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In proteomics, de novo sequencing is the process of de-
riving peptide sequences from tandem mass spectra
without the assistance of a sequence database. Such
analyses have traditionally been performed manually by
human experts, and more recently by computer programs
that have been developed because of the need for higher
throughput. Although powerful, de novo sequencing of-
ten can only determine partially correct sequence tags
because of imperfect tandem mass spectra. However,
these sequence tags can then be searched in a se-
quence database to identify the exact or a homologous
peptide. Homology searches are particularly useful for the
study of organisms whose genomes have not been se-
quenced. This tutorial will present background important
to understanding de novo sequencing, suggestions on
how to do this manually, plus descriptions of computer
algorithms used to automate this process and to subse-
quently carryout homology-based database searches.
This Tutorial is part of the International Proteomics Tuto-
rial Programme (IPTP 1). Molecular & Cellular Proteom-
ics 11: 10.1074/mcp.O111.014902, 1–16, 2012.

HISTORICAL BACKGROUND

Because of the lack of sequence databases, de novo se-
quencing preceded database search programs by several
decades, in which the concept extends back nearly 50 years
with the direct evaporation of an unusually volatile peptidol-
ipid, fortuitine, into a mass spectrometer, and subsequent
derivation of the sequence from the observed electron impact
fragment ions (1). Through the 1960s and 1970s, a number of
groups devised various methodologies to produce small vol-
atile peptide derivatives suitable for gas chromatographic
separation prior to introduction into a gas chromatography-
mass spectrometer, with electron impact ionization and frag-
mentation (2, 3). This technique was used to completely se-
quence a small protein of unknown sequence in 1976 (4), and
was subsequently used in cases refractory to Edman se-
quencing, such as blocked N termini (5) or for very hydropho-

bic proteins (6). Gas chromatography-mass spectrometry
produces large numbers of mass spectra, and computer pro-
grams reminiscent of those used today for de novo sequenc-
ing were written to aid in their interpretation (7). The sensitivity
of these methods (requiring 10–100 nmole) could not com-
pete with automated Edman sequencing, and was suitable
only to hydrolyzates containing peptides of 2–8 amino acids
in length (longer peptide derivatives were not amenable to gas
chromatography).

Over the course of subsequent decades, improved meth-
ods were developed that allowed for the ionization of higher
molecular weight polar molecules without prior derivatization.
For example, fast atom bombardment (FAB)1 (8) tended to
produce intact singly protonated molecular ions with low in-
tensity fragments; pure peptides at high concentration did
exhibit sufficient fragment ion intensity to allow for de novo
sequencing (9). A parallel development included work on var-
ious combinations of mass analyzers in order to provide mix-
ture analysis via mass selection of precursor ions, fragmen-
tation of the selected ion, and mass analysis of the resulting
fragment ions (what is now commonly thought of as tandem
MS (MS/MS)). Thus, it was possible to examine multiple pep-
tide ions at once, and the “soft ionization” of FAB with its
relatively low fragment ion abundance was ideal. In 1986,
Hunt et al. (10) showed how to use a triple quadrupole mass
spectrometer with FAB ionization to derive protein sequences
from low energy (�200 eV) collision induced dissociation
(CID) spectra, and demonstrated this on a known protein,
apolipoprotein. Shortly thereafter, tandem mass spectrometry
using high energy CID (�2KeV) on a four sector instrument
with FAB ionization was used for the first time to sequence a
protein of unknown structure (11). A computer program was
written to aid in sequencing high energy CID FAB spectra,
where the algorithm basically mimicked a manual de novo
sequence determination by building up subsequences one
amino acid at a time typically starting at the C terminus (12).
Sequences were determined for both tryptic and Glu-C pep-
tides, where the overlap between them stitched the individual
peptide sequences together into the full length protein se-
quence. Compared with the triple quadrupole data, sector
instruments provided much better precursor selection reso-
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lution and product ion resolution, and the fragmentation at
high energy was not as affected by the presence and location
of basic amino acids. This combination made it possible to
unambiguously assign sequences to unknown proteins. In
contrast, the fragment ion peak widths in the FAB triple qua-
drupole spectra were 2–3 Da wide; however, the improved ion
transmission made them more sensitive. In the end, the con-
troversy over high energy CID on sectors versus low energy
CID on triple quadrupoles was made moot by other develop-
ments in instrumentation.

The revolutionary ionization methods of electrospray (13)
and matrix assisted laser desorption (14) were not compatible
with sector mass analyzers, consequently by the early 1990s
nearly all mass spectrometric peptide sequencing was per-
formed using triple quadrupoles with electrospray. Prior to this
point, all interpretations of tandem mass spectra of peptides
could be considered to be de novo sequencing, either manual
or with computer programs. This shifted dramatically with the
introduction of database search programs in 1994—Sequest
(15) could search uninterpreted spectra and PeptideSearch (16)
used a sequence tag algorithm that required a partial manual
interpretation of each spectrum. As computers became faster
and protein sequence databases became more extensive, this
trend away from de novo sequencing accelerated. For a time,
intellectual property rights issues inhibited further development
of database search programs; however, this somehow has
faded away and there are now a plethora of choices (17–23),
which has been reviewed by Nesvizhskii (24).

Database search programs have taken much of the wind
out of de novo sequencing; however, there remain a few
reasons for continuing the tradition (25). There are quite a few
unsequenced genomes remaining (i.e. most of them). For
example, one of the authors of this manuscript (RJ) managed
to show that a cell line was contaminated with a species of
mycoplasma whose genome had not yet been sequenced
(unpublished results, because no one would report on their
contaminated cell lines). Second, given the significant differ-
ences between database searching and de novo sequencing
approaches, any agreement between them should provide sig-
nificant validation of the search result. This could be particularly
useful for “one-hit wonders” (i.e. proteins identified on the basis
of a single peptide identification from a database search). Third,
often the majority of high throughput LC-MS/MS tandem mass
spectra are not matched in a database search, and it can be
prudent to learn why. One can learn about carbamylation, or
other sample preparation issues that result in unexpected mass
changes. Likewise, autosampler carryover and contamination
can lead to the collection of numerous tandem mass spectra
that are from a different species other than what was intended.
Computer programs that perform de novo sequencing can pro-
vide insight into the numbers of high quality unidentified MS/MS
spectra for which a plausible peptide sequence can be de-
duced. In other words, a high quality MS/MS spectrum is one
that is sequenceable.

As intimated above, the history of computer programs for
de novo sequencing extends back several decades to the
days of GCMS of peptide derivatives (7), and during this time
there have been a number of algorithms developed. One
approach has involved the generation of all amino acid com-
binations that account for the peptide mass, and then com-
pare predicted fragment ions with observed (26). However,
this becomes computationally prohibitive for peptides beyond
a length of about eight amino acids. A second approach is
what was originally devised for polyamino alcohols (7) and
was subsequently used for FAB mass spectra (27), high en-
ergy CID (12), and low energy CID (28). This so-called “sub-
sequencing” algorithm tests short sequence segments (be-
ginning at one of the termini) against the observed spectrum,
reserving those subsequences that best account for the ob-
served fragment ions, and then extending them by one amino
acid and repeating the comparison and extensions until the
peptide molecular weight is achieved. A third alternative (29)
is more of a computer assisted manual interpretation, where a
graphical display shows how various fragment ions in a spec-
trum connect with others via mass differences matching the
common amino acids. The user then chooses a pathway
through the ions one amino acid at a time until the calculated
mass of the sequence matches the measured peptide mass.
A fourth method uses graph theory, and involves the mathe-
matical conversion of the various ion types into a graph con-
taining nodes that represent a single ion type, and then finding
pathways through the connecting edges to determine se-
quence candidates (30). Such an approach was used for data
acquired from high energy CID of singly charged peptide ions
(31), and was used by one of the authors (RJ) to produce the
computer program Lutefisk97 (32), which was later upgraded
to Lutefisk1900 (25) sometime around the turn of the millen-
nium. Lutefisk1900 then became a benchmark that allowed
others to show the superiority of their own programs. Many de
novo sequencing programs (33–43) have been developed
since these early programs. Among these programs the better
known were Sherenga (39), PEAKS (37) and PepNovo (36),
which employ more sensible probabilistic scoring schemes
and are generally faster than Lutefisk. Some independent
comparisons (44–46) have been made in an attempt to eval-
uate overall performance on different instruments. Most of
these tools are freely available, whereas PEAKS provides both
a commercial version and a free web service with the same
algorithm.

Despite the tremendous effort researchers have put into de
novo sequencing, complete accuracy for every peptide is not
possible. The difficulty largely comes from variable data qual-
ity; in particular, MS/MS spectra usually do not contain all the
fragment ions necessary for deriving a complete peptide se-
quence, manually or with a computer program. When this
happens, the best that one can achieve is a partially correct
sequence. These partially correct sequences can still be use-
ful for homology-based database searches, where the se-
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quence candidates, derived from a de novo sequencing
program, are searched against sequence databases using
programs such as BLAST (47) or FASTA (48). This was first
proposed in 1997 (32), where the sequence candidates pro-
duced by Lutefisk97 were used as input to a version of FASTA
that had been modified to account for the peculiarities and
errors common to de novo sequencing (see section “De novo
Sequencing Errors and Sequence Tags” for a discussion of
common de novo errors). This general concept was subse-
quently fleshed out by others (49–52). Some researchers have
accepted the reality that one cannot count on deriving a
complete sequence, especially from low energy CID, and
have developed approaches whereby a partial de novo inter-
pretation provides a sequence tag. This tag is then used for a
database search. This was the basis for the original Peptide-
Search algorithm (16), where the tag was derived by manual
inspection with a calculator in hand. There has been much
progress since then on automatically generating sequence
tags prior to the search, as well as on more accurate search
algorithms (22, 53, 54).

Since the 1990s, developments in instrumentation and pro-
gress in understanding gas phase chemistry have had impor-
tant impacts on de novo peptide sequencing. Specifically, the
quadrupole/time-of-flight hybrid mass spectrometer was a
dramatic improvement (55) over the triple quadrupole, which
had been used for shotgun experiments in the 1980s and
early 1990s, despite the low duty cycle when scanning the
third quadrupole to acquire product ion scans. More recently,
the orbitrap has made an impact in that it is possible to rapidly
acquire both MS and MS/MS spectra with high mass accu-
racy and resolution (56). As will be seen, high mass accuracy
and resolution are exceedingly important attributes when de-
riving a peptide sequence. With the large scale commercial-
ization of ion traps (57), notably the LCQ by the Finnigan
Corporation, a slight variation on low energy CID became
widely available. Although both ion traps and quadrupole
collision cells perform low energy CID, fragments that form in
an ion trap fall out of resonance and lose kinetic energy such
that additional cleavages tend not to be prominent. This is in
contrast to a quadrupole collision cell, where a fragment ion
that forms near the start of the collision region will likely
undergo additional collisions and further fragmentations be-
fore exiting. Because y-type ions are more stable than b-type
ions, subsequent collisions in a quadrupole cell will reduce the
intensity of the longer b-type ions. The upshot is that although
both types of collisions produce b/y-type fragments, ion trap
MS/MS spectra often contain intense high mass b-type ions,
whereas quadrupole MS/MS spectra (e.g. from Q-Tof’s) do
not (58). This is a good time to point out that the so-called
“higher energy C-trap dissociation” or HCD cell (59) that is
often sold with the orbitrap does not actually subject precur-
sor ions to high energy collisions, but is more akin to the
collision processes seen in quadrupole collision cells. Re-
gardless of whether low energy CID fragments were formed in

a trap or a quadrupole (or HCD) collision cell, the mobile
proton theory (60, 61) has been an important contribution for
understanding this process. Although de novo sequencing
has typically been applied to CID spectra, there is no reason
why it could not be used with MS/MS spectra obtained using
alternative fragmentation methods that also produce contig-
uous series of fragment ions of the same type. At the moment,
the most promising alternatives are electron capture (62) and
electron transfer dissociation (63), which are described below
in Section “Fragment Ions”.

Basic Concepts

Fragment Ions—This review only covers de novo sequenc-
ing of protonated proteolytic peptides of length less than �25
residues, and does not include any discussion of the frag-
mentation of negatively charged peptides (64), nor fragmen-
tation of intact proteins, as in top-down experiments (65).
Three processes will be considered here: vibrational excita-
tion via low energy CID; electronic excitation from high energy
CID; and electron transfer dissociation (ETD). Electron capture
dissociation spectra exhibit many similarities to ETD spectra;
however, instruments that produce ETD data are now much
more common and will therefore be the focus here. Fragment
ion nomenclature (66, 67) can be a bit confusing with respect
to the numbers of additional hydrogen atoms, as well as
noting when an ion is a radical or an even electron cation. In
this review, we will use the nomenclature in Fig. 1 where the
fragment ions are calculated as shown in Table I, and radical
cations are distinguished by a superscript dot (e.g. z2

�). The ion
structures in Fig. 1B are not necessarily the ones thought to
be physically present in the mass spectrometer, but they
more readily convey how to calculate fragment ion molecular
weights.

At the most simplistic level, low energy CID produces b-
type and y-type ions. The concept of a “residue mass” is that
this is the mass of an amino acid within a peptide; i.e. it is the
mass of an amino acid minus the mass of water, which is lost
when amino acids polymerize to form peptides. Table II gives
the average and monoisotopic residue masses of the com-
mon amino acids, whereas a reverse lookup table from a total
monoisotopic mass to the combination of several residues is
provided at cs.uwaterloo.ca/�binma/peaks/masstable.htm. It
can be seen from Fig. 1B that a singly-charged b-type ion
would be calculated by summing the residue masses and
adding the mass of a single hydrogen atom (assuming that the
peptide has an unmodified N terminus). Likewise, a singly
charged y ion would be calculated by summing the appropri-
ate residue masses, and then adding the mass of water plus
a proton. Calculating multiply charged versions involves add-
ing the mass of additional protons and then dividing the sum
by the number of charges. The mechanism of formation of
b-type ions most likely involves the carbonyl oxygen of the
residue N-terminal to the cleavage site (for an extensive re-
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view of CID fragmentation see (68)), which explains why one
never observes b1 ions in peptides with free N termini. Acy-
lated peptides will produce b1 ions, because there is an
N-terminal carbonyl available to induce the cleavage reaction.

The concept of a “mobile proton” provides a useful frame-
work for understanding the low energy CID peptide fragmen-
tation process (60). In solution, the sites of peptide protona-
tion are likely to be the N-terminal amino group, the lysine
amino group, the histidine imidazole side chain, or the gua-
nido group on arginine. In the gas phase, however, the pep-

TABLE I
Calculating the masses of positively charged fragment ions. [N] is
the mass of the N-terminus (e.g., 1.0078 Da for unmodified peptides
and 43.0184 Da for acetylated N-terminus). [C] is the mass of the
C-terminus (e.g., 17.0027 Da for unmodified peptides and 16.0187
Da for amidated C-terminus). [M] is the sum of the amino acid
residue masses (see Table II) that are contained within the fragment
ion. CO is the combined mass of oxygen plus carbon atoms
(27.9949 Da) and H is the mass of a proton (1.0078 Da). To calculate
the m/z value of a fragment ion, add the mass of the protons to the
neutral mass calculated from the table, and divide by the number of

protons added

Ion Type
Neutral MW

of the fragment

a �N� � �M� - CO - H
a. �N� � �M� - CO
a-H2O a – 18.0106
a-NH3 a – 17.0266
b �N� � �M� - H
b-H2O b – 18.0106
b-NH3 b – 17.0266
c �N� � �M� � NH2

d a – partial side chain
x �C� � �M� � CO - H
y �C� � �M� � H
y-H2O y – 18.0106
y-NH3 y – 17.0266
z �C� � �M� - NH
v y - complete side chain
w z - partial side chain

TABLE II
Amino acid three and single letter codes, plus amino acid residue
masses and elemental composition. Residue mass is defined as the

amino acid minus water (i.e., NH-CHR-CO)

Residue
3/1 letter

code
Composition

Mono.
mass

Avg.
mass

Alanine Ala/A C3N5NO 71.03712 71.08
Arginine Arg/R C6H12N4O 156.10112 156.19
Asparagine Asn/N C4H6N2O2 114.04293 114.10
Aspartic acid Asp/D C4H5NO3 115.02695 115.09
Cysteine Cys/C C3H5NOS 103.00919 103.14
Cysteine-cma Cys/C C5H8N2O2S 160.03065 160.20
Glutamine Gln/Q C5H8N2O2 128.05858 128.13
Glutamic acid Glu/E C5H7NO3 129.04260 129.12
Glycine Gly/G C2H3NO 57.02147 57.05
Histidine His/H C6H7N3O 137.05891 137.14
Isoleucine Ile/I C6H11NO 113.08407 113.16
Leucine Leu/L C6H11NO 113.08407 113.16
Lysine Lys/K C6H12N2O 128.09496 128.17
Methionine Met/M C5H9OS 131.04049 131.19
Methionine-oxb Met/M C5H9O2S 147.03540 147.18
Phenylalanine Phe/F C9H9NO 147.06842 147.18
Proline Pro/P C5H7NO 97.05277 97.12
Serine Ser/S C3H5NO2 87.03203 87.08
Threonine Thr/T C4H7NO2 101.04768 101.10
Tryptophan Trp/W C11H10N2O 186.07932 186.21
Tyrosine Tyr/Y C9H9NO2 163.06333 163.18
Valine Val/V C5H9NO 99.06842 99.13

a Carbamidomethylated cysteine.
b Oxidized methionine.

FIG. 1. A, A peptide can be fragmented at the peptide back-
bone, resulting in a, b, c, x, y, and z-ions. B, The structures of
different ion types for calculation of the ion molecular weights (see
Tables I and II).
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tide backbone amides are of comparable basicity to all but the
arginine guanido group. Therefore, in the absence of arginine,
it takes only a little bit of collisional energy to scramble the site
of protonation such that the ionized peptide is actually a
population of ions that differ in the site of protonation (e.g.
protonation occurring at any of the backbone amides or the
side chains). Protonation of the backbone amide is required
for the production of b- or y-type fragment ions, and cleav-
ages that require protonation are called “charge promoted”
fragmentations. Hence, as long as there is a mobile proton
that can be sprinkled across the peptide backbone, one can
expect to see a fairly contiguous series of b- and/or y-type ions.
When the number of arginine residues match the protons, there
are no mobile protons and the CID spectra are atypical and
usually difficult to sequence. One can therefore understand why
low energy CID of electrospray ionized tryptic peptides has
been so successful, because most tryptic peptides will have no
more than one arginine at the C terminus, yet be able to take on
two protons—one for the arginine side chain and one “mobile”
proton to produce the b/y fragment ions. Even for cases where
there is a mobile proton, the presence of arginine in the middle
of a peptide sequence can have adverse consequences, where
b/y-type cleavages near the arginine are of reduced intensity
and overall sequence coverage may be sparse.

Low energy CID produces a few additional fragment ion
types, and the resulting spectra possess certain characteris-
tics that are useful to note. Under “mobile proton” conditions,
the presence of proline in a peptide typically results in intense
y-type (and sometimes the corresponding b-type) ions result-
ing from cleavage on the N-terminal side of proline. Concom-
itantly, cleavage on the C-terminal side of proline is nonexis-
tent or very much reduced. These effects are because of a
combination of increased gas phase basicity of the proline
nitrogen, and the unusual ring structure of the proline side
chain that inhibits the attack of the carbonyl on the N-terminal
side of the proline. Under “mobile proton” conditions, histi-
dine promotes fragmentation at its C-terminal side, resulting
in enhanced abundance of the corresponding b/y-type frag-
ments. Sometimes a b/y-type cleavage will occur twice in the
same molecule, resulting in a fragment ion that contains nei-
ther the peptide’s original C- or N terminus. These “internal
fragment ions” (Fig. 1B) can be particularly prominent in low
energy CID when there is a proline at the N-terminal side of
the fragment. The b- and y-type fragment ions can undergo
an additional neutral loss of a molecule of water or ammonia,
where these are often designated as b-17 or b-18, etc. Under
mobile proton conditions (i.e. more protons than arginine
residues), these ions are usually less abundant than their
corresponding b/y-type ion. There are exceptions, for exam-
ple, when the N-terminal amino acid is glutamine or carbam-
idomethylated cysteine, where cyclization of the N-terminal
amino acid results in the loss of ammonia to give abundant
b-17 ions. Likewise, an N-terminal glutamic acid can cyclize
and lose water, and the b-18 ions can be more abundant than

the corresponding b fragment ions. In some cases, a b-type
fragment ion can lose a molecule of carbon monoxide to form
an a-type ion (27.995 Da less than the b-type fragment ion),
although these seem to be more prominent for the lower mass
fragments (e.g. it is not uncommon to find a2 ions that are of
comparable intensity to the b2 ion in low energy CID of tryptic
peptides). Single amino acid immonium ions (Fig. 1B) are
often seen when MS/MS spectral acquisition includes this low
mass region. Certain immonium ions are particularly diagnos-
tic for the presence of their corresponding amino acid—leu-
cine and isoleucine (m/z 86.0970), methionine (m/z 104.0534),
histidine (m/z 110.0718), phenylalanine (m/z 120.0813), tyro-
sine (m/z 136.0762), and tryptophan (m/z 159.0922). For pep-
tide ions undergoing low energy CID that lack a mobile pro-
ton, there are some additional fragment ions that become
more prominent, such as enhanced cleavage at the C-termi-
nal side of aspartic acid (69). It later became clear that in the
absence of a mobile proton, the side chain carboxylic protons
from aspartic acid (and to a lesser extent glutamic acid) can
provide the necessary proton to catalyze a localized b/y frag-
mentation (60). Low energy CID of peptide ions lacking a
mobile proton also seem to be subject to the formation of a
fragment ion that is sometimes called “b�18” (70). This is a
rearrangement that occurs where the C-terminal residue is
lost, but the C-terminal -OH group, plus a proton, are trans-
ferred to the ion. Finally, it should be mentioned that low
energy CID of “nonmobile” peptide ions will often give more
abundant neutral losses of water and ammonia; for example,
one might observe a y-17 ion in the absence of the corre-
sponding y-type fragment ion. Low energy CID spectra of
tryptic peptides with a mobile proton are most readily se-
quenced, as they typically contain contiguous series of b/y-
type fragment ions.

The old multisector and the newer Tof-Tof instruments are
capable of subjecting peptide ions to much higher collision
energy, which results in an initial electronic excitation and
produces some different types of fragment ions. In addition to
the b/y fragments seen for low energy CID, high energy CID
can induce “charge remote” fragmentations (Fig. 1), including
the d- and w-type fragment ions that allows for the distinction
between leucine and isoleucine (71, 72). In general, high en-
ergy CID will produce fragment ions at nearly all peptide
bonds regardless of the presence or absence of a mobile
proton, which makes it a more robust activation method for de
novo sequencing (11). Although CID of FAB-generated singly
charged precursors in a multisector instrument is no longer
used much for peptide work, CID of MALDI-generated singly
charged precursors in a Tof-Tof mass spectrometer will pro-
duce very similar data, including the d-, v-, and w-type frag-
ment ions (73, 74). In general, for spectra of singly-charged
precursor ions that lack arginine, the b/y-type cleavages are
prominent, which suggests that the presence of a mobile
proton can still catalyze fragmentation in high energy colli-
sions. The presence of one or more arginine residues in a
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singly-charged precursor that is subjected to high energy CID
results in prominent and informative alternative fragment ions
(a/d/w/v-type), which is in contrast to low energy CID under
nonmobile proton conditions where spectra are usually diffi-
cult to interpret.

Electron capture dissociation is a process whereby an iso-
lated multiply charged peptide ion captures a low energy
thermal electron, and the resulting radical cation becomes
sufficiently unstable that it fragments to produce predomi-
nantly c- and z � -type fragment ions (Fig. 1) (62). In order to
produce similar fragmentations in a much cheaper analyzer,
the Hunt laboratory developed ETD (63), where anionic mol-
ecules are trapped in a linear ion trap (using RF electrical
fields) and mixed with multiply charged cationic peptide ana-
lyte ions. Given the appropriate anion (one with low electron
affinity), an electron is transferred to the peptide cation in an
exothermic process that induces the production of the same
c- and z � -type fragment ions observed in ECD. It should be
noted here that the addition of an electron reduces the charge
state of the precursor ion and that this charge reduced cation
may or may not fragment any further. The latter are some-
times referred to as “electron transfer no dissociation”
(ETnoD), and are particularly prominent when an electron is
transferred to a doubly charged precursor (resulting in a net
�1 charge). In these cases, peptide bonds may be broken,
but there is no dissociation between the neutral fragment and
the singly charged fragment because of noncovalent interac-
tions holding the two pieces together. Presumably, the ab-
sence of Coulombic repulsion between the neutral and
charged fragments allows salt bridges and hydrogen bonds to
hold them together. At the moment, low energy CID is some-
times used to shake the pieces apart in a process called
“supplemental activation” or SA (75). One of the difficulties
with ETD of low charge state precursors, particularly when
subjected to SA, is that a hydrogen will to varying extents get
transferred from c-type ions to the corresponding z �-type ion
to generate what are sometimes referred to as c-1 and z�1
ions (75). The result is that one observes doublets, which can
be a problem when deciding how to use most database
search engines. For example, should one forget about c-1 and
z�1 ions and use a tight fragment ion tolerance, or use a very
wide (and less specific) tolerance in case the c-1 and z�1 ions
are prominent? A similar problem arises when a secondary
electron transfer occurs to an ETD-derived multiply charged
fragment ion. For example, a doubly charged fragment can
become singly charged either by removal of a proton or
addition of an electron, and when both occur one observes
singly charged doublets separated by one mass unit. Another
unusual ETD fragmentation occurs when a z � -type fragment
ion with alkylated cysteine at the C-terminal radical site un-
dergoes homolytic bond cleavage of the beta-carbon-sulfur
bond (76). This seems to be a complete conversion that does
not occur when the cysteine is located elsewhere in a z �-type
fragment ion. In addition to c/z �-type fragment ions, ETD also

generates less prominent a�/y-type fragment ions (Fig. 1) (77).
One should note that c-type and y-type fragments are even
electron species, whereas both a � -type and z � -type ions are
radical cations. It has been pointed out that because z �-type
ions have an even number of odd valence atoms (e.g. hydro-
gen and nitrogen) and c-type ions have an odd number of odd
valence atoms that it is not possible for the two types of
fragment ions to have the same elemental composition (78). If
these were the only ions present in ETD spectra, then it should
be possible to distinguish one ion type from the other based
solely on accurate mass measurements of ETD fragment ions.
However, the existence of a � -type fragment ions calls this
approach into question. In any case, making this determina-
tion of c- versus z-type fragment ions based solely on mass
requires high mass accuracy data, which is in itself probably
more useful than making this distinction between ion types.

Manual De Novo Sequencing—There are at least two ap-
proaches one can take when manually sequencing a peptide
from tandem mass spectral data: (1) sequencing from the C
terminus and (2) sequencing from an obvious tag. Sequencing
from the C terminus may be suitable when the tandem mass
spectra includes low m/z fragment ions, and where the pep-
tide was derived from proteolytic cleavage on the C-terminal
side of specific amino acids. For example, to begin sequenc-
ing a tryptic peptide, one can make an initial assumption that
the C terminus of the peptide is either lysine or arginine, and
from Tables I and II calculate the corresponding y1 ions as m/z
147.113 or m/z 175.119. If either mass is present, then one
attempts to find y2 candidates by subtracting masses of
higher m/z ions from the putative y1 to see if there are any
mass differences that correspond to an amino acid residue
mass. For each y2 candidate the process is repeated in order
to determine any candidate y3 ions, and so on. In an ideal
case, this process is a matter of finding a pathway through the
ions that ends when the observed peptide mass matches
what is calculated from the amino acids in the pathway.
However, there are countless ways to go wrong, most of
which relate to jumping to an ion series other than y-type. The
chances of this happening can be greatly reduced when the
fragment ions are measured with high mass accuracy. For
example, if there are two y2 candidates that differ in mass
from the y1 ion by 71.12 and 115.03 Da, then for measure-
ments that are accurate to 0.5 Da these are equally likely (an
extension of either alanine or aspartic acid have to be con-
sidered). However, if the mass accuracy is within 0.02 Da,
only aspartic acid is possible. Another complication is due the
absence of a fragment ion. This can occur for several reasons,
for example lack of cleavage on the C-terminal side of proline.
For most ion trap data, the y1 ions are below the mass cutoff;
however, one can sometimes find the corresponding high m/z
b-type ion containing all of the residues except the arginine or
lysine at the C terminus. These b-type ions are calculated by
subtracting 17.002 (one oxygen and one hydrogen) from the
peptide molecular weight, and then subtract from this value
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the residue masses of arginine or lysine. If such a b-type ion
is found corresponding to the loss of arginine or lysine, then
one can begin there and try to trace out a series of ions toward
the lower m/z range. Often it is not possible to get a complete
sequence all the way to the N terminus, because it is not
uncommon for a CID spectrum to lack fragmentations be-
tween the first and second amino acids at the N terminus.
Hence, the N terminus of a derived sequence is often not a
sequence, but is instead a combined residue mass of two
amino acids. One should, however, make sure that this unse-
quenced mass at the N terminus corresponds to the sum of
two amino acid residue masses. For example, an unse-
quenced N-terminal mass of 150 � is not possible for an
unmodified peptide.

A different approach is to derive a partial sequence from the
middle of the peptide from an obvious series of ions differing
by amino acid residue masses. For tryptic peptides, one often
finds such a short stretch of fairly intense ions at an m/z
greater than the precursor ion. In principal, one does not know
if these are b-type or y-type ions (and hence, whether the
partial sequence goes forward or backwards), but for CID of
tryptic peptides in a quadrupole collision cell it is usually safe
to guess that this is a partial y-type ion series. For any of these
ions, one can subtract their mass from the ‘mass of the
peptide plus 2.016 � (this is the mass of two hydrogens). This
calculated mass corresponds to the mass of the lower mass
b-type ions (assuming the sequence tag is, in fact, comprised
of y-type ions). Identification of such mirror-image ion series
should provide some confidence that one is on the right track.
Thus, while trying to extend one series, the other series should
also be checked out. For data obtained using a quadrupole
collision cell, the b-type ion series usually does not extend
very far (b2 is prominent, but the series usually does not
extend beyond a few residues). At the same time the y-type
ion series that defines the C-terminal portion of the peptide is
at the low m/z end of the spectrum, which is where spectra
typically become more complicated and contain many differ-
ent types of ions (i.e. immonium, internal, b-type, a-type, and
y-type).

One of the difficulties in de novo sequencing is that a
contiguous ion series might be identified, but the direction of
the sequence may be difficult to establish. In other words, for
CID data it may not be clear whether an ion series is y-type or
b-type, and for ETD spectra one may not be able to tell if an
ions series is c- or z �-type. One way of making this distinction
has already been described—trying to link a series to a char-
acteristic ion (or mass difference) that corresponds to an
anticipated C-terminal amino acid. If an obvious sequence tag
can be linked to a typical tryptic y1, then that would suggest
the tag is comprised of y-type ions and the direction of the
sequence can therefore be presumed. Alternatively, pairs of
ions with characteristic mass differences can indicate the type
of fragment ions observed. For example, in low energy CID, b2

ions are often accompanied by intense a2 ion. Thus, if a series

of ions are found where the lowest mass one has a satellite
peak 27.9949 Da lower, then one could presume that this is a
b-type ion series. Obviously, accurate mass measurements
will greatly add to the confidence of such presumptions.
Likewise, for ETD spectra, ions differing by 16.0182 Da could
be z � /y-type pairs, or ions differing by 44.0136 Da could be
a �/c-type pairs. Similarly, high energy CID ion series might be
distinguished on the basis of a/d-type pairs or y/w-type pairs.

Once a sequence is derived, the final step is to determine
whether the majority of the fragment ions (particularly the high
intensity ones) can be assigned. First, verify the presence of the
sequence-specific fragment ions such as y-type, b-type, and
a-type ions, as well as the losses of ammonia or water from
these ion types. Check to see if any fragment ions might be
multiply charged, which should be verified in high resolution
spectra by examining the isotope cluster spacing. Then check
to see if any of the remaining ions not accounted for are possibly
because of internal fragmentations. Internal fragments are usu-
ally short (typically less than five residues), and are calculated by
summing the amino acid residue masses together and adding
the mass of hydrogen. These ions can also lose water, ammo-
nia, and/or carbon monoxide, although they are usually less
intense than the original internal fragment from which there were
derived. In particular, check for internal fragments that have
proline at the N terminus of the fragment (e.g. the sequence
FSTPEDLMNK would very likely have the internal fragments PE,
PED, and PEDL). At this point one should have accounted for
most of the more abundant ions; in particular, one should be
able to account for those at m/z greater than the precursor m/z.
There will always be a few ions left over, but these should be few
and of minor intensity. For example, Fig. 2 shows a confident de
novo sequencing result.

Automated De Novo Sequencing Algorithms—Manual de
novo sequencing is a fun skill to develop if one likes solving
puzzles, but with high-throughput generation of MS/MS data,
serious work requires automation (Table III lists the current
availability of some of the software discussed here). For the
purpose of algorithm design, one must formally define an
optimization goal for the desired solution. For de novo se-
quencing, this is achieved via a scoring function that mea-
sures the matching quality between a peptide sequence and
the MS/MS spectrum. With such a scoring function, the de
novo sequencing problem is formulated as:

De Novo Sequencing—Given a peptide MS/MS spectrum
and a mass value M, compute an amino acid sequence P,
such that the total residue mass is equal to M, and the
matching score between P and the spectrum is maximized.

A simple brute force algorithm for automated de novo se-
quencing is to enumerate all the possible peptide sequences
with the given precursor mass, and report the sequence that
achieves the highest score. However, such a naive approach
would result in exponential growth of the time complexity (i.e.
required computational time) as the length of the peptide in-
creases, and quickly becomes infeasible for peptides longer
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than ten residues. There are also efforts to use heuristic algo-
rithms such as divide and conquer and pruning to make the
exhaustive search faster (38). But these searching algorithms
generally do not satisfy the high throughput requirement, and
typically require minutes to process one spectrum. Fortunately,
more efficient algorithms have been developed. In the rest of
this section, the scoring function, and two algorithmic models,
spectrum graph and PEAKS, are reviewed.

Scoring Function—The choice of scoring function may
greatly influence the accuracy and time complexity of the de
novo sequencing algorithm. Superficially, it would seem ad-
vantageous to include all knowledge about peptide fragmen-
tation in the scoring function, as this would tend to make the
scoring function more accurate. However, inclusion of many
additional factors might make finding an optimal sequence
computationally intractable, which in turn would make the
inclusion of additional fragmentation knowledge ineffective.
For example, if internal fragment ions are considered in the
scoring function, the problem of finding the optimal sequence
was proven to be “NP-hard” (79). NP-hardness is a common
technique used in algorithm design to prove the nonexistence

of an efficient algorithm to find the optimal solution in a
reasonable time period (80). Furthermore, assigning appropri-
ate weighting factors to many additional factors in a scoring
function is not trivial. For these practical reasons, efficient
scoring functions in today’s de novo sequencing algorithms
use only a subset of known factors.

Dančík et al. (39) first described a general framework for the
de novo sequencing scoring function. Let P � a1a2. . .an be a
peptide sequence of length n with total residue mass M.
Fragmentation between amino acids results in two pieces
called a prefix �a1 a2. . .ai� and a suffix �ai�1. . .an). Suppose the
prefix has a total residue mass m (called the prefix mass) and
the suffix has a total residue mass M � m. Several fragment
ion types (see Section “Fragment Ions”) are expected to
form peaks in the spectrum at mass values m � �x and
M � m � �y. Here �x � � x � 1,2,. . .l � and �y �

� y � l � 1,. . .,k� are the mass offsets of the correspond-
ing fragment ion types (see Table I). Thus, by examining the
appearance of peaks at these expected mass values, a
positive reward or a negative penalty is added toward the
score of the sequence P. The precise value of the reward or

FIG. 2. A high-quality match between the de novo sequence (inset) and the spectrum.

TABLE III
The availability of some software reviewed in the article

Database search
Mascot Commercial and free at http://www.matrixscience.com
SEQUEST Commercial at http://thermo.com
InSpecT Open source at http://proteomics.ucsd.edu/Software/Inspect.html Free

online at http://proteomics.ucsd.edu/LiveSearch/
PEAKS Commercial at http://bioinfor.com Free online at http://bioinfor.com/peaksonline
Tandem Free at http://www.thegpm.org/TANDEM/

De novo sequencing
PEAKS Commercial at http://bioinfor.com Free online at http://bioinfor.com/peaksonline
PepNovo Open source at http://proteomics.ucsd.edu/Software/PepNovo.html Free

online at http://proteomics.ucsd.edu/LiveSearch/
Lutefisk Open source at http://sourceforge.net/projects/lutefiskxp/

Tag homology search
CIDentify Open source at http://faculty.virginia.edu/wrpearson/fasta/OLD/CIDentify/
SPIDER Free online at http://bioinfor.com/spider
OpenSea Binary obtainable from Oregon Health & Science University
MS-BLAST Free online http://dove.embl-heidelberg.de/Blast2/msblast.html
FASTS Free online http://fasta.bioch.virginia.edu
MS-Homology Free online http://prospector2.ucsf.edu/prospector
GutenTag Academic free under license at http://fields.scripps.edu/downloads.php

Protein sequencing
CHAMPS Free binary at http://monod.uwaterloo.ca/champs/software.html
CSPS Open source http://proteomics.ucsd.edu/Software/CompShortProtein.html
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penalty is computed by the “log-likelihood-ratio” method as
follows.

For each fragment ion type, the probability p that the cor-
responding peak appears in the spectrum can be statistically
learned from a large amount of MS/MS spectra with known
peptide sequences. Additionally, the background probability
q that a peak occurs randomly at a given mass value can also

be learned. Thus, the log-likelihood-ratio is defined as log
p
q

for the event of observing a peak at the expected mass value;

and is log
1 � p
1 � q

for the event of missing a peak at the ex-

pected mass value. Because p is normally greater than q,
observing a particular fragment ion peak provides a reward to
the scoring function, and the missing of the peak causes a
penalty.

The score contribution of the fragmentation at prefix mass
value m, denoted by f(m), is defined as the total of the log-
likelihood-ratio score of all fragment ion types at mass values
m � �x and M � m � �y, for x � 1,2,. . .l and y �

l � 1,. . .,k. The score of a peptide sequence P � a1a2. . .an, is
then defined as sc(P) 	 
i 	 1

n f(mi). Here mi is the total residue
mass of the prefix a1a2. . .ai.

There are extensions of this general scoring framework in
the literature. First, such a simple framework assumes
independence between different fragment ion types. This is
an oversimplification. To account for the correlations be-
tween different fragmentation ion types, the PepNovo pro-
gram (36) used a Bayesian network model to calculate f(m).
Additionally, the probability of observing a certain type of
fragment ion peak is learned for different mass regions of
the spectrum. In the NovoHMM program (34), the depen-
dence between different ion types is also taken into account
by a Hidden Markov Model. Second, the relative and abso-
lute intensities of the fragment peaks are ignored in the
Dančík framework. The PepNovo program (36) accounted
for the intensity information by discretization of the intensity
values into high, medium, and low. Liu et al. (81) combined
the intensity and the rank of a peak into a significance value,
and applied similar statistics on the significance value. Al-
though making the scoring function more accurate, these
extensions generally increase the number of parameters to
be learned from the MS/MS data, and require a larger
number of spectra with known peptide sequences in order
to avoid the over-fitting problem.

Another interesting way to define a scoring function without
using the above framework is to use computer simulation to
predict the MS/MS spectrum from the peptide sequence, and
then use the correlation between the predicted and real spec-
tra as a score (38).

Spectrum Graph Model—In mathematics, a graph is an
abstract representation of a set of nodes (vertices) and edges
that connect pairs of nodes. A significant number of algo-
rithms developed in computer science are graph algorithms,

and many practical problems can be formulated as problems
on graphs. De novo sequencing is no exception, and the
so-called spectrum graph model (30) is widely used for de-
veloping de novo sequencing algorithms.

In the spectrum graph model, a node represents a pos-
sible interpretation of a peak in the spectrum. In its simplest
form, each mass spectral peak generates two nodes, one
for the possible y-ion interpretation of that ion, and one for
the b-ion. Two nodes in the graph are connected with an
edge if they are of the same type (either y or b-ion interpre-
tation), and their corresponding mass values differ by
the mass of an amino acid residue. In addition, each node in
the graph is assigned a score indicating its significance. The
score can be computed by the method discussed in Section
“Scoring Function.” Consequently, de novo sequencing is
reduced to finding a path in the graph with the maximum
total node score.

Although it is entirely possible for a b-type and a y-type ion
to have the same mass, some have argued that it is necessary
to avoid having a peak be explained as both a y-ion and a
b-ion. This can be achieved by finding the optimal “antisym-
metric” path in the spectrum graph. An efficient algorithm
based on dynamic programming (a popular algorithm design
technique in computer science) is available (39, 42). Readers
are referred to (30, 39, 42) for more details of the spectrum
graph model and its algorithm.

The PEAKS Algorithm—One difficulty encountered with the
spectrum graph model is how to handle missing fragment
ions, which can result in gaps in the correct path connecting
the N and C termini. To avoid this issue, PEAKS used a
different algorithm for de novo sequencing (82). Algorithms
using the spectrum graph model perform dynamic program-
ming on the nodes of the graph, where each node corre-
sponds to a fragment ion. In contrast, PEAKS’ algorithm
performs dynamic programming on the mass values regard-
less of the presence of an observed fragment ion. Conse-
quently, the PEAKS algorithm requires the scoring function
f(m) defined in Section “Scoring Function” to be precalculated
for every mass value m between 0 and M, even in the absence
of any fragment ions (in which case usually f(m) � 0).

The algorithm, as presented here, is a much simplified
version of the original PEAKS algorithm (82). For the sake of
clarity nominal mass values are assumed. Let m(x) be the
mass of an amino acid residue x. Recall that in Section
“Scoring Function,” the score of a peptide sequence
P � a1a2. . .an, is defined as sc(P) 	 
i 	 1

n f(mi), where mi is the
total residue mass of the prefix a1a2. . .ai. Note that this score
definition can also be used to evaluate an N-terminal partial
sequence P of a peptide. Denote BestScore(m) as the best
score that an N-terminal partial sequence with total residue
mass m can achieve. Because the optimal N-terminal se-
quence always consists of another optimal N-terminal se-
quence that is one residue shorter, it can be concluded that
BestScore�m� � f�m� � maxresidue x BestScore�m � m�x��. In
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other words, the fragment ion evidence at mass M, as repre-
sented by f(m), is added to the maximum value of
BestScore�m � m�x��, where m(x) represents all of the com-
mon amino acid residue masses. Thus, the actual algorithm
first computes BestScore(m) for every m using the above
formula. Then a backtracking procedure is used to repetitively
compute the residues of the optimal sequence from C- to N-
terminus. In the actual implementation of PEAKS (37), a two-
round approach is employed, where a simple score function is
used in the first round, which computes 10,000 sequences
with the top matching scores. These candidates are further
evaluated by a more sophisticated scoring function that takes
account other fragment ion types such as immonium ions and
the internal cleavage ions.

De Novo Sequencing Errors and Sequence Tags—There
are several kinds of sequencing errors. Leucine and isoleucine
are isomeric and impossible to distinguish using low energy
CID. Low mass accuracy fragment ion measurements cannot
distinguish between lysine and glutamine (differ by 0.036 Da)
nor between phenylalanine and oxidized methionine (differ by
0.033 Da). For low resolution mass analyzers, precursor ions
with higher charges can be difficult to sequence correctly,
because of the additional ambiguity resulting from an inability
to determine fragment ion charge states. Another problem is
that sometimes it can be difficult to determine the direction-
ality of a sequence. In other words, a long contiguous series
of ions separated by amino acid residue masses may be
identified, but it may not be easy to determine if, for example,
it is a y-type or b-type series. If the wrong decision is made,
then the derived sequence is backwards.

In order to delineate a sequence, cleavages must occur be-
tween every amino acid, but this does not always happen.
Cleavage between the two N-terminal amino acids is often
nonexistent, since b1 ions are never seen in low energy CID of
unmodified peptides and the corresponding y-type ion is often
of low abundance and may not be observed either. Poor quality
MS/MS spectra may have some fragment ions missing, simply
because of poor signal-to-noise. Cleavage on the C-terminal
side of proline in low energy CID (or the N-terminal side in ETD
data) is usually absent. Nonmobile proton low energy CID spec-
tra are usually of poor quality, with missing fragment ions. In
other words, it is not unusual to be missing a ladder peak (e.g.
yk). In this case there may be several different amino acid
combinations that can explain the gap between yk-1 and yk�1.
The other is that there are multiple peaks that can serve as the
yk peak, and the software (or person) does not know which one
is right. In either case, there may be ambiguity regarding a small
segment of a peptide. The software knows the total residue
mass, but can easily make incorrect sequence determinations.
Sometimes, other evidence such as internal cleavage ions, im-
monium ions, or neutral loss ions might help make the distinc-
tion, but the confidence of the prediction made from these
secondary ions is usually low. Hence, it is not unusual for a
segment of amino acids in the correct sequence to be substi-

tuted by an incorrect segment with the same total residue mass.
This is referred to as the mass segment error.

To overcome the problem caused by the mass segment
errors, a de novo sequencing program often presents results
in one of the following two formats. First, some software such
as Lutefisk will replace a segment of low confidence amino
acids with their total residue mass, and generate a sequence
such as MEG[199.1]CK. By presenting only the high confi-
dence amino acids, the overall accuracy of the software is
improved. Other software (e.g. PEAKS) will attempt to predict
the entire peptide sequence, but indicate those regions with
low confidence. This gives the users more flexibility in that
they can decide later whether to keep the low confidence
sequence, or convert them to mass segments, as described
above. There are also algorithms that are purposely designed
for finding high confidence partial sequence tags (83, 84).

Homology Searching with De Novo Sequence Tags—De
novo sequencing alone can only derive partial sequence in-
formation for individual peptides, but it cannot identify the
protein. However, if the protein is in a database, then a tag
sequence search can retrieve the protein from the database,
as illustrated by Mann and Wilm’s early protein identification
work with de novo sequence tags (16). To obtain the identity
of a protein not present in a database, Taylor and Johnson
proposed searching for homologs of de novo sequencing tags
by utilizing a modified version of the FASTA homology search
tool (32). If a database protein contains a few peptides that are
similar to the de novo sequence tags, the protein being stud-
ied is likely to be a homolog of the database-derived protein.
Although the complete sequence is unknown, one might gain
some insight regarding the target protein by identifying a
homolog.

Homology (or similarity) searches have long been used in
molecular biology. Sequence alignment is the most com-
monly used model for measuring the similarities between two
sequences. In a sequence alignment, extra spaces (often
denoted by a ‘-’ symbol) are added to appropriate positions of
the two given sequences in order to maximize sequence
similarity (see Fig. 3). A pre-defined score matrix such as the
BLOSUM matrix (85) specifies the similarity score between
any pair of aligned amino acids. A higher BLOSUM score
indicates evolutionarily conservative mutations. The se-
quence alignment score is the sum of the similarity scores. A
sequence alignment algorithm such as the Smith-Waterman
algorithm (86) is used to construct the optimal alignment with
the maximum alignment score (for a more comprehensive
review see (87)).

There are many homology search programs available such
as BLAST (88). A few of these homology search programs
(BLAST (88), FASTA (48), and Shotgun (89)) have been mod-
ified to allow for sequence tag searches (CIDentify (32), MS-
BLAST (49), FASTS (51), and MS-Shotgun (50)). MS-Shotgun
was later renamed MS-Homology and is included in the Pro-
tein Prospector package. Most of these modifications are
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related to changing the search parameters in accordance with
the short length of the query peptide sequences. Although
proven to be a powerful approach, a major limitation of the
conventional homology search tools for searching de novo se-
quence tags is that these programs do not take into account the
various de novo sequencing errors (Section “De novo Sequenc-
ing Errors and Sequence Tags”). These sequencing errors have
very different statistical properties compared with evolutionary
mutations, and ignoring these differences could significantly
affect homology search accuracy. Fig. 4 shows such an exam-
ple, where in Fig. 4A only evolutionary mutations are taken into
account, and the comparison shows very low similarity. In con-
trast, if de novo sequencing errors and evolutionary mutations
are both taken into account, as shown in Fig. 4B, the alignment
is much more significant.

The first homology search tool to account for both homol-
ogy and de novo sequencing errors was CIDentify (32), which
was a modification of the FASTA program (90). In this imple-
mentation, the best initial match between the query sequence
and each protein sequence in the database is rescored to
account for sequencing errors. For example, Gly-Gly mis-
matches to Asn are rescored as perfect matches (likewise for
Ala � Gly to Gln), mismatched dipeptides that have identical
summed residue masses are rescored as partial matches, and
most of the errors described in Section “De novo Sequencing
Errors and Sequence Tags” are identified and re-scored. Later
on, a few more programs were developed for dealing specif-
ically with these de novo sequencing errors. These include
GutenTag (54), OpenSea (52), and SPIDER (53). Among these
programs, GutenTag allows de novo sequencing errors but
requires the database sequences to be exact. In contrast,
OpenSea and SPIDER allow both de novo sequencing errors
and inexact database sequences.

OpenSea (52) used a heuristic algorithm to deal with the de
novo sequencing errors. If a mismatch between the tag and
the database peptide sequence is encountered, the software
will examine if a segment of the tag has the same total mass

of a segment of the database peptide sequence. If there is,
then the software will regard the mismatch as caused by a de
novo sequencing error. Otherwise, it regards the mismatch as
caused by evolutionary mutations or post-translational mod-
ifications. Unlike CIDentify, OpenSea is capable of consider-
ing mass segments larger than dipeptides, plus some some
additional advantages. This program went a long ways toward
solving the de novo sequencing error problem.

Another program, SPIDER (53), uses a more sophisticated
model, which additionally deals with the possible overlaps
between the de novo sequencing errors and the homology
mutations. Also, SPIDER considers the possibility of recon-
structing the real peptide sequence by combining both the de
novo sequence tag and the homolog. The SPIDER sequenc-
ing model takes the de novo sequence tag X and the database
sequence Z as input, and tries to compute the real peptide
sequence Y. The mismatches between X and Y are explained
by the de novo sequencing errors, and the mismatches be-
tween Y and Z by the evolutionary mutations. SPIDER’s algo-
rithm ensures that the computed sequence Y minimizes the
total number of sequencing errors and mutations. With the
efficient sequencing algorithm as a subroutine, SPIDER con-
ducts the homology searches by matching the tag X to every
peptide Z in the database, and reporting the peptide Z that
minimizes the total sequencing errors and mutations. How-
ever, because there are millions of database peptides, heu-
ristics are used to speed up the searching. One such heuris-
tics is to call the sequencing algorithm only if there are three
or more consecutive letter matches between X and Z. This
significantly speeds up the search with only minor effect on
the search sensitivity. Such a heuristic (called filtration) has
been used in most conventional homology search tools.

Worked Examples

Identifying Peptides Not in a Database—Yin et al. (91) stud-
ied a few important sulfur-rich proteins in common beans with
the assistance of de novo sequencing. The de novo peptides
found by PEAKS were compared with the conceptual trans-
lation of the ESTs to identify contigs coding for sulfur-rich
proteins, as well as to confirm the N terminus of the mature
polypeptide. The de novo peptides covered 48 and 79% of
the deduced sequences of the � and � subunits from the
major legumin cDNA. In the study of spider hemolymph, Tra-
balon et al. (92) used PEAKS de novo sequencing to interpret
the MS/MS spectra that could not be identified by the Mascot
database search software, and reported 64 de novo sequence
tags from nine gel bands.

Tag Homology Searches for Studying Related Organisms—
Shevchenko et al. (49) developed an implementation of the
homology search program Blast to aid in matching de novo
sequencing results with homologous database sequences.
The method was demonstrated on a couple of organisms
(dog and a yeast species) whose genomes, at the time, were

FIG. 3. An example of a sequence alignment. The dash symbols
indicate the inserted spaces, and the vertical bars indicate exact
matches.

FIG. 4. A, An insignificant match between a de novo sequence
tag and a homologous sequence. B, The match becomes signif-
icant if the de novo sequencing errors are taken into account. The
square brackets indicate the de novo sequence mass segment
errors.
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not sequenced. More recently, the tag homology search
approach has mostly been used in conjunction with the
database search approach to identify additional proteins
from unsequenced genome. Different combinations of soft-
ware tools (such as Mascot, PEAKS, PepNovo, MS-BLAST,
FASTS, and SPIDER) have been used in the literature.
Waridel et al. (93) identified 55 Dunaliella Salina membrane
proteins from 32 gel spots using this method, where six
proteins were identified only via a tag homology search.
Catusse et al. (94) studied the sugarbeet seed proteome,
and a total of 759 proteins were identified, including a
number of proteins that had not previously been described
in seeds. Hatano and Hamada (95) used tag homology
searching to identify six of seven detected bands in a gel
from the pitcher fluid of the carnivorous plant Nepenthes
alata. Tannu and Hemby (96) studied Macaca mulatta pro-
teins and identified 13 human homologs from 30 excised gel
spots. A simulation work was published by Habermann et al.
(97) to study the effectiveness of the tag homology search
approach for cross-species protein identification, where de
novo sequencing tags were generated by computer simu-
lation and not experimental mass spectrometry data. They
demonstrated that over 80% of the proteins could be pos-
itively identified within the mammalian subkingdom.

Identifying Unexpected Chemical Modifications—Using LC-
MS/MS from an orbitrap/linear trap hybrid mass spectrometer,
a data set was acquired from a mouse liver sample that had
been subjected to the glycocapture procedure (98). This proce-
dure involves a series of enzymatic and chemical steps. Of
particular concern was treatment with sodium periodate, which
is supposed to specifically oxidize vicinal diols, but may have
additional side reactions. In order to locate unexpected chem-
ical modifications, the MS/MS spectra were subjected to both a
database search (X!Tandem) and automated de novo sequenc-
ing (PepNovo). Spectra that were not identified in the database
search, but were assigned high scoring sequences from Pep-
Novo were subjected to a homology search using BLAST. One
example is shown in Fig. 5, which depicts an MS/MS spectrum
that did not match to any database sequence. However, Pep-
Novo derived a top scoring sequence of [419.131]DESYQD-
VSEVVYQK, where the number in brackets indicates a chunk of
unsequenced mass on the N-teriminus. The top BLAST result is
shown in the figure inset on the left, and matches to a sequence
from mouse antithrombin-III. In this match, the query sequence
had an Asp that aligned with Asn in the database, which was
because of the enzymatic deglycosylation step used in the
glycocapture procedure. The query sequence also has the sin-
gle amino acid Gln whereas the database sequence contains

FIG. 5. Example of using de novo sequencing to identify unexpected chemical modifications. The glycocapture procedure (97) was
used to isolate formerly N-glycosylated peptides from mouse liver, which were analyzed using an orbitrap-LTQ hybrid mass spectrometer.
MS/MS spectra for which no database-derived sequence could be determined, but that gave high scoring PepNovo-derived sequences, were
identified. Shown is one such example, where the PepNovo sequence closely matched mouse antithrombin-III (inset on the left). The difference
between the observed mass and that calculated from the database sequence (29.03 Da) suggested that the periodate oxidation step in the
glycocapture procedure had modified the N-terminal serine, as shown in the inset in the upper right.
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Gly-Ala at this position. As noted already, this is a common error
that is made in de novo sequencing, since Gly-Ala has the exact
same mass as Gln. Looking toward the N terminus of the
database sequence shows the presence of a tryptic cleavage
site followed by Ser-Leu-Thr-Phe sequence that precedes NE-
SYQDVSEVVYGAK. However, the database-derived sequence
is 29.029 Da greater in mass than the measured mass of this
peptide, and the current hypothesis is that this is because of
periodate oxidation of the vicinal amine and hydroxyl groups
present when serine is at the N terminus of a peptide. The 419
Da at the N terminus is likely to contain the Leu-Thr-Phe, plus an
oxidized piece of Ser (see inset of Fig. 5). This demonstration
shows how automated de novo sequencing combined with
homology searches can lead to a better understanding of side
reactions that may be occur during chemical processing of
complex samples.

Complete Protein Sequencing—On rare occasions, de novo
sequencing has been used to derive complete protein se-
quences (11, 99). In this method, purified proteins are digested
with multiple enzymes to obtain overlapping peptides that are
then subjected to tandem mass spectrometry and either manual
or computer-assisted de novo sequencing. The peptide se-
quences are then assembled together according to the se-
quence overlap. Bandeira et al. has shown how to automate
such analyses (100–102). To further improve the protein se-
quencing accuracy, the CHAMPS algorithm (103) exploited the
SPIDER peptide sequencing idea to correct the de novo se-
quencing errors with a homologous protein sequence. The ho-
mologous protein sequence also served as a template for the
algorithm to assemble the peptide sequences in the correct
order.

Improving Database Searches With De Novo Sequence
Tags—Although the most obvious use of de novo sequenc-
ing and homology searches is in the study of unsequenced
genomes, de novo sequence tags have also been used to
improve database searches with known sequence data-
bases. One goal was to improve the database search
speed. Matching sequence tags to database sequences can
be very efficient when using deliberate index structures.
Frank et al. demonstrated that filtration using short se-
quence tags can be as much as 2000-fold more efficient
compared with using only the parent mass as a filter (83). In
the InspecT program (22) for identifying modified peptides
with unknown PTMs, tag matching is used as a quick way to
filter peptide-spectrum match candidates prior to the more
time-consuming alignment algorithm that is used for deter-
mining the PTM mass. Similar work was presented by Liu et
al. (104). A second goal of this approach is to improve the
confidence in peptide-spectrum matches. A random match
between a long de novo sequence tag and a database
peptide is an unlikely event. So, when it happens, the con-
fidence on the correctness of the database peptide is in-
creased. Lutefisk1900 (25) exploits this fact by comparing
scores from de novo and database derived sequences,

where the assumption is that a correct database sequence
out-scores any of the de novo sequences. This property has
also been used in the scoring function of the PEAKS DB
software (105) to better separate the true and false identi-
fications in the database search.

Current Limitations and Possible Future Developments—
Compared with the database search approach, the major
limitation of today’s de novo sequencing software is the lack
of automated statistical validation. Without such an auto-
mated validation method, one still needs to inspect the pep-
tide-spectrum matches to decide which de novo sequencing
results to take seriously. Thus, although the de novo sequenc-
ing software can save time, the evaluation of results still
involves a significant amount of manual work. Therefore, a
reliable and automated validation method would greatly ex-
pand the usability of de novo sequencing in today’s proteo-
mics research. There has been some initial research in this
direction, but a widely accepted method has not been avail-
able. Lutefisk can estimate z-values for de novo sequencing
results by generating and scoring sequences from several
incorrect peptide MW values (unpublished results). PEAKS
computes a confidence score by comparing the top de novo
sequencing peptide with the suboptimal peptides (37), and
MSNovo (40) estimates a p value by comparing the de novo
sequencing score with scores from randomly generated pep-
tides. Additional work along these lines seems warranted.
Likewise, evaluation of homologous matches between de
novo sequencing results and protein sequence databases
from related organisms is not fully automated and manual
curation of the results can be time consuming.

Another important limitation of de novo sequencing is in the
uncertainty regarding the complete peptide sequence. Data-
base searches might still succeed when fragment ions are
missing (if the full peptide is indeed in the database); however,
de novo sequencing will not be able to derive a complete
sequence or will have uncertainty in a portion of the derived
sequence. To confidently sequence a complete peptide se-
quence, a promising method may be to combine multiple
spectra produced by different fragmentation techniques such
as CID and ETD. Some preliminary research in this direction
have reported improvements in de novo sequencing accura-
cies (106–108). Also, the use of a MS3 spectra together with
the associated MS/MS spectrum (109), or chemical/enzy-
matic labeling (110) can improve de novo sequence certainty.
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