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RATIONALE: Paired Lys-N and Lys-C proteases produce peptides of identical mass and similar retention time, but
different tandem mass spectra. Data from these parallel experiments provide constraints that are applied before data
analysis. With this approach, we can find matched spectra before analysis, distinguish ion type, and determine residue
level confidence.

METHODS: Aliquots are digested separately by Lys-N and Lys-C peptidases, and analyzed by reversed-phase nano-flow
liquid chromatography, collision-induced dissociation, and 14.5 T Fourier transform ion cyclotron resonance mass
spectrometry. Matched pairs of fragmentation spectra with equal precursor mass and similar retention times from each
digestion are compared, leveraging single-residue transposed information with independent interferences to confidently
identify fragment ion type, residues, and peptides. The paired spectra are solved together as a single de novo sequencing
problem.

RESULTS: Two pairs of spectra of a de novo sequenced 18-mer are presented. In one example, the 18-mer has coverage
of all residues except the N- and C- terminal lysines and their adjacent residues. The confidence level is high due to six
pairs of transposed ions. In the other example, the coverage is incomplete. Nonetheless, nine pairs of transposed ions
facilitate identification of two trimer sequence tags with high confidence, one with medium confidence, and additional
sequence information with residue-by-residue confidence, thus demonstrating the value of residue-by-residue
confidence.

CONCLUSIONS: Sequence identity and variability, such as post-translational modifications (PTMs), are essential to
understanding biological function and disease. The present method facilitates discovery of new peptides with multiple
levels of confidence, promises potential characterization of PTMs, and validates peptides from databases. Independent
validation may be of interest for a number of applications. Copyright © 2015 John Wiley & Sons, Ltd.

Tandem mass spectrometry is a powerful tool for protein and
peptide characterization."! Confident sequencing of peptides
and proteins is the crux of proteomics; however, complete
characterization of peptides and proteins, including all sources
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of variation, such as post-translational modifications (PTMs),
splice variants, and novel sequence mutations, is not entirely
addressed by most current methods.

Database search techniques!®'®! compare acquired mass
spectra to a database of known protein sequences to identify
the sequence tag, which serves as a tool for protein
identification. Although database-dependent identification
of proteins by mass spectrometry is well established, the
methods do not apply if the analyte sequence does not exist
in the current databases. For example, unsequenced genomes,
polymorphisms, and splice variants'® are not generally
amenable to such methods. Protein homology, incorrect
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assignment of charge state for precursor ions, incorrect
identification of isotopic peaks, and enzymatic digestion at
non-traditional sites can result in incorrect database
matches.!'”] Database-centered protein identification methods
are not well designed to detect variations beyond the amino
acid sequence, such as the presence and location of
PTMs."#2l Many database search methods currently allow
for the presence and de novo detection of variable PTMs in
addition to the database search; however, a de novo
component often makes it difficult to determine the statistical
significance of the finding.

De novo sequencing!'®*'"*! circumvents these limitations;
de novo sequencing is a process in which amino acid
sequences are derived directly from tandem mass spectra
without the assistance of a sequence database.*=%
Independence from a sequence database makes de novo
sequencing the only method for identifying novel peptides,
unsequenced organisms, and other sources of variance, which
database-search methods were not designed to detect.**!
However, peptide de novo sequencing has been a more
challenging problem than the traditional database search
approach, due to ambiguous assignments and incomplete
fragmentation, leading to low sequence coverage, and
difficulty in distinguishing ion series, notably N-terminal from
C-terminal MS/MS product ions (b ions from y ions) — the main
topic of this paper.

One way to improve upon de novo sequencing is to chemically
derivatize a sample, enabling distinction between ion series. For
example, Keough and colleagues™* employed guanidination of
the g-amino group of lysine-terminated tryptic peptides to
identify proteins for matrix-assisted laser desorption/ionization
(MALDI) data. Conrotto and Hellman!®! similarly targeted the
g-amino group of lysine-terminated tryptic peptides but used
an imidazole derivative to minimize chemical side effects. Kim
and colleagues™ introduced bromide signatures on the
C-terminus, facilitated by oxazolone chemistry, which enables
identification of y ions. Warwood and colleagues® implemented
guanidination, which increases selectivity and allows for
relative quantitation as well as identification.

Other methods interrogate the same sample multiple times
to increase confidence in the identification. Liu and
colleagues®! capitalized on both bottom-up and top-down
mass spectrometry. Two types of fragmentation, collision-
induced dissociation (CID) and electron capture dissociation
(ECD), have been leveraged in multiple settings.**>?! Guthals
and colleagues'*”! combined information from three types of
fragmentation: CID, ETD, and higher energy collisional
dissociation (HCD). In each case, the complementarity of
multiple data types provided the most confident assignment.
Finally, it is possible to distinguish C-terminal (ze) from
N-terminal (¢’) ECD product ions based on the ratio of prime
to radical ion abundance in ECD vs activated-ion ECD
(AI-ECD) MS/MS product ion mass spectra.*!]

Traditional de novo methods are prone to false positives in
part due to limited mass resolution and accuracy. Fourier
transform ion cyclotron resonance mass spectrometry
(FTICR-MS)*?! offers the highest mass resolution and
accuracy,®! and has been used previously**! for de novo
sequencing with ECD to study bromide loss and resulting
fragmentation patterns. As the constraints in mass tolerance
are tightened, the resulting assignments become increasing
confident.

Here, we present a method for de novo sequencing based on
a combination of paired complementary digestion, high-
resolution FTICR-MS, and assignment of confidence in the
identification at the individual ion level. We demonstrate
the method for bovine serum albumin (BSA) digested by
Lys-N and Lys-C, a unique pair of enzymes that produce
single residue-transposed peptides of the same molecular
weight and similar retention time in liquid chromatography
(LC). Paired digestions enable unequivocal distinction
between N-terminal and C-terminal ions for increased
confidence in the overall assignment as well as finely partitioned
confidence along a particular peptide segment. The resulting
"granular”" detail allows for anchor points that reduce the
length of sequences that must be assigned. Lacking such
advantages, even long peptides that are not tractable with
traditional de novo methods may be sequenced accurately as
a series of shorter segments.

Finally, in an alternative label-free technique, if mass
measurement is sufficiently accurate to determine peptide
elemental composition (C.H,NLO,Ss), then N-terminal and
C-terminal ions may be distinguished according to whether
the number of nitrogen atoms plus hydrogen atoms is even
or odd ("valence parity" method!*®!). However, experimental
mass measurement accuracy is generally insufficient to
determine elemental compositions for peptides containing
more than 6-8 amino acids.*!

CONCEPTUAL BASIS

Identification of b and y ions

To illustrate the basis of the method, consider the segment:
...KATEEQLK... Assuming there are no missed cleavages,
Lys-N digestion will yield the precursor peptide KATEEQL
whereas (separate) Lys-C digestion will yield ATEEQLK
(See Fig. 1). The two precursor ions have exactly the same
mass and differ only in the position of the lysine residue.
Subsequent CID will yield pairs of ions between the two
spectra that differ by (+/-) the residue mass of lysine
(128.0950 Da), for cleavages that take place at the same
peptide linkage (one fragment ion index away). For
example, the y5 ion from ATEEQLK will be EEQLK and
the y4 ion from KATEEQL will be EEQL, which is lower
in mass by one lysine residue. Similarly, the b5 fragment
ion from ATEEQLK will be ATEEQ and the b6 fragment
ion from KATEEQL will be KATEEQ, which is higher in
mass by one K residue. Let M(Lys-C) and M(Lys-N) denote
the monoisotopic neutral masses corresponding to fragment
ions from MS/MS from Lys-C and Lys-N digestions. The
CID product ion spectra are then searched for ions that
satisfy Eqn. (1) or (2):

M (Lys-N)-M(Lys-C) = +128.0950 (1)

M (Lys—N) -M (Lys—C) = -128.0950 ()

As shown in Fig. 1, an M(Lys-N) - M(Lys-C) mass
difference of +128.0950 identifies both members of the pair
as b ions, and an M(Lys-N) — M(Lys-C) mass difference of
—128.0950 identifies both members of the pair as y ions.
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Figure 1. Schematic procedure for the de novo method. Parallel
Lys-N and Lys-C digestions produce single residue-transposed
peptides, which are then fragmented by collision-induced
dissociation in separate LC/MS/MS analyses. Comparison of
paired spectra that meet multiple constraints serves to
distinguish N-terminal from C-terminal fragment ion types
for confident identification of the amino acid sequence. The
two spectra are considered simultaneously with the
assumption, based on mass and retention time, that they are
single residue-transposed peptides. Fragment ions that differ
by 128.0950 Da are related by the equations listed: e.g., Lys-N
bs — Lys-C b, = +128.0959, identifying both as b ions. Ions that
are now of known ion type are combined into a single Lys-C
fragment spectrum via the listed relationships and used as
anchor points in a traditional de novo algorithm that includes
the undistinguished ions of the original Lys-C spectrum.

Knowledge of fragment ion type a priori can significantly
improve the confidence of de novo sequencing. These
transposed fragment ions contain the same information about
the sequence, with the exception of the placement of the
lysine residue. Thus, the presence of both ions in a pair
increases confidence in the identification. Distinguishing
between b and y ions without prior sequence knowledge
reduces the dimensionality of the search space for
peptide/protein identification and sequencing. Ion type is
determined without labeling, based simply upon the mass
difference between two MS/MS fragment ions cleaved from
complementary precursor ions from the paired digestions.

Specific matched pairs from CID product ion mass spectra
from Lys-N and Lys-C digestion are selected for comparison
of their fragment ions. In particular, a spectrum pair is
considered only if the precursor masses are identical and
HPLC retention times are similar. We used a relatively wide
retention time window of 5 min, but other windows are
possible. Empirical observation shows that rarely if ever do
the Lys-N and Lys-C peptides have the same retention time,
nor is there a consistent retention order, but they consistently
elute at similar times, typically within a couple of minutes.
Such restriction greatly reduces the computational time
required to analyze the data compared to a complete analysis
of all pairs. Moreover, interferences for either Lys-C or Lys-N
digests alone will be reduced by the above restriction,
because most interferants will have either different retention
time or different precursor mass. Consequently, the matched
spectrum pairs are more robust with respect to chemical noise
compared to the spectra for individual Lys-C or Lys-N
digestion.

Confidence Level for Segments

Lys-C y y Yi Y VY2
1128 Da 1128 Da Am
el ,, : Am
[} ]

[} ]
[} ]
! |I i | |I ‘I

Lys-N VY y’
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Figure 2. Confidence levels for each set of fragment ions,
individually assigned based on ion presence or absence and
the quality of their isotopic distributions in both Lys-N and
Lys-C spectra. In this manner, we can distinguish high versus
low confidence segments of the sequence independent of the
complete sequence assignment, and reduce the low
confidence sections to a series of smaller de novo problems.

Assignment confidence scoring

A confidence level may be assigned to each inter-amino acid
fragmentation site according to two factors: the ability or
inability to classify the ion by type based on Eqns. (1) and
(2) and the presence or absence of an isotopic distribution
(see Fig. 2). A high confidence (score=1) fragment ion is
one for which (a) ion type can be determined by finding a
complementary fragment ion related by Eqn. (1) or (2); and
(b) both fragment ions exhibit isotopic distributions. A
medium confidence (score=0.5) fragment ions is one for
which (a) ion type can be determined by finding a
complementary fragment ion related by Eqn. (1) or (2) and
(b) one of the fragment ions from two spectra lacks an
isotopic distribution (e.g., electronic noise or heavy-atom
peak magnitude below a defined threshold). A low
confidence (score=0) fragment ion is one that appears in the
Lys-C spectrum with an isotopic distribution but lacks any
corresponding fragment ion differing by 128.0950 Da in the
Lys-N spectrum and is thus of unknown ion type.

We have applied the previously described criteria to
generate confidence scores at both the amino acid and
peptide levels. Amino acid level confidence is the average of
the confidence for the fragment ions on each side of the
residue. The overall peptide confidence is given by the
average confidence level for all fragment ions used to
determine the putative peptide identity, multiplied by 100.
Multiple levels of confidence establish the depth and quality
of the data at each level.

Proper interpretation of the peptide score is as follows. The
lowest possible peptide score is zero, which indicates that the
use of paired spectra did not add any additional information
above standard de novo sequencing methods based on only
one spectrum. To be clear, a score of zero does not imply that
there is no sequence information. For example, the best single
spectrum de novo possible would receive a score of zero. Zero
simply means there was no added information from the
experimental scheme we describe here. On the other hand, the
best possible score is 100, and indicates that all of the ion
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information in one spectrum is supported by complementary
ions in the other spectrum, and all ions forming each pair are
complete with full isotopic distributions. Scores between zero
and 100 indicate some pairs of complementary ions and allow
the possibility that exactly one of the ions in a pair lacks an
isotopic distribution.

EXPERIMENTAL

In-solution Lys-C and Lys-N digestion of BSA and protein
mixture

Endopeptidase Lys-C (Lys-C) and bovine serum albumin
(BSA) were purchased from Sigma Aldrich Chemical Co.
(St. Louis, MO, USA) and recombinant endopeptidase Lys-
N (Lys-N) was purchased from U-ProteinExpress (Utrecht,
The Netherlands). BSA (100 pg) was diluted in 50 pL of
100 mM ammonium bicarbonate (pH 8.5) and reduced with
5 mM dithiothreitol (incubated at 95 °C for 10 min), followed
by alkylation with 12 mM iodoacetamide (incubated in the
dark at room temperature for 30 min). For Lys-C digestion,
the resulting solution was digested with Lys-C re-suspended
in 100 uL HPLC grade water at a concentration of 0.05 pug/uL
at a 1:66 (w/w enzyme/substrate) ratio and incubated
overnight at 37 °C. For Lys-N digestion, the resulting solution
was digested with Lys-N re-suspended in 73 pL HPLC grade
water at a concentration of 0.37 pg/pL at a 1:85 (w/w
enzyme/substrate) ratio and incubated overnight at 37 °C.

Data acquisition: on-line LC/CID MS/MS

Each Lys-C and Lys-N digest (~4 ng) was subjected to reversed-
phase nano-flow high-performance liquid chromatographic
(HPLC) separation using an Ultra Nano HPLC system (Eksigent,
Livermore, CA, USA). Digests were separated on an in-house
packed Xterra C18 column (i.d. 200 pm, o.d. 357 pm, 5 um,
125 A; Waters, MA, USA) at a flow rate of 200 nL/min with
mobile phase A containing 95% H,O and 4.9% acetonitrile with
0.1% formic acid (FA) and mobile phase B containing
95% acetonitrile and 4.9% H,O with 0.1% FA. Beginning with
0% mobile phase B, phase B linearly increased to 60% after
120 min and to 90% at 121 min. After washing at 90% for
21 min, the column was equilibrated with 0% B for 38 min.
A blank solution containing 95% H,O and 4.9% acetonitrile
with 0.1 % formic acid was run between each sample
injection for quality control. Beginning with 0% mobile phase
B, phase B linearly increased to 90% after 16 min, wash at
90% for 8 min and the column was equilibrated with 0% B
for 16 min.

Separate Lys-C and Lys-N digests were electrosprayed at
3 kVand injected into a modified linear ion trap (LTQ, Thermo
Fisher Scientific, San Jose, CA, USA) 14.5 T FTICR mass
spectrometer®”! equipped with a Predator data station.*®!
Precursor ions were isolated in an external octopole ion trap!*’!
with an isolation window width, [(m/z)2—(m/z)1)]=2,
followed by CID fragmentation at a normalized collision
energy of 35% for the five most abundant precursor ions. Ions
resulting from five cycles of CID were accumulated in an
adjacent storage octopole (2.2 MHz, 250 V,,.,) before being
transferred to the ICR cell (external ion accumulation increases
the number of ions that are transferred to the ICR cell). The ion

accumulation period was typically less than 100 ms during
peptide elution and the FTICR time-domain signal acquisition
period was 1400 ms (i.e., an overall duty cycle of ~0.6 Hz per
acquisition). The FTICR time-domain signal was acquired from
m/z 400 to 2000 at a mass resolving power (m/Amsge,, in which
Amsge, is the full width of a mass spectral peak at half-
maximum peak height) of 200 000 at my/z 400. Following
Hanning apodization and =zero-filling, fast Fourier
transformation, and phase correction,® the mass spectra were
externally calibrated by Pierce LTQ Velos ESI positive ion
calibration solution (Thermo Fisher Scientific, San Jose, CA,
USA) based on the quadrupolar trapping approximation.®'>!
The mass spectrometer incorporates various improvements in
sensitivity, speed, mass resolution, and mass accuracy,®>*!
and is ideally suited for de novo sequencing with high
confidence.

Data analysis

Ions were manually identified and assigned as b or y ions
from mass spectral segments selected as described above.

RESULTS AND DISCUSSION

Figure 3 shows CID product ion mass spectra and cleavage maps
for isobaric precursor ions containing 18 identical residues
(VPQVSTPTLVEVSRSLGK  and KVPQVSTPTLVEVSRSLG)
from Lys-C and Lys-N digested samples of BSA. Sequence
coverage is nearly complete for MS/MS of the Lys-C digest
precursor ion. On the other hand, coverage is sparse for the
Lys-N digest precursor ion, lacking any fragmentation within
the first seven N-terminal residues. Nevertheless, the method
allows us to confidently identify the relatively long peptide
sequence by leveraging the complementarity of pairs of b and
y ions from each spectrum. For example, the y, ion from the
Lys-N spectrum and the y5 ion from the Lys-C spectrum differ
by the mass of a lysine residue, and correspond to the fragment
RSLG(K). We thus assign these paired ions a high confidence
score of one. The y5 ion from the Lys-N digest and the v, ion from
the Lys-C spectrum are also both present, leading to a confidence
score of one for the N-terminal fragment of SRSLG(K). Because
both sides of the S residue are identified with confidence score
of one, the amino acid is also identified with high confidence
(score =1). For other amino acids, such as the R, the fragment
ions are identified with high confidence on one side, with lower
confidence on the other side. The concept of medium confidence
amino acid identification may be extended to segments
comprised of adjacent medium-confidence amino acids, such
as TP, VEV, and RS. Still other amino acids are fragmented on
both sides but lack complementary ions. These ions have the
lowest confidence of those that match known residue masses.
The six pairs of confidently identified corresponding ions serve
as anchors to aid in confident identification of the entire 18-mer
based on the paired mass spectra. The peptide score for the first
replicate is 12, showing that the use of paired spectra resulted in a
small amount of complementary information beyond simply
sequencing the Lys-C spectrum alone.

Figure 4 shows another useful application of our method
for the same peptide from a different biological replicate. In
this case, the sequence coverage is not optimal from either
spectrum. Both the Lys-C and Lys-N digest CID product ion
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Figure 3. Paired annotated CID positive product ion mass spectra for the same
peptide digested separately by Lys-C (top) and Lys-N (bottom), showing
complementary transposed ion pairs and illustrating how different levels of
confidence (red, blue, and black denote high, medium, and low) for various
amino acids and segments of the peptide give a more complete picture of the
quality of the identification.
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Figure 4. Paired annotated CID positive product ion mass spectra for another
replicate of the same peptide, demonstrating how large numbers of paired
transposed ions serve as anchors to aid in confident identification of peptide
segments even if individual and total sequence coverage are suboptimal.

mass spectra lack at least four fragment ions. Nevertheless,
the presence of nine pairs of complementary ions increases
the confidence in the peptide identification. The confidence
score for this second replicate is 67. The higher score reflects
the additional pairs of complementary ions, which help to

mitigate the low sequence coverage and aid the de novo
sequencing confidence. In fact, the presence of two pairs of
complementary ions on both sides of an amino acid results
not only in amino acids identified with high confidence, but
also in high confidence sequence tags (VST and LVE). Such
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trimers could be used to check the final identification with
known databases. The paired spectra also have a trimer
(VPQ) and two single amino acids identified with medium
confidence. Note that although the sequence coverage for
the same peptide shown for two replicate data sets in Figs. 3
and 4 is different, the ability and flexibility of this method for
de novo sequencing data of different quality yields several
high-confidence residue identifications. More important, the
fact that the spectra are not the same is one of the major
points of the method. The fragment ion peaks provide
common information whereas spectral noise in the two
spectra is unrelated.

Finally, although the entire peptide may not be de novo
sequenced in this case, the sequence coverage for the
complementary digestion is higher due to the additional
information from the transposed product ion pairs.
Moreover, the length of the sequential residues determined
is the critical outcome of any de novo sequencing experiment.
The objective of most previous de novo experiments is to
determine the complete sequence of tryptic peptides. Thus,
they strive to identify the entire sequence of each peptide
even if there is insufficient information to do so. With our
method we are able to derive relatively long sequence tags
with enhanced and known confidence, and correctly identify
the portions of the sequence that are inherently ambiguous
in lower quality data. The relatively longer peptides derived
from Lys-C/Lys-N compared to a tryptic digest also
potentially provide longer sequence tags than tryptic
peptides. Although the sequence tags shown in Fig. 4 do
not cover the entire sequence of the peptide, our method
can provide long sequence tags with high confidence. Thus,
sequence tags of useful length may be identified with high
local confidence despite incomplete fragmentation. Such
high confidence local sequences are of at least equal value
to confidently identified proteolytic peptides of the same
length and have the added advantage of being linked to
additional lower confidence or even incomplete sequence
information that may be confirmed or completed by
subsequent data.

CONCLUSIONS

The present methodology leverages paired single residue-
transposed digestion with Lys-C and Lys-N peptidases and
high-resolution FTICR-MS/MS for de novo peptide
sequencing. The special relationships inherent in the
transposed fragment ions of the two peptidases enable
identification of ion type (N-terminal vs C-terminal),
knowledge of which simplifies the de novo sequencing
problem. The chosen pair of peptidases is unique in
producing specific mass relationships, such as those in
Eqns. (1) and (2), which are known before the experiment
and data analysis begin. Other peptidases, such as trypsin
and the endoproteinase, Glu-C, do not have this property.
Paired fragments are required to have isobaric precursor
ions, and similar HPLC retention times, thereby providing
confidence scores for sequence assignment. Unlike other
approaches, our method provides measures of confidence
not only for peptide identification, but also at the ion, amino
acid, and sequence tag levels. We demonstrate the method for
manually annotated experimental BSA CID MS/MS positive-

ion mass spectra to confidently identify a peptide that is 18
amino acids long.

Sequences that are confidently identified by the paired single
residue-transposed digestion method may be fed into a
subsequent database search. The value in such an approach is
that the initial identity is independent of the database, as in
Figs. 3 and 4. The database serves as an ex post facto
confirmation rather than a constraint. An unconstrained de
novo search may include other sources of variation, such as
PTMs, not necessarily included in the database. The underlying
sequence, however, must be confirmed by the database. This
approach differs from current database search methods, in
which additional variations simply relax the constraints of the
database search, increasing the likelihood of a hit. Here, the
constraints of the de novo search are relaxed, not the database
search. The de novo step results in more false positives, but the
database search can filter out the false positives.

The method should be a useful tool for analysis of
proteomes of both known and unknown genomes.
Algorithmic development for automatic processing and
validation is in progress. The method may be expanded to
allow for de novo protein identification for complex samples
and post-translational modification localization for peptides.
Additional information as noted in the text is available free
of charge via the internet.>"!
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