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Abstract

A novel methodology for the automated de novo identification of peptides via integer linear
optimization (also referred to as integer linear programming or ILP) and tandem mass spectrometry
is presented in thisarticle. The various features of the mathematical model are presented and examples
are used to illustrate the key concepts of the proposed approach. A variety of challenging peptide
identification problems, accompanied by a comparative study with five state-of-the-art methods, are
examined to illustrate the proposed method’s ability to address (a) residue-dependent fragmentation
properties that result in missing ion peaks and (b) the variability of resolution in different mass
analyzers. A preprocessing algorithm is utilized to identify important m/z values in the tandem mass
spectrum. Missing peaks, due to residue-dependent fragmentation characteristics, are dealt with using
a two-stage algorithmic framework. A cross-correlation approach is used to resolve missing amino
acid assignments and to select the most probable peptide by comparing the theoretical spectra of the
candidate sequences that were generated from the ILP sequencing stages with the experimental
tandem mass spectrum. The novel, proposed de novo method, denoted as PILOT, is compared to
existing popular methods such as Lutefisk, PEAKS, PepNovo, EigenMS, and NovoHMM for a set
of spectra resulting from QTOF and ion trap instruments.

Of fundamental importance in proteomics is the problem of peptide and protein identification.
Over the past couple decades, tandem mass spectrometry (MS/MS) coupled with high-
performance liquid chromatography has emerged as a powerful experimental technique for the
effective identification of peptides and proteins. A description of the various experimental
frameworks for separation, ionization, and measurement techniques can be found elsewhere.
1.2 1n recognition of the extensive amount of sequence information embedded in a single mass
spectrum, tandem MS has served as an impetus for the recent development of numerous
computational approaches formulated to sequence peptides robustly and efficiently with
particular emphasis on the integration of these algorithms into a high-throughput computational
framework for proteomics. The two most frequently reported computational approaches in the
literature are (a) de novo and (b) database search methods, both of which can utilize
deterministic, probabilistic, or stochastic solution techniques.

The majority of peptide identification methods used in industry are database search
methods3~11 due to their accuracy and their ability to exploit organism information during the
identification. An essential component in database methods is a model for scoring the
experimental tandem mass spectra against the theoretical spectra of a peptide obtained from a
protein database. The main difference between these database methaods lies in the type of
scoring function utilized to rank-order the most probable peptide matches and the type of
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sequence database in which the search is conducted. These database types include protein
sequence, genomic, or expressed sequence tag.

Avariety of techniques for peptide identification using databases currently exist. One approach,
as implemented in the SEQUEST algorithm,3~° uses a signal-processing technique known as
cross-correlation to mathematically determine the overlap between a theoretical spectrum as
derived from a sequence in the database and the experimental spectrum under investigation.
The more frequently used technique, known as probability-based matching, utilizes a
probabilistic model to determine whether an ion peak match between the experimental and
theoretical tandem mass spectrum is actual or random.:8:%:11 \various models have been
proposed for this purpose, ranging from a likelihood ratio hypothesis test®:11 to the null
hypothesis that peptide matches are random.? Spectral dependencies from empirical
observations are often integrated into these models to enhance the predictive capabilities.
Despite the sophistication of these database methods, they are ineffective if the database in
which the search is conducted does not contain the corresponding peptide responsible for
generating the tandem mass spectrum. Furthermore, in some instances, specifying the enzyme
used in proteolytic digestion can exclude the correct peptide from the search space. It is
important to point out that the variety of scoring functions proposed indicates that the peptide
with the best score is not necessarily the peptide responsible for generating the tandem mass
spectrum. In light of this, significant efforts have been invested in the development of
postdatabase search validation tools.22=17 Several types of algorithms have been proposed for
analyzing the results of SEQUEST alone, ranging from statistical models based on linear
discriminant analysis!* to probability-based scoring procedures?? to the use of support vector
machines for the classification of the scores reported.16

De novo methods have received considerable interest since they are the only efficient means
for applications such as finding novel proteins, amino acid mutations, and studying the
proteome before the genome. A prominent methodology for the de novo peptide sequencing
problem is a spectrum graph approach,18-28 which in many methods is solved using a dynamic
programming algorithm.19:21,26.27 v/arious types of graph representations have been proposed,
but the majority of methods map the peaks in the tandem mass spectrum to nodes on a directed
graph, where the nodes are connected by edges if the mass difference between them is equal
to the weight of an amino acid. The nodes or edges of the spectrum graph are typically assigned
scores based on empirically derived weights. An interesting postprocessing technique is
employed by the de novo algorithm Lutesfisk,18:22 where a modified version of FASTA (a
homology-based database search program) is used to resolve ambiguous or unknown entries
due to missing ion peaks and isobaric residues.

Although the spectrum graph approach is found in the majority of de novo algorithms to date,
several alternative techniques have also been developed. For example, the de novo algorithm
PEAKS?9 generates 10 000 potential sequences using a dynamic programming algorithm and
then in a subsequent step reevaluates the predicted sequences using a stricter confidence scorer.
A divide-and-conquer algorithm was recently proposed in which the tandem mass spectra of
the candidate peptide is subsequently predicted using a quantitative kinetic model.30:31
Another technique attacks the peptide identification problem via stochastic optimization using
genetic algorithms to solve multiobjective models and can empirically test for independence
between scoring functions.32-34 The algorithm NovoHMM?3® uses a hidden Markov model to
solve the peptide identification problem, where the observable random variables are the
observed mass peaks and the hidden variables correspond to the unknown peptide sequence.
Despite the vast potential of de novo methods, they can be computationally demanding and
may exhibit inconsistent prediction accuracies.
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Other approaches include sequence tag-based hybrid methods where a partial sequence internal
to the peptide, known as a “sequence tag”, is determined using abundant intensity peaks in the
high-mass region of the tandem mass spectra and the remaining portions of the sequence, which
span from the ends of sequence tag to the N-terminal and C-terminal of the peptide, are
determined via database searching.36=38 This particular approach is advantageous because it
combines the strengths from both de novo and database methodologies.

In this paper, a novel integer linear optimization approach is introduced to efficiently address
the de novo peptide identification problem so as to form a basis for a high-throughput
computational framework for peptide identification. This framework is denoted as PILOT,
which stands for Peptide identification via Integer Linear Optimization and Tandem mass
spectrometry.

The novelty of this method is that it is the first integer linear optimization (ILP) formulation
for the peptide identification problem which allows the following: (1) a rigorous rank-ordered
list of optimal candidate sequences via integer cuts, (2) the direct incorporation of
complementary ions into the sequencing calculations, and (3) the introduction of error tolerance
for the mass of the parent peptide as a variable in the sequencing calculations. Several other
traditional de novo methods have to produce thousands of sequences to guarantee that the
optimal candidate sequence with respect to a postulated objective function has been reported.
Our method rigorously guarantees that the optimal solution has been calculated without having
to exhaustively enumerate the space of candidate sequences.

The outline of the article is as follows. Mathematical Model for Peptide Identification provides
an outline of the mathematical model employed for the sequencing of peptides via integer linear
optimization, addressing the information concerning sets, parameters, variables, boundary
conditions, constraints, and the objective function. The framework for the two-stage
algorithmic approach is also presented in this section. In Preprocessing of Spectral Data, an
overview of the preprocessing algorithm used to identify certain peaks and to validate boundary
conditions prior to the formulation of the ILP problem is provided. Postprocessing: Scoring
Candidate Sequences discusses a method for selecting the most probable sequence by cross-
correlating the theoretical spectra of the candidate sequences with the experimental tandem
mass spectrum. A comparative computational study with several existing de novo methods is
then presented in the Experimental Section to benchmark the performance of PILOT. The
overall framework for PILOT is summarized in Figure 1.

MATHEMATICAL MODEL FOR PEPTIDE IDENTIFICATION

This section provides a thorough description of the mathematical formulation for the de novo
identification of peptides of spectra resulting from tandem mass spectrometry. Model
Description discusses the essential components of the integer linear programming problem
formulation: sets, parameters, binary variables, boundary conditions, constraint equations, and
the objective function. A two-stage framework is utilized to address missing peaks in the
tandem mass spectrum and is presented in Missing lon Peaks: Two-Stage Algorithmic
Approach.

Model Description

(1) Parameters—The relevant problem parameters correspond to the information provided
in a tandem mass spectrum. It is important to note that the mass of the parent peptide and the
masses of the ion peaks in the tandem mass spectra are subject to a certain degree of
experimental error.19 The parameters are as follows: mp, mass of parent peptide; mass-(ion
peak i), mass of ion peak i; A;, intensity of ion peak i.
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(2) Sets—The first set to consider is the mass difference between all the peaks in the tandem
mass spectrum, which we denote by the matrix M defined in eq 1.

M={M; j=mass(ion peak j) — mass(ion peak i):
mass(ion peak j)>mass(ion peak i)} (1)

Note that the index i represents the rows and the index j represents the columns of the matrix
M; j. The sequencing of the peptide should be restricted to only those peaks that differ in mass
by the weight of an amino acid. The indices corresponding to these peak pairs are stored in the
matrix S, defined in eq 2.

S§={S; =@, j): M;j=mass of an amino acid} )

The mass difference between peak i and peak j is equal to the weight of some amino acid for
every (i,j) € Sjj. The subsequent problem formulation will only be considered over the set
Si,j-

Other sets can be constructed based on known relationships between fragment ions. An
important requirement in sequencing a candidate peptide is that it is derived using ions from
the same ion series (i.e., b, y, etc.). While it is not known a priori of what ion type a given mass
peak is, there do exist important relationships among the different ions. As the charged parent
peptide undergoes collision-induced dissociation (CID), it primarily fragments into two ion
pairs: either a and x, b and y, or ¢ and z, where all three pairs are what are known as
complementary ions by definition. These pairs are easily identified since the sum of two
complementary ions is equal to the weight of the parent peptide, mp, as determined
experimentally. The indices of peak pairs which satisfy this relationship are stored in the matrix
C, defined in eq 3.

C={C; =0, j):
mass (ion peak i)+mass (ion peak j)=m,+2;
i# j} ©)

This set will be useful for eliminating certain ions in the sequencing calculations. However,
one should note that further fragmentation of these ions is possible and frequently observed,
which places limitations on how many complementary ions are actually detected in a spectrum.

When discussing the elements of these sets in a conceptual manner, it is best to consider that
the index pair (i,j) € S graphically represents a “path” leading from peak i to a peak j of greater
mass via the weight of some amino acid. Likewise, a path leaving peak j to some peak k of
greater mass by the weight of an amino acid is represented by the element (j,k) € S, with
particular emphasis on the ordering of the indices. The combination of the paired elements
(i,J) and (j,k) constitute a continuous path through the peak j. This process of constructing a
continuous, non-overlapping path between peaks subject to certain constraints is the essence
of the peptide sequencing problem. Classifying peak connections using the above sets in
conjunction with properly formulated constraints enhances the computational efficiency of the
sequencing algorithm by reducing the variable space.

(3) Binary Variables—Binary 0-1 variables are utilized in the problem formulation to model
which peaks (pj) and paths connecting peaks (w; j) are used in the construction of the candidate
sequence. The use of binary variables also allows us to invoke logical inference when
formulating the model constraints.
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_ 1, if peak (i) is selected
Pi=Y 0, otherwise

1, if peaks (i) and () are connected by a path
Wi = (ie., pi=p;=1)

0, otherwise

The mathematical relationship between these two binary variables is provided in a subsequent
section. The logical decisions imposed by the binary variables are illustrated in Figure 2.

(4) Boundary Conditions—As stated in the section on sets, the candidate peptide must be
sequenced using ions of the same ion type. Different ion series start and end at different m/z
values in the tandem mass spectrum. For instance, a candidate peptide derived using the y-ion
series must begin at the weight of water (19 Da) and terminate at the weight of the parent
peptide (mp + 1), whereas deriving the same sequence using the b-ion series, the appropriate
bounds become 1 Da and the weight of the parent peptide subtracted by the weight of water
(mp — 18), in respective order. To model this mathematically, two new sets are created which
correspond to the boundary conditions at the “head” of the peptide and the “tail” of the peptide.
Note that the sets presented below consider only the possibility for b- or y-ions in the candidate
sequence.

BC!*'=({1,19} Da @

tail __
BCj ={m, — 17,m,+1} Da ®)

Under certain conditions, it is necessary to “adjust” the elements in the boundary conditions if
it is known a priori that specific peaks are missing in the spectrum, as will be described in a
later section.

(5) Constraints—Several constraints derived from ion properties and graph theory are
formulated in terms of the binary variables via logical inference. The first constraint exploits
the fact that the candidate peptide must be sequenced using ions of the same type and that
complementary ions are of different type by definition. Thus, if peak i is used to construct a
candidate sequence and the peak pair (i,j) belong to the complementary ion set defined in eq
3, then peak j should be eliminated from consideration in the sequencing calculations. This is
modeled mathematically by eq 6.

pi+p; < 1Y@, )) € Cij ©

One can infer from eq 6 that if peak i is selected, then its binary variable is activated (e.g., pj
= 1), which in turn deactivates the binary variable for peak j (e.g., pj = 0), and vice versa.

An obvious but important constraint to impose on the candidate sequence is that the summation
of the weights of its amino acids is equal to the mass of the parent peptide (mp). It is well known
that the experimentally measured parent peptide mass is subject to a certain degree of
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experimental error,1® which is dependent on the resolution of the mass spectrometer used.
Thus, exact conservation of mass cannot be achieved but must be relaxed by some tolerance
of error, as shown in eq 7 and eq 8.

Z M;jew;;< (m,— 18)+tolerance
(i, ))ES i j @

Z M;jew;;> (m, — 18) — tolerance
(. ))ES ) ®

The algorithm typically uses a tolerance of error of £2 Da above and below the parent peptide
mass. It is also possible to formulate the tolerance term as a variable and then incorporate it
into the model such that its value is minimized.

The sequencing of the candidate peptide is best envisioned as connecting peaks in the tandem
mass spectrum with paths that correspond to weights of amino acids. To ensure that the paths
selected are continuous and nondegenerate, we use the flow conservation law from graph theory
which has been used extensively in process synthesis problems,33—4° as shown in eq 9.

Z wii— Z wig=0 Vi,ig BC', g BC!
jes i keSix 9)

The above constraints ensure that the number of inputs entering a peak is equal to the number
of output paths leaving a peak. To see how this constraint works, consider the spectrum graph
representation for the tandem mass spectrum of a particular peptide as shown in Figure 3. One
can easily see that there are several possible paths which span the spectrum graph and that for
every node the number of possible input and output paths varies. Now consider the enlarged
subregion of the spectrum graph shown in Figure 3. Applying eq 9 to this subregion results in
the following path constraint equations:

we1.66=0 node 66
W57,67+We2,67tWe3,67 — We7,76=0 node 67
Wsg,68+Ws9,68 — Weg,77=0 node 68

Notice in Figure 3 that node 66 only has one input path and no output paths. Since node 66 is
not an element of the boundary condition set (see eq 5), then it should be eliminated from the
sequencing calculations because the sequence should not terminate at this node. This is
accomplished by the first constraint equation (we1 g6 = 0). Nodes 67 and 68 both have multiple
input paths but only one possible output path. Let us consider only node 67 since the analysis
of node 68 is similar. The equality in the constraint for node 67 implies that an output path for
these nodes will be activated (i.e., wg7 76 = 1) if and only if one corresponding input path is
selected (i.e., Ws7 67 = 1 Or Wgp g7 = 1 Or Wg3 g7 = 1). This constraint also enforces that at most
one input path could be selected since only one output path exists. Furthermore, if none of the
input paths are selected (i.e., Ws7 67 = Wg2 67 = We3 67 = 0) then the output path will not be
activated in the construction of the sequence.

To anchor the beginning and end of the candidate sequence, the peaks denoted as the boundary
conditions for the sequencing are activated, as shown in eq 10 and eq 11.
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D, D il

ieBChead jES i (10)

2, D Wi

jeBCicS ) (11)

One should note that the existence for certain boundary condition elements (contained in the
sets BCNead and BC@!) are checked for by the preprocessing algorithm (see section on
Preprocessing of Spectral Data) and can be adjusted if information is missing from the tandem
mass spectrum. Furthermore, these constraints enforce the nondegeneracy of paths since only
one path can initiate and terminate the sequence, respectively.

The final set of constraints constitutes the mathematical relationship between the binary
variables representing the peaks, pj, and the paths connecting the peaks, w;j:

Z Wi j=Di Vi e BC?cad
JjeSij (12)

Z W;i=Di Vi ¢ BC?‘:‘FMl
JESij (13)

These constraints ensure that if there exists a path entering and leaving a peak k (i.e., wj =1
and wy j = 1), then peak k will be activated in the construction of the candidate sequence (i.e.,
pk = 1). These constraints also allow the option for removing peaks (and the paths connected
to these peaks) from the sequencing calculations by simply deactivating the binary variables
that represents those peaks (p;). For instance, this is useful for eliminating the precursor ion
and multiply charged ions from consideration.

(6) Objective Function—Although the b- and y-ion peaks are not always the greatest in
intensity with respect to neighboring peaks, they are on average the most abundant in intensity
throughout the entire m/z range. Based on this observation, the objective function is postulated
as an explicit function of the peak intensities in an attempt to maximize the number of b- and
y-ions used in constructing the candidate sequence. Note that prior to the model’s formulation,
it is decided whether the candidate peptide is to be sequenced using the b-ion series or the y-
ion series. A different objective function is formulated for each ion type since the b-ion series
is sequenced N-terminus to C-terminus and vice versa for the y-ion series.

MAX Z A; e w; ; for the b—ion series
Dk Wi j
PRI G s (14)

MAX Z Aj e w; ; for the y—ion series
Dk s Wi i
PRV (i jpes (15)
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The above equations maximize the intensity of the peaks used in the construction of the
candidate sequence, where the index k spans over all possible peaks and the set of indices
(i,J) spans over all possible paths connecting peaks. Equation 1-Equation 15 comprise the entire
mathematical model for the de novo peptide sequencing problem using tandem mass
spectrometry. The entire problem formulation is summarized below for the y-ion series.

MAX > 20w
Pewij =
(i, ))eSj
8.1 Z M; ;e w;; < my,+tolerance
()81
M;jew;;>m, —tolerance (P)
(L,)ES i j
PitDj <l1 V(l, ]) c Clj
> wi=pi VieB

jES;‘j
head
Ci
Z wi=pi Vi¢B
JeSij

ieBChead j€S i j

> S

jegc;uilies,;j

wi— Y wix=0 Viig¢ BC™ i¢B
IRTEDY ;

jES Ji keS ik

cuil
l
wij, pk={0,1} Y@, ), (k)

The resulting problem (P) is an ILP problem and can be solved to optimality using existing
methods (e.g., CPLEX?8). Throughout the remainder of this paper, the sequencing of the
candidate peptides is attempted using first the y-ion series and then the b-ion series if warranted.
To generate arank-ordered list of candidate sequences, integer cuts are used to exclude previous
solutions from be revisited. That is, for every solution, an integer cut is incorporated into the
model using the following general form:4’

Z Wi j— Z wij < Bl -1

(i.j)eB (i,j))eNB (16)
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Where

B={(, j): wi,j=1}
NB={(i, j): w; j=0}
|B| is the cardinality of B

Missing lon Peaks: Two-Stage Algorithmic Approach

The algorithm attempts to derive several candidate sequences using only single amino acid
weights to connect mass peaks. However, if the spectrum is missing certain mass peaks, then
it might not be possible to construct the correct sequence in this fashion. To accommodate this
issue, the sequencing problem is split into two stages: stage one derives the candidate peptides
using only single amino weights and stage two allows for the possibility of using two amino
acid weights. That is to say, in the second stage, the additional option is available to connect
two peaks via the weight of any two combined amino acids, a full list of which is available
elsewhere.*8 In this stage, the emphasis is again placed on primarily using the weights of single
amino acids to construct the candidate sequences by penalizing the use of combined amino
acid weights. This is accomplished in the objective function by multiplying the path variable
corresponding to multiple residues by a penalty weighting fraction which is less than one and
decreases with increasing mass error. As a result, the driving force for the algorithm is the
single residue weights, while the double residue weights are utilized only to bridge the gap
between disjoint single-residue segments of the candidate sequence.

Although the first- and second-stage calculations are separate, solution information from the
first-stage computations is utilized in the second-stage ILP. For instance, ion peaks consistently
used in the construction candidate sequences in the first stage that are of high abundance and
belong to the complementary ion set (see eq 3) are activated during the second-stage
calculations. The reason for activating these mass peaks is based upon the assumption that their
complementary ions are in fact b-ions and a peptide derived using the b-ion series is the same
as that derived by the y-ion series, but the residues are in reverse order. Thus, these
complementary b-ions serve as a validation of the proposed candidate peptide that was
sequenced using the y-ion series. To eliminate the derivation of the same peptide sequences,
the integer cuts generated in the first stage are used in the second-stage ILP. All candidate
sequences from the first- and second-stage computations are examined for consistency and
validity.

PREPROCESSING OF SPECTRAL DATA

Before formulating the ILP problem, the raw tandem mass spectrum is analyzed using a
preprocessing algorithm to elucidate key spectral features that can be exploited in the
sequencing calculations. In particular, certain ion types are sought to confirm the proposed
boundary conditions previously mentioned. First, the raw spectrum is examined for the
existence of the typically abundant in intensity b,-ion,! whose validity can be confirmed by
its complementary y,o-ion. If the corresponding y,—o-ion also exists in the spectrum, then the
two possible y,—1-ions are back-calculated using the mass of the parent peptide (mp) and the
weights of the amino acids that constitute the bo-ion (see Table 1), and the spectrum is once
again searched to confirm these ions.

If neither of the y,_;-ions are found then this indicates that the peptide cannot be sequenced
completely using the y-ion series. However, this N-terminus region of the peptide can be
eliminated from the sequencing calculations by changing the “tail” boundary condition for the
y-ion series (eq 5) from the mass of the parent peptide (mp) to the mass of the y,,_p-ion. In other
words, the sequencing of the peptide will terminate at the mass of the y,,_»-ion and the unknown
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N-terminal amino acid pair must be determined independently. The overall framework for the
preprocessing algorithm is represented conceptually by the flow chart in Figure 4, and the
mathematical relationship between the important ions is provided in Table 1.

Every by-ion amino acid pair found by the algorithm is ranked based on the intensities of their
supporting ions (i.e., Yn-2, ¥n-1, a2, and their isotopic offsets and neutral losses of water and
ammonia). However, it is important to note that ion intensities near the ends of the mass
spectrum are statistically the lowest,*® which results in an N-terminal bias toward heavier
amino acids. To account for this, the scores assigned to the bo-ions are normalized by their
location in the tandem mass spectrum.

If the correct b,-ion does not exist in the spectrum, then the appropriate boundary conditions
cannot be assigned. Such instances are easily identified since the false b,-ions found typically
exhibit consistently low scores. In these cases, the algorithm searches the high-mass end of the
spectrum for probable upper bounds of the y-ion series. These ion peaks are characterized by
high intensities, supporting isotopes, and have a mass difference with the parent peptide equal
to some combination of amino acid weights. The algorithm selects several of these ion peaks,
and a presequencing ILP is formulated, which computes only the optimal candidate peptide
using each ion peak as the upper bound of the y-ion series. The ion peak corresponding to the
maximum objective function value from this set is then selected to be used as the appropriate
boundary condition throughout the subsequent sequencing calculations. This instance
commonly arises in ion trap spectra where the low-mass cutoff prevents detection of the correct
by-ion.

Certain ion peaks indicative of the C-terminal region of the peptide are also found by the
preprocessing algorithm. For instance, if the peptide of interest is the product of proteolytic
digestion using trypsin, then the y;-ion must be either a C-terminal lysine (K), identified by a
m/z peak at 147.17, or a C-terminal arginine (R), identified by a m/z peak at 175.18.1 In the
tandem mass spectra considered in this article, it is known a priori that the peptide is a tryptic
peptide and this information is exploited in the sequencing calculations. In the event that neither
of the two possible C-terminal peaks is found by the preprocessing algorithm, then both are
added to the tandem mass spectrum with equivalent peak intensities.

The existence of immonium ions in the spectrum can also aid in the sequencing process. These
ions are present in the low-mass region of the tandem mass spectrum (i.e., [30,159] Da), and
although they do not provide any information regarding the position of the amino acids in the
peptide, they are useful for assigning confidence to residues in the predicted sequence. A
complete list of immonium ions can be found elsewhere.1:48

For high-resolution mass spectra (i.e., quadrupole time-of-flight data), the charge state of the
fragment ions can be determined by the offsets of the corresponding isotopic carbon peaks.
For instance, a peak with an isotopic offset of 1.0 Da indicates that the ion is singly charged,
a peak with an isotopic offset of 0.5 Da indicates that the ion is doubly charged, and so on.!
The preprocessing algorithm examines the isotopic carbon offsets of ion peaks to determine
its charge and then postulates new peaks in the experimental mass spectrum by multiplying
each charged m/z value by its estimated charge value. Using this approach allows for the option
of either keeping the originally multiply charged ions in the spectrum or eliminating them by
the deactivation of their corresponding binary variables.

A common feature of low-energy CID spectra is the presence of ions representing neutral losses
of ammonia (—17 Da), water (—18 Da), and carbon monoxide (—28 Da).1:48 The preprocessing
algorithm identifies these ions and provides the option for deactivating these peaks in the

sequencing calculations by setting their corresponding binary variables to zero. To cut down
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on the problem size and complexity, a filtering technique is applied to the tandem mass
spectrum and only the top 125 peaks of highest intensity are used in the problem formulation.

POSTPROCESSING: SCORING CANDIDATE SEQUENCES

A subsequent scoring of the candidate peptide sequences is necessary in order to do the
following: (a) assign amino acids to regions of the peptide not considered in the sequencing
calculations due to boundary condition adjustments, (b) resolve doublet and triplet amino acid
combinations due to missing peaks, (c) validate the “b” or “y” ions used to construct the
candidate sequence by looking for other supporting ions in the raw tandem mass spectrum. For
cases a and b, the weight in the candidate sequence is replaced by permutations of amino acids
consistent with this mass. This results in a super set of candidate sequences whose theoretical
tandem mass spectra can be predicted and compared to the experimental tandem mass spectrum
for validity. Several techniques have been developed to assess the degree of similarity between
the experimental and theoretical spectra for peptide sequences. In particular, probabilistic
matching®:8:11 and cross-correlation3=> have proven to be effective tools for this purpose. In
this section, we describe the technique we used to assign a similarity score for a theoretical
tandem mass spectrum with an experimental tandem mass spectrum.

An idealized model for predicting theoretical tandem mass spectra would incorporate residue
chemistry and position dependencies into the intensity predictions. A good example of this is
the 236 parameter kinetic model based on the mobile proton theory for simulation of ion trap
tandem MS.30 However, this model is only applicable for ion trap spectra. Our approach is not
restricted to any one type of instrument, so we adopted a generalized model for ion intensities
similar to the SEQUEST model.3 That is, using a normalized scale, y- and b-ions were assigned
an intensity of 1 and all other predicted ions were assigned fractions based on empirical
observations.

Since only the y- or b-ion series were used in constructing the peptide sequences, it would be
beneficial to utilize various other types of ions when scoring these candidate peptides in order
to exploit as much information from the tandem mass spectrum as possible. In particular, the
assignment of a peak as a b- or y-ion can be confirmed by the existence of supporting isotopes,
neutral losses of small molecules, and multiply charged ions. It has been reported that the
isotopic carbon offsets of b-ions (i.e., b + 1 and b + 2 and similarly for the y-ions) are nearly
as common as the b- and y-ion series themselves and more common than various other ions,
such as a-ions and ions due to neutral losses of water and ammonia.2> Isotopes of +1 were
assigned an intensity of 3/4 and isotopes of +2 were given an intensity of 1/4.

The neutral losses of small molecules corresponding to losses of water, ammonia, and
combinations thereof (i.e., -H20, -NH3, -H>0-NH3, -H,0O-H,0) serve as a good measure of
support for the b- and y-ion series. These offsets were assigned an intensity of 1/5. However,
some specific residues are more prone to losses of these molecules than others. For instance,
the residues D, E, S, and T are strongly associated with neutral losses of water and the residues
Q and N are strongly associated with neutral losses of ammonia.394 Thus, offsets consistent
with the above residues were assigned an intensity of 1/3 since they are statistically more likely.
Another common dissociation reaction pathway for b-ions is the elimination of carbon
monoxide to form the a-ion series,%0 and these ions are also assigned an intensity of 1/5.
Although it has been reported that the energy of fragmentation in low-energy CID might be
insufficient to break the bond between the a-carbon and the carbony!,49 x-ions, which are offset
28 Da from y-ions, are included in the theoretical MS/MS with an intensity of 1/5.

Doubly charged b-ions were not included in the theoretical spectra to eliminate false ion peak
matches because their pathway of fragmentation is not as common as that for double-charged
y-ions,1 which are given normalized intensities of 1/2. It should be noted that, based on
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empirical observations, the double charged y-ions and a-ions are only predicted for the first
half of the theoretical tandem mass spectrum.2’ Also included in the peaks of this spectrum
are what are known as internal fragment ions#8:51-53 (ions that have lost both their C-terminal
and N-terminal ends).

To introduce dependencies among the ion series, a reward/penalty system was created. For
instance, a match between a predicted y-ion and a peak in the experimental spectrum is more
probable if the corresponding y-ion isotopes and offsets are also found in the experimental
spectrum.2’ Thus, the score from a match between b- or y-ion is assigned a reward proportional
to the number of its corresponding isotopes and offsets that also match with the experimental
spectrum. Conversely, the existence of isotopic offsets and neutral loss ions without a
corresponding y- or b-ion are penalized in the score. These conventions address the likelihood
that the peaks used in the construction of the candidate sequence are actually of the b- or y-ion
series.

The cross-correlation weights were selected so that specific ion types contributed in the
consistent ways to the overall score. Note that if we were to consider only the y-ion series in
the cross-correlation, then the resulting score would be equal to that of the objective function
value for the peptide sequence. The cross-correlation function is an extension to the objective
function form that incorporates other ion series in scoring the candidate sequences, and the
weights for the ions were estimated in terms of their desired contributions to the score. We
could have empirically measured the average intensities for these ion peaks from known spectra
to derive the cross-correlation weights, but this would introduce a dependency on the set of
spectra used to train the weights and on the type of instrument that generated these spectra.

It should be mentioned here that the final overall score used to select the most probable peptide
is the cross-correlation score. The purpose of the objective function in the stage one and two
sequencing calculations is to report a rank-ordered list of the best peptide sequences according
to the form of the objective function postulated (see eq 15). In the studies presented here, 10
candidate sequences are reported from the stage one computations and 10 candidate sequences
are reported from the stage two computations. The correct peptide sequence is almost always
contained within this set of 20 sequences reported, which implies that the stage one and two
ILP model is very effective in narrowing down the location of the correct peptide sequence
from the full sequence space to a very small subset of sequences. This subset of candidate
sequences are then rescored by the cross-correlation technique in order to utilize more spectrum
information in the identification.

EXPERIMENTAL SECTION

The framework proposed in this article is for doubly charged tryptic peptides ionized via
electrospray ionization. In general, multiply charged peptides are inherently more difficult to
interpret because of their incomplete fragmentation (which is hypothesized to result from
limited migration of the proton initially associated with the N-terminal amine moietyl) and the
existence of multiply charged product ions. Singly charged peptides result in fewer product
ions since during fragmentation only one group will retain the proton and hence be detected
in the tandem mass spectrum. In this paper, doubly charged peptides are studied since they
result in the most unambiguous fragmentation characteristics. The proposed approach can be
extended to address the other charge states for tryptic peptides.

In this section, we present a comparative study with several existing de novo peptide
identification methods to demonstrate the predictive capabilities of the proposed framework
PILOT. The algorithms examined in the comparison, that is, Lutefisk, LutefiskXP, PepNovo,
PEAKS, EigenMS, and NovoHMM, were selected on the basis of availability, reported
popularity, and performance. Tandem MS for both quadrupole time-of-flight and ion trap mass
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spectrometers were analyzed to illustrate the proposed methods ability to accommodate
instruments of varying resolution and fragmentation characteristics. In the studies presented,
assignments to isobaric residues (i.e., Q and K, I, and L) are considered to be equivalent.

Quadrupole Time-of-Flight (QTOF) Spectra

To test the method’s performance on quadrupole time-of-flight tandem mass spectra, we
selected an existing data set that is publicly available.2® These spectra were collected with Q-
TOF2 and Q-TOF-Global mass spectrometers for a control mixture of four known proteins:
alcohol dehydrogenase (yeast), myoglobin (horse), albumin (bovine, BSA), and cytochrome
c (horse). The authors defined an average signal intensity as a metric for identifying poor-
quality spectra,?? and the analysis presented here was restricted to the set classified as
“acceptable spectra”. A total of 38 doubly charged tryptic peptides were examined using
Lutefisk, LutefiskXP, Pep-Novo, PEAKS, EigenMS, and PILOT. The performance of
EigenMS on the raw tandem mass spectra is presented based on the suggestion of its authors
that we use a preprocessing step for picking peaks from the raw data. The top-ranked sequence
reported from each of these methods are presented in Table 2, where correctly predicted
residues are underlined for reference.

The results reported in Table 2 can be summarized using various measures. First, consider the
overall peptide identification accuracy of the de novo methods, which is reported in Table 3.
In terms of correct identifications, PILOT is superior to the other de novo methods with an
identification rate of ~66%, followed by PEAKS and EigenMS, both at ~53%. A common
limitation of de novo methods is the inability to assign the correct N-terminal amino acid pair
or resolve isobaric residues (i.e., Q or GA, W or SV, etc.). Thus, to accommodate this limitation
in the comparison, we also reported the percentage of predictions for which there are only one,
two, or three incorrect amino acid assignments in the entire sequence. In Table 3, it is seen that
allowing for up to three incorrect amino acids increases the identification rate for all methods
on the order of 30%, indicating that these limitations affect the results reported by all the de
novo methods. The last entry in Table 3 reports the number of correctly assigned residues
normalized by the total number of actual residues (which is 418 for the 38 doubly charged
peptides considered). PILOT outperforms the other de novo methods with a residue accuracy
of 91%.

Another alternative metric of performance analysis is to measure the percentage of correct
contiguous subsequences for up to a certain number of amino acids.2%:3% Table 5 provides these
values for all the de novo methods, and the overall trends are summarized in Figure 5. It is
interesting to note that although LutefiskXP has a lower overall identification rate than Lutefisk
(Table 3), it exhibits a much better accuracy over subsequences of varying length (as shown
in Figure 5 and Table 4). Note that some of the trends in Figure 5 exhibit an increase in accuracy
for correct subsequences greater than eight consecutive amino acids in length. This is because
these counts are normalized by the total number of peptides that are of at least the length
specified, which decreases from 37 for subsequences of length 8, to 30 for subsequences of
length 9, to 25 for subsequences of length 10 (see Table 4). For each of the 38 QTOF peptides,
PILOT predicts at least six consecutive amino acids correctly and performs consistently better
than the other de novo methods over the entire range of subsequences considered.

lon Trap Spectra

To evaluate the performance of the proposed approach on ion trap tandem mass spectra, we
examined an experimental data set for the organism Mycobacterium smegmatis available on
the Open Proteomics Database.?* The test set was constructed by selecting spectra of doubly
charged peptides for which the tryptic peptide identification provided by SEQUEST had a
Xcorr score greater than 2.2.%° To independently validate these identifications, each of these
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spectra were then searched against the NCBInr database using MASCOT.® The spectra for
which MASCOT and SEQUEST made consistent assignments were selected for subsequent
analysis. These identifications were individually examined to remove assignments that
appeared to be for low-quality spectra. To estimate the quality and consistency of the peak
matches, eq 17 was applied to each of these ion trap spectra and their accompanying database
predictions. The noise level for each spectrum was estimated using the technique described in
ref 56, Those spectra of considerably lower quality scores were removed from the subsequent
test set.

number of observed b— and y—ions above noise threshold

ality=
uatily number of predicted b— and y—ions (17

A total of 36 ion trap tandem mass spectra were selected for de novo analysis after applying
the above filtering techniques. These spectra were analyzed using LutefiskXP, PepNovo,
PEAKS, NovoHMM, EigenMS, and PILOT. The top-ranked sequence reported from each
these methods are provided in Table 5, where correctly predicted residues are underlined for
reference.

As with the quadrupole time-of-flight spectra, the results in Table 5 can be quantified using
several different measures. For the 36 ion trap spectra considered, PILOT exhibits a complete
identification rate of 47%. NovoHMM, which was specifically developed for analysis of ion
trap spectra, has the next highest identification rate with 25%. One should note that the low
m/z cutoff for ion trap tandem mass spectra makes the sequencing of the N-terminal region of
the peptide substantially more difficult than for quadrupole time-of-flight spectra. To
accommodate for this limitation, the identification results are once again adjusted for by
allowing up to three incorrect amino acids. In Table 6, it is seen that the identification rate for
all methods increases by roughly 40% when permitting up to three incorrect residue
assignments. The number of correctly assigned residues normalized by the total number of
actual residues (which is 408 for the 36 doubly charged peptides considered) is also reported
in Table 6. PILOT outperforms the other de novo methods with an overall residue accuracy of
88%. PepNovo and NovoHMM, two commonly utilized algorithms for ion trap tandem mass
spectra, both have a amino acid accuracy of 76%. EigenMS and PEAKS report similar
percentages, although EigenMS outperforms PEAKS consistently throughout the analysis in
Table 6.

Table 7 reports the accuracy over predicted subsequences of specified length for the de novo
methods, and the trends are summarized in Figure 6. For the entire test set, PILOT correctly
identifies at least five consecutive residues. PepNovo and Novo-HMM share similar
subsequence accuracies for the test set, as seen from their interweaving curves in Figure 6.
Similarly, the curves for PEAKS and EigenMS also trade off in terms of subsequence accuracy.
The predictions from PILOT outperform the other methods over the range of subsequences
considered.

We have also tested PILOT, PepNovo, and EigenMS on another set of 100 doubly charged
tryptic peptides constructed by Frank and Pevzner,2” and the results reveal a residue accuracy
of 86.9% (876/1008) for PILOT, 84.1% (848/1008) for PepNovo, and 81.7% (824/1008) for
EigenMS. Furthermore, the correct predictions within two amino acids are 87% for PILOT,
81% for PepNovo, and 77% for EigenMS. The predictions within three amino acids are 95%
for PILOT, 84% for PepNovo, and 81% for EigenMS.

A component not addressed in this article is the level of confidence for the individual residues
for the sequences reported, which can be computed using different techniques. Regions of high
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confidence can be identified by performing pairwise sequence alignment calculations on all
the candidate sequences reported from the stage one and stage two computations. Using these
alignments, the frequency with which certain residues appear in specific positions of the peptide
can be computed. The residues of highest frequency are consistently the most accurate. Another
measurement of prediction confidence on a residue basis can be inferred from the number of
complementary ions found in the cross-correlation calculations. Thus, y-ions supported by
complementary b-ions and other isotopic and neutral loss offset ions would be assigned a high
confidence in the peptide sequence relative to y-ions with little to no supporting ions. These
techniques would provide the user with confidence measures for both the individual residues
and the overall peptide. This component has not been integrated into the current framework
but will be introduced in future work.

CONCLUSIONS

A novel integer linear optimization framework, PILOT, was proposed for the automated de
novo identification of peptides using tandem mass spectroscopy. PILOT is the first reported
ILP formulation for the peptide identification problem that can introduce integer cuts to
generate a rigorous rank-ordered list of candidate sequences, introduce complementary ions
into the sequencing calculations, and allow for the error tolerance to be introduced as a variable
term. For a given experimental MS/MS spectrum, PILOT generates a rank-ordered list of
potential candidate sequences and a cross-correlation technique is employed to assess the
degree of similarity between the theoretical tandem mass spectra of predicted sequences and
experimental tandem mass spectra. A comparative study for a total of 174 spectra from both
quadrupole time-of-flight and ion trap mass spectrometers was presented to benchmark the
performance of the proposed framework with several existing methods. The CPU requirements
for the PILOT ranged from about 5 to 20 s per tandem mass spectrum on a Intel Pentium 4
3.0GHz Linux-based computer. For the case studies presented, PILOT consistently
outperformed the other de novo methods in several measures of prediction accuracy. This high
degree of confidence for the predictions made by a de novo algorithm is important for the
effective use of a homology search program to determine positive hits in a protein database
since the slightest variability in a peptide sequence can lead to false protein matches.
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Decisions modeled by binary variables pj and wi j.
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Comparison of correct subsequences of varying length for ion trap predictions.
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