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ABSTRACT: The genetic diversity across natural populations
of the model organism, Populus, is extensive, containing a single
nucleotide polymorphism roughly every 200 base pairs. When
deviations from the reference genome occur in coding regions,
they can impact protein sequences. Rather than relying on a
static reference database to proﬁle protein expression, we
employed a peptide sequence tagging (PST) approach capable
of decoding the plasticity of the Populus proteome. Using
shotgun proteomics data from two genotypes of P. trichocarpa, a
tag-based approach enabled the detection of 6653 unexpected
sequence variants. Through manual validation, our study
investigated how the most abundant chemical modiﬁcation
(methionine oxidation) could masquerade as a sequence variant
(Ala→Ser) when few site-determining ions existed. In fact, precise localization of an oxidation site for peptides with more than
one potential placement was indeterminate for 70% of the MS/MS spectra. We demonstrate that additional fragment ions made
available by high energy collisional dissociation enhances the robustness of the peptide sequence tagging approach (81% of
oxidation events could be exclusively localized to a methionine). We are conﬁdent that augmenting fragmentation processes for a
PST approach will further improve the identiﬁcation of single amino acid polymorphism in Populus and potentially other species
as well.
KEYWORDS: plant proteomics, Populus, single amino acid polymorphisms, mass spectrometry, peptide sequence tagging,
high energy collisional dissociation

1. INTRODUCTION
In 2006, black cottonwood (Populus trichocarpa) became the
ﬁrst tree to have its genome fully sequenced and thus emerged
as a model for tree genomics.1 In contrast to other plant models
such as Arabidopsis and rice, which are predominately selffertilizing and consequently maintain low levels of allelic
polymorphism, the Populus genus is primarily composed of
dioecious, self-incompatible woody plants.2 Obligate outcrossing combined with wind-pollination and prolonged
reproductive life generates highly heterozygous populations
with low levels of linkage disequilibrium. This type of mating
system results in high levels of gene ﬂow and extensive
nucleotide variability within and across Populus species,
providing an excellent model system to investigate the
relationship between naturally occurring single-nucleotide
polymorphisms (SNPs) and phenotypic variation.3
Through association genetics, the discovery of nucleotide
variations among genotypes has the potential to reveal allelic
polymorphisms underlying complex, adaptive traits. SNPs can
be located either within a protein-coding region or outside
© 2013 American Chemical Society

coding regions. On average, SNP frequency in protein-coding
regions is high in forest trees, generally in the order of 1 per
1000 base pairs; SNP frequency in Populus is somewhat higher,
with an estimate of 1 SNP every 200 base pairs.4 Nucleotide
polymorphisms that occur inside coding regions may (nonsynonymous) or may not (synonymous) change the amino acid
sequence of the corresponding protein. Because synonymous
changes are largely invisible to selective pressure and have little
biological implications, they are categorized as silent nucleotide
variations. On the other hand, nonsynonymous changes can be
under strong selective pressure and because they can directly
impact gene function, they are the primary focus of most
physiological or pathological association studies.5
Although SNPs in Populus have been extensively studied over
the past decade, little attention has been paid to single amino
acid polymorphisms (SAAPs) of proteins at the proteome level.
In fact, only a few eﬀorts have been made to survey SAAPs
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across the Populus proteome. In one particular study, tandem
mass spectrometry (MS/MS)-based shotgun proteomics was
employed for large-scale proteome analysis.6 In general, the
available protein databases used for such studies are incomplete
with respect to sequence variation information. Without taking
SNP variations into account, proteomic investigations generally
fail to identify any protein form containing a SAAP. One of our
previous studies was able to append predicted protein sequence
variations to the original database and detect novel protein
forms.6 The main disadvantage of this approach, however, is
that a priori knowledge of SNPs is required. Moreover, this
approach is preconditioned on both the coverage and quality of
the predictions when they are available. Therefore, we argue
that a more attractive approach considers unexpected single
amino acid polymorphisms.
The high-throughput discovery of protein sequence variants
(truncations, post-translational modiﬁcations, or mutations),
especially unexpected variants, has seen tremendous advancements in recent years.7 Many database sequencing algorithms
have been recently designed to eﬀectively identify unanticipated
(blind) sequence variants at a global level. One class of such
algorithms use de novo sequencing to infer full-length peptide
sequences from tandem mass spectra without requiring a
sequence reference database.8−10 A strength of this approach is
that the concept of variant peptides is not relevant; each
spectrum is given an equal opportunity to match any
combination of amino acids, regardless of whether the
researcher anticipated detecting the sequence or not. This
technique, however, greatly increases the number of candidate
peptides compared to each spectrum, consequently incurring
not only signiﬁcant costs to processing time but also
unacceptable false discovery rates (FDR).11 In addition, mass
spectrometrists have developed and routinely used a hybrid
approach between traditional database searching and de novo
approaches: here peptide sequence tagging (PST) algorithms
can detect unexpected sequence variants as extensions of partial
sequences identiﬁed from in a database.12−16 In particular, the
proteome informatics group led by David Tabb recently
released a two-step methodology involving the DirecTag16
algorithm for highly accurate PST tag generation, followed by
the TagRecon17 software for the detection of peptide sequence
variants through tag reconciliation. In brief, short sequence
“tags” are directly inferred from a tandem mass spectrum, and
then tags are automatically reconciled against representative
peptides from a protein database while making allowances for
unexpected mass shifts (i.e., mutations and post-translational
modiﬁcations).18 PSTs serve as a ﬁlter to eﬀectively reduce the
number peptide-spectrum matches being scored, which in turn
improves costs in processing time, sensitivity, and speciﬁcity.19
To evaluate a peptide sequence tagging approach for Populus
with the ultimate goal of globally identifying unknown SAAPs,
we employed DirecTag and TagRecon software. Using the
state-of-the-art LTQ Orbitrap Pro platform, we proﬁled and
compared two genotypes of P. trichocarpa and identiﬁed a large
number of unexpected peptide variants that would have
otherwise been missed by a traditional database search. The
sequence variants leveraged from TagRecon demonstrates the
value of using peptide sequence tagging algorithms to
interrogate proteomics data sets, provided that a SAAP location
could be conﬁdently identiﬁed. Therefore, while our initial aim
was to comprehensively identify SAAPs, we focused on our
most abundant sequence variant to show that conﬁdent site
localization remains an important yet challenging task. Because

others have shown that HCD fragmentation improves the
coverage of peptide sequences overall, in particular for tryptic
peptides up to 15 amino acids in length, we exploited HCD
fragmentation to further reﬁne a subset of the data set.

2. EXPERIMENTAL PROCEDURES
2.1. Plant Material

Two Populus trichocarpa genotypes, “DENA” and “VNDL”,
were grown under standard greenhouse conditions as
previously outlined.20 From these trees, young leaf including
the petiole and midrib (LPI 4−6) samples, ﬁne roots less than 2
mm in diameter, and young photosynthetically active stem
segments less than 5 mm in diameter were collected,
immediately frozen in liquid nitrogen, and stored at −80 °C.
Tissue was harvested from six individual ramets per genotype
and pooled together for each sample tissue type to reduce the
eﬀects of biological variation.
2.2. Protein Extraction

Leaf, root, and stem tissues were ground under liquid nitrogen
using a mortar and pestle. For each tissue type, a 1 g sample of
ground tissue was suspended in SDS lysis buﬀer (4% SDS in
100 mM of Tris-HCl), boiled for 5 min, sonically disrupted
(Branson model SSE-1, 40% amplitude, 10 s pulse with 10 s
rest, 2 min total pulse time), and boiled for an additional 5 min.
Crude protein extract was precleared via centrifugation at 4500g
for 10 min, quantiﬁed by BCA assay (Pierce Biotechnology),
and reduced with 25 mM dithiothreitol (DTT). Three
milligrams of crude protein extract was then precipitated by
trichloroacetic acid (TCA), pelleted by centrifugation, and
washed with ice-cold acetone to remove excess SDS as
previously described.6
2.3. Protein Digestion

For in-solution protein digestions, pelleted proteins were
resuspended in 250 μL of 8 M urea, 100 mM Tris-HCl, pH
8.0 (denaturant), using sonic disruption to fully solubilize the
protein pellet and incubated at room temperature for 30 min.
Denatured proteins were reduced with DTT (5 mM), and
cysteines were blocked with 20 mM iodoacetamide at room
temperature for 20 min to prevent reformation of disulﬁde
bonds. At a temperature of 37 °C and pH 8.0, protein samples
were digested into peptides by adding two aliquots of
sequencing-grade trypsin (Promega, 1:75 [w/w]) at two
diﬀerent sample dilutions, 4 M urea (overnight) and
subsequent 2 M urea (5 h). Following digestion, samples
were adjusted to 200 mM NaCl/0.1% formic acid and ﬁltered
through a 10 kDa cutoﬀ spin column ﬁlter (Vivaspin 2, GE
Health) to remove underdigested proteins. The peptideenriched ﬂow through was then quantiﬁed by BCA assay,
aliquoted, and stored at −80 °C.
2.4. LC-MS/MS

For the analysis of the proteome samples, 25 μg of each peptide
mixture were bomb-loaded onto a biphasic MudPIT back
column packed with ∼5 cm strong cation exchange (SCX)
resin followed by ∼3 cm C18 reversed phase (RP) (Luna and
Aqua, respectively, Phenomenex). Each peptide-loaded column
was ﬁrst washed oﬀ-line to remove residual urea and NaCl and
then placed in-line with an in-house pulled nanoelectrospray
emitter (100 μm ID) packed with 15 cm of C18 RP material
and analyzed via 24-h MudPIT 2D-LC-MS/MS as previously
described.6 Peptide sequencing analysis was performed by the
LTQ Orbitrap Pro mass spectrometer (Thermo Scientiﬁc). For
3643

dx.doi.org/10.1021/pr400192r | J. Proteome Res. 2013, 12, 3642−3651

Journal of Proteome Research

Article

each sample, three technical replicates were performed.
Peptides were fragmented by CID or HCD, but in either
case precursor ions were measured in the Orbitrap analyzer to
obtain high resolution spectra (15 000 at m/z 400). Mass
spectra were acquired in a data-dependent “top 20” mode: each
survey scan was followed by MS/MS spectra of the 20 most
abundant precursor ions (3 m/z isolation window). For peptide
fragmentation, normalized collision energy of 35 and 40 eV was
used for CID and HCD, respectively. Each fragmented
precursor ion was dynamically excluded from targeting for 60
s. A dynamic exclusion repeat of 1 and a mass width of 0.2 m/z
were applied to maximize peptide sequencing. All high
resolution (7500 at m/z 400) MS/MS spectra were acquired
in the Orbitrap analyzer (XCalibur version 2.1).

(2) Mutations of lysine or arginine residues cannot occur at
trypsin cut sites.
(3) If a spectrum matched to a mutated peptide (TagRecon)
as well as a nonmutant (MyriMatch) peptide, the
mutated PSM must improve upon the score of the
unmodiﬁed PSM by 10%.
(4) A distinct mutated peptide sequence must match to at
least three diﬀerent spectra.
(5) Mutations that can also be explained as common
sampling processing artifacts were removed: these
included the deamidation (+0.984 Da) of asparagine or
glutamine, dehydration (−18.01 Da) of aspartate and
glutamate, formylation (+27.99 Da) of threonine or
serine, and the oxidation of methionine (+15.99 Da).
Only peptides passing the FDR threshold and the above
guidelines were considered for further analysis. Protein
identiﬁcations with at least two distinct peptide identiﬁcations
were considered for further analysis. To deal with the
redundancy associated with the Populus genome, all proteins
in the FASTA database (includes P. trichocarpa v3, mitochondria and chloroplast predicted proteomes) were grouped by
sequence similarity (≥90%) using the UCLUST component of
the USEARCH v5.0 software platform. As described in our
previous study, grouping proteins by this conservative level of
sequence identity serves to maintain biologically relevant
peptides.6

2.5. Peptide Identiﬁcation

All experimental MS/MS spectra were compared to theoretical
tryptic peptide sequences generated from a FASTA database
containing (1) the full protein complement of P. trichocarpa
(v3, released in 2012, available at http://www.phytozome.net/
cgi-bin/gbrowse/poplar/, containing 73 013 primary and
alternate spliced gene models), (2) mitochondria and
chloroplast proteins,1 and (3) common contaminant proteins
(i.e., porcine trypsin, human keratin, etc.). A decoy database,
consisting of the reversed sequences of the target database, was
appended to evaluate the false-discovery rate (FDR) at the
peptide level. For standard database searching, the peptide
fragmentation spectra (MS/MS) were searched with MyriMatch algorithm v2.1. MyriMatch was conﬁgured to derive fully
tryptic peptides and consider the following mass shifts: a static
modiﬁcation on cysteine (+57.02 Da) and an N-terminal
dynamic modiﬁcation of +43.00 Da (carbamylation). For the
directed searches, MyriMatch was conﬁgured to consider a
dynamic modiﬁcation corresponding to an oxidation (+15.99
Da) on either a methionine or alanine. Verbose detailed lists of
all the conﬁguration parameters used for both standard and
directed searches are listed in Supporting Information.
For peptide sequence tagging, DirecTag was parametrized to
reduce MS/MS spectra to the top 100 peaks. For identiﬁable
spectra that yielded partial sequence tags (tag length = 3),
DirecTag stored the top 50 sequence tags and their scores into
a tab-delimited ﬁle. TagRecon reconciled the inferred sequence
tags against a subset protein database (i.e., proteins identiﬁed
by MyriMatch) while making allowances for 2 mass shifts.
TagRecon was conﬁgured (mutation mode) to consider only
one unanticipated mass shift corresponding to amino acid
substitutions using the BLOSUM62 matrix. In addition to
mutations, TagRecon was conﬁgured to consider the following
mass shifts: a static modiﬁcation on cysteine (+57.02 Da) and
an N-terminal dynamic modiﬁcation of +43.00 Da. A detailed
list of the conﬁguration parameters used for DirecTag and
TagRecon are listed in Supporting Information.

3. RESULTS AND DISCUSSION
A single polymorphism can potentially impact protein stability
and the molecular interactions that dictate protein function.
Using standard database searching algorithms, a polymorphism
associated with a speciﬁc phenotypic variant cannot be
identiﬁed. As a result, a considerable portion of high-quality
tandem mass spectra collected is left unassigned. In an eﬀort to
identify sequence variations, we utilized DirecTag and
TagRecon to extract and infer peptide sequence tags that
match unexpected single amino acid polymorphisms in Populus.
We employed a recently established experimental strategy that
yielded superior protein extraction and identiﬁcation. For
maximal spectral acquisition, high mass-accuracy, and high
resolution, we used a dual-pressure linear ion trap analyzer
coupled with the Orbitrap analyzer (LTQ Orbitrap Pro). We
systematically investigated SAAPs across two P. trichocarpa
genotypes, DENA and VNDL, to test the value of the sequence
tag-based approach in a broader biological context.
3.1. Peptide Identiﬁcation Using a Standard Database
Algorithm

For this study, proteome extracts from three tissues (leaf, root,
and stem) were harvested from two P. trichocarpa genotypes,
DENA and VNDL, and analyzed in triplicate on an LTQOrbitrap-Pro mass spectrometer. Using standard parameters,
the collected tandem mass spectra (MS/MS) were searched
with MyriMatch22 against the P. trichocarpa v3.0 protein
database and supplemented with the chloroplast and
mitochondrial proteomes. We employed IDPicker13 to ﬁlter
the resulting peptide-spectra matches at a maximum FDR of 2%
(PSM level) and assemble peptides into a list of proteins
(Supporting Information Tables 1 and 2 (SI ﬁles 3, 5)).
Overall, 69 613 distinct peptide sequences were detected across
the entire MyriMatch data set. Because a considerable portion
of the observed peptides are shared among multiple proteins,
assigning peptides to their respective proteins is a considerable

2.6. Protein Inference

IDPicker ﬁltered the resulting peptide-spectrum matches
(PSMs) from all searches at a 2% FDR. While search
algorithms rigorously assess the statistical signiﬁcance of each
PSM, high-throughput validation of modiﬁed peptides remains
an open problem. In this study, we applied tested attestation
principles for validating modiﬁed peptides in a complex
mixture.21 To obtain a data set of the highest quality, we
enforced the following ﬁltering guidelines:
(1) Mutated peptides were removed if they mapped to a
contaminant protein.
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challenge in Populus. As highlighted in a previous study, we
recommend addressing this by incorporating additional
supporting information (i.e., sequence homology) to better
infer the existence of proteins in the sample.6 Therefore,
proteins sharing 90% or more sequence identity within the
Populus database were collapsed into protein groups.
Of the original 25 550 redundant proteins observed, a total of
9601 protein groups were identiﬁed and of those, 3399 were
singletons (i.e., one-membered groups). Because both
genotypes were grown under identical growth conditions, we
expected to observe substantial overlap in the proteins that
were expressed in both genotypes. Indeed, the measured
proteins for both VNDL and DENA shared a high level of
overlap (∼80%). For the purpose of evaluating the depth of
coverage achieved, we compared the number of protein groups
identiﬁed against our recently published study that had
achieved the deepest proteome coverage in the genus Populus.23
Overall, >2000 additional protein groups were detected in the
current study.

identiﬁcations were retained. This step serves to dramatically
reduce the candidate list of proteins (a subset FASTA database)
for the blind search that follows, with the purpose of improving
processing time, sensitivity, and speciﬁcity of the analysis. In the
second step, DirecTag infers sequence tags from the MS/MS
scans from each raw ﬁle, followed by TagRecon mass matching
the inferred sequences to the subset protein database while
making allowances for unanticipated mass shifts in peptides.
IDPicker was employed to ﬁlter the resulting peptide-spectra
matches at a maximum FDR of 2% (PSM-level) and assemble
peptides into a list of proteins (Figure 1A and Supporting
Information Tables 3 and 4 (SI ﬁles 4, 6)). For the ﬁnal step,
peptide-spectrum matches observed in MyriMatch and
TagRecon were compared to obtain a ﬁnal data set of the
highest quality (Figure 1B and Supporting Information Table 5
(SI ﬁles 7−12)). In addition, several proven attestation
principles21 were applied to further validate peptide sequence
variants (see Experimental Procedures). Table 1 presents a
summary of the attested results after merging the data from the
two database search engines.

3.2. Identiﬁcation of Sequence Variants Using Peptide
Sequencing Tagging

Table 1. Results after Merging MyriMatch and TagRecon
Data Sets

Sequence variations, manifested by single amino acid polymorphisms, provide clues to the genetic structures that induce a
pathological or physiological trait. To our knowledge, SNPs are
widely measured at the transcriptome level but rarely at the
proteome level. For the reasons outlined above, we employed a
peptide-sequence tagging approach to identify SAAPs in
Populus.
Figure 1 illustrates the three-step experimental workﬂow
used to identify unexpected sequence variants in Populus. The
ﬁrst step uses the MyriMatch search engine to identify a
conﬁdent list of proteins (no unexpected sequence variants
considered) for each biological sample (Figure 1A), and
IDPicker was employed to ensure that only conﬁdent

Figure 1. Computational workﬂow for the identiﬁcation of peptide
sequence variants. This ﬂowchart illustrates the three-step strategy
used to identify peptide sequence variants from a DirecTag and
TagRecon approach. (A) First, a traditional database search was
performed by MyriMatch to conﬁdently identify a list of proteins,
which was used to minimize the search database. In the second step,
the DirecTag software provides an inferred sequence tag for every
MS/MS spectra. TagRecon then reconciles the inferred sequence tags
against the subset database to identify unexpected mass shifts in
peptides sequences. Following every search, the IDPicker software
applied a variety of score combinations to ﬁlter the resulting
identiﬁcations at 2% FDR. (B) The MyriMatch and TagRecon results
were compared to identify the best PSM for every MS/MS spectra.
The data set was further reﬁned by validating every sequence variant
with proven attestation rules.

VNDL leaf

DENA leaf

averaged spectra
summed spectra
peptides
distinct peptides
proteins
protein groups (≥90%)
peptide variants
distinct peptide variants
peptide variant summed spectra

144117
432352
23495
20944
13688
4662
2362
1834
31045
VNDL stem

153420
460259
25200
22694
13530
4643
2800
2161
31366
DENA stem

averaged spectra
summed spectra
peptides
distinct peptides
proteins
protein groups (≥90%)
peptide variants
distinct peptide variants
peptide variant summed spectra

152954
458863
26870
24610
15725
5500
2142
1744
24512
VNDL root

176356
529069
27976
25705
15480
5374
2291
1822
24784
DENA root

averaged spectra
summed spectra
peptides
distinct peptides
proteins
protein groups (≥90%)
peptide variants
distinct peptide variants
peptide variant summed spectra

180226
540677
29426
27380
15210
5334
1934
1537
20047

182388
547164
33766
31099
16476
5827
2257
1790
22205

In general, the percentage of identiﬁed peptides (frequency)
and spectra (abundance) containing a sequence variant did not
seem dependent on the genotype (Table 2). We identiﬁed a
total of 6653 peptide sequence variants (∼10% of total
identiﬁed peptides); 4391 and 4900 sequence variants for
VNDL and DENA, respectively. Overall, these sequences
mapped to 22 067 proteins and 8088 protein groups, which
means a peptide sequence variant was identiﬁed in 86% of the
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Table 3. Top 20 Sequence Variants Observed for the Populus
Data Set

Table 2. Frequency and Abundance of Sequence Variants in
Populus
genotype/organ

peptides

spectra

frequency, %

abundance, %

VNDL/leaf
VNDL/stem
VNDL/root
DENA/leaf
DENA/stem
DENA/root

2362
2142
1934
2800
2291
2257

31045
24512
20047
31366
24784
22205

11.3
8.7
7.1
12.3
8.9
7.3

7.2
5.3
3.7
6.4
4.7
4.1

variants
identiﬁed
A[16]
F[16]
M[−3]
N[−27]
V[14]
S[14]

proteins observed and 84% of protein groups. Although the
percentage of peptide sequence variants identiﬁed seems
relatively small, this can be explained by the experimental
aspects of the approach. In general, the median sequence
coverage observed in shotgun proteomic experiments employing a trypsin-based schema is often between 20% and 25%.24
Consequently, we anticipated a limited sampling of SAAPs
across individual proteins. Nevertheless, we identiﬁed a
sequence variant for nearly every protein detected. Future
studies may be warranted to speciﬁcally focus on achieving
maximal sequence coverage by modifying the experimental
strategy to incorporate multiple proteases,25,26 which would
provide more speciﬁcity to the frequencies of SAAPs per
protein.

A[32]
V[2]
A[28]
S[42]
S[41]
G[30]
V[32]
S[−16]
N[15]
L[−14]
N[−13]
G[14]
T[−30]
V[−28]

3.3. Types of Variant Peptides in Populus

The procedure described above identiﬁed a total of 76 types of
sequence variants (each type denoting an amino acid with a
mass shift corresponding to a mutation). Noticeably, the
occurrence of variants in both genotypes is similar (Pearson
correlation = 0.99). A complete list of the variants and their
number of peptides and abundances observed are in Supporting
Information Table 6 (SI ﬁles 13, 14). Of those listed, the top 20
most abundant have been highlighted in Table 3.
Peptides and fragment ions containing an oxidation mass
shift (+15.99 Da) were the most prevalent variant type,
representing ∼38% of the total assigned spectra for variant
peptides. While this observation may suggest that the two most
prominent SAAPs are Ala→Ser and Phe→Tyr, we critically
evaluated the results by validating each variant through manual
veriﬁcation of the MS/MS spectra. In the course of this
inspection, we observed that the site of +16 Da mass shifts were
often in close proximity to a methionine residue (see Figure 2),
which is frequently oxidized during sample processing.
Correspondingly, the site of a ΔA = 32 Da mass shift, which
can correspond to double-oxidation event or two singly
oxidized alanine residues, was also often found near methionine
residues. Therefore, the source of the most frequent and
abundant SAAPs could perhaps be explained away as a
“shadow” of the most common sampling processing artifact.
Though the presence of a mass shift changes the ion
fragmentation pattern of the corresponding ions, the
fragmentation process is often incomplete. Some mass shifts
will lead to unique fragmentation patterns, enabling a site to be
unambiguously located. On the other hand, a mass shift that
can occur at adjacent residue sites can introduce ambiguity and
lead to incorrect localization; the candidate peptide variants will
have similar theoretical fragmentation patterns and thus similar
statistical scores. As the distance between the two sites
increases, complementary site-determining b- and y-type ions
together should increase a scoring algorithm’s ability to mitigate
the ambiguity. Therefore, we objectively evaluated how this
ambiguity diminishes as the adjacency decreases.

UniMod
annotation

VNDL
peptides

DENA
peptides

VNDL
summed
spectra

DENA
summed
spectra

Ala→Ser
oxidation;
Phe→Tyr
Met→Lys;
Met→Gln
Asn→Ser
Val→Xle
methyl;
Ser→Thr
Ala→Cys
Val→Thr
Ala→Val
acetyl; Ser→
Glu
Ser→Lys;
Ser→Gln
Gly→Ser
Val→Met
deoxy; Ser→
Ala
Asn→Glu
Xle→Val
Asn→Thr
Gly→Ala
Thr→Ala
Val→Ala

978
345

1147
387

22439
7024

22459
7424

247

261

5399

5351

201
153
44

229
169
67

3366
2434
2353

3437
2998
798

106
130
69
99

64
121
155
89

2206
1872
1811
1424

2091
1890
1355
1417

82

81

1268

1344

59
74
82

71
106
82

1217
1192
991

1337
1227
1480

70
41
27
73
57
68

49
69
76
60
65
27

916
861
861
856
766
741

1129
567
1192
843
832
1289

Figure 2. Proximity of +16 Da and +32 Da mass shifts to methionine
residues. Detected peptides containing a methionine residue and either
a +16 Da (blue) or +32 Da (red) mass shift on a non-methionine
residue were plotted. This frequency distribution illustrates the degree
of adjacency between the modiﬁcation site and neighboring
methionine residues.

The analysis was constrained to DENA leaf samples, which
contained the highest frequency and abundance of ΔA = 16 Da
mass shifts. Because high mass accuracy of fragment ions can
help unambiguously annotate fragment ion peaks, an MS run
using a “high−high” strategy, in which full scans (MS) and
tandem mass spectra (MS/MS) are detected in the Orbitrap
analyzer at high resolution and high mass accuracy, was
simultaneously evaluated with an MS run that acquired MS/MS
scans in the ion trap (“high−low”). The collected spectra were
searched by MyriMatch using a directed method (see
3646
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Figure 3. Identifying the level of ambiguity between adjacent mass shift sites. MS/MS spectra collected using a high−high (blue) and high−low
strategy were interpreted by MyriMatch to identify all permissible +16 Da modiﬁcations on either alanine or methionine residues. Only contentious
spectra (CS), MS/MS spectra that matched to the same peptide sequence but diﬀered in the placement of the modiﬁcation (i.e., at alanine or
methionine), were plotted. (A) The frequency distribution of CS illustrates that level of ambiguity is strongly dependent on the distances between
two potential modiﬁcations sites. (B) A matched ion intensity (MIT) was calculated for the two site positions, and the diﬀerence between the
matched ion intensity (MIT) values was calculated for each CS as a function of the proximity. A moving average trendline was provided for both the
high−high (dashed-line) and high−low (dotted-line) strategy to highlight the earliest maximal diﬀerence in the matched ion intensities.

when the proximity was about six amino acid residues. We
suspect that this point represents the distance that provides the
most discrimination between the two types of mass shifts, (1)
those belonging to a methionine sulfoxide and (2) those more
likely due to a SAAP. For distances greater than six, the mass
shift locations likely approach the terminal ends of the peptide
sequence. In general, mass shifts located near the ends of a
peptide sequence tend to be assigned less reliably than those
near the center, which explains why a level of ambiguity
remains. These observations are further corroborated by
comparing the total matched ion intensity (MITs) of the band y-ion series for each peptide sequences that diﬀered only
by the location of a +16 Da mass shift. That is, for each
ambiguous spectrum, we calculated the diﬀerence between the
total MIT of the methionine (+16 Da) sequence and the total
MIT of the alanine (+16 Da) sequence. Figure 3B shows the
distribution of the percent diﬀerence between two potential
sites for each distance. As shown, the maximum diﬀerence
between the two theoretical mass shift sites occurred when the
site locations were six amino acids apart. Although we
suspected a high level of uncertainty for proximal sites, we
demonstrated that the likelihood of precise site localization is
severely diminished when the number of site-determining band y-ions fall below 12. Notably, the vast majority of the CS
(68% high−high and 70% high−low) belong to peptides
containing two potential possibilities that are less than four

Experimental Procedures); only a user-deﬁned mass shift was
considered. For both MS runs, two directed searches were
performed: either a methionine (+16 Da) or an alanine (+16
Da) was allowed as a dynamic modiﬁcation. By searching for
the modiﬁcations independently, the search algorithm interpreted each spectrum, identiﬁed the mismatch region
containing a permissible modiﬁcation, and determined the
most probable position of the mass shift on either the
methionine or alanine. This approach enabled the identiﬁcation
of spectra that were annotated similarly, having the same
underlying peptide sequence but diﬀering by the location of the
mass shift, either on a methionine or a neighboring alanine. For
discussion purposes, these spectra will be referred as
“contentious spectra” (CS). In total, the MS searches identiﬁed
nearly the same number of CS for each analysis strategy −37
776 and 38 399 for high−high and high−low, respectively.
As anticipated, the number of CS declined as the distance
between the methionine and alanine sites increased (Figure
3A). This observation is the result of an overall increase in the
number of discriminatory b- and y-ions, which provides a more
deﬁnitive spectral ﬁngerprint. Also shown in this ﬁgure, the
frequency of CS decreased at a similar rate for the two MS
strategies. This was expected, as both strategies perform
collision-induced dissociation (CID); the MS/MS spectra will
contain the same percentage of backbone fragmentation.
Interestingly, both MS strategies show a clear inﬂection point
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Figure 4. Fragmentations statistics of CID and HCD spectra. Only peptide spectrum matches (PSMs) meeting the following criteria were graphed:
(1) PSMs identiﬁed by both CID and HCD strategies and (2) PSMs containing at least one methionine and a modiﬁed alanine (+16 Da) residue. a
(purple), b (green), and y (yellow) series were plotted. For each CID spectrum (A) and HCD spectrum (B), the percentage of the total ion current
(TIC) attributable to a particular fragment ion series was plotted. (C) If a spectrum contained peaks which could unambiguously assigned as neutral
losses from methionine sulfoxide, the additional intensity coverage for ambiguous spectra was calculated. (D) As an example, the HCD spectrum
with the maximum additional coverage achievable (31%) was provided. Here, only the top 20 most abundant fragment ions were highlighted.

full annotation of the amino acid sequence of a peptide. As
detailed in the section above, this information may be
insuﬃcient for deﬁnitively localizing mass shifts. However,
there are alternative fragmentation processes that could beneﬁt
this task.
Introduced in 2007, higher energy collisional dissociation
(HCD) fragmentation became available on the Orbitrap
platforms.34 In a dedicated collisional cell, peptide ions are
subjected to a beam-type fragmentation process, where primary
fragment ions retain kinetic energy and are therefore more
likely to fragment again. In general, HCD ion types are
expected to follow the fragmentation rules modeled from CID.
Therefore, regular ions (b- and y-type ions) derived from
backbone fragmentation are expected to be among the most
abundant types observed. Besides a slightly lower contribution
of the b- and y-ion series to the total TIC collected in each
scan, the observed primary fragment ions and their overall
intensities in a HCD run are comparable to CID (Figure 4B). A
prominent diﬀerence, however, is larger contribution of the atype ion series, which are derived from b-ions by losing CO.
Moreover, as a direct consequence of the beam-type
fragmentation process, the primary fragment ions are subjected
to additional fragmentation pathways and consequently give
rise to various ion types beyond those typically observed in
CID.35 A large portion of such ions are those involving neutral
losses; the loss of water and ammonia are by far the most
frequently observed. Another frequently observed class is the
neutral loss of an amino acid side chain. In fact, the side chain
of methionine sulfoxide is prone to cleavage36, producing ions
with a speciﬁc neutral fragment loss (NFL). Because search

amino acids apart. Cleary, these spectra have little or no sitedetermining information for proper site placement, which
would be necessary for conﬁdent SAAP identiﬁcation.
As others have shown, these observations highlight how
precise site localization can be challenging for search algorithms
when there are few site-determining fragment ions.27 Presently,
additional software is available to calculate the probability of
correct localization for each site.28−31 Though calculating a
probability-based score provides a measure of certainty, spectra
with insuﬃcient site-determining ions (i.e., peptides with
proximal residue sites and spectra featuring incomplete
fragmentation) remain logistical problems. In other words,
precise site localization in CID fragmentation spectra can be
diﬃcult when the distance between the two likely sites is less
than six amino acids apart. Nevertheless, an alternate approach,
as outlined below, is available to provide additional information
for discriminating between SAAPs and what we suspect is the
most common chemical modiﬁcation mistaken for SAAPs:
methionine oxidations.
3.3.1. Identiﬁcation of Methionine Sulfoxide Sites
Using High Energy Dissociation (HCD). For peptidesequence tagging, we employed collision-induced dissociation
(CID), which is by far the most frequently used technique in
proteomics for peptide sequencing. When CID fragmentation
techniques are applied, the widely accepted model that
describes the dissociation process designates b- and y-ion
series as the most prevalent types.32,33 The primary fragment
ions and their contribution to the overall intensity coverage for
a single CID run are illustrated in Figure 4A. In principle,
complete coverage of the entire b- and y-ion series ions allows
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4. CONCLUSION
Here we implemented automated sequence tag inferences
(DirecTag) and reconciliation (TagRecon) for the identiﬁcation of unanticipated sequence variants at a global level.
Together, careful search space selection and the availability of
high mass-accuracy data maximized the sensitivity of the
experiment and improved the overall integrity of the data set.
The large-scale study yielded a broad and quantitative view of
the frequencies and abundances of various single amino acid
polymorphisms in Populus. Despite the limited sequence
coverage aﬀorded in a typical shotgun approach, peptide
sequence variants were nearly observed in every protein.
Overall, we were able to generate a data set containing 6653
attested peptide sequence variants.
Though we have shown the potential of peptide sequencing
tagging in Populus, a high-throughput and automated assignment of mass shifts to the correct amino acid remains a
challenge for these large-scale studies. A widely acknowledged
problem, precise site localization becomes diﬃcult when
multiple residues within a single peptide can be modiﬁed.
When the distance between two potential sites decreases, the
theoretical fragmentation peaks of the two candidate
annotations become more similar. As a result, there are fewer
site-determining ions available to uniquely assign a mass shift to
a speciﬁc residue. Especially because the CID fragmentation
process is often incomplete, the identiﬁcation of a full series of
the b- or y-ion type is rarely achieved. Although search
algorithms report the highest scoring modiﬁed peptide,
insuﬃcient site-determining ions may lead to the incorrect
localization of mass shifts. These shortcomings were clearly
apparent in our study, as the most abundant chemical
modiﬁcation could masquerade a sequence variant (Ala→
Ser). Currently, there are more sensitive approaches available,
such as the ASCORE method, which calculate a probability
based for speciﬁc site locations. Although these scores can
generally discriminate alternative sites, a smaller spacing of the
two sites within a peptide sequences can lower the performance
of the scores. Within our data set, the spacing of alternative
sites within a peptide greatly inﬂuenced localization of the mass
shift: the maximum discriminating evidence did not occur until
two alternative oxidation sites were six amino acids apart. More
importantly, peptides with potential sites less than four amino
acids apart (∼70% of all the CS) had insuﬃcient evidence for
conﬁdent site placement.
Owing to the frequency of methionine oxidations, we
exploited HCD fragmentation to assess their location
objectively without the need for using probability-based scores.
Because the HCD fragmentation behavior of methionine
sulfoxide-containing peptides can be quite distinct, we were
able to empirically collect information that facilitated the
localization of ambiguous +16 Da mass shifts. In contrast to
CID spectra, in which only the regular ion series (a, b, and y)
are available, HCD spectra contain characteristic neutral
fragment loss ions which enabled the explicit identiﬁcation of
methionine sulfoxide residues. If search algorithms could make
use of the available additional spectral information, we suspect
that HCD will enable improved site placement for de novo
sequencing and hybrid peptide sequencing tagging-based
approaches.
Detecting the molecular signatures at the gene, transcript,
and protein level is necessary to make reliable phenotype and
genotype associations. Because reference protein databases are

algorithms only consider backbone fragmentation (i.e., a-, b-,
and y-ions) and some of their neutral losses (NH3 and H2O), a
large percentage of the content in HCD spectra remain
unassigned. Though many of these peaks belong to internal
fragment ions and immonium ions, there are peaks which can
be unambiguously assigned as neutral losses from methionine
sulfoxide, based on the knowledge of how they fragment and
the calculation of their fragment masses. Therefore, we
exploited HCD fragmentation to identify the presence and
precise location of methionine oxidations.
Again, the analysis was constrained to DENA leaf samples,
and measurements were collected by the LTQ Orbitrap Pro
mass spectrometer, which features improved sensitivity and
HCD capability compared to its predecessors. HCD
fragmentation was performed in the dedicated octopole
collisional cell, and fragment ions were detected in the
Orbitrap. To test the suitability of this approach, the collected
spectra were searched by MyriMatch using a directed method:
alanine (+16 Da) was considered as the only dynamic
modiﬁcation. With this approach, the search algorithm
considers the location of the mass shift irrespective of
neighboring methionine sites. Methionine was intentionally
neglected during the peptide-spectrum matching process to
eliminate the MyriMatch scoring system from the discrimination process. HCD spectra that matched a peptide sequence
containing a modiﬁed alanine (+16 Da) and at least one
methionine were further interpreted. This step restricted the
analysis to 4943 spectra, which matched to 1175 peptides.
When annotating HCD peptide-spectrum matches, we looked
for the presence of the characteristic neutral loss ions from the
primary fragment ions (a, b, and y) of a peptide containing
methionine sulfoxide (Figure 4D). As mentioned previously,
the loss of water and ammonia from primary fragment ions are
frequently observed. Therefore, these additional small molecule
losses were taken into consideration when applicable.
For each spectrum, we calculated the percent gain in
matched ion intensity when considering peaks attributable to
the cleavage of a methionine sulfoxide side chain. Figure 4C
depicts their overall contribution for each ion series: 96% of the
spectra and 81% of the peptides exhibit at least one neutral loss
from a methionine sulfoxide residue. With only a slight increase
in the relative abundance of b-ions, the trends observed for
each ion series (Figure 4C) agree with their expected
contribution in a typical HCD run (Figure 4B). The most
prominent fragmentation process observed was the neutral loss
of methane sulfenic acid (CH4SO). This chemical species
exhibited a higher percentage of side-chain cleavage relative to
the frequencies of the other fragment ions and could be
observed in 83% of all MS/MS spectra exhibiting side-chain
loss. Despite only occurring when a fragment ion contains a
methionine sulfoxide residue, i.e., CH4SO, C3H6SO and
C3H8SO, the three species could be found relatively abundant
in the spectra, 3%, 1%, and 1%, respectively. While their mean
contribution to the overall intensity coverage was 5%, the
maximum additional coverage achievable was 31% (Figure 4D).
The gain in spectral information is promising: if searching
algorithms could consider these characteristic permutations
during the identiﬁcation process, the false localization rate of
oxidation events would be minimized. It should be noted that
the HCD fragmentation process is beneﬁcial not only for the
localization of methionine oxidations but also for other
modiﬁcation events that have characteristic neutral losses,
such as phosphorylations.
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incomplete with respect to protein sequence variation
information, proteomic investigations fail to identify any
protein form containing a single amino acid polymorphism
(SAAP). While the peptide sequence tagging approach
described in this study has the potential to expand the
biological information we can obtain from a proteomics
experiment, particularly with respect to single amino acid
polymorphisms, further improvements are needed in the ability
to accurately determine site-speciﬁc variation. When conﬁdent
site placement of SAAPs is achieved, this will provide a
powerful approach to interrogate allelic frequencies at the
protein level and, perhaps, quantitate the relative abundance of
both protein isoforms. This approach, for instance, could be
used to detect the relative excess or deﬁcit of certain allelic
frequencies across a natural population, providing information
that may lead to the discovery of a novel protein forms that are
responsible for a particular phenotype. Therefore, we argue
that, even though this approach currently does not provide
unambiguous localization of all mass shifts that correspond to
SAAPS, in general this approach provides a level of information
that is not made available through genomic or transcriptomic
techniques.
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