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Abstract

Full-length de novo sequencing of unknown proteins remains a challenging open problem.
Traditional methods that sequence spectra individually are limited by short peptide length,
incomplete peptide fragmentation, and ambiguous de novo interpretations. We address these issues
by determining consensus sequences for assembled tandem mass (MS/MS) spectra from
overlapping peptides (e.g., by using multiple enzymatic digests). We have combined electron-
transfer dissociation (ETD) with collision-induced dissociation (CID) and higher-energy collision-
induced dissociation (HCD) fragmentation methods to boost interpretation of long, highly charged
peptides and take advantage of corroborating b/y/c/z ions in CID/HCD/ETD. Using these
strategies, we show that triplet CID/HCD/ETD MS/MS spectra from overlapping peptides yield de
novo sequences of average length 70 AA and as long as 200 AA at up to 99% sequencing
accuracy.
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INTRODUCTION

In most proteomics studies, proteins are identified by digesting sample proteins into peptides
(with an enzyme such as trypsin), generating a tandem mass (MS/MS) spectrum for each
peptide precursor, and identifying the peptide sequence of each MS/MS spectrum with a
database search tool, such as SEQUEST,! Mascot,2 MS-GFDB,?3 or Spectrum Mill.#
Proteins IDs are then inferred from unique peptide sequence identifications. The utility of
protein identification by database search depends upon the existence of a reference database
that contains all peptides of interest. But due to mechanisms of sequence variation (such as
genetic recombination and somatic hyper-mutation in monoclonal antibodies®) and the
existence of unsequenced genomes, many protein sequences remain unknown. Nevertheless,
the characterization of monoclonal antibodies and venoms from unsequenced species
remains a key step in many therapeutic drug development pipelines.5-2 Historically, only a
few low-throughput strategies have been available for de novo protein sequencing. As far
back as 1987, Johnson and Biemann manually sequenced a complete protein from rabbit
bone marrow using mass spectromtetry.1% Edman degradation is another established
approach for sequencing novel proteins but it has experimental bottlenecks that make it
unsuitable for sequencing mixtures of proteins, proteins longer than 50 amino acids (AA), or
post-translationally modified proteins.11:12 As such, many current applications of de novo
sequencing still continue to rely upon manual curation of MS/MS spectra and/or Edman
degradation.13-15

Fully automated de novo strategies that interpret MS/MS spectra individually have been less
successful compared to database search in part because they are limited by ambiguous
interpretations of MS/MS fragmentation.18 Even if both approaches use the same function
for scoring peptide-spectrum matches (PSMs), the top scoring peptide in the database for a
given MS/MS spectrum may be the second or 7 000 000th highest scoring peptide over all
possible de novo peptides, even if it is correct. Thus, de novo peptide sequencing algorithms
typically report a ranked list of candidate PSMs for each spectrum where top-scoring PSMs
have an accuracy of ~80-90% for low-resolution CID spectral’-18 and ~90-92% for high-
resolution CID spectral® (whereas database search results can typically be validated with 1%
false discovery rate, FDR9). To yield these levels of accuracy, de novo tools face a
significant trade-off between sequencing accuracy and protein sequence coverage as spectra
exhibiting complete peptide fragmentation rarely cover entire proteins, yet are required to
reconstruct accurate sequences. De novo peptide sequencing approaches are also limited
compared to low-throughput Edman methods in that they can only generate sequences as
long as enzymatically digested peptides (8—20 AA) and thus cannot fully sequence
protein(s) of interest.

An alternative approach to sequencing individual spectra is to simultaneously interpret
multiple MS/MS spectra from overlapping peptides.2% This Shotgun Protein Sequencing
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(SPS) paradigm has two distinct advantages over per-spectrum strategies. First, the
alignment of spectra from overlapping peptides separates true N- and C-terminal ions from
noise and leads to more accurate de novo sequences (~95% for high-resolution CID spectra)
at almost full sequence coverage (95%).21 Second, the assembly of multiple aligned spectra
allows for the extension of longer de novo sequences (up to 40 AA for high-resolution CID
spectra).2! Remaining limitations of per-spectrum and SPS-based computational strategies
have been addressed by incorporating imperfect databases of known proteins that are
homologous to those in the sample. Depending upon the level of similarity between
reference and target, an imperfect database can be used to correct de novo sequencing errors
and anchor sequences to the reference (as done with Champs?2), extend de novo sequences
from known to unknown regions (as done with GenoMS?23), or reorder de novo sequences to
enable nearly full-length sequencing (as done with Comparative SPS, cSPS24).

De novo sequencing techniques have also been improved by utilizing multiple fragmentation
modes. Compared to CID, alternative fragmentation strategies such as higher-energy
collision dissociation (HCD?%) and electron transfer dissociation (ETD26) are known to
improve fragmentation and identification of long, highly charged peptides.2’” HCD in
particular has been shown to improve de novo peptide sequencing accuracy to ~95% and
boost interpretations of long peptides, albeit at only 55% sequence coverage of peptides
identified by database search.28 When high-resolution CID and HCD spectra were processed
with an updated SPS assembly algorithm (called Meta-SPS29), de novo protein sequences
were extended to ~100 AA at the maximum and 20 AA on average at 94% sequencing
accuracy/65% sequence coverage for a 6-protein sample mixture and 97% sequencing
accuracy/89% sequence coverage for a purified monoclonal antibody. ETD has also been
shown to improve per-spectrum sequencing length and accuracy,30 but the benefits of ETD
for de novo sequencing are perhaps better utilized when it is paired with CID. In this
approach, a CID spectrum and an ETD spectrum are acquired for every precursor such that
each pair of CID/ETD can be attributed to the same peptide. It is well-known that CID and
ETD exhibit complementary fragmentation patterns that, when paired with each other, can
yield much richer N/C-terminal ion ladders for a greater variety of peptides.2’ Although the
decreased scan rate of ETD means fewer MS/MS spectra can be acquired per aliquot of
sample material, ETD significantly increases the fraction of identifiable spectra for both
database search? and per-spectrum de novo sequencing,31:32 particularly when used in
conjunction with enzymes such as LysC and GIuC to acquire spectra from a greater variety
of longer peptides (>20 AA).33 However, per-spectrum interpretation of paired
fragmentation methods still cannot produce sequences longer than enzymatically digested
peptides (13-20 AA depending on the digestion parameters) and has not achieved levels of
sequencing accuracy/coverage greater than 95%/65% for high-resolution MS/MS.32
Furthermore, published de novo sequencing tools capable of processing paired CID, HCD,
or ETD spectra have not been made publicly available.

Advances in MS/MS instrumentation have enabled fast acquisition of a CID spectrum, HCD
spectrum, and ETD spectrum per precursor such that each triplet of CID/HCD/ETD can be

attributed to the same peptide. For example, a LTQ Velos Orbitrap instrument can acquire 5
triplets of CID/HCD/ETD MS/MS in a cycle of 1 MS in approximately the same amount of
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time as a cycle of 1 MS and 5 CID only MS/MS spectra on a prior generation LTQ-Orbitrap
instrument. To take advantage of this capability, we describe a fully automated de novo
protein sequencing approach that utilizes CID/HCD/ETD triplets from overlapping peptides
to yield sequences as long as ~200 AA (~70 AA on average) at 99% sequencing accuracy
and 71% sequencing coverage. To this end we updated algorithmic steps of the Meta-SPS2?
pipeline to process any combination of high-resolution CID, HCD, and ETD spectra from
each peptide. Investigations into separate acquisition of CID, HCD, and ETD have showed
promise for database search34-36 but, to the best of our knowledge, this is the first
application of triplet CID/HCD/ETD acquisition for de novo protein sequencing. We
demonstrate that corroborating evidence of peptide fragmentation observed in CID/ETD
pairs and CID/HCD/ETD triplets from overlapping peptides enables near-full length de novo
protein sequencing at nearly perfect accuracy.

PROCEDURES

Since Shotgun Protein Sequencing?! interprets spectra from overlapping peptides, sample
proteins were digested with multiple enzymes. High-resolution MS/MS CID/HCD/ETD
triplets were then acquired on a Thermo LTQ-Orbitrap Velos and run through the updated
Meta-SPS pipeline illustrated in Figure 1. To enable support for CID/HCD/ETD spectra we
updated our prealignment steps to process and merge any combination of CID/HCD/ETD
spectra from each precursor by adding two new stages to the Meta-SPS workflow. First
PepNovo*16 was trained to score high resolution CID, HCD, and ETD MS/MS spectra (see
section PepNovo™ Training). Since PepNovo™ cannot analyze multiple spectra from the
same precursor, a procedure was developed to merge scored CID/HCD/ETD spectra and
take advantage of corroborating evidence (see section CID/HCD/ETD Merging).

MS/MS ACQUISITION

To benchmark and test this approach, 21901 CID/HCD/ETD triplets (65703 total MS/MS
spectra) were separately acquired from aliquots of 7 digests of a mixture of 6 known
proteins. An equimolar mixture of 6 commercially purified proteins containing 252 pg of
total protein was prepared. Cysteines were reduced with dithiothreitol (DTT) and alkylated
with iodoacetamide. Seven 32 ug aliquots were created and used for 7 different digests with
Trypsin, Chymotrypsin, Lys-C, Arg-C, Glu-C, Asp-N, or CNBr. The 6 proteins with
accompanying molecular weights and Swiss-Prot accession numbers are bovine aprotinin
(6.5 kDa, P00974), murine leptin (16 kDa, P41160), horse heart myoglobin (17 kDa,
P68082), horseradish peroxidase (39 kDa, P00433), E. coli GroEL (57 kDa, POA6F5), and
human kallikrein-related peptidase (29 kDa, P07288). Details of sample preparation have
been described previously.?

Aliquots of each digest (~0.5 pg) were analyzed with an automated nano LC-MS/MS
system, consisting of an Agilent 1200 nano-LC system (Agilent Technologies, Wilmington,
DE) coupled to an LTQ-Orbitrap Velos Fourier transform mass spectrometer (Thermo
Fisher Scientific, San Jose, CA) equipped with generation 2 ion optics (Velos Pro) and a
nanoflow ionization source (James A. Hill Instrument Services, Arlington, MA). Peptides
were eluted from a 10 cm column (Picofrit 75 um ID, New Objectives) packed in-house
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with ReproSil-Pur C18-AQ 3 pm reversed phase resin (Dr. Maisch, Ammerbuch Germany)
using a 95 min acetonitrile/0.1% formic acid gradient at a flow rate of 200 nL/min to yield
~20 s peak widths. Solvent A was 0.1% formic acid and solvent B was 90% acetonitrile/
0.1% formic acid. The elution portion of the LC gradient was 3—6% solvent B in 1 min, 6—
31% in 50 min, 31-60% in 13 min, 60-90% in 1 min and held at 90% solvent B for 5 min.
Data-dependent LC-MS/MS spectra were acquired in ~3 s cycles; each cycle was of the
following form: one full Orbitrap MS scan at 60000 resolution followed by 15 MS/MS scans
in the orbitrap at 15000 resolution using an isolation width of 3.0 m/z. The top 5 most
abundant precursor ions were each sequentially subjected to CID, HCD, and ETD
dissociation. Dynamic exclusion was enabled with a mass width of +20 ppm, a repeat count
of 1, and exclusion duration of 12 s. Charge state screening was enabled along with
monoisotopic precursor selection and nonpeptide monoisotopic recognition to prevent
triggering of MS/MS on precursor ions with unassigned charge or a charge state of 1. For
CID, the normalized collision energy was set to 30 with an activation Q of 0.25 and
activation time of 30 ms. For HCD, the normalized collision energy was set to 45. For ETD,
fluoranthene was used as the ETD reagent with an anion AGC target of 400 000 ions,
supplemental activation was enabled, and the reaction time was dependent on the precursor
charge state (precursor charge state — reaction time in msec: +2-100, +3-66.7, +4-50, +5—
40, +6-33.3, etc). All MS/MS spectra were collected with an AGC target ion setting of
50000 ions. The instrument control software does not currently allow for separate AGC
targets for each dissociation mode. Optimal AGC targets would be closer to 30000 ions for
CID, HCD; and 200 000 ions for ETD.36 All mass spectra associated with this paper may be
downloaded from ftp://MSV000078436:a@ccms-ftpOl.ucsd.edul.

Spectrum Preprocessing and Notation

Thermo RAW files were converted to mzXML with ProteoWizard3” (version 3.0.3324). To
validate de novo sequencing accuracy, all combinations of CID/HCD/ETD pairs/triplets as
well as individual CID, HCD, and ETD spectra were searched with MS-GFDB3 against the
6 target proteins and known contaminants with a spectrum-level false discovery rate of 1%
(see Supporting Information for parameters used for MS-GFDB). As part of the Meta-SPS
pipeline, high-resolution MS/MS peaks were first deconvoluted such that all peaks were
converted to charge one.2? The following notation is used below: a peptide MS/MS
spectrum S is defined as a collection of peaks where each peak p € S has mass m[p] and
intensity i[p]. The parent mass M[S] is the cumulative mass of all amino acids in the peptide
sequence and the precursor charge Z[S] is the charge of the peptide precursor ion.

PepNovo* Training

Rather than processing MS/MS spectra directly, Meta-SPS uses PepNovo*16 to interpret
MS/MS fragmentation patterns and convert MS/MS spectra into PRM (prefix residue mass)
spectra where peak intensities are replaced with log-likelihood scores and peak masses are
replaced by PRMs,38 or Prefix-Residue Masses (cumulative amino acid masses of N-term
prefixes of the peptide sequence). Peak scores combine evidence supporting peptide breaks
(observed cleavages along the peptide backbone, supported by either N- or C-terminal
fragments). N/C-terminal fragments may be observed by b/y ions in CID/HCD and by c/z°/z°
+ H3% jons in ETD. Because complementarity between b/y and ¢/z° ions can cause C-
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terminal MS/MS ions to be misinterpreted as N-terminal ions, PRM spectra also typically
contain many SRMs, or Suffix-Residue Masses (cumulative amino acid masses of C-
terminal suffixes of the peptide sequence). This approach considers peaks in PRM spectra as
both PRMs and SRMs because some spectra may contain predominantly SRMs and on
average they make up 30-40% of all true PRMs or SRMs.

In previous work, high-resolution CID and HCD MS/MS spectra were scored with a
PepNovo™* scoring model that was not trained to process deconvoluted?? spectra and there
was no PepNovo™ scoring model for ETD. In training the new models, we deconvoluted the
training spectra because PepNovo™ was optimized to analyze charge 2 and 3 tryptic CID
spectra, and thus does not give enough weight to MS/MS peaks of charge 3 or higher in
spectra from precursors of charge >3. Here we trained three new scoring models for
deconvoluted high-resolution CID, HCD, and ETD MS/MS spectra using multiple data sets.
(These new models can only be used to generate PRM spectra, not de novo peptide
sequences. Although PepNovo* PRM models were trained automatically with PSMs from
>3,000 unique peptides per precursor charge state, training the rank-boosting*’ models
needed for peptide sequencing required too many PSMs from unique peptides (>100 000) as
well as more extensive modification of PepNovo™ source code.) Due to the limited
availability of large sets of annotated CID, HCD, and ETD high-resolution MS/MS spectra
from multiple enzymes at the time of this study, only tryptic spectra were used to train the
CID model while tryptic and Lys-C spectra were combined to train each of the HCD and
ETD models. The first data set consists of high-resolution CID, HCD, and ETD MS/MS
spectra from tryptic peptides.38 Another 175 595 tryptic HCD MS/MS spectra were
provided by the Zubarev lab at the Karolinska Institute. The third data set consists of high-
resolution ETD and HCD MS/MS spectra from Lys-C digestion and SCX fractionation of a
yeast lysate collected in conjunction with” the 2011 ABRF-iPRG study (see Supporting
Information for description).40 All raw MS/MS spectra then were identified by MS-GFDB
at 1% spectrum-level FDR to yield the set of training PSMs. PepNovo* used these PSMs to
automatically learn ion types, intensity ranks, and noise models for each type of spectra and
output models which can be used to score unidentified MS/MS spectra of the same type. See
Supporting Information for details regarding the MS-GFDB searches and the specific
PepNovo* training procedure.

CID/HCD/ETD Merging

Given a CID (S€P = {c,...,cn}), HCD (SHCP = {h;,...,hp}), and/or ETD (SETP = {ey,
..-,€q}) PRM spectrum from the same precursor, the merging procedure generates a single
merged PRM spectrum (S = {py,...,pr}) (with the same parent mass M[S]) for all available
spectra. Using the set of training PSMs, the objective is to maximize observed breaks, which
is the percentage of all breaks observed as PRMs/SRMs at correct N/C-terminal masses (a
measure of sensitivity), while also maximizing explained score, which is the percentage of
score in correct PRMs/SRMs relative to the score of all PRMs/SRMs in the same spectrum
(a measure of accuracy). PRM spectra typically contain many C-terminal SRM masses along
with N-terminal PRM masses. While PRM peaks have no offset from the summed amino
acid masses, C-terminal peaks are offset by +18 Da (mass of H,O) from SRMs in CID and
HCD spectra.3841 In ETD spectra, C-terminal peaks are offset by —15 Da (mass of NH)
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from SRMs.3 Given a PRM or SRM mass m, one can locate the complementary SRM or
PRM mass in CID and HCD spectra with the formula twin®'®(m,S) = twinHCP(m,S) = M[S]
- m + 18, while complementary masses in ETD can be found with twinETP(m,S) = M[S] - m
- 15. Using these offsets, one can locate corroborating peaks from CID/ETD and HCD/ETD
pairs that support the same peptide break, which are much more likely to explain true
peptide breaks than individual PRMs. For example, we found that 92% of the score in peaks
from identified ETD PRM spectra with matching peaks at the same (or complementary)
mass in CID or HCD spectra was found in true PRMs/SRMs. In contrast, only 70-80%
explained score is typically found in individual PRM spectra. Since PepNovo* does not
currently recognize CID/HCD + ETD corroborating evidence when assigning log-likelihood
scores, we postprocessed the scores of corroborating PRMs/SRMs into combined scores in
the merged PRM spectrum. However, since corroborating PRMs/SRMs only account for
47% of all peptide breaks in identified CID/HCD/ETD triplets, peaks without corroborating
evidence must also be added to the merged spectrum.

Since 80% explained score was found to yield high de novo sequencing accuracy (97%) in a
previous application of Meta-SPS,29 steps were developed to maximize the percentage of
observed breaks at =80% explained score for all precursor charge states. First, corroborating
PRMs and SRMs from CID/ETD and HCD/ETD pairs were extracted from PRM spectra
and the corresponding combined PRMs were inserted into the merged spectrum. This was
done in a series of steps to reduce the chances of misinterpreting SRMs as PRMs. But since
steps 1-4 only captured PRMs and SRMs explaining 47% of all peptide breaks, the
remaining peaks from CID, HCD, and ETD were also added to the merged spectrum in step
5 to bring the percentage of observed breaks to 94%. While this improved sensitivity, it also
combined the noise between all three spectra such that the percentage of explained score
was only 59% (instead of 91% for PRMs with corroborating evidence). Thus, local rank-
based filtering was applied in step 6 to yield 86% observed breaks at 80% explained score
over all precursor charge states (Figure 2b). We describe this procedure for merging
CID/ETD pairs, but the same method can also be applied to HCD/ETD pairs.

1. Consider all PRM/PRM matches: Find all pairs of peaks with same mass
(ci,ex:m[ci] = m[eg]) and add a peak s to the merged spectrum S with PRM mass
m[s] = m[ex]. Whenever a peak is added to the merged spectrum, it only defines a
new mass if that mass does not already exist in the merged spectrum within peak
tolerance (otherwise the new peak’s score is just added to the existing peak). Also
find any complementary SRMs from the set {cy,e;:m[cy] = twinC!P(m[s],S)Am[e,]
= twinETP(m]s], S)}. For all of these peaks that were found, assign s the merged
score i[s] = 2 x (i[ci] + i[ck] + i[ex] + i[e,]) and remove c;, ¢y, h;, hy, €, and e, from
SCID and SETD, respectively.

2. Consider all SRM/SRM matches with at least one PRM: Find all pairs of SRM
peaks with mass difference 15 + 18 (cy, e;: m[c,] = m[e;] + 33) and where at least
one PRM from the set {c;,ex:m[ex] = twinETP (m[e,],5)Am][c;] = m[ey]} is found
from any spectrum (CID or ETD) for these SRMs. Then add a peak s to the merged
spectrum S with the PRM mass m[s]=m[ey], remove all of these peaks from SC!P
and SETD and assign s the merged score by the same formula in stage 1.
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3. Consider all PRM/SRM and SRM/PRM pairs: Find all pairs of PRM/SRM peaks
(c; € SCIP, e, € SETD:m[¢;] = twinETP (m[e,], S)) or SRM/PRM peaks (c, € SCIP,
e, € SETD:m]c,] = twinETP (m[ey], S)). Add a peak s to the merged spectrum with
the PRM mass (m[s] = m[c;] for PRM/SRM pairs or m[s] = m[ey] for SRM/PRM
pairs), remove all of its supporting peaks from SC!P and SETP, and assign s the
merged score by the same formula in stage 1.

4. Consider all SRM/SRM matches without PRMs: Find all pairs of SRM peaks with
mass difference 15 + 18 (cy, e,:m[cy] = m[e,] + 33). Then add a peak s to the
merged spectrum with the PRM mass m[s] = twinETP (m[e,], S), remove all of its
supporting peaks from SC!P and SETP, and assign s the merged score by the same
formula in stage 1.

5. Add left over peaks from SC!P and SETD to S without changing their scores.

6. Filter out peaks with low scores in S: a peak is retained if and only if its score is
ranked in the top three over all neighboring PRM scores within a £ 56 Da mass
range.

The MS/MS spectra were acquired under conditions yielding mass measurement errors of
+10 ppm. But since PepNovo* incorporates the parent mass error when assigning PRM
masses from C-terminal fragment masses, a fixed 0.04 Da tolerance was used. This
corresponds to 400 ppm @ m/z 100, 40 ppm @ m/z 1000, and 10 ppm @ m/z 4000. Merged
PRM spectra from the same peptide were then clustered by an approach similar to
MSCluster#2 (see Supporting Information for description). 21,901 CID/HCD/ETD triplets
were combined into 11,325 clusters, each containing one or more triplets. A cluster contains
only triplets sharing the same parent mass M[S]. Thus, triplets derived from the same
peptide, but in different precursor charge states, were still merged. Replicate triplet spectra
exist in the data set for two major reasons. First, given the small number of proteins in the
sample and the rapid acquisition rate of the mass spectrometer, the dynamic exclusion time
for triggering repeat acquisition of a particular precursor m/z was set to ~1/2 the
chromatographic peak width to maximize the chance of collecting MS/MS near each
peptide’s chromatographic apex. Second, some of the same peptides can be produced by
digestion with two different enzymes. For example some tryptic peptides are also produced
by Lys-C or Arg-C digestion. The clustered set of merged PRM spectra was then run
through the Meta-SPS pipeline illustrated in Figure 1, which involves two stages of
alignment/assembly. PRM spectra were first aligned and assembled into contigs (sets of
spectra from overlapping peptides),2! which were further connected to form meta-contigs
(sets of overlapping contigs).2° Figure 3 illustrates a resulting de novo protein sequence
extracted from the highest-scoring consensus interpretation of a meta-contig. This updated
Meta-SPS pipeline along with the newly trained PepNovo+ scoring models are available at
http://proteomics.ucsd.edu/Software/MetaSPS.html.

The performance of Meta-SPS on CID/HCD/ETD triplets was assessed in terms of de novo
sequencing length, coverage, and accuracy. Coverage and length was determined via
modification-tolerant alignment of de novo sequences to the reference protein sequences.24
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Sequencing accuracy was also computed as done previously:29 MS-GFDB peptide-spectrum
matches were transferred to PRM spectra and then meta-contigs. A sequence call (mass of
one or more possibly modified amino acids) was labeled correct if its consecutive flanking
peaks are annotated by a MS-GFDB peptide match in the same ion series in the same
identified spectrum (i.e., both are annotated as PRMs or SRMs from MS-GFDB’s peptide
match). All noncorrect sequence calls from identified spectra are labeled incorrect.
Remaining sequence calls whose flanking peaks are not from identified spectra are labeled
unannotated. See Supporting Information for details regarding the MS-GFDB searches used
to compute performance metrics in Figure 2 and Table 1. Figure 2a shows MS/MS ion
statistics over all identified CID/HCD/ETD triplets and Figure 2c shows the numbers of
identified spectra and peptides for all combinations of CID/HCD/ETD. Table 1 (top) details
the spectrum coverage by MS-GFDB (percent of protein sequence covered by identified
peptides) for different combinations of fragmentation methods and Table 1 (bottom) details
coverage of all six proteins.

Since Meta-SPS sequencing errors are usually distributed toward the ends of sequences?? we
removed the first and last sequence calls from every de novo sequence before computing
coverage and accuracy. Resulting meta-contigs were binned by x, the minimum allowable
number of combined SPS contigs per meta-contig, and results are reported for ©> 1, k= 2,
and = 5. x> 5 yields the longest and most accurate subset of meta-contig sequences
because each of these must be supported by at least 5 SPS contig sequences, whereas x> 1
retains unmerged SPS contigs with meta-contigs of all sizes to yield the highest sequencing
coverage. At k=5, 19 de novo sequences assembling CID/HCD/ETD triplets were returned
by Meta-SPS, all of which matched to the reference (with at most two modifications per
match) and covered 71% of all six proteins at average length 66 AA (Table 1a). At x=1 and
x> 2, minimal losses in sequencing accuracy were sustained (98%) to achieve sequencing
coverage (80% and 84%, respectively) closer to the coverage of database search (88%) at
1% FDR. The longest sequence spanned 194 AA and is shown in Figure 4 along with the
longest sequences covering each of the six proteins.

Although sequences from CID/ETD pairs only (i.e., no HCD) were not as long at the
maximum (125 AA), they were still longer than 50 AA on average (at x> 5) and covered
67-81% of target proteins depending on x (Table 1, top). HCD/ETD pairs exhibited roughly
the same sequence coverage and length as CID/ETD (65-82% coverage, 131 AA maximum
length, and 49 AA average length). The highest sequencing accuracy was observed for
CID/ETD pairs and CID/HCD/ETD triplets at 99.5% and 98.9%, respectively, while
HCD/ETD pairs gave 96.5% accuracy.

ETD provides a significant increase in interpretable MS/MS fragmentation of long, highly
charged peptides as well as a gain in PRM scores given to corroborating peaks in CID/ETD
and HCD/ETD (Figure 2). Corroborating evidence was a very significant feature of peptide
fragmentation as 91.8% of PRM scores was found in true PRMs after stage 1-4 merging. As
a result, the combinations of CID/ETD, HCD/ETD, and CID/HCD/ETD gave the highest
quality PRM spectra from long peptides, which are especially useful for assembly because
they enable the extension of de novo sequences into regions that might not contain
overlapping coverage of shorter peptides with precursor charge 2/3 due to either
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overdigestion or incomplete enzyme digestion. The quality of PRM spectra from long
peptides was also improved by training PepNovo™ on high-resolution CID, HCD, and ETD
MS/MS spectra (Figure 2b).

Of the 6 proteins analyzed in this work, leptin and GroEL were produced recombinantly in
E. coli while kallikrein-related peptidase, aprotinin, myoglobin, and peroxidase were
isolated from natural sources. As documented in UniProt, leptin, kallikrein-related
peptidase, aprotinin, and peroxidase are each known to contain N-terminal signal peptides
that target the proteins for secretion from their cells of origin. Aprotinin and peroxidase
further contain propeptide sequences that are cleaved upon activation. While the signal and
pro-peptides would be missing from the proteins we analyzed, in Table 1 and Figure 4 we
have used the full length gene sequence when calculating coverage by the assembled
MS/MS spectra. Leptin contains a signal peptide (amino acids 1-21), that is lacking in the
recombinant material obtained from Sigma-Aldrich.#3 Kallikrein-related peptidase contains
a signal peptide (amino acids 1-17), a propeptide (amino acids 17-24), and known N-linked
glycosylation at amino acid 69. Aprotinin contains a signal peptide (amino acids 1-21), and
propeptides (amino acids 22-35 and 94-100). Peroxidase contains a signal peptide (amino
acids 1-30), a propeptide (amino acids 339-353), and known N-linked glycosylation sites at
(amino acids 43, 87, 188, 216, 228, 244, 285, and 298). The sugar microheterogeneity at N-
linked glycosylation sites will tend to render any individual proteolytically generated peptide
containing that amino acid much less concentrated in the digestion mixture, and if subjected
to MS/MS much less likely to yield interpretable fragmentation. These modifications, along
with incomplete peptide sampling by the instrument, likely explain why 12% of protein
sequences were not covered by database search. Remaining losses of coverage from de novo
sequencing can be attributed to lack of spectra from overlapping peptides with sufficient
fragmentation.

To determine whether all enzymes were necessary to achieve quality sequencing, seven data
sets were generated such that spectra from each of the seven enzymes were separately
excluded from the CID/HCD/ETD data. De novo sequencing length, coverage, and accuracy
from these runs are shown in Table 2 (top). At x = 1, each of these data sets exhibited
roughly the same sequencing accuracy (97-98%), high maximum sequence length (118-194
AA), yet varying levels of de novo sequencing coverage. All runs yielded 79-83%
sequencing coverage except when CNBr spectra were excluded, in which case sequencing
coverage dropped to 64%. Table 2 (top) shows that CNBr did not yield spectrum coverage
that was missed by other enzymes (MS-GFDB coverage only dropped from 88.3 to 87.4%).
However CNBr contributed the most unique peptides from highly charged precursors (Table
2, bottom). Although the most abundant precursor ions in our CNBr data are derived from
peptides that span the distance between two methionine residues, much of the data instead
consists of peptides bounded by a Met-specific cleavage on one end and a nonspecific
hydrolysis cleavage on the other end. This yields sets of overlapping peptides that differ
only by short AA truncations on either end. Altogether, these features result in CNBr
outperforming Lys-C, Arg-C, Asp-N, and Glu-C digests in terms of generating the most
precursors from long overlapping peptides, which are valuable to Meta-SPS for assembling
long de novo sequences with high sequencing coverage.
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CONCLUSIONS

Multispectrum acquisition of high resolution CID, HCD, and ETD coupled with the
proposed improvements to Meta-SPS enable near full-length automated de novo sequencing
of simple protein mixtures at 99% sequencing accuracy. To the best of our knowledge, these
are the longest and most accurate de novo sequences ever reported by an automated
approach. Although this approach still falls short of fully reconstructing a complete protein,
the average sequence length was greater than 60 AA long and approached 200 AA at the
maximum, which should potentially enable automated sequencing of small proteins such as
venom toxins?144 and the variable CDR regions of monoclonal antibodies.23:2445

Related methods for de novo sequencing with complementary fragmentation methods do not
consider spectra from overlapping peptides, which limits sequencing length (<10 AA on
average), accuracy (<95%), and coverage (<70%).31:32 Still, results could possibly improve
from devising more robust probabilistic scoring functions for paired CID/ETD and
HCD/ETD MS/MS spectra than described here. Possible ways to do this include the
Bayesian networks approach in Spectrum Fusion3! or extensions of the scoring functions
used in popular de novo tools like PepNovo™ and PEAKS.

Although our high-resolution MS/MS acquisition enabled +10 ppm mass tolerance, a fixed
0.04 Da tolerance was used because PepNovo™ and SPS do not yet support ppm tolerance.
Allowing for £0.04 Da mass errors is equivalent to the diminishing mass error tolerance of
400-10 ppm over the increasing mass range of 100-4000 m/z. Implementing ppm tolerance
in the Meta-SPS pipeline might allow for reduction alignment thresholds in SPS and Meta-
SPS, as the probability of random high scoring matches between spectra from
nonoverlapping peptides diminishes with tighter mass tolerance. It would also enable
resolving ambiguous interpretations of near isobaric masses (K-Q = 0.03638, K-GA =
0.03638, F-Mox =0.0330, VVS-W = 0.02113, and W-DA = 0.1526), which is a common
limitation of proteomics mass spectrometry. Other ambiguities, such I/L interpretations,
cannot be resolved by mass alone but may be resolved by examination of amino acid-
specific fragmentation patterns.4®

Here we can report sequencing accuracy because de novo sequencing was done on a set of
known proteins. When this method is applied to unknown complex samples, sequencing
accuracy may still be approximated with a subset of identified spectra. If the sample is
completely unknown, one could anticipate spiking the set of input spectra with a set of
spectra acquired under the same experimental conditions from a few known proteins that
have no homology to those in the unknown sample. Although this may capture cases where
spectra from completely unrelated proteins are assembled into the same meta-contig, it will
fail to capture cases where spectra from homologous proteins are combined due to sequence
similarity. It remains an open problem to determine whether such sequencing errors and/or
false discovery rates can be estimated by de novo assembly of MS/MS spectra.

This approach is mainly limited by instrument peptide sampling bias as a result of
hydrophobicity, ionizability, and locations of basic amino acids, which leads to incomplete
MS/MS coverage. This can significantly affect the performance of assembly based
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approaches where full peptide coverage is not usable without sufficient overlap between
peptides. As a result, Meta-SPS is currently optimized for data sets where the experimental
protocol is expected to yield a high fraction of spectra from overlapping peptides. While this
is currently easiest for simple protein mixtures, we would expect that the same methods
would apply to more complex samples as long as enough mass spectrometry runs are used to
acquire spectra from overlapping peptides. In addition, analysis of more complex mixtures
would benefit from faster MS/MS scan rates or analysis of multiple fractions to yield
enough coverage with multiple overlapping peptide sequences. The slower scan rate of ETD
(~2/3 the rate of HCD) may further limit coverage, but our results suggest that ETD coupled
with CID and/or HCD yields much longer and more accurate de novo sequencing than CID
or HCD alone (even when considering that more precursors are subjected to MS/MS when
fewer dissociation methods are employed), and thus the gains in sequencing outweigh the
losses in peptide sampling. We further anticipate improvements in the quality of ETD
spectra collected in the CID/HCD/ETD triplet configuration upon revision of the instrument
control software to allow for separate AGC targets for each dissociation mode. Currently,
we set the ETD AGC target ~4-fold lower than optimal so as not to overly compromise CID
and HCD performance.
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Figure 1.
Updated Meta-SPS pipeline. Green arrows denote procedures previously described in refs

29 and 21 while red arrows denote updated procedures described here.
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Figure 2.
MS/MS ion statistics and performance of CID/HCD/ETD PRM scoring and merging. (a)

Observed MS/MS ions: Percentage of peptide breaks observed by N-terminal ions (b ions in
CID/HCD and ¢ ions in ETD) and/or C-terminal ions (y ions in CID/HCD and z°/z°+H ions3?
in ETD) over all MS/MS CID/HCD/ETD triplets identified by MS-GFDB (considering a 10
ppm peak tolerance). To filter out low-intensity noise peaks, a peak was counted if and only
if its intensity was ranked in the top seven over all neighboring peak intensities with in a £
56 Da radius. Rows separate baseline PSMs by precursor charge of identified triplets. (b)
Performance of PRM scoring: Percentage of observed peptide breaks and percentage of
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explained score (the summed score of all true PRMs over the sum of all scores in the
spectrum x 100) was counted over all combinations of merged/unmerged PRM spectra
(without clustering) with identified MS/MS spectra. Peaks at N/C-terminal masses indicated
peptide breaks in all cases. Each combination of PRM spectra was benchmarked by MS-
GFDB IDs of the same combination of MS/MS spectra3 (CID/HCD/ETD PRMs were
benchmarked with CID/HCD/ETD IDs, CID/ETD PRMs with CID/ETD IDs, HCD PRMs
with HCD IDs, etc). Also indicated is the performance gained by retraining PepNovo* to
individually score high resolution CID, HCD, and ETD spectra. (c) Identified spectra and
peptides: The numbers of identified spectra and unique peptides are shown for each
combination of MS/MS spectra used to benchmark PRM scores in (b). As expected,
incorporation of ETD significantly improves identification rates of spectra from highly
charged precursors.
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Figure 3.
Assembled meta-contig of CID/HCD/ETD triplets. The topmost sequence is the myoglobin

sequence as it is aligned to the de novo sequence below it. Each row denotes a merged PRM
spectrum from one or more CID/HCD/ETD triplets where peaks not aligned to other merged
PRM spectra from overlapping peptides are removed.?! Red peaks indicate PRMs
supporting the de novo sequence and green arrows between red peaks denote 1-2 AA mass
differences supporting the consensus de novo sequence. Red vertical dotted lines connect
assembled PRMs to each de novo sequence call; black peaks were not assembled into the
consensus. Blue bars denote spectrum end points (at mass 0 and parent mass M[S]). The
height of each peak corresponds to the merged PRM score from CID, HCD, and ETD. The
red labels “[+0.98]” and “[+16.00]” indicate post-translational modification masses that
were tolerated during alignment/assembly (without knowing of them in advance). All de
novo sequence calls, except the “R” at the end, were verified by database search.
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Sequencing coverage of leptin

MEWRPLECRFLWLWSYLSYVQAVPIQKVQDDTKTLIKTIVTRINDISHTQSVSAKQRVTGLDFIPGLHPILSLSKMDQTLAVYQQV
VPIQKVQDDTKTLIKTIVTRINDISHTQSVSAXQRVTGLDFIPGLHPILSLSKM

SLSKMDQTLAVYQQV

LTSLPSQNVLQIANDLENLRDLLHLLAFSKSCSLPQTSGLQKPESLDGVLEASLYSTEVVALSRLQGSLQDI LQQLDVSPEC
[LTSLPSQNVLQIANDLENLRDLLHLLAFSKSCSLPQTSGLQKPESLDGVLEASLYSTEVVALSRLQGSLQDILQQLDVSH

S[KM]DQTLAVYQQVL[TS]LPSQNVLQIANDLENLRDLLHLLAFSK[SCISL[PQ]TSGLQK[PE][SLIDGVLE[AS]LY[STE]VVALSRLQGSLQDILQQLDVSP
Sequencing coverage of kallikrein-related peptidase
MWVPVVFLTFLSVIWIGAAPLILSRIVGGWECEKHSQPWQVLVASRGRAVCGGVLVHPQWVLTAAHCIRNKSVILLGRHSLFHPED

IVGGXECEKHSQPWQVLVASRGRAVCG
XXI LLGRHSLFHPED

TGQVFQVSHSFPHPLYDMSLLKNRFLRPGDDSSHDLMLLRLSEPAELTDAVKVMDLPTQEPALGTTCYASGWGSIEPEEFLTPKK
hGQVFQVSHSFPHPLVDMSLLKNRFLRPGDDSSHDLMLLRLSEPAELTDAVKVMDLPTQEPALGTTCVASGWGSIEPEEFLTPKH

LQCVDLHVISNDVCAQVHPQKVTKFMLCAGRWTGGKSTCSGDSGGPLVCNGVLQGITSWGSEPCALPERPSLYTKVVHYRKWIKD
[LQCVDLHVISNDVCAQVHPQKVTKFMLCAGRWTIGGKS]|
XMLCAGRXTGGKSTCSGDSGGPLVCNGVLQGITSWGS
XSGDSGGPLVCNGVLQGITSWGSEPCALPERPSLYTKVVHYRKWI K

TIVANP
ILLGRHSLFHPEDTGQVFQVSHSFPHPLYDMSLLKNR[FLJRPGDDSSHDLMLLRLSEPAELTDAVKVMDL[PT]QE[PAILGTTCYASGWGSIE[PE]E[FLITPKKLQ
[CV]D[LH]VISNDVCAQVH[PQ]KVTKFML[CA][GR][WT][GG]K
Sequencing coverage of groEL

MAAKDVKFGNDAHVKMLRSVNVLADAVKVTLGPKGRNVVLDKSFGAPTITKDGVSVAREIELEDKFENMGAQMVKEVASKANDAA
[AAKDVKFGNDAXVKMLRXXNVLADAVKVTLGPKGRNVVLDKSFGAPT ITKDGVSVAREIELEDKFENMGAQMVKEVASKANDAA

GDGTTTATVLAQA I ITEGLKAVAAGMNPMDLKRGIDKAVTAAVEELKALSVPCSDSKAIAQVGTISANSDETVGKLIAEAMDKVG
[SDGTTTATVLAQA I ITEGLKAVAAGMNPMD LKRGIDKAVTAAVEELKALSVPCSDSKAIAQVGT ISANSDETVGKLIAEAMDKVG

KEGVITVEDGTGLQDELDVVEGMQFDRGYLSPYFINKPETGAVELESPFILLADKKISNIREMLPVLEAVAKAGKPLLIIAEDVE
[KEGVITVEDGTGLQDELDVVEGMQFDR]
QFDRGYLSPYFINKPETGAVELESPFILLADKKISNIREMLPVLEAVAKAGKPLLI IAEDVE

GEALATLVVNTMRGI VKVAAVKAPGFGDRRKAMLQDIATLTGGTVISEEIGMELEKATLEDLGQAKRVVINKDTTTIIDGVGEEA
GEALATLVVXXXXXXXKVAAVKAPGFGDRRKAM
XXLAQDIATLTGGTV ISEEIGMELEKATLEDLGQAKRVVINKDTTTIIDGVGEEA

AIQGRVAQIRQQIEEATSDYDREKLQERVAKLAGGVAVIKVGAATEVEMKEKKARVEDALHATRAAVEEGVVAGGGVALIRVASK
AIQGRVAQIRQQIEEATSDYDREKLQERVAKLAGGVAV IKVGAATEVEMKEKKARVEDALHATRAAVEEGVVAGGGVALIRVASK

LADLRGQNEDQNVGIKVALRAMEAPLRQIVLNCGEEPSVVANTVKGGDGNYGYNAATEEYGNMIDMGILDPTKVTRSALQYAASV
LADLRGQNEDQNVGIKVALR

AGLMITTECMVTDLPKNDAADLGAAGGMGGMGGMGGMM
AKDVKFGNDA(H,19)VKMLR(SV,-30)NVLADAVKVTLGPKGRNVVL[DK]SFGAPTITKDGVSVAREIELEDKFENMGAQMVKEVASKANDAAGDGTTTATV
[LA]JQAIITEGLKAVAAGMNPMDLKR[GI]DKAVTAAVEELKALSVPCSDSKAIAQVGTISANSDETVGKLIAEAMDKVGKEGVITVED[GTG]LQDELDVVEGMQFD

Sequencing coverage of myoglobin

MGLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHEA
[GKVEAD IAGHGQEVL IRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHEA]

ELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG

ELKPLAQSHAT X

XXIPIKYLEFISDAI IHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKE
KVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHEAELKPLAQSHAT
Sequencing coverage of aprotinin

MKMSRLCLSVALLVLLGTLAASTPGCDTSNQAKAQRPDFCLEPPYTGPCKARIIRYFYNAKAGLCQTFVYGGCRAKRNNFKSAED
[RPDOFCLEPPYTGPCKARI IRYFYNAKAGLCQTFVYGGCRAKRNNFKSAED|

CMRTCGGAIGPWENL

DFCL[EP]PYT[185.095][196.102]V[241.156JAQMYFYNAKAGLC]QTFVYGGCRA[KRINNFKSAEDCMRTCGGAIGP

Sequencing coverage of peroxidase

MHFSSSSTLFTCHTLIPLVCLILHASLSDAQLTPTFYDNSCPNVSNIVRDTIVNELRSDPRIAASILRLHFHDCFVNGCDAS I-L-L

DNTTSFRTEKDAFGNANSARGFPVIDRMKAAVESACPRTVSCADLLTIAAQQSVTLAGGPSWRVPLGRRDSLQAFLDLANANLPA
[RTEKDAFGNANSARGFPVIDRMKAAVESACPRTVSCADLLTIAAQQSVTLAGGPSWRVPL
GRRDSLQAFLDLANANLPA

PFFTLPQLKDSFRNVGLNRSSDLVALSGGHTFGKNQCRFIMDRLYNFSNTGLPDPTLNTTYLQTLRGLCPLNGNLSALVDFDLRT
PFFTLPQLKDSFR
XXXXDLVALSGGHTFGKNQCRFX

PTIFDNKYYVNLEEQKGLIQSDQELFSSPNATDTIPLVRSFANSTQTFFNAFVEAMDRMGNITPLTGTQGQIRLNCRVVNSNSLL
TFFNAFVEAMDRMGNITPLTGTQGQIRLNCRVVNSNS

HOMVEVVDFVSSM
TEKDAFGNANSARGFPVIDRMKAAVES[AC]PRTVSCAD(LL]TIAAQQSVTLAGG[PS]WRVP

Figure4.

Dg novo sequencing coverage of six target proteins at x> 5. Every colored row corresponds
to a de novo sequence as separately mapped to the reference protein sequence (information
not used by Meta-SPS); each row in the coverage map spans at most 85 AA. Regions of
each sequence that were mapped to the reference with unknown modifications have X’s in
place of AA letter codes. Below each protein map is the longest de novo sequence covering
that protein (also indicated in bold boxes in the coverage maps) following removal of first/
last sequence calls. Blue letters correspond to calls that span 2 or more AA in the reference.
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Red letters indicate incorrect sequence calls as aligned to the reference. Remaining
uncolored AA represent sequence calls that match reference amino acid masses. Regions
where lack of de novo sequencing coverage was expected (due to lack of coverage by
database search) are indicated with a dashed red line. As mentioned in the Results section,
these lapses in coverage likely occur because of known cleavage of signal peptides and
glycosylation sites.
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