10 difference in the score
between trypsinogen and the second ranking protein (Table 1).
Unlike apomyoglobin, where the majority of information was
comprised of aspartic acid fragment ions, activation of trypsin-
ogen resulted in cleavage at three proline residues, accounting
for 86.7% of the matched fragment area (Fig. 6). The differ-
ences between the two systems arise from the total number of
basic residues. Trypsinogen contains only 20 basic residues
compared to myoglobin’s 32. As previously stated, the m/z
region subjected to DDC excitation for trypsinogen contains
the [M + 16H]16+ to [M + 10H]10+ charge states. While some
protons may be solvated by two basic residues, a sufficient

Table 2. Summary of the Top Five Proteins Ranked According to P-Score for Ubiquitin MS/MS Data

Identity Species P-Score Matches

1 Ubiquitin Various 3.8e−29 22 of 100
2 Ubiquitin-related Various 3.8e−29 22 of 100
3 Ubiquitin-related Equus caballus (horse) 3.3e−24 19 of 100
4 Ubiquitin-related 1 Cricetulus griseus (Chinese hamster) 1.3e−22 18 of 100
5 Ubiquitin-related 1 Dictyostelium discoideum (slime mold) 5.2e−21 17 of 100
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Figure 6. Percentage of the total matched fragment area for
(red) cleavages C-terminal to aspartic acid residues, (blue)
cleavages N-terminal to proline residues, or (green) non-
specific cleavages



number of mobile protons remain to initiate cleavage at proline
residues.

Lastly, two database searches for carbonic anhydrase were
performed. The first search was performed with no N-terminal
modifications while the second accounted for N-terminal acet-
ylation (+ 42.0095 Da). The results of the former are summa-
rized in supplementary Table S4. As shown in Table S4, the top
two proteins exhibit the same score and the same number of
matched fragments. The two sequences were identified as
bovine carbonic anhydrase II, where the sequences differ only
by the cleavage of the initiator methionine residue. In both
cases, the 10 matched fragments were identical (y-type frag-
ments). It was observed that the experimentally derived aver-
age mass of the precursor was 89 Da lower in mass than
carbonic anhydrase with the N-terminal methionine, whereas
the average mass of the precursor was 42 Da greater in mass
than the sequence lacking the initiator methionine.

While it is possible to deduce the correct sequence based on
mass, a second search was performed with N-terminal acetyla-
tion. Here, the top scoring protein was, again, correctly identi-
fied as carbonic anhydrase II lacking the initiator methionine
with N-terminal acetylation. Note that the results of the top five
proteins, as shown in Table S5, do not include carbonic
anhydrase II with the initiator methionine since addition of
the N-terminal modification puts this sequence outside of the
± 100-Da retrieval window.When comparing the two searches,
N-terminal acetylation matched 11 additional fragments (b-
type fragments), for a total of 21 matched fragments
(Table 1). Despite being the largest protein examined in this
study, selective cleavages are still observed, with 56.9% of the
total matched fragment area held in aspartic acid and proline
cleavages (Fig. 6).

Conclusions
Proof-of-concept is presented here for a protein top-down
tandem mass spectrometry methodology that exploits the ad-
vantages of ionization under denaturing conditions while also
maximizing the likelihood for selective cleavages at aspartic
acid and proline residues. The generation of precursor ions
under denaturing conditions and the relatively short reaction
times are amenable to an online LC-MS workflow, though
demonstration of an online LC-MS workflow was outside the
scope of the present work. Ion/ion reactions are used both to
concentrate ions of interest into a single charge state for ion
isolation and to generate subsequently precursor ions within a
mass-to-charge range most likely to yield selective cleavages
under collisional activation conditions. The objective is to
generate sufficient fragmentation for identification while con-
centrating product ion signals into a relatively limited number
of channels. This approach is not intended to compete with
strategies that maximize the number of backbone cleavages for
characterization purposes. Rather, it is a complementary ap-
proach that is effective in protein identification that offers
advantages in dynamic range and quantitation via single- or

multiple-reaction monitoring due to the fact that product ion
signal is not distributed among a large number of product
channels. Broadband collisional activation using DDC of pre-
cursor ions within the targeted m/z window for all proteins
studied here resulted in greater than 50% of the total matched
fragment area arising from aspartic acid and proline cleavages
(up to 91.9% for ubiquitin). While the conventional scoring
system based on matching predicted and observed product
masses can be used with this approach yielding respectable P-
Scores, a scoring system that weights most heavily C-terminal
aspartic acid and N-terminal proline cleavages can add discrim-
inatory power to an approach like this that is intended to
maximize such cleavages. The combination of the ion process-
ing workflow described here with an abundance-weighted
scoring system lead to the successful identification of four
model proteins, ranging in mass from 8.5 to 29.0 kDa. In the
case of trypsinogen, successful identification was achieved
with only 12 matched fragments (3 aspartic acid, 3 proline,
and 6 non-specific cleavages), demonstrating the utility of
maximizing selective fragmentation pathways. Interestingly,
two of the selected model proteins contain an unusually low
number of arginine residues. Nevertheless, selective cleavage
at either proline or aspartic acid residues was noted. In addition
to the application of intact protein identification, it stands to
reason this workflow may be useful in multiple-reaction mon-
itoring, particularly of low level proteins.
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