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Abstract: The SEQUEST program was the first and
remains one of the most widely used tools for assigning
a peptide sequence within a database to a tandem mass
spectrum. The cross correlation score is the primary score
function implemented within SEQUEST and it is this score
that makes the tool particularly sensitive. Unfortunately,
this score is computationally expensive to calculate, and
thus, to make the score manageable, SEQUEST uses a
less sensitive but fast preliminary score and restricts the
cross correlation to just the top 500 peptides returned by
the preliminary score. Classically, the cross correlation
score has been calculated using Fast Fourier Transforms
(FFT) to generate the full correlation function. We describe
an alternate method of calculating the cross correlation
score that does not require FFTs and can be computed
efficiently in a fraction of the time. The fast calculation
allows all candidate peptides to be scored by the cross
correlation function, potentially mitigating the need for
the preliminary score, and enables an E-value significance
calculation based on the cross correlation score distribu-
tion calculated on all candidate peptide sequences ob-
tained from a sequence database.

Keywords: cross correlation ¢« SEQUEST e tandem mass
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Introduction

The automated acquisition of tandem mass spectrometry
data followed by the interpretation of the data by database
searching is a widely used method for the analysis of proteins
within complex mixtures. Advances in and the availability of
mass spectrometry (MS) instrumentation, analysis software,
and sequenced genomes have helped to spur the widespread
growth of proteomics analysis to researchers in diverse fields
and of diverse expertise. Development of software tools has
played a major role in this growth. Users have the choice of a
variety of commercial and open source MS/MS database search
programs'~® at their disposal. One of these tools, SEQUEST,®
was the first to implement automated database searching of
uninterpreted tandem mass spectra and is still widely used
today.
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Each database search tool offers a variety of features and
implements slightly different search strategies. However, one
main differentiator between each MS/MS search tool is the
score function which measures the closeness of fit between the
acquired tandem mass spectrum and the candidate peptides
retrieved from the sequence database. For SEQUEST, the
primary score function is the cross correlation score (xcorr).
One of the reasons the xcorr is so sensitive is because it involves
a correction factor that assesses the background correlation for
each acquired spectrum and the theoretically predicted spec-
trum from sequences within a database. To calculate this
correction factor, a measure of similarity is calculated at
different offsets between a preprocessed mass spectrum and a
theoretical spectrum. The final xcorr is then the correlation at
zero offset minus the mean correlation from all the individual
offsets. The full cross correlation spectrum was calculated using
Fast Fourier Transforms (FFT). The FFT-based xcorr algorithm
is expensive to compute, so SEQUEST implemented an initial
or preliminary score as a more rapid filter of candidate
peptides; only the top 500 best preliminary scoring peptides
were subjected to the xcorr analysis.

In this manuscript, we describe a faster, more direct way to
calculate the xcorr with correction that is indistinguishable from
the FFT-based calculation. This new method simplifies the
score calculation and enables the xcorr to be calculated on
every candidate peptide from the sequence database. The
calculation of the xcorr for all candidate peptides enables an
E-value calculation of match significance.'® This E-value cal-
culation increases the sensitivity of the cross correlation and
simplifies the comparison of scores between spectra.

Materials and Methods

Software. The software is written in the C programming
language and compiled with the GNU project C compiler 3.4.6.
Analysis was performed on an Intel Core 2 Duo E6400 CPU
(2.13 GHz) under the RedHat Enterprise Linux AS release 4
operating system.

Tandem Mass Spectrometry Data and Sequence Databases.
Publicly available tandem mass spectrometry data from a yeast
sample (11 Thermo LCQ DecaXPion trap runs, opd00034_YEAST)
and a human cell line sample (11 Thermo LCQ Deca XP runs,
opd00036_HUMAN) were obtained from the Open Proteomics
Database'! and analyzed for this manuscript. Searches were
performed against two sequence databases. The yeast sample
was searched against a yeast ORF database obtained from the
Saccharomyces Genome Database (SGD).'? The corresponding
reverse decoy forms of all sequences were appended to the
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original sequences to generate a database containing 11 766
sequence entries. The human cell line sample was searched
against a forward plus reverse decoy database of human
International Protein Index'?® (IPI) version 3.41. The human
forward plus decoy database totaled 144 316 sequence entries;
this number includes the addition of three forward and
corresponding reverse trypsin sequences.

Derivation of the Fast Cross Correlation. The SEQUEST
xcorr is a closeness of fit measure between an acquired
experimental tandem mass spectrum and a theoretical spec-
trum representing a candidate peptide sequence obtained from
a sequence database. As described in the original publication,
the xcorr is calculated as follows:

=475
xcorr=R0—( 2 Rr)/151 1)

T==75

where

R.=Y xlil-yli+1] )

The xcorr is a scalar dot product between the acquired and
theoretical spectrum with a correction factor.'* Because of the
correlation correction factor term used in the xcorr (the second
term in eq 1), it has historically been faster to compute the
full correlation function across all lags or offsets using FFTs as
opposed to explicitly calculating the scalar dot products
associated with just the 151 offsets used in eq 1.

Here, we present a method of calculating the xcorr rapidly
without the use of FFTs. The method is derived as follows.
Substituting eq 2 into eq 1, where x represents the theoretical
spectrum and y is the acquired tandem mass spectrum, yields

=475
xcorr=x0-y0—( z xo-yr)/151 3)
T==75
As dot products possess the distributive property, eq 3 can
be rewritten as

=+75
Xcorr:xo-(yo—( 2 yr)/151) 4)
T=-75

The arrangement of the calculation shown in eq 4 suggests
that the acquired input spectrum y can be preprocessed once
at the beginning of a search, which is labeled as y in eq 5.

=475
xcorr=x,*y’ where y’ =y,— ( 2 y,)/lSl (5)

7=-75
Subsequently, each xcorr calculation is a scalar dot product
between the theoretical spectrum x and the preprocessed input
spectrum Y. Deviating from the original implementation, the
current implementation does not make use of the y, value in
determining the correction factor as that is the signal being
measured. This results in the final xcorr calculation shown in

eq 6.

=175
XCOIT=X,*y’ where y =y,— ( Z y,)/150 (6)

7==75,120
Results and Discussion

As described in the original publication, the acquired input
spectrum already undergoes preprocessing steps for the xcorr
analysis. The processing steps are listed below with associated
plots shown in Figure 1. Figure la shows the tandem mass
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spectrum for a doubly charged yeast peptide SGVAVADESL-
TAFNDLK acquired in an ion trap mass spectrometer. When
parsed into SEQUEST, the spectrum is read into near unit-
dalton mass bins and with square root of the original intensities
(Figure 1b). Intensities are further manipulated by normalizing
the maximum intensity to be uniform within a fixed number
of m/z windows across the entire spectrum (Figure 1c). The
form of the spectrum represented in Figure 1c is what the xcorr
is calculated against. The spectrum preprocessing described
in eq 6 is applied to Figure 1c resulting in both positive and
negative intensity values as shown in the y’ spectrum (Figure
1d). The newly described xcorr calculation is generated by
taking the scalar dot product of the theoretical spectrum against
the spectrum depicted in Figure 1d. This dot product value is
the cross correlation score with correction.

The fast xcorr algorithm was implemented in the SEQUEST
program and compared against the classical FFT based calcula-
tion of its previous implementation. Figure 2a shows the result
of a search where both the classical xcorr (XCorr column) and
the newly described fast xcorr (fXCorr column) are calculated
within the same search and output. The numbers in each
column are identical, shown out to four significant digits in
this example, which indicates that the fast xcorr implementa-
tion described here is exact and accurate. To further illustrate
this point, a set of 1500 yeast tryptic searches were performed
and the FFT versus dot product xcorrs for the top peptide hits
were plotted against each other in Figure 2b. The plot is a
perfect diagonal illustrating the fast xcorr implementation
faithfully reproduces the FFT based calculation.

The xcorr has typically been calculated on just the top 500
candidate peptides that pass the preliminary score filter
because the calculation using FFTs is too expensive to apply
to every peptide. As the xcorr is applied to only a subset of the
candidate peptides in any given search, it can be a fairly minor
component in the overall search time depending on the
complexity of the search. In fact, the xcorr is a more significant
time component for quick searches on small sequence data-
bases and less significant for complex, slower searches that are
dominated by the preliminary score analysis.

Timing a large number of calculations on a 2.13 GHz Intel
E6400 CPU resulted in a fast xcorr calculation that took
approximately 4 x 10~¢ s, while each FFT-based calculation
took approximately 3 x 10~* s. This benchmark shows that the
fast xcorr calculation is ~75 times faster than the FFT-based
calculation. The most obvious implementation of this new
calculation method in the SEQUEST program is to replace the
FFT-based calculation with the new calculation. However, with
the use of this approach, SEQUEST search times would be
incrementally improved by the time difference between the 500
(or less) FFT-based calculations versus new calculations in each
search. This implementation was not pursued because the only
tangible benefit would be to add minimal incremental gains
to the overall search times.

More interestingly, the calculation method described here
is fast enough that it is now possible to apply the xcorr to every
candidate peptide from the sequence database being queried.
By doing so, an expectation or E-value metric'® can be
calculated for each putative peptide identification based on the
xcorr distribution of each spectrum. The E-value is a widely
used statistical significance metric that was previously not
feasible to calculate in SEQUEST because the slower FFT-based
calculation made the computation of xcorr for every peptide
candidate in a database prohibitive.
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Figure 1. Cross correlation spectral processing of the input spectrum, including the final fast cross correlation processing. The original
input spectrum (a), square root intensities of input spectrum (b), normalized intensities across m/zrange (b), and fast cross correlation

processing (d).
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Figure 2. SEQUEST search results comparing the classical FFT base score and the newly described fast cross correlation calculation.
(a) Search example where the FFT-based score (XCorr) and fast dot product implementation (fXCorr) give identical values for the top
10 hits. (b) Plot of the FFT-based score versus the new implementation for the top peptide hits of 1500 random yeast tryptic searches.
The calculated values are identical indicating that the fast derivation implements the cross correlation score faithfully and exactly.

The E-value is a statistical measure that can standardize the
reporting of confidence of peptide identifications, and in fact,
multiple MS/MS search tools currently report such a calcula-
tion."**15 In this implementation, the E-value is calculated as
follows. A raw histogram of xcorr’s is maintained for every
peptide that undergoes a database search (Figure 3a). The
histogram counts are log-transformed and a linear least-squares
fit is applied to the underlying distribution (Figure 3b).
Heuristics are implemented which exclude data points on the
right most tail of the log-transformed distribution where
positive identifications may be outliers. The top scoring pep-
tide’s xcorr value is projected down to intersect this least-
squares fit line. The E-value is calculated as the inverse log of
the y-axis value of this projection. The calculated value can be
interpreted as the number of peptides that are expected to
score as well as the top scoring peptide by chance in the search.
Small E-values reflect matches that are likely to be nonrandom.

Various heuristics score filters for SEQUEST have been
reported previously using xcorr, deltaCn, and so forth to set
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thresholds for acceptance of identifications.'®'® This use of
multiple heuristics as a criteria for a correct peptide identifica-
tion is primarily because there is no single score from a
SEQUEST search that can be used to effectively filter putative
peptide identifications. The E-value is presumed to be a better
single score metric than the existing SEQUEST scores and will
provide a metric that can calibrate xcorr scores between spectra
as a similar metric reported previously.” To test this, Figure 4
displays the results of a yeast tryptic search and a human
semitryptic search where decoy based false discovery rates®
are plotted as g-values.?’?? The g-value plots are generated
based on the E-value, raw cross correlation score (xcorr),
normalized difference in the cross correlation score (dCn), and
preliminary score rank (RSp). Two ad hoc combinations of
SEQUEST score filters from previously reported work'”'® are
also plotted as data points for reference. The E-value outper-
forms each of the other SEQUEST scores at all useful g-value
ranges in both searches. One of the ad hoc SEQUEST score
cutoff values does produce more target hits in the human
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Figure 3. Calculation of E-values from the fast xcorr of peptide candidates within a sequence database. (a) Histogram of all xcorr
scores for a search and (b) a linear least-squares fit (solid line) to the log histogram (dots). E-values are calculated by projecting the
top hit along the least-squares line (projections shown by dashed lines).

a) yeast tryptic
4000
3500 f
3000 F
2 2500 |
£ _ |
‘g 2000 E-value ——
5 1500 [ e
1000 RSp —
DTASelect A
500 Washburn =
0 1
0 0.05 0.1
q-value

target hits

b) human semitryptic

1400 | o
1200
1000
800 |
ue ———
600 xcorr ———
dcn ——
400 H ‘ RSp ———
200 . DTASelet A
o . Washburn w7
0 0.1 0.2
q-value

Figure 4. Target versus g-value plots for a yeast tryptic (a) and human semitryptic (b) search. E-value, cross-correlation score (xcorr),
deltaCn (dCn), and preliminary score rank (RSp) are compared. The E-value gives the best performance across all useful g-value ranges.
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Figure 5. Target peptide versus g-value plots with and without the Sp score. The search was performed on a yeast (a) and a human
(b) data set. Performance based on E-values with and without the preliminary score shows very little deviation in the E-value plots
indicating that the preliminary score can be eliminated if desired. Xcorr plots are included for reference.

semitryptic search at its given false discovery rate (FDR), but
that FDR is high (0.241) and greater than the useful FDR cutoff
range that is typically applied (0.1 or less) in this form of
analysis.

The preliminary score in SEQUEST was developed as a
simple and quick score function because the xcorr was too
expensive to calculate on all candidate peptides in a search.
Given the new feasibility to calculate the xcorr on every peptide,
is the preliminary score still needed and does it provide any
ancillary benefits to the analysis? To address this question, the

yeast and human data were searched with and without the
preliminary score being applied. The data were searched
through SEQUEST using a both a fully tryptic and a semitryptic
constraint against databases composed of forward plus reverse
decoy sequences. False discovery rates were calculated and
reported as g-values. The semitryptic search analyses are shown
in Figure 5.

The plots in Figure 5 show that identification performance
is nearly identical irrespective of whether or not the preliminary
score is applied. With a larger search space, as observed in the
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human semitryptic search, there seems to be a very small
benefit to the preliminary score filtering. On the other hand,
for fully tryptic searches (data not shown), the g-value plots
are identical in the 0.0—0.1 g-value range. These results
demonstrate that, if desired, the preliminary score can safely
be left out for a cross correlation only based search.

Many postsearch analysis tools have been developed to
reanalyze or rescore SEQUEST search results and improve on
the analysis output.?> 2° Those tools consider more information
than is available within a single database search, such as target-
decoy hits or enzyme termini specificity, and do outperform
E-value scores reported directly from a search tool. The E-value
can be another parameter to pass to these software tools,
potentially improving their performance as well.

The SEQUEST program is a commercial program that is
currently licensed to Thermo Fischer Scientific. However, the
fast cross correlation calculation has been implemented in the
Crux’ program that is available for free academic download
(http://noble.gs.washington.edu/proj/crux). Additionally, the
described spectral processing and resulting simple dot product
calculation lends itself to being implemented in other tools,
such as a score plug-in in the pluggable framework of the
X!Tandem program.?®

Conclusions

We describe a fast and precise implementation of the
SEQUEST cross correlation score that is suitable to directly
replace the more expensive FFT-based calculation that has
been historically used. We show how the score function is
derived and applications of that implementation. We also show
that this implementation obviates the need for the preliminary
score algorithm in SEQUEST if desired without a loss in
sensitivity. Lastly, we show that the implementation allows all
candidate peptides to be scored by the cross correlation
algorithm, enabling an E-value to be calculated. The imple-
mentation of the cross correlation based E-value facilitates
SEQUEST interpretation, allows standardize reporting of pep-
tide identification confidence, and improves identifications
over filtering based on existing classical SEQUEST scores.
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