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Abstract
O -glycopeptides are often acidic owing to the frequent occurrence of acidic saccharides in the
glycan, rendering traditional proteomic workflows that rely on positive mode tandem mass
spectrometry (MS/MS) less effective. In this report, we demonstrate the utility of negative mode
ultraviolet photodissociation (UVPD) MS for the characterization of acidic O-linked glycopeptide
anions. This method was evaluated for a series of singly- and multiply-deprotonated glycopeptides
from the model glycoprotein kappa casein, resulting in production of both peptide and glycan
product ions that afforded 100% sequence coverage of the peptide and glycan moieties from a
single MS/MS event. The most abundant and frequent peptide sequence ions were a/x-type
products, which, importantly, were found to retain the labile glycan modifications. The glycan-
specific ions mainly arose from glycosidic bond cleavages (B, Y, C, and Z ions) in addition to
some less common cross-ring cleavages. Based on the UVPD fragmentation patterns, an
automated database searching strategy (based on the MassMatrix algorithm) was designed that is
specific for the analysis of glycopeptide anions by UVPD. This algorithm was used to identify
glycopeptides from mixtures of glycosylated and non-glycosylated peptides, sequence both glycan
and peptide moieties simultaneously, and pinpoint the correct site(s) of glycosylation. This
methodology was applied to uncover novel site-specificity of the O-linked glycosylated OmpA/
MotB from the “superbug” A. baumannii to help aid in the elucidation of the functional role that
protein glycosylation plays in pathogenesis.

INTRODUCTION
Glycosylation is one of the most common protein post-translational modifications,
regulating an array of structural and functional processes in cellular systems.1–5 The site-
specificity of glycan attachment is categorized in two general ways: (1) N-linked
glycosylations modify asparagine at a specific sequon of Asn-Xxx-Ser or Asn-Xxx-Thr (for
which Xxx can be any amino acid except proline) and (2) O-linked glycosylation modifies
serine or threonine with no characterized specific sequence motif. Prokaryotic cells were
long thought not to contain glycoproteins,3 until the mid-1970s when surface layer (S-layer)
proteins were first identified to be glycosylated.6, 7 More recently, non-S-layer glycoproteins
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have been increasingly identified in a variety of pathogenic Gram negative bacteria3–5, 8 and
have been found to play a significant role in biological function.3–5 For example,
glycosylation via an N-linked heptasaccharide has been well characterized in Campylobacter
jejuni3, 9–11 and has been identified in over 50 unique proteins (a total of 150 proteins are
predicted to be modified by this glycan).10 O-linked glycosylation of multiple proteins,
including flagellar and/or pilin proteins, have also been identified in several pathogenic
bacteria including Campylobacter jejuni, Neisseria gonorrhoeae, Neisseria meningitidis,
Pseudomonas aeruginosa, and Helicobacter pylori (among others).3–5 The aerobic Gram
negative bacteria Acinetobacter baumannii was recently discovered to possess a novel O-
linked glycosylation system, which was found to affect biofilm formation and virulence in
three infection models.12 Due to the increasing appearance of multi- and panresistant strains,
this bacterium is considered a “superbug”, and thus understanding the mechanisms of its
pathogenesis may undercover new strategies for intervention against A. baumannii
infections. The O-glycosylated proteins found in A. baumannii represent novel targets
important for the development of next-generation antibiotics.12

Mass spectrometry (MS) has become an indispensable tool in the characterization of
glycoproteins.13 Tandem MS (MS/MS) has been particularly useful as it can identify both
glycan construction and sequence sites of glycosylation in glycopeptides (depending on the
MS/MS method employed) by activation and dissociation of precursor ions into
interpretable glycan and/or peptide fragments. Collision-induced dissociation (CID) is the
most routinely used MS/MS technique and has been particularly effective for sequencing the
glycan portion of glycoproteins via predictable cleavage at glycosidic bonds.13–16 N-linked
glycans are routinely released from glycoproteins by the selective enzyme PNGase F,17 and
can be enriched by a number of methods based on their significantly higher hydrophilicity
compared to proteins. The combination of PNGase F-induced glycan release and CID is a
powerful duet for the elucidation of N-glycan structures.13 Unfortunately, release of O-
glycans via enzymes or chemicals is not selective, and thus no universal method has been
established for this task.18–20 O-glycan structures therefore are most accurately deduced
from protease-digested glycopeptides.14, 18, 19, 21–31 This point and the fact that O-glycan
core structure are very heterogeneous (significantly more so compared to N-glycans) makes
structure elucidation a substantial analytical challenge.14, 20

Key hurdles in defining functional roles of protein glycosylation are not only the elucidation
of the glycan structures, but also the determination of their sites of attachment to the protein.
For N-linked glycosylation, the specific sequon of N-X-S/T makes site determination fairly
predictable by employing conventional bottom-up proteomic approaches.13, 14, 32 Moreover,
N-linked sequons as specific as D/E-X-N-X-S/T have been observed, such as in
Campylobacter jejuni.10, 33 CID in general cleaves only the glycan portion of glycopeptides
leaving the peptide portion intact (and consequently the peptide sequence unidentified).13–16

While peptide fragments are sometimes observed (usually with higher-energy, beam-type
and TOF-TOF collision activation),10, 34, 35 these products are typically devoid of glycans,
thus rendering site determination difficult. Glycan sites can still often be deduced, however,
due to the specific N-linked sequon.10, 34–38 MS/MS/MS of [peptide – glycan] product ions
has proven useful for increasing peptide sequence coverage and determining N-linked sites
(given the specificity of the sequon)39–41 but is difficult to perform in an automated fashion
due to the heterogeneity of the attached glycans. Conversely, O-linked glycosylation can
occur at both serine and threonine residues, and no known sequence motif exists. These
glycan types are often observed in areas rich in serine and threonines, making site-specific
determination far more challenging.18, 19, 25, 42 For example, given a typical proteolyzed
glycopeptide containing several S and T residues, almost complete peptide sequence
coverage would be needed (with no detachment of glycan) in order to confidently pinpoint
the exact site(s) of modification - a demanding task for any MS/MS method.
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To increase confidence in site-specific glycosylation analysis, alternative methods such as
electron capture dissociation (ECD) and electron transfer dissociation (ETD) have recently
been employed to increase peptide sequence information of both N- and O-
glycopeptides.10, 15, 16, 18, 23, 26–28, 30, 31, 42,44 The combination of CID to sequence the
glycan portion and ECD/ETD to sequence the peptide portion has shown promise in the total
sequencing of glycopeptides.15, 16 More recently, glycan-specific oxonium ions produced by
higher energy collision dissociation (HCD) were used to trigger ETD scans on-the-fly,
facilitating high-throughput characterization of N-linked glycopeptides by both dissociation
techniques.43 Ye et al. combined the use of HCD, ETD, and CID in a complementary
manner to afford complete structural elucidation of glycopeptides.44 In another approach,
Zhang and Reilly reported the use of high-energy 157 nm UV photodissociation for analysis
of protonated N-glycopeptides to simultaneously extract both glycan and peptide sequence
information.45

MS analysis of glycopeptides has been performed predominantly in the positive mode (i.e.,
the detection of cations).13, 22 This widespread use of the positive mode is a result of
standard “bottom-up” protocols involving the use of trypsin as a protease, which yields
peptides with at least two basic protonation sites (i.e. N-terminus and R or K at C-terminus).
However, glycan attachment sites are often located in regions devoid of lysines and
arginines,18, 19, 25, 42 and can moreover block the activity of trypsin.13 Furthermore, acidic
saccharides such as sialic acid, glucuronic acid, and pseudaminic acid make glycopeptides
substantially less basic. Several laboratories have used sample preparation techniques that
cleave off acidic monosaccharides (e.g., sialic acid) prior to positive mode MS, but these
methods often impede the elucidation of native glycan conformations.14, 19 Other groups
have sought to derivatize the glycans (such as with permethylation) to increase glycan and/
or glycopeptide basicity and thus improve positive mode detection,13, 19 at the expense of
longer sample preparation time.13, 19 Recently, Nwoso, Lebrilla, and coworkers highlighted
the benefits of negative mode analysis over the positive mode owing to detection of
substantially more glycopeptides as anions.22 It was also shown in an inter-laboratory
assessment of methods used for O-glycosylation characterization that native glycopeptides
analysis by negative mode MS yielded superior results compared to other common
techniques (including ones utilizing positive mode MS).19

A key reason negative mode analysis is not as widespread as its positive mode counterpart is
the lack of MS/MS techniques that can yield predictable and extensive peptide and glycan
sequence information for glycopeptides (i.e., CID generally yields less predictable
fragmentation patterns for peptide anions46–48 and ECD/ETD are not applicable to anion
analysis). Recently, strides have been made in peptide anion dissociation from the
development of MS/MS methods such as electron detachment dissociation (EDD),49, 50

negative electron transfer dissociation (NETD),51–53 and activated – electron
photodetachment dissociation (a-EPD).54, 55 These methods have shown merits for the
production of predictable a/x-type peptide sequence ions and high overall sequence coverage
(although not yet widely applied to glycopeptides).

Recently, we used 193 nm photodissociation (UVPD) in the negative mode to characterize a
mixture of mitogen-activated pathway kinases and demonstrated the ability to produce high
peptide sequence coverage for a range of charge states (from singly up to triply
deprotonated) in a high-throughput LCMS workflow.56 We also applied this technique to
the characterization of deprotonated acidic oligosaccharides (i.e., ones containing sialic
acid), and illustrated how UVPD generates increased amounts of diagnostic product ion
relative to CID.57 The analytical metrics of UVPD for identification of negatively charged
peptides were assessed more recently by characterizing complex proteomics samples with a
novel database searching strategy, facilitating the identification of significantly more
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proteins compared to CID, HCD, and ETD alone.58 Furthermore, negative mode UVPD was
employed to uncover the first tyrosine sulfation in prokaryotes, after traditional positive
mode CID failed to identify this important post-translational modification.59 Based on our
promising results for deprotonated peptides and oligosaccharides individually,55,56 we
extended our UVPD capabilities to the characterization of O-linked glycopeptide anions as
described in this report. This method is applied to singly and multiply deprotonated
glycopeptides, and the resulting fragmentation behavior is described herein. We also
designed an automated database searching strategy (based on the MassMatrix
algorithm60–63) which is specific for the analysis of glycopeptide anions by UVPD. The O-
linked glycosylated protein bovine kappa casein was digested with GluC to evaluate the
performance of UVPD and MassMatrix for identifying glycopeptides from mixtures of
glycosylated and non-glycosylated species, sequencing both the glycan and peptide
simultaneously, and pinpointing the correct site of modification. We then utilized this
methodology for site-specific analysis of O-linked acidic glycopeptide species from A.
baumannii OmpA/MotB.

EXPERIMENTAL
Materials, Reagents, and Protein Preparation

Zwitterionic hydrophilic interaction chromatography solid phase extraction (ZIC-HILIC
SPE) cartridges with 25 mg of packing material were obtained from SeQuant (Southboro,
MA). GluC, Trypsin Gold, and ProtaseMax were purchased from Promega (Madison, WI).
All solvents were obtained from Fisher Scientific (Fair Lawn, NJ). Bovine kappa casein and
all other reagents were purchased from Sigma Aldrich (St. Louis, MO). OmpA/MotB was
cloned as described in Supplemental Information and purified from the soluble membrane
protein extract via Ni2+-NTA chromatography using the ATKA explorer.

Protein processing
Proteins were reduced, alkylated, and digested using GluC or a cocktail of GluC and trypsin
as described in Supplemental Information. Digested glycoproteins were dried, reconstituted
in 1 mL of 80% acetonitrile/15% water/5% formic acid, and enriched using a ZIC-HILIC
SPE cartridge.

Liquid Chromatography and Mass Spectrometry
Separation of enriched glycopeptides was undertaken using a Dionex Acclaim PepMap
RSLC C18 analytical column (Santa Clara, CA) (75 μm × 15 cm, 2 μm particle size).
Separation was performed with eluent A consisting of 0.05% acetic acid in water and eluent
B consisting of 0.05% acetic acid in acetonitrile with a 120 min linear gradient from 5% to
30% eluent B at a flow rate of 300 nL/min.

Mass spectrometric analysis was performed in a data-dependent mode on a Thermo Fisher
Scientific LTQ Velos dual linear ion trap mass spectrometer (San Jose, CA) equipped with a
Coherent (Santa Clara, CA) ExciStar XS excimer laser operated at 193 nm. The coupling of
the laser to a linear ion trap mass spectrometer was described in detail previously.64, 65 A
series of four 2 mJ UV pulses (applied during an 8 ms activation period) was used per MS/
MS scan with a q-value set to 0.1. A normalized collision energy of 35%, a q-value of 0.25,
and an activation period of 10 ms was used for CID. The maximum ion injection time for all
experiments was 100 ms for both survey scan and MS/MS events.

MassMatrix Automated Searching of Glycopeptides
UVPD generates product ions from both the peptide and glycan portions of glycopeptide
anions in a single spectrum. A modified version of the MassMatrix60–63 database searching
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algorithm was developed in this study for the simultaneous identification of both types of
ions, thus allowing the complete sequencing of glycopeptides. Based on fragmentation
behavior previously characterized,56, 58 MassMatrix was first modified to search peptide-
specific product ions (ones generated from cleavage of the peptide backbone) associated
with UVPD of peptide anions. The algorithm was then adapted further to search glycan-
specific product ions (ones generated from cleavages throughout the glycan) and neutral-loss
ions from the fragmentation trends observed in this study. The peptide and glycan-specific
ions incorporated into MassMatrix are summarized in Supplemental Table 1 and
Supplemental Table 2, respectively. The main scoring models used for MassMatrix are the
pp and pp2 scores, which are a statistical measure of the number of matched product ions
and the total abundance of matched product ions, respectively.60 A set of pp and pp2 scores
are generated for both the peptide and glycan products for each spectrum collected from LC-
MS/UVPD runs; these scores can then be combined to create a “glycopeptide pp score”
(peptide pp2 x glycan pp). Additional details about the MassMatrix database search
algorithm and parameters are provided in Supplemental Information.

RESULTS AND DISCUSSION
The overall experimental strategy developed and utilized in this report is illustrated in
Supplemental Scheme 1. First, glycoproteins were digested with GluC or a cocktail of
specific proteases (e.g., GluC + trypsin). The resulting glycopeptides were then enriched via
ZIC-HILIC solid phase extraction, separated using reversed phase nanoHPLC, transferred as
anions into the mass spectrometer via nanoESI in the negative mode, and activated and
dissociated by UVPD. Lastly, the database searching algorithm, MassMatrix, was adapted
for glycopeptide identification by means of simultaneous automated sequencing of both the
glycan and peptide moieties and for pinpointing the correct site(s) of amino acid
modification.

Evaluation of the fragmentation behavior of glycopeptide anions by UVPD
To establish the utility of UVPD for sequencing acidic glycopeptides, protease-digested
glycoproteins with known glycans and glycosylation sites were used to develop the
workflow, optimize the methodology, and evaluate the general fragmentation trends
associated with peptide and glycan bond cleavages. The UVPD fragmentation behavior of
glycopeptide anions was mapped using GluC-digested kappa casein, a glycoprotein
consisting of a total of six known O-glycosylation sites located in serine- and threonine-rich
regions and a wide variety of glycan types, many of which include sialic acid (Neu5Ac).
GluC was used to generate glycopeptides with at least one acidic amino acid (glutamic acid
or aspartic acid) at the C-terminus, and therefore facilitate ionization in the negative mode
and generate higher charge states. The great majority of kappa casein glycopeptide anions
observed after ZIC-HILIC enrichment, RP-HPLC separation, and negative ESI-MS
detection were doubly deprotonated. The dominance of [M – 2H]2− peptide ions upon
negative mode ESI has been observed previously53, 56 and is well suited for UVPD
analysis.56 As one example, Figure 1 illustrates the fragmentation pattern for the doubly
deprotonated glycopeptide AVEST(HexNAc + Hex + Neu5Ac)VATLE from a GluC digest
of kappa casein. This glycopeptide has a very low pI due to the presence of two acidic
amino acids (both glutamic acid), no basic residues, and the sialic acid saccharide in the
glycan, thus favoring efficient ionization in the negative mode. To better illustrate the
spectral detail of the UVPD spectrum, the range from m/z 150 to 800 is expanded in Figure
1B and the m/z range beyond m/z 800 is shown in Figure 1C. Similar to what was
previously reported by Zhang and Reilly for vacuum UV fragmentation of positively
charged N-glycopeptides,45 glycan fragments attached to an intact peptide and peptide
fragments attached to an intact glycan are also observed upon UVPD of negatively charged
O-glycopeptides, a characteristic that facilitates the complete characterization of
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glycopeptides. The most abundant and frequent peptide sequence ions observed in the anion
UVPD spectrum are a/x-type products, which are also the main diagnostic ions observed
previously for unmodified, phosphorylated, and sulfated peptide anions upon
UVPD.56, 58, 59 Importantly, this series of ions not only yields 100% sequence coverage (as
illustrated by the dotted lines denoting cleavage sites at the upper left corner of Figure 1),
but all the product ions that contain the modified T also retain the glycan moiety. For
example, in Figure 1C the product ions a5, a6, a7, a8, a9 and x6, x7, x8, x9 all contain the
trisaccharide. This information can readily be used to pinpoint the correct site of
glycosylation (the fifth threonine from the N-terminus) even with several other possible
serine and threonine residues present in the peptide (one of which is directly adjacent to the
modified residue). Glycan-specific ions are also present in the spectrum. These products are
most commonly of two varieties: low m/z glycan-only product anions (i.e., B and C ions)
and neutral losses of glycan segments from the intact peptide (i.e., [M – glycan moiety]−, Y
and Z ions). Due to mass differences between these two varieties of ions, the glycan-only
product ions are dominant in the lower m/z range (Figure 1B), and the [M – glycan moiety]−

ions types are more prominent in Figure 1C (higher m/z range). The culmination of these
glycan-specific ions allows the complete sequencing of the glycan section of the
glycopeptide. Glycan analysis in ion traps has often relied on multiple stages of MS (MSn)
as pioneered by the Reinhold group;66–68 however, the work herein does not rely on higher
order MSn to elucidate glycan structures. In addition, the disaccharide product ion of m/z
493 consisting of a HexNAc bound to an Neu5Ac allows for facile differentiation of
structural isomers. That is, the sialic acid is confidently determined to be bound to HexNAc,
not hexose. A few cross-ring cleavage products are also observed in Figure 1 (e.g., 1,5X1
and 2,5X1) that aid in deciphering the saccharide linkage positions, but these ions are not so
common that the spectrum becomes cluttered and difficult to interpret. Neutral losses of
carbon dioxide (44 Da), methoxyl radical (31 Da), hydroxyl radical (17 Da), water (18 Da),
the glutamic acid (E) side-chain (72 Da) and combinations thereof are also observed – most
commonly from the glycan moiety or the radical, charge-reduced photoelectron detachment
products.

The doubly deprotonated ST(HexNAc + Hex + Neu5Ac2)VATLE glycopeptide anion was
also analyzed by UVPD to evaluate differences in fragmentation behavior for glycopeptides
with shorter peptide sequences and correspondingly larger glycan portions (i.e., the glycan
moiety is more massive than the peptide portion). Supplemental Figure 1 illustrates the
resulting fragmentation pattern of this kappa casein glycopeptide, with the lower and upper
m/z ranges again expanded for easier inspection. More glycan-specific ions are observed
compared to the array in Figure 1 due to the significantly increased glycan:peptide mass
ratio as well as the additional sialic acid bound to the hexose. The presence of two product
ions of m/z 493 (HexNAc bound to Neu5Ac) and 468 (Hex bound to Neu5Ac) confirm the
identity of the tetrasaccharide. Peptide sequence ions remained prominent as well for
ST(HexNAc + Hex + Neu5Ac2)VATLE, again resulting in 100% sequence coverage via a/
x-type ions. These latter ions also retained the entire glycan moiety and therefore may be
used to pinpoint the correct site of glycosylation (in this case the second threonine from the
N-terminus). While significantly more glycan-specific ions are observed in Supplemental
Figure 1 compared to Figure 1, the site of glycosylation even in the peptide containing
multiple and adjacent unmodified serine and threonine residues can still be elucidated
despite the fact that the glycan moiety (947 Da) was significantly more massive compared to
the peptide (719 Da), thus highlighting the versatility of the UVPD method.

The fragmentation patterns of peptides by UVPD are known to be charge-state dependent
due to differences in proton mobility (just like in CID), coulombic repulsion and electron
photodetachment behavior;56, 58 therefore, the UVPD patterns of glycopeptides in charge
states other than z = 2 were investigated. Besides doubly deprotonated species, singly and
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triply charged glycopeptides were also commonly produced upon negative mode ESI.
Supplemental Figures 2 and 3 illustrate the UVPD spectra of singly charged
AVEST(HexNAc + Hex + Neu5Ac)VATLE with structural isomer “A” (HexNAc bound to
Neu5Ac) and the triply charged AVEST(HexNAc + Hex + Neu5Ac)VATLE with structural
isomer “B” (Hex bound to Neu5Ac), respectively. The singly charged glycopeptide anion
yielded a slightly simpler fragmentation pattern compared to that seen for the doubly species
in Figure 1, and the triply charged species resulted in several multiply charged product ions.
Importantly, both charge states as well as the doubly charged species all exhibit similar
fragmentation behavior in terms of the production of both a/x peptide sequence ions and
glycan-specific ions, thus facilitating the development of algorithms for stream-lined
spectral interpretation.

MassMatrix automated searching of glycopeptides
Using the fragmentation trends established above, we developed a modified version of
MassMatrix for the automated spectral analysis of glycopeptide anions by UVPD. The
algorithm matches both the peptide and glycan information from each individual spectrum
with theoretical glycopeptides generated from protein databases (the specifics of the
searching method are outlined in the methods and supplemental sections). Therefore, given a
known protein sequence, MassMatrix was designed to identify unknown glycopeptides from
a mixture of glycosylated and non-glycosylated peptides, to sequence both the glycan and
peptide portions simultaneously, and to pinpoint the correct site of modification all from a
single spectrum. To test the automated search performance and to develop a scoring system,
the modified MassMatrix algorithm was applied to the UVPD spectra generated from the
ZIC-HILIC-enriched GluC-digested kappa casein. The pp (a statistical measure of number
of matched product ions) and pp2 (a statistical measure of total abundance of matched
product ions) scores60 for both peptide and glycan moieties were plotted individually against
the site-specific identification false discovery rate for identified glycopeptides (false positive
site ID/(true positive site ID + false positive site ID)) and are illustrated in Supplemental
Figure 4 A – D. The site-specific false discovery rate is analogous to false discovery rate
calculations common to shotgun proteomics but also considers the accuracy of the glycan
identification and its corresponding site on the peptide (for which lower values represent
greater confidence). Spectra were labeled as “true positive site ID” if the peptide sequence,
glycan composition, and amino acid site(s) of modification were all identified correctly; in
contrast, spectra labeled as “false positive site ID” had at least one incorrect identification.
Owing to the fact that ZIC-HILIC usually does not result in 100% glycopeptide enrichment,
several unmodified peptides were also identified. These peptides and other hits with a
glycan pp score of “0” or “NA” were not pertinent to this study and were therefore removed.
The hits with a glycan pp of “0” are likely false IDs since no glycan ions were observed in
the spectra. The ones with glycan pp of “N/A” are non-glycosylated peptides. However,
identifications that exhibited high site-specific ID false discovery rates (lower confidence)
and low pp and pp2 scores are included in the figure in order to better visualize the
distribution of high confidence and low confidence results. Based on the figures, the pp2
score for the peptide portion (a measure of the abundance of peptide sequence ions) and the
pp score for the glycan moiety (a measure of the number of matches of glycan-specific ions)
yielded the lowest site-specific ID false discovery rates (higher confidence) at the highest pp
or pp2 scores, respectively, and therefore represent the two best scoring regimes. The
peptide pp2 scoring system likely outperformed the peptide pp scoring mode due to the large
search space and rich spectra which resulted in many false positives with high pp scores,
whereas the pp2 score more accurately differentiated the abundant sequence ions (e.g., a/x-
type products) from the noise. The site-specific ID false discovery rates associated with the
glycan pp and pp2 scoring modes were fairly similar, likely due to the lower search space
for glycan-related fragment ions. To take advantage of both the peptide and glycan
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information from each spectrum, the peptide pp2 was combined with the glycan pp score by
simple multiplication to form a net glycopeptide pp score. Using this combined score,
significantly lower site-specific ID false discovery rates were observed (see Supplemental
Figure 4E) compared to any other single scoring regime and therefore represents the best
score for the accurate identification of glycopeptides by UVPD. Importantly, the highest
glycopeptide pp scores are only obtained when both the peptide pp2 and glycan pp exhibit
high scores, resulting in greater confidence in the overall scoring.

The upper portion of Table 1 shows the unique true positives identified for kappa casein
glycopeptides (listed from highest to lowest glycopeptide pp) by coupling negative mode
LC-MS/UVPD with the MassMatrix algorithm. Only the highest score for each peptide
spectral match for each unique glycopeptide is listed. The true positive hits with low scores
were derived from spectra of poorer quality arising from low abundance precursor ions. In
comparison, kappa casein digested by GluC and enriched by ZIC-HILIC yielded no
confident glycopeptide hits by traditional positive mode LC-MS/CID and automated
database searching (b and y ions). A few glycosylation sites were poorly represented
compared to previous studies,21 an outcome that is attributed due to bias in the HILIC
enrichment step. Furthermore, accurately identifying glycosylation sites with two or more
sites poses an additional challenge for the MassMatrix algorithm, especially when search
specificity is limited due to relatively low mass accuracy of the ion trap data. We are
currently implementing negative mode UVPD analysis of O-glycopeptides on a high mass
accuracy Orbitrap mass spectrometer to improve algorithm performance; however, this is
beyond the scope of this current study.

To facilitate the identification of more hydrophobic glycopeptides such as
INTVQVT(glycan)STAV by this LC-MS/UVPD/MassMatrix automated strategy, a run
using ZIC-HILIC enrichment without any ion-pairing reagent was performed (thus reducing
the specificity of HILIC for the hydrophilic species).69 In addition to identification of other
more hydrophilic glycopeptides (as seen for other HILIC runs with an ion-pairing reagent),
this run resulted in identification of several glycopeptide forms of INTVQVT(glycan)STAV
as seen in Table 1. Importantly, the glycan site was accurately pinpointed to the seventh
threonine (from the N-terminus) in the presence of three adjacent serine and threonine
residues, representing a total of four possible modification sites.

Site-specific glycosylation analysis of OmpA/MotB from A. baumannii
Recently, a general O-linked protein glycosylation system was discovered for the pathogenic
bacteria Acinetobacter baumannii, and the glycan found in the strain ATCC 17978 was
identified as a pentasaccharide with the formula β-GlcNAc3NAcA4OAc-4-(β-GlcNAc-6-)α-
Gal-6-β-Glc-3-β-GalNAc-S/T.12 Interestingly, the glycan contains a novel negatively
charged O-acetylated glucuronic acid derivative. The pentasaccharide was identified on the
membrane protein Ompa/MotB using traditional trypsin digestion and positive mode
collision activation on an Orbitrap Velos mass spectrometer; however, the site of
modification could not be localized to any of several possible serine and threonine
residues.12 Therefore, given the acidity of the A. baumannii glycan and the low pI
(approximately 5.4) of the Ompa/MotB protein sequence, we applied our UVPD method as
described herein in an attempt to more fully characterize the Ompa/MotB glycosylation
system. The protein processing method was revised to utilize a GluC/trypsin cocktail instead
of GluC alone in order to generate smaller, more acidic peptides while maintaining a degree
of enzymatic cleavage specificity. The HILIC-enriched sample was analyzed by LC-MS/
UVPD followed by MassMatrix spectral interpretation first targeting the peptide portion.
The UVPD spectrum of the doubly deprotonated glycopeptide is displayed in Figure 2. As
seen for other glycopeptides previously, UVPD generated a/x ions that retained the full
glycan as well as many products from cleavage along the pentasaccharide. The abundant
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glycan-specific ions seen in the spectrum were then incorporated into MassMatrix as per
Supplemental Table 2. An acidic glycopeptide with the sequence AAS(glycan)GVE
containing the pentasaccharide glycan was identified via MassMatrix for both the doubly
and singly charged species with confident peptide pp and pp2 scores of 7.6 and 9.6 and 10.9
and 8.7, respectively. The UVPD spectral data was subsequently re-analyzed by MassMatrix
utilizing the glycan-specific ions in order to calculate the glycopeptide pp and to identify the
glycopeptide as AAS(pentasaccharide)GVE as shown in the upper section of Figure 2. As
listed in the bottom of Table 1, the resulting glycopeptide pp scores were 116.16 and 80.04
for the doubly and singly charged species (respectively), illustrating the confidence and
specificity achievable for the total characterization of A. baumannii acidic glycopeptides.
Importantly, the same sample run by traditional positive mode LC-MS/CID analysis and
database searching yielded no confident hits, presumably due to the acidity of the
glycopeptide (i.e., lower positive ion signals) and the lack of b and y product ions.

CONCLUSION
The combination of enzymatic glycoprotein digestion, ZIC-HILIC glycopeptide enrichment,
reversed phase LC-MS/UVPD, and automated data interpretation was shown to be an
effective strategy for identifying acidic glycopeptide anions, sequencing both the glycan and
peptide moieties concurrently, and pinpointing the correct site(s) of amino acid
modification. Using this methodology, novel site-specificity of O-linked acidic glycopeptide
species from A. baumannii OmpA/MotB was identified, an outcome which had proven
elusive via traditional positive MS/MS methods such as ion trap CID as well as orbitrap
HCD.12 Work performed previously (without confirmation of the exact site of
glycosylation) indicated that by knocking out the O-OTase gene responsible for O-
glycosylation in A. baumannii, both biofilm formation and virulence were significantly
affected.12 Considering that conjugate vaccines for pathogenic bacteria are often comprised
of surface glycoproteins, the outer membrane OmpA/MotB may become a key player in
future therapeutics against the “superbug” A. baumannii, and therefore its total
characterization has great importance. The ability to sequence both the glycan and peptide
portions as well as pinpoint the site of glycosylation in a single spectrum by negative mode
UVPD represents a compelling advance in the development of tandem mass spectrometry
strategies for characterizing O-linked glycoproteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
UVPD of the doubly deprotonated kappa casein glycopeptide AVEST(glycan)VATLE (tr =
28.6 min): (A) UVPD spectrum, (B) expansion of the low m/z region, and (C) expansion of
the high m/z region. The neutral loss of water from sequence ions is denoted by °.
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Figure 2.
UVPD of the doubly deprotonated Acinetobacter baumannii Ompa/MotB glycopeptide
AAS(glycan)GVE (tr = 12.9 min): (A) UVPD spectrum, (B) expansion of the low m/z
region, and (C) expansion of the high m/z region.
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Table 1

Unique glycopeptide species identified by LC-MS/UVPD and MassMatrix automated spectral interpretation.
The sites of glycosylation are denoted in the farthest left column by (X) where X can be either serine or
threonine.

Glycopeptide Charge glycopeptide pp Glycan

bovine kappa casein (GluC)

S(T)VATLE 2- 150.38 HexNAc + Hex + Neu5Ac2

S(T)VATLE 1- 115.64 HexNAc + Hex + Neu5Ac2

AVES(T)VATLE 2- 86.84 HexNAc + Hex + Neu5Ac2

S(T)VATLE 2- 60.72 HexNAc + Hex + Neu5Ac-B

S(T)VATLE 1- 48.28 HexNAc + Hex + Neu5Ac-B

AVES(T)VATLE 1- 44.46 HexNAc + Hex + Neu5Ac-A

AVES(T)VATLE 3- 38.34 HexNAc + Hex + Neu5Ac-B

AVES(T)VATLE 2- 33.37 HexNAc + Hex + Neu5Ac-B

AVES(T)VATLE 2- 32.64 HexNAc + Hex + Neu5Ac-A

S(T)VATLE 1- 29.25 HexNAc + Hex

S(T)VATLE 2- 28.06 HexNAc + Hex

AVES(T)VATLE 3- 24.64 HexNAc + Hex + Neu5Ac2

S(T)VATLE 1- 21.60 HexNAc

S(T)VATLE 2- 16.24 HexNAc + Hex + Neu5Ac-A

AVES(T)VATLE 1- 15.05 HexNAc + Hex + Neu5Ac2

AVES(T)VATLE 2- 12.48 HexNAc + Hex

P(T)S(T)PTTE 2- 10.88 HexNAc + Neu5Ac & HexNAc + Hex

KTEIP(T)INTIASGE 2- 1.69 HexNAc

INTVQV(T)STAV* 2- 48.18 HexNAc

INTVQV(T)STAV* 2- 36.48 HexNAc + Hex

INTVQV(T)STAV* 2- 30.00 HexNAc + Hex + Neu5Ac-B

A. baumannii OmpA/MotB (GluC + Trypsin)

AA(S)GVE 2- 116.16 HexNAc2 + Hex2 + OAcGlcA

AA(S)GVE 1- 80.04 HexNAc2 + Hex2 + OAcGlcA

*
extra glycopeptides identified from a separate run using less specific HILIC enrichment
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