Introduction: Many proteomic studies of complex biological fluids, such as saliva
or serum, attempt to identify as many proteins as possible. Enzymatic digestion
followed by two- or three-dimensional liquid chromatography mass spectrometry
has high sensitivity, but can generate in excess of 100,000 tandem mass spectra
(MS/MS) per biological sample. This poses challenges for reliable peptide
identification, and the related problem of consistent, non-redundant protein
reporting.  Trypsin digests of whole human saliva were separated by two-
dimensional liquid chromatography, peptides identified using SEQUEST,* Mascot,?
and X! Tandem3#, and results compared using several protein reporting
programs.>7 Two techniques were found to increase the number of identified
proteins: combining results from multiple peptide identification programs using a
probabilistic model, and comparing proteins identified in three biological replicates.
Evaluation of both techniques was facilitated by the new analysis software
Scaffold™ (Proteome Software, Inc. Portland, OR).

Samples and data sets: Unstimulated human whole saliva was collected with IRB
approval from three healthy non-smokers (male, non-pregnant female, and 32w
gestation pregnant female). All samples were centrifuged to remove debris. The
male sample was desalted using dialysis (10k MWCO) and female samples
desalted using spin filtration (5k MWCO). Trypsin digests of 1.0 to 2.5 mg protein
were performed, peptides separated offline by polysulfoethyl A cation exchange,
and fractions collected (37 for male, 45 for females). Reverse phase LC-MS/MS
was performed using either a 75 pm x 150 mm (male) or 0.5 mm x 250 mm
(females) reverse phase columns packed with Zorbax SB-C18 stationary phase
(Agilent) using a 7-30% ACN gradient at either 1.5 or 10 pl/min flow rate,
respectively. An LCQ classic (ThermoFinnigan, San Jose, CA) ion trap was used
to acquire tandem mass spectra utilizing data-dependent scanning and dynamic
exclusion. The total number of DTA files was 27,494 for the male (one MS/MS
scan per survey scan), 78,908 for the pregnant female (3 MS/MS per survey scan),
and 91,151 for the non-pregnant female (also 3 MS/MS per survey scan).

Databases and search programs: Searches were performed against two human-
only databases, downloaded February 22, 2005. One was the SwissProt database
with 8 additional salivary proteins (12,069 total entries). The other was a
combination of SwissProt and NCBI databases where identical, redundant
sequences were removed (115,633 total entries). Both databases contained
sequences of common contaminants. Three search programs were used:
SEQUEST (v2.7, ThermoFinnigan), Mascot (v2.0.04, Matrix Science), and X!
Tandem (release 2005.03.21, Beavis Informatics Ltd.). Three different search
results compilers were evaluated: DTASelect (v1.9, The Scripps Research
Institute),® PeptideProphet™/ProteinProphet™ (release 1.4-3, Institute for Systems
Biology),57 and Scaffold™ (release 1.0.04 Beta).
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Comparison of protein reports for a known sample: The male whole saliva
data set was previously analyzed® and 102 proteins were reliably identified. This
data set was used to evaluate the performance of a variety of results compilers
using identification criteria listed in Table 1 below. Two representative databases
(described above) were used to test dependence on database complexity and
size. Sequence-reversed databases give reliable false positive identification
estimates? and were used to test the criteria stringency. The results were
subjectively ranked from poorest performance (red) to best performance (dark
blue) with rainbow colors. Desirable characteristics would be little dependence
on database choice, and a low false positive identification rate (a small number in
parenthesis). Probabilistic models were generally superior. The trends apparent
in Table 1 support recent guidelines'® for publishing proteomic data. However,
use of reversed databases should also be considered since it is a particularly
good indicator of an inflated protein number.

Table 1. Comparison of identification criteria for protein results compilers capable of processing
large data sets. The male saliva dataset (27,494 DTA files) was used in all cases.
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Comparison of individual search program results and statistical
combinations of search program results: Scaffold™ extends the algorithms
used in PeptideProphet™ & and ProteinProphet™ 7 to allow results from more
than one search program to be combined at the MS/MS level. The male saliva
data set (previously reported® to contain 102 proteins) was searched with non-
enzymatic specificity using the three programs mentioned above with ion trap
appropriate settings against the SwissProt database (12,069 entries). All results
exceeding specified thresholds (protein probability >0.95, 2 unique peptides, and
peptide probability >0.90, denoted “Total") were manually validated (“Valid”),

1t and redundant bulin entries removed, and final results
(“Final”) shown in Figure 1 below. The number of protein identifications
increased by 9% when using all three search results compared to using
SEQUEST alone. The number of MS/MS spectra matched to identified proteins
also increased from 5113 to 6606, a 29% increase.

Scaffold Protein Identifications

Figure 1.
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Figure 2. Distribution of identified proteins among three
biological replicates.
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Use of biological replicates to increase proteome depth: An alternative
strategy of using biological replicates to increase the number of protein
identifications in saliva was also explored. For simplicity, only non-enzymatic
SEQUEST searches against the SwissProt database were used for the three
samples (male, female, and pregnant female) and the results were compared with
Scaffold™. Using strict filtering criteria (protein probability >0.95, 2 unique
peptides per protein, and peptide probability >0.90) with manual validation, the
numbers of proteins identified in each sample were 106 (male), 107 (pregnant),
and 109 (female). The union of the identified protein lists was 135 distinct
proteins (Table 2) and their distribution among the three samples is shown above
in Figure 2. There were 131 proteins (98%) that were detected in two or more
samples. More abundant proteins (estimated from MS/MS spectral counts) were
observed with greater frequency and the proteins observed in only one sample
were among the least abundant (Figure 3 below).

Figure 3. Trend of observation frequency with protein
abundance.
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Conclusions: Only more sophisticated protein results compilers such as
DTASelect (with Occam’s razor filter), ProteinProphet™, or Scaffold™ were
capable of producing accurate lists of proteins from MudPIT data sets. Searches
using the NCBI non-redundant database are particularly problematic, and results
compilers should include an implementation of an Occam'’s razor algorithm,
especially for larger databases. Lacking other experimental evidence, a minimum
criterion of at least two peptides per protein should be adopted. The probabilistic
combining of two or more search results from a given data set, now possible with
Scaffold™, can increase both the number of identified proteins, and the number of
MS/MS spectra matched to those proteins. The number of proteins reliably
identified in human whole saliva was also increased 27% by analyzing two
additional biological replicates, even though only a single search program
(SEQUEST) was used. Additional proteins could be identified in each biological
sample by combining multiple search programs with Scaffold™, and the resulting
list of human whole saliva proteins further increased.
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