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Simple modification of a protein database for mass
spectral identification of N-linked glycopeptides
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We describe an algorithm which modifies a protein database such that during a database search
deamidation is limited to asparagines strictly contained within the N-glycosylation consensus
sequence. The modified database was evaluated using a dataset created from the shotgun proteomic
analysis of N-linked glycopeptides from human blood serum. We demonstrate that the application
of the modified database eliminates incorrect glycopeptide assignments, reduces the peptide
false-discovery rate, and eliminates the need for manual validation of glycopeptide identifications.
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Asparagine-linked protein glycosylation (N-linked) is a com-
mon post-translational modification which is important in
many cellular processes, including protein targeting, folding,
and stability.' Recent studies have also demonstrated that N-
linked glycosylation is significant as both an indicator and
effector of disease pathogenesis.” * Thus, a number of reports
have emerged which detail the development of methodolo-
gies for the high-throughput identification of N-linked glyco-
peptides from complex mixtures such as blood serum and
whole cell lysa’res.S’10 However, the complexity of such pro-
tein mixtures represents a unique challenge in regards to N-
linked glycopeptide analysis. Being that the proportion of N-
linked glycopeptides is relatively small with respect to the
total peptide population, non-glycopeptides must be
depleted from the sample in order to detect the N-linked gly-
copeptides. Such N-linked glycopeptide enrichment has
been performed via lectin affinity chromatography, hydro-
philic affinity separations, and the coupling of carbohy-
drate-containing peptides to hydrazide resins.”~"°
Following glycopeptide enrichment, glycopeptide analysis
follows a general schema. First the carbohydrate chains are
cleaved from the peptides through treatment with peptide N-
glycosidase F (PNGase F). Removal of the carbohydrate
moieties from the peptide backbone serves two purposes.
First, the sample complexity is further reduced by removal of
carbohydrate heterogeneity, and, second, deglycosylation
with PNGase F induces a mass tag at the site of glycosylation
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by converting the previously carbohydrate-linked aspara-
gine into an aspartic acid, a monoisotopic mass shift of
0.9840 Da. The deglycosylated peptides are then analyzed by
tandem mass spectrometry (MS/MS), and software algo-
rithms are used to correlate the experimental fragmentation
spectra with theoretical tandem mass spectra generated from
peptides in a protein database.''*> The conversion of
asparagine into aspartic acid by PNGase F-catalyzed degly-
cosylation is accounted for by allowing asparagine deamida-
tion as a variable modification in the database search.
However, by not constraining deamidation to asparagines
strictly within the N-glycosylation consensus sequence N-
Xaa-S/T (X,4 is any amino acid other than proline), peptides
which do not contain the consensus sequence can be
identified as being formerly glycosylated. Therefore, in all
previous high-throughput analyses of N-linked glycopep-
tides, the glycopeptide identifications made by the database
search software have been manually validated to assure that
they contain a deamidated asparagine residue within the N-
glycosylation consensus sequence.” ' While this approach
will result in a more accurate dataset, manual validation is
both time-consuming and not amenable to high-throughput
analysis.

Our work is currently focused on the development of
methodologies for the high-throughput analysis of N-linked
glycopeptides. Towards this goal we have designed and
implemented a simple program to modify a protein database
such that during a database search deamidation is limited to
asparagines strictly contained within the N-glycosylation
consensus sequence. The program, which is written in Java
1.5.0, iteratively searches through the amino acid sequence of
each protein in a fasta database and locates the consensus
sequence for N-glycosylation, N-X,,-5/T represented by the
regular expression {N["P][ST]} and replaces it with an
alternate representation {J[*P][ST]} which represents the
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deglycosylated consensus sequence D-X,,-S/T. Prior to
database searching, the amino acid ‘J" is defined as having a
monoisotopic and average mass of 115.02694 and 115.0886,
respectively. Thus, when the modified protein database is
enzymatically digested in silico, this leads to the formation of
theoretical peptides that correspond precisely in structure
and mass to those generated by PNGase F-catalyzed
deglycosylation. The database search can then be performed
using no modifications and only peptides containing
asparagine residues within the N-glycosylation consensus
sequence will be considered as modified by deamidation via
the presence of the residue J'.

EXPERIMENTAL

Preparation of serum peptides

For this study a test dataset of both N-linked glycopeptides
and non-glycopeptides was generated from depleted human
serum (Sigma) as previously described." Briefly, the human
serum (1 mL) was depleted of albumin and IgG by first pas-
sing it over a blue sepharose resin (GE-Amersham Bios-
ciences, Piscataway, NJ, USA) then over protein G agarose
(GE-Amersham Biosciences). The depleted serum was lyo-
philized then dissolved in a solution of 0.2% RapiGest
(Waters, Milford, MA, USA) in 50 mM NH,HCO;. The pro-
teins were then reduced (25mM dithiothreitol (DTT), pH
8.5) for 30 min at 45°C followed by carboxyamidomethylation
with iodoacetamide (90 mM) for 1h at room temperature in
the dark. Samples were then digested overnight at 37°C
with 33 g TPCK-treated trypsin (Pierce, Rockford, IL,
USA). The surfactant was removed by acidification with
HCl followed by centrifugation at 14 000 g.

Peptide separation and LC/MS/MS analysis

The peptide mixture was directly desalted and separated into
two fractions based on peptide size over a 3.2 x 30 cm Super-
dex peptide column (GE-Amersham Biosciences), eluted iso-
cratically with an aqueous solution that contained 0.1%
trifluoroacetic acid (TFA) at a flow rate of 0.1 mL/min. The
peptides in each fraction were deglycosylated overnight by
incubation at 37°C with 0.2 units of PNGase F (Sigma). The
fractions were then dried under vacuum, resuspended in
100uL of 0.1% TFA, injected onto a 1 x 150 mm Zorbax C;5
column (Agilent, Palo Alto, CA, USA) at a flow rate of
50 uL/min, and separated into ten additional fractions by
reverse-phase chromatography, as previously described.'*
Each fraction was dried under vacuum and resuspended in
40 pL of 0.1% formic acid for analysis by liquid chromatogra-
phy/tandem mass spectrometry (LC/MS/MS). A volume of
5uL of each fraction was analyzed independently using a
Waters CapLC (Milford, MA, USA) interfaced directly to a
QTOF-2 tandem mass spectrometer (Micromass, UK) as
described previously.'* Finally, the raw mass spectra were
converted into peak-list format and combined prior to data-
base searching.

Protein sequence databases and

database searching

Four sequence databases were constructed for this analysis.
First, a representative database (normal) was created which
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consisted of 27 960 Homo sapiens protein sequences from
NCBL'® Using the normal database, a second database (mod-
ified) was created using a Java program which iteratively
searches through the amino acid sequence of each protein
in the fasta database and locates the consensus sequence for
N-glycosylation, N-X,,-S/T represented by the regular
expression {N["P][ST]} where X, is any amino acid other
than proline. The asparagine contained within the consensus
sequence is then replaced with a J using the alternate repre-
sentation {J["P][ST]} which represents the deglycosylated
consensus sequence D-X,,-S/T. The amino acid ‘]" was then
defined as having a monoisotopic and average mass of
115.02694 and 115.0886, respectively. Two decoy databases
(reverse normal and reverse modified) were also created by
reversing the protein sequences in both the normal and mod-
ified databases. The concatenated peak-list was then inde-
pendently searched against all four databases using Mascot
(version 1.9, Matrix Science, London, UK) with the following
parameters: fully tryptic enzymatic cleavage, two allowed
missed cleavages, peptide tolerance of 60 parts-per-million,
0.2Da fragment ion tolerance, and a variable modification
of cysteine (+57Da). For the searches against the normal
and reversed normal databases, deamidation of asparagine
(+0.9840 Da) was also allowed as a variable modification.

Peptide identification and

false-discovery rate calculations

Peptide matches above discrete Mascot ion scores were
extracted from the normal, reverse normal, modified, and
reverse modified database search results. Peptide redun-
dancy was removed and the peptide false-discovery rates
(PEP-FDR) were then calculated at each ion score threshold
for both the normal and modified database results as pre-
viously described.'* Peptides which matched with scores
below a 5% PEP-FDR in both the normal and modified data-
bases were then separately clustered to proteins forming a list
of peptide and protein identifications resulting from each
database search.'* The distribution of the peptide and protein
identifications below a 5% PEP-FDR from both the normal
and modified databases are shown in Table 1.

Table 1. Distribution of peptide and protein assignments
below a 5% peptide false-discovery rate from the normal
and modified database search results. False glycopeptide
and glycoprotein identifications do not occur in the modified
database search

Normal Modified database
database (J-X-S/T)
Unique peptides 206 199
Unique glycopeptides 26 20
Unique glycopeptides 20 20
containing motif
(NXS/T)
Unique proteins 34 29
Unique glycoproteins 15 11
Unique glycoproteins 11 11
containing motif
(NXST)
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RESULTS AND DISCUSSION

Peptide false-discovery rate

As the effective database size increases through either an
increase in the number of allowed modifications or an
increase in the allowed mass tolerance, the score distribution
will shift to higher scores when searching a decoy data-
base.'®"!8 The implications of this are two-fold. First, the
probability of obtaining an incorrect peptide identification
at a significant score will increase, and second the score
threshold required to maintain a specified false-discovery
rate (FDR) will also increase. This would suggest that by lim-
iting the number of allowed modifications in a database
search that one could employ lower score thresholds for pro-
tein or peptide identification, and the frequency of significant
random matches would also decrease. Thus, when perform-
ing a database search for formerly N-linked glycopeptides,
the frequency of random glycopeptide assignments should
decrease by searching against the modified database
described above. Figure 1 shows the distribution of peptide
FDRs as a function of Mascot ion scores for both the normal
and modified database search results. Also included in Fig. 1
is the frequency of incorrectly assigned glycopeptides at or
above discrete Mascot ion scores from the normal database
search. Incorrectly identified glycopeptides were defined as
peptides which did not contain the consensus sequence for
N-linked glycosylation but were reported to have a deami-
dated asparagine. From Fig. 1 it is evident that the frequency
of false discoveries at each score threshold is slightly
decreased when searching the modified database versus the
normal database. A PEP-FDR is achieved in the modified

— —_
< tn
1 1

% Peptide False Discovery Rate
wh

25 30

L
—
*

LA 2 2R 2R 2B 2B 4 -6

database by selection of peptides exceeding ion scores of 33.
To achieve the same error rate in the normal database an ion
score threshold of 36 would be necessary. We interpret this
decrease in the PEP-FDR to be a result of the restriction of pos-
sible asparagine modifications to asparagines contained
within the N-linked glycosylation consensus sequence.
While the PEP-FDR is increased in the normal database
search, this increase is not due to the presence of incorrectly
assigned glycopeptides. Rather, in the normal database
search, in which deamidation is considered on all peptides
containing an asparagine, the effective database size is larger
than in the modified database and thus the likelihood of
obtaining a false peptide assignment is increased.

Incorrect glycopeptide assignments—deamidation
By considering modifications to all possible asparagines, the
normal database search allows for the identification of glyco-
peptides which do not contain the consensus sequence for N-
linked glycosylation (Table 1, Fig. 1). For our analysis this
resulted in the incorrect identification of six peptides as being
deglycosylated below a PEP-FDR of 5% (Table 1, Fig. 1). Fol-
lowing manual interpretation of each incorrectly identified
glycopeptide, it was determined that these assignments
resulted primarily from two phenomena. First, peptides con-
taining an asparagine which is truly deamidated but not pre-
sent within the N-glycosylation consensus sequence will be
identified as glycopeptides. Figure 2 is a fragmentation spec-
trum which resulted from the collision-induced dissociation
(CID) of a doubly charged precursor ion at m/z 518.26 (Fig. 2,
insert). The fragmentation spectrum matched with a high
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Figure 1. Comparison of the peptide false-discovery rates between the normal and modified
database search results as a function of Mascot ion score threshold. By searching the modified
database the effective database size is smaller, thus the peptide false-discovery rate is decreased
at each ion score threshold. Conversely, in the unmodified database search, an increase in the
proportion of random matches is observed and the frequency of incorrect (not containing N-Xga-
S/T) N-linked glycopeptide identifications increases with decreasing ion score thresholds.
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Figure 2. Positive ion CID spectrum (precursor ion [M+2H]?", m/z 518.26, in insert) from the
deamidated peptide IPTTFENT'RG. N*" indicates the presence of a deamidated asparagine.

confidence ion score of 63 to the deamidated peptide IPTT-
FEN''GR in the normal database search in which N*'
indicates the site of asparagine deamidation. Since deamida-
tion of asparagine residues is known to occur both naturally
and as a chemical artifact, it is not surprising that the database
search allowing for deamidation of all asparagines resulted in
a mixture of both true glycopeptides and incorrect glycopep-
tide identifications. By searching the modified database, the
deamidated non-glycopeptides are easily filtered out, as
observed by the absence of these identifications in the modi-
fied database search results (Table 1). To remove the false
positive identifications of N-linked glycopeptides due to dea-
midation of asparagines, recent reports have described
PNGase F deglycosylation in the presence of H, '*0. Through
this method, a stable '*O label is introduced into the deglyco-
sylated asparagine and a mass shift of 3 Da is observed on the
deglycosylated asparagines.'” Database searching against
the modified ‘]” database is also applicable in this case. By
searching using a variable modification to the residue ‘" of
2Da, the '®0 label is strictly assigned to asparagines found
only in the N-glycosylation consensus sequence. Similarly,
other modifications intended to label former sites of glycosy-
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lation can be accommodated simply by modifying the mass of
the ‘]’ residue.

Incorrect glycopeptide assignments—precursor
selection

The second source of incorrect glycopeptide identifications
results from the selection of precursor ions by the mass spec-
trometer. In general, when data-dependent acquisition is per-
formed, a given number of the most intense precursor ions
from the survey scan are selected for subsequent MS/MS
analysis. However, for ions in which the 3¢ isotope is more
intense than the monoisotopic peak, the '*C isotope will occa-
sionally be selected for MS/MS. In such cases the peptide pre-
cursor mass will be reported as 1Da higher than the true
precursor mass, and subsequently the peptide, if it contains
an asparagine, could be identified as deamidated. An exam-
ple of this is shown in Fig. 3. The insert in Fig. 3 indicates that
the °C isotope of a doubly charged precursor ion with a m/z
value of 1287.64 was fragmented, producing an MS/MS spec-
trum which matched with a high confidence ion score of 75 in
the normal database to the deamidated peptide sequence
TLN*"'QPDSQLQLTTGNGLFLSEGLK. In this dataset, the
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Figure 3. Positive ion CID spectrum from the incorrectly identified deamidated peptide
TLNT'QPDSQLQLTTGNGLFLSEGLK in which N*' represents the site of deamidation. The
insert shows that the '3C isotope (m/z 1288.14) was selected for fragmentation rather than the

true precursor ion ((M+2H]?*, m/z 1287.64).
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incorrect identification of glycopeptides via errors in precur-
sor mass selection occurred with peptides exceeding 2000 Da
which contained an asparagine at a position within the pep-
tide backbone such that a sufficient number of fragment ions
could be identified within the specified fragment ion mass
tolerance by the database searching software. For example,
the peptide displayed in Fig. 3 matched with high confidence
because N3 was treated as deamidated. Therefore, the ion ser-
ies y1—y20 would not exhibit a 1 Da mass shift. However, if
N15 would have been treated as deamidated, the y;1-y23
would not have matched due to an expected 1 Da mass shift,
and the ion score would have been less significant. While
incorrect glycopeptide assignments arise from this issue in
the normal database search they were not found to occur in
the modified database search (Table 1).

Glycoprotein identification

A significant difficulty associated with the analysis of glyco-
peptide-enriched samples is that a relatively small number of
peptides (often only one) are used to make a protein identifi-
cation. This is important because, as the number of incorrect
glycopeptide assignments increases, the potential for erro-
neous identification of glycoproteins also increases. As seen
in Table 1, database searching against a normal database
resulted in the incorrect identification of six glycopeptides
and four glycoproteins. In comparison, when the database
search was performed against the modified database, these
incorrect identifications were filtered out, leaving only iden-
tifications of glycopeptides and glycoproteins which con-
tained the N-linked glycosylation consensus sequence. One
important caveat is that while searching the modified data-
base will filter incorrectly identified glycopeptides it will
also prevent the identification of peptides such as ALGISPF-
HEHAEVVFTANDSGPR which are not deamidated but do
contain the N-linked glycosylation sequence. While this
occurred only once in this test dataset the missed peptide
identification resulted in the loss of one protein identification
(Table 1). However, this is not a major concern when the pur-
pose of the study is strictly the identification of N-linked gly-
copeptides.

CONCLUSIONS

In conclusion, this modification to a protein database pro-
vides a simple method to filter out theoretical peptides that
could not arise by PNGase F deglycosylation while removing

Copyright © 2005 John Wiley & Sons, Ltd.

the tedious process of manual validation. By defining the
mass of the residue ] as the mass of a modified asparagine
the modification due to deglycosylation is limited to only
asparagines contained within the N-glycosylation consensus
sequence. We have demonstrated that this procedure elimi-
nates incorrect glycopeptide assignments while reducing
the peptide false-discovery rate when compared to unmodi-
fied database searches. The software used to perform the N to
Jand ] to N conversion of a fasta protein database is publicly
available.”
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