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Abstract

The enzyme PGC is produced by the fungus Aspergillus niger during invasion of plant cell walls. The enzyme has been homolo-
gously overexpressed to provide sufficient quantities of purified enzyme for biological studies. We have characterized this enzyme in
terms of its posttranslational modifications (PTMs) and found it to be both N- and O-glycosylated. The glycosyl moieties have also
been characterized. This has involved a combination of matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF),
liquid chromatography (LC)-ion trap, and LC-electrospray ionization (ESI) mass spectrometries in conjunction with trypsin degra-
dation and B-elimination, followed by Michael addition with dithiothreitol (BEMAD). This is the first demonstration of the ability
of BEMAD to map glycosylation sites other than O-GlcNAc sites. The complete characterization of all PTMs on PGC allows us to
model them on the peptide backbone, revealing potential roles played by the glycans in modulating the interaction of the enzyme

with other macromolecules.
© 2006 Elsevier Inc. All rights reserved.
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The fungus Aspergillus niger secretes a wide variety of
plant polysaccharide-modifying enzymes that are capa-
ble of degrading plant cell wall polysaccharides, such as
pectin and xylan, and that are commonly used in the food
industry to clarify juice and isolate the essential oils and
pigments from citrus [1-3]. Pectinases are also of interest
biologically because they play an important role in the
infection process of plants by degrading the plant cell
wall and facilitating the entry of pathogens into the plant
[4]. The pectic polysaccharides rhamnogalacturonan I
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(RGI)* and rhamnogalacturonan II (RGII) are complex
branched molecules, whereas homogalacturonan is
unbranched and substituted with methyl and acetyl

4 Abbreviations used: RGI, rhamnogalacturonan I; RGII, rhamnogalac-
turonan II; MS, mass spectrometry; MALDI-TOF MS, matrix-assisted la-
ser desorption/ionization time-of-flight MS; ESI-MS, electrospray
ionization-MS; LC-MS, liquid chromatography—-MS; BEMAD, B-elimi-
nation followed by Michael addition of dithiothreitol; CID, collision-in-
duced dissociation; ELISA, enzyme-linked immunosorbent assay; BSA,
bovine serum albumin; TBS, Tris-buffered saline; PNPP, para-nitrophenyl
phosphate; TFA, trifluoroacetic acid; EndoH, endo-glycosidase H; MQ
H,O, Milli-Q water; Q-TOF, quantitative TOF; MS/MS, tandem MS;
AmBic, ammonium bicarbonate; PBS, phosphate-buffered saline; EDTA,
ethylenediaminetetraacetic acid; HPAEC-PAD, high-performance anion
exchange chromatography with pulsed amperometric detection; BMC,
BioMedCache; PTM, posttranslational modification; PNGaseA, peptide
N-glycanase A; PNGaseF, peptide N-glycanase F; TIC, total ion chro-
matogram; GC, gas chromatography; PGIP, polygalacturonase-inhibiting
protein.
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groups. An array of interacting enzymes is required for a
complete degradation of the pectin network [5,6], yet
only a fraction of the pectin degrading enzymes have
been fully characterized to date.

A. niger is able to use pectin as its sole carbon source
for growth in vitro and produces a broad spectrum of
polygalacturonases with a variety of patterns of action on
homogalacturonan. Currently, seven endo-polygalacturo-
nase encoding genes—PGI, PGII, PGA, PGB, PGC,
PGD, and PGE—have been cloned and individually over-
expressed. The role of these enzymes in pectin degrada-
tion was investigated by analyzing the basic biochemical
properties such as the pH optimum and kinetic parame-
ters for each EPG isozyme. A number of studies have
analyzed the specific activities of the various A. niger
EPGs on partially methyl esterified pectins [7-11]. It has
been suggested that PGA and PGB are scouting enzymes
that help the fungus to sense the presence of pectin by
generating low-molecular weight inducers while other
EPGs subsequently are expressed. PGII has the highest
specific activity and is primarily responsible for generat-
ing oligomers of polygalacturonic acid (the non-methyl
esterified form of homogalacturonan), and these oligo-
mers are quickly converted to monomers by the combined
action of PGI and PGII. PGC and PGE have low specific
activities and most likely attack parts of the homogalactu-
ronan, but the exact locations of attack have yet to be
identified [12]. A fundamental understanding of the func-
tionalities of these enzymes will be of great value in
improving their existing industrial applications and in
developing new commercial applications as their commer-
cial potential is fully used in the food and juice processing
industries.

All A. niger EPGs investigated have been identified as
glycoproteins [13-15]. Protein glycosylation has been
shown to be important in maintaining protein structure
and function and is also important during protein—protein
interactions [16,17]. However, the effects (if any) of the car-
bohydrate substituents on EPGs during interaction with
the substrate are not well understood.

In this article, the recombinant A. niger isozyme PGC is
the subject of study. Its carbohydrate structures and glyco-
sylation site heterogeneities were analyzed by mass spec-
trometry (MS). Matrix-assisted laser desorption/ionization
time-of-flight MS (MALDI-TOF MS) was used to analyze
the molecular mass of the intact protein as well as that of its
deglycosylated form. The N-linked glycopeptides were
identified by electrospray ionization-MS (ESI-MS) by pre-
cursor ion scanning using an orifice potential stepping tech-
nique [18-20]. The presence of O-linked glycosylation was
detected based on carbohydrate heterogeneity observed by
liquid chromatography-MS (LC-MS). The sites of
O-linked glycosylation on PGC were identified by B-elimi-
nation followed by Michael addition with dithiothreitol
(BEMAD), a method that replaces the labile glycan with a
stable covalently linked dithiothreitol, which can be used
for purification using thiol chromatography and is stable

for site mapping by collision-induced dissociation (CID)
approaches [21]; and by pseudo-neutral loss scanning [22]
on a linear ion trap.

Materials and methods
Recombinant PGC sample

The gene encoding PGC was cloned, sequenced, and
expressed in A. niger as described previously [23]. The puri-
fied recombinant PGC (concentration 2.68 mg/ml) was
stored in sodium acetate buffer (pH 5.0) and kept frozen
until further use.

ELISA detection of glycosylation

The DIG Glycan differentiation kit (Roche Molecular
Biochemical, Mannheim, Germany) was used to detect the
carbohydrate present on PGC. The manufacturer’s protocol
was followed with the exception of adapting the method
from a dot-blot assay to an enzyme-linked immunosorbent
assay (ELISA). An ELISA plate was used to bind the pro-
teins. First, 0.1 pg recombinant PGC diluted to 150l in
ELISA coating buffer as well as the positive controls
(diluted standards provided in the kit) and a negative con-
trol (ELISA coating buffer) were loaded onto different spots
on the plates and incubated at 4 °C for 24 h. Then 250 pul of
blocking buffer (1% bovine serum albumin [BSA] in Tris-
buffered saline [TBS]) was loaded into the sample wells, and
the plate was incubated at room temperature for 3h to
ensure complete blocking and eliminate nonspecific binding.
Five digoxigenin-labeled lectins with different terminal car-
bohydrate residue binding specificities were used: GNA,
SNA, MAA, PNA, and DSA. After removing the unbound
lectins by extensive washing, 200 pl of alkaline phosphatase-
labeled anti-digoxigenin solution was added to each well to
form the carbohydrate-lectin—anti-lectin complex. The
complex subsequently was detected by the presence of a
chromophore generated by the addition of 200 pul of 1 mg/ml
para-nitrophenyl phosphate (PNPP) solution.

MALDI-TOF MS of intact and deglycosylated recombinant
PGC

The MALDI-TOF MS analysis was carried out on a
Hewlett-Packard G2025A time-of-flight mass spectrometer
(Palo Alto, CA, USA). A 4 pg/ul solution of sinapinic acid
(Aldrich) was used as matrix and was made by dissolving
the sinapinic acid in a solution of 50:50 (v/v) acetonitrile
and 0.1% trifluoroacetic acid (TFA) in water. The recombi-
nant PGC was mixed with the matrix in a 1:1 ratio and vac-
uum-dried on the MALDI target.

The deglycosylation was performed directly on the
MALDI probe in order to reduce the amount of sample and
enzyme required. This was accomplished by combining
0.2 ul of endo-glycosidase H (EndoH, Prozyme, San Lean-
dro, CA, USA) with 0.5ul of recombinant PGC on the
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MALDI target [24]. The digestion proceeded at room tem-
perature for 30min. Milli-Q water (MQ H,0) was added
during the digestion to keep the reaction environment moist.
After incubation, 0.5 pl of sinapinic acid matrix solution was
added to the spot and dried for MALDI-TOF analysis.

A nitrogen laser (1 =337 nm) was used to ionize the sam-
ple. The instrument operated in the positive mode with an
accelerating voltage of 28kV, an extractor voltage of 7kV,
and a pressure below 10~® Torr. A mixture of standard pro-
teins was used as an external standard to calibrate the
instrument prior to sample analysis.

Trypsin digestion of recombinant PGC

For those experiments to determine N-linked structure,
recombinant PGC was dissolved in 0.2M Tris—HCl in 8 M
urea, and the disulfide bonds were reduced with 40 mM
dithiothreitol at 55°C for 30 min. The resulting free —-SH
groups were then subjected to carboxyamidomethylation
with 80 mM iodoacetamide. This reaction was performed in
the dark at room temperature for 30 min. MQ H,O was
then added to the mixture to dilute the concentration of
Tris—-HCI to 50mM and of urea to 2M. The pH value of
the resulting mixture was adjusted to 8.0 with 10mM HCI.
Trypsin digestion was performed by the addition of
sequencing-grade trypsin at an enzyme/substrate ratio of
1:25 (w/w), and the digestion was carried out at 37°C for
24 h with gentle shaking,

LC-nano ESI-MS with stepped orifice potential scanning
technique

Approximately 5 pmol of a tryptic digest of recombinant
PGC was injected onto a 180 x I-mm C18 column (LC
Packing, PepMap, 3 um particle size). A Waters CapLC sys-
tem was used to deliver solvents at a rate of 1 pl/min. The
mobile phases for gradient elution were 0.1% formic acid
(v/v) in MQ H,O (eluent A) and 0.1% formic acid (v/v) in
methanol (eluent B). The sample was first desalted with a
90% eluent A wash for 20min, and the separation was
achieved by increasing the eluent B concentration from 10
to 80% over a 60-min gradient time. The column effluent
was interfaced to a quantitative TOF (Q-TOF) instrument
and directly analyzed in the positive ion mode.

The mass spectrometer was a hybrid quadrupole/TOF
instrument equipped with a nanospray source (Q-TOF-2,
Micromass, Milford, MA, USA). To detect glycopeptides
selectively, a stepped orifice voltage technique was used,
whereby the mass spectrometer was operated alternatively
in both normal- and high-orifice voltage modes. In the
high-voltage mode, the orifice voltage was set at a value of
80V to generate “in-source” fragmentation and produce
carbohydrate oxonium ions such as those at m/z 163
(hexose) and 204 (N-acetylhexosamine). The corresponding
mass range of this function was set at m/z 50-400. A second
function with an m/z range of 400-2500 was acquired at an
orifice voltage of 35V to avoid in-source fragmentation.

The instrument was set to collect data for both voltages by
alternating between the two orifice voltage settings and
scanning 1s for each. The glycopeptides were identified in
the low-energy condition based on the detection of the car-
bohydrate fragments generated during the corresponding
high-energy condition. CID tandem MS (MS/MS) was per-
formed to provide data for peptide sequencing of the result-
ing peptide fragments. The ESI voltage was set at 3100V,
and the desolvation temperature was set at 225°C. The
instrument was externally calibrated using 1.5 pmol [Glu']-
fibrinopeptide B prior to sample analysis.

O-Linked glycopeptide identification and purification

For O-linked site mapping, 80 g recombinant PGC was
dissolved in 40mM ammonium bicarbonate (AmBic) and
8 M urea, the disulfide bonds were reduced with 10 mM
dithiothreitol at 55°C for 1h, and the resulting free —SH
groups were then subjected to carboxyamidomethylation
with 120 pl of 55 mM iodoacetamide. This reaction was per-
formed in the dark at room temperature for 45min with
vortexing every 15min. Then 1pg Lys-C was added to the
mixture and allowed to digest at 37°C for 16 h with gentle
shaking. After that, 40mM AmBic was added to the mix-
ture to dilute the concentration of urea to 1 M. The trypsin
digestion was performed by the addition of sequencing-
grade trypsin at an enzyme/substrate ratio of 1:25 (w/w),
and the digestion was carried out at 37 °C for 24 h with gen-
tle shaking. The resulting peptides were desalted using a
C18 reverse-phase spin column (Nest Group, Southbor-
ough, MA, USA) and eluted with 0.1% TFA (v/v) and 75%
acetonitrile (v/v) in MQ H,O. The resulting fractions were
then evaporated to dryness using a SpeedVac evaporator.

Approximately 20 pmol of a tryptic digest of recombi-
nant PGC (as described previously) was subjected to the
BEMAD protocol [21]. Briefly, the peptides were resus-
pended in 1.0% triethylamine (v/v), 0.1% sodium hydroxide
(v/v), and 10 mM dithiothreitol and were incubated at 42 °C
for 3h. Peptides were acidified with an equal volume of 1%
TFA (v/v) and then desalted using C18 reverse-phase spin
columns and dried down in a SpeedVac as in the digestion
protocol. Peptides were resuspended in degassed phos-
phate-buffered saline (PBS) containing 1 mM ethylenedi-
aminetetraacetic acid (EDTA) and were subjected to thiol
chromatography (Thiolpropyl Sepharose 6B, Amersham
Biosciences, Uppsala, Sweden) as described previously [21].
Dithiothreitol-eluted peptides were desalted and subjected
to LC-MS/MS analysis.

A nitrogen bomb was used to load the peptides onto a
self-packed 75-pum x 10.5-cm C8 reverse-phase column
(PicoFrit PicoTip Emitter, New Objective, Woburn, MA,
USA) using 5 120A C8 packing material (Vydac, Hespe-
ria, CA, USA). Peptides were eluted at a flow rate of
approximately 400 nl/min using a linear gradient of increas-
ing acetonitrile in 0.1% formic acid (v/v) directly into the
nanospray source of a linear ion trap (LTQ, ThermoFinni-
gan, Waltham, MA, USA). Data-dependent scanning was
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performed such that a full mass scan was followed by frag-
mentation analysis of the eight most abundant peaks with a
dynamic exclusion value of 2. For pseudo-neutral loss scan-
ning, MS? was performed on the resulting ion if one of the
two major fragments observed in the MS/MS spectra was
equal to a loss of m/z 81, 162, or 243 from the parent mass.
All data were analyzed using TurboSequest software (Ther-
moFinnigan). Allowed modifications of —18.00, +136.15,
and +162.05 on serine and threonine; +57.02 and +120.15
on cysteine; and +15.99 on methionine were selected in the
data analysis. The database searched was the nonredundant
A. niger database (downloaded from the National Center
for Biotechnology Information).

O-Linked carbohydrate composition analysis by high-
performance anion exchange chromatography with pulsed
amperometric detection

Approximately 200 pg recombinant PGC was digested
for 16 h at 37 °C with PNGase-F to release all N-linked car-
bohydrate. The resulting de-N-glycosylated protein was
purified by passing the mixture through a 30-pm x I-mm
C18 column (Oasis HLB). The N-linked carbohydrate was
discarded, and the remaining protein fraction was subjected
to B-elimination with 1 M sodium borohydride in 50 mM
sodium hydroxide at 50°C overnight to release the
O-linked carbohydrates. The treated sample was neutral-
ized with 5% acetic acid (v/v), and salts were removed by
treatment with an ion exchange resin (Dowex S0WX8-100).
The sample was dried, and the resulting borates were
removed by repeated evaporation with methanol. The sam-
ple was finally treated with 4 M TFA for 4h at 100°C to
hydrolyze the oligosaccharides into monomers.

Analysis was performed using Dionex DX500 high-per-
formance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) equipped with a
GP40 gradient pump, an ED40 electrochemical detector,
and a Thermo-Separations AS3500 autosampler using a
Dionex CarboPac PA1 (4 x 250-mm) analytical column
with amino trap and borate trap columns at a flow rate of
0.5ml/min [25]. Gradient elution was achieved by setting
eluent A (water) at 90% and eluent B (1 M NaOH) at 10%.
After an initial hold time of 5 min at this condition, eluent B
increased to 70% over a 10-min gradient and was held con-
stant for an additional 10min to complete the separation.
Instrument control and data processing were accomplished
using Dionex PeakNet software (version 5.01).

Homology modeling

To create a homology model for PGC of A. niger, the
mature amino acid sequence of PGC [26] was threaded
onto the crystal structure of PG2 from A. niger [27] using
the Swiss PDB viewer DeepView (version 3.7). The homol-
ogy structure was then optimized using the protein model-
ing suite BioMedCache (BMC, version 6.1). A structure
optimization was performed using molecular mechanics

MM3. Single mannose monomers and one high-mannose
glycosylation (GIcNAc,Man,;) were created using BMC,
and their structures were optimized using the semiempirical
method PM5. Seven O-linked o-1-mannose glycans were
attached to residues Thr2, Thr3, Thr5, Ser7, Ser9, Ser70,
and Serl114 of the optimized PGC model. The N-linked
high-mannose glycosylation was then attached at Asn220.
The structure of the glycosylated PGC model was then
optimized using molecular mechanics MM3. The optimized
structure was then allowed to move using molecular
dynamics, simulating 300K for 1ps, before it was again
optimized with molecular mechanics.

Results and discussion

Among seven A4. niger EPGs expressed to date, PGI and
PGII are the two most extensively characterized with
regard to structure and functionality [28-30]. To under-
stand the different properties of EPGs, other isozymes are
being fully characterized. For PGC, the pH range for activ-
ity falls between 3 and 5 (with a pH optimum at 4.1) and is
similar to that for other EPGs [8]. PGC shows much lower
activity when compared with PGI and PGII and prefers the
non-methyl-esterified substrate, as indicated by a decrease
in activity when the degree of methyl esterification is
increased [8]. The role of PGC during pathogenesis is
unknown, but studies such as the current one will provide
valuable information leading to a full understanding of the
effect of glycosylation on EPG activities. There is growing
evidence that glycosylation can have dramatic effects on
intermolecular recognition and the activity of proteins
[16,17]. A complete characterization of the glycosylation of
PGC is the subject of the current work.

Lectin and ELISA results

The presence of carbohydrate on PGC was detected by
modified lectin blotting. All five of the lectins used have
different carbohydrate binding specificities, and only GNA
showed a strong positive reaction with recombinant PGC.
This indicated the presence of terminally linked mannose
resulting from either high-mannose or hybrid-type N-linked
glycans. An examination of the amino acid sequence of PGC
indicated one potential N-linked site at Asn220. (Amino
acid numbering in this work is based on the mature protein
that begins at Ala4l of the preproprotein, as shown in
Fig. 1)

MALDI-TOF MS of intact and deglycosylated protein

The molecular mass of intact PGC was determined by
MALDI-TOF MS to be approximately 39,600Da
(Fig. 2A), which is approximately 3300 Da larger than the
molecular mass calculated from the amino acid sequence.
The large mass discrepancy indicated the presence of post-
translational modifications (PTMs) on PGC, and the
observed broad peak and poor mass resolution in the
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Fig. 1. Amino acid sequence of the mature PGC protein (which begins at Ala41 of the preproprotein) containing an N-linked glycosylation site at Asn220
and seven O-linked sites. Site mapping of glycosylation is indicated with larger bold letters at the site of modification and is designated N-linked glycosyl-

ation or O-linked glycosylation by the symbol @ or *, respectively.
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Fig. 2. MALDI-TOF MS spectra of intact PGC protein (A) and the EndoH-digested PGC (B). The molecular weight of intact PGC was approximately
39,600 Da, which is 3300 Da larger the molecular weight calculated from the amino acid sequence. After EndoH on-target digestion for 30 min, a new peak
of approximately 1200 Da less appeared. However, the intact protein still was the major peak, suggesting that the digestion was not complete. The addi-

tional peak at approximately 29,000 Da shows the EndoH molecular ion peak.

MALDI-TOF spectrum was indicative of heterogeneous
glycoforms. Therefore, the intact protein was deglycosy-
lated by EndoH directly on the MALDI target to confirm
the presence of N-linked glycosylation. After a 30-min
digestion, a new peak appeared at approximately 1200 Da
less than the intact protein peak (Fig. 2B), indicating that
the recombinant PGC was indeed modified by N-linked
glycans having either a high-mannose or hybrid structure.
Therefore, Asn220 must be the site of glycosylation given
that this is the sole N-linked consensus sequence present in
the PGC amino acid sequence. This result was also consis-
tent with the results of the lectin test.

Although N-linked glycans can be released from the
protein by either EndoH, peptide N-glycanase A (PNGa-
seA), or peptide N-glycanase F (PNGaseF), detection of
O-linked glycosylation sites is not as straightforward
because there is no single enzyme capable of releasing a
wide variety of O-glycans. Thus, determination of the
presence of O-linked glycosylation using on-target diges-
tion is not feasible.

N-linked glycopeptide and N-linked glycan structure
identification

The trypsin-digested PGC peptides were analyzed by
MALDI-TOF MS and LC-MS. At the higher mass ranges
of the MALDI-TOF MS spectrum, a series of signals of
moderate intensity were observed with mass differences of
162Da, a characteristic mass of a peptide modified by
a heterogeneous N-linked glycan (data not shown). The
162-Da spacing indicated each peak in this series contained
an additional mannose residue, as found in high-mannose
glycans, because the monosaccharide residues present
within the branches of the other two classes of N-linked
structures result in peak spacing other than m/z 162. The
composition of the N-linked glycan is consistent with the
high-mannose structures that we have previously character-
ized on other PDEs from A. niger using exo- and endo-gly-
cosidases [31,32]. The experimental peptide masses were
then compared with the in silico digestion fragments using
Masslynx (version 3.4, Micromass) to identify discrepancies
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indicative of possible PTM. The mass of the peptide con-
taining the potential N-linked site at Asn220 (T12) is deter-
mined to be 1310.7 Da. However, the lack of a peak at m/z
1310.7Da and the presence of experimental peaks at m/z
2800-3000 Da indicate that Asn220 possibly contains a
PTM with an m/z on the order of 1500-1700 Da. The
remaining identifiable peaks observed in the MALDI-TOF
spectra were identified as unmodified tryptic fragments T6,
T11, T13, and T13-14.

The specific structure of the attached glycan was deter-
mined by LC-MS on a Q-TOF2 using a stepped orifice
potential. Cone voltage settings were optimized based on
standard glycopeptide fragmentations observed under vari-
able cone voltage conditions. Although no carbohydrate
fragments are observed at a low cone voltage of 35V, a
series of strong carbohydrate fragments can be generated
when the cone voltage is increased to 80 V. Approximately
3pmol of trypsin-digested peptide mixture was analyzed.
The selected ion currents for three carbohydrate fragment
ions extracted from the high-cone voltage total ion chro-
matogram (TIC) are shown in Fig. 3. A single ion chroma-
tographic peak centered around 25 min contained all three
marker ions, and its summed spectrum is shown in Fig. 4.
One series of doubly charged peaks is present from m/z
859.5-1752.0 and shows a peak spacing of m/z 81. The mass
for each glycopeptide was calculated and compared with
peptide masses calculated from in silico digestion, and the
composition of the attached glycan was calculated accord-
ingly. For example, the ion peak at m/z 1508.3 corresponds
to an [M+2HP" peptide with a molecular mass of
3014.6 Da. Although this mass is not a match with any of
the calculated tryptic peptide masses, the mass difference

100 4

%

GleNAcMang.1~T12 (2+)

100 A=m/z81
m/z 1508.3
z
s
E
z m/z 1589.3
£
';E <
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=
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m/713462
< m/z16703
> <P GleNAc;Many 7~T12-13 (3+)
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Fig. 4. Averaged spectrum of N-linked glycopeptide. The 2+ charged
peaks had incremental spacing of mi/z 81 between peaks, and the 3+
charged peaks had incremental spacing of m/z 54. Each species in both
spectra was separated by a single hexose residue.

between this ion and T12 (1703.9 Da) corresponds to the
mass of a high-mannose glycan, GlcNAc,Mang. Therefore,
this ion at m/z 1508.3 is determined to be the doubly
charged T12 + GIcNAc,Mang. The rest of the glycopeptides
were analyzed in a similar manner, and all were determined
to be modifications of the TI2 peptide ranging from
T12 + GlcNAc,Man, to T12 + GlcNAc,Man, ;. In addition,
a series of triply charged peaks appeared at slightly higher
m/z values with a peak spacing of 54, and those peaks cor-
respond to the T12-13 peptide (one missed cleavage) with
the glycan structure ranging from T12-13 + GlcNAc,Man,
to T12-13 + GIlcNAc,Man,.

m/z 366 extract

100

%

Intensity (arbitrary units)

m o

dullu]
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Fig. 3. Ion currents of three carbohydrate fragment ions extracted from TIC under high-cone voltage acquisition.
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The molecular mass of GlcNAc,Man,,, the largest gly-
can detected, was calculated to be 2190 Da; thus, N-glyco-
sylation can account for only part of the molecular mass
discrepancy observed in the intact protein analysis
(~3300Da). The remaining mass difference (~1110Da)
indicated that there should be other PTMs present in the
protein, but peptide fingerprint mapping using both
MALDI-TOF MS and LC-MS data revealed only one N-
linked glycopeptide (T12). Therefore, the unexplained
experimental mass was suspected to be due to O-glycosyla-
tion on one or more of the unmatched peptides (T1, T4, TS,
T9, T10, T15, and T16), and O-linked site mapping was
pursued as a result.

O-Linked glycopeptide identification and O-linked site
mapping

The trypsin- and PNGaseF-digested peptide mixtures
were separated on a microbore C18 column that was inter-
faced with a conventional ESI source. The Q-TOF parame-
ters were optimized to accommodate the relatively high
flow rate of 20 ul/min (vs. 1pl/min as used in nanospray
techniques). Fig. 5 shows the TIC obtained. Mass spectra

Intensity (arbitrary units)

A

49

corresponding to each ion peak were obtained and com-
pared with in silico digests. Two summed spectra corre-
sponding to the ion peaks at 15.2 and 15.8 min (Figs. 6 and
7, respectively) showed multiple peaks spaced at intervals
of m/z 81 and indicate that there is a possible presence of
O-mannose on the peptide, as expected. The mass spectra
obtained from the effluent at 15.2min showed a dominant
ion at m/z 1107.5 and a series of peaks with much weaker
signals in the lower mass region. The ion peaks were also
observed in the spectra obtained from the effluent at
15.8 min. The ion peak at m/z 702.4 corresponds to the dou-
bly charged T1 peptide backbone (ATTCTFSGSEGASK,
1403.6 Da) after carboxyamidomethylation of the Cys4 res-
idue, indicating that the glycopeptides eluting at these two
retention times actually originate from the same peptide.
The fraction at 15.2min corresponds to the T1 peptide with
a maximum of five hexoses attached, and the fraction at
15.8 min corresponds to the T1 peptide with a maximum of
four hexoses attached.

O-Linked glycosylation site mapping was thoroughly
performed using pseudo-neutral loss scanning and
BEMAD. The pseudo-neutral loss scanning experiment
clearly established five hexoses (out of six potential sites for
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Fig. 5. Total ion current of PGC tryptic peptides obtained under conventional ESI LC-MS. Glycopeptides elute at 15.2 and 15.8 min. The purified

O-linked peptide was collected over a 1-min window of 15-16 min.
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Fig. 6. Mass spectra of the T1 O-glycopeptide (modified with five hexoses) with retention time at 15.2 min. Sequential shift of m/z 81 indicates the presence

of hexose for the (M + 2H)?** ions. w/o, without.
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Fig. 7. Mass spectra of the T1 O-glycopeptide (modified with four hex-
oses) with retention time at 15.8 min. Sequential shift of m/z 81 indicates
the presence of hexose for the (M + 2H)?* ions. w/o, without.

O-glycosylation on the T1 tryptic peptide sequence) identi-
fied by a sequential loss of m/z 81 (due to the doubly
charged peptide) in the MS/MS spectra (Fig. 8) and pro-
vided support for the results of the previous Q-TOF MS
analysis. MS® analysis of the m/z 702.2 ion identified the
peptide sequence to be ATTCTFSGSEGASK, as expected
(X.orr =4.2). Neutral loss also identified a hexose modifica-
tion on the tryptic peptide T9 containing the glycosylated
Ser114 residue (X, =4.1). MS® experiments occasionally
can map sites of modification directly, and MS? fragmenta-
tion of the m/z 864.1 ion, which had lost three of the five
sugars, provided information that allowed us to map the
sites of hexose modification (+162.05Da) specifically onto
Thr3 and Thr5 of the same T1 peptide. Direct identification
by MS? sequencing also allowed us to map an additional
hexose modification on the tryptic peptide TS5 containing
the glycosylated Ser70 residue (X, =5.25), as shown in
Fig. 9. Although the neutral loss/MS® approach is very use-
ful for narrowing sites of modification to a single peptide,
the exact site cannot always be determined unless there is
only one serine or threonine in the peptide (which then
allows the specific site to be mapped by inference) because

the loss of the O-linked glycan results in no net change to
the site of modification (unlike the case of Ser/Thr phos-
phorylation, where a dehydro-amino acid is formed on loss
of the phosphate modification) [33]. In addition, the neutral
loss/MS? approach does not allow for the enrichment of
peptides of interest. Therefore, we were unable to assign the
sugar modification to the exact site and were forced to pur-
sue a different strategy (BEMAD), as described below, to
map the exact location of the hexose modifications on the
peptide.

A method has been developed recently for the mapping
of O-GIcNAc sites on peptides that relies on BEMAD [21].
This approach has several promising features, including the
replacement of a labile moiety (glycan) with a CID stable
tag, and the dithiothreitol tag can be used to enrich the pep-
tides of interest. This procedure can also be adapted for use
as a quantitative technique, providing more flexibility for
quantitative analysis of glycopeptides [34]. The B-elimina-
tion chemistry is applicable to any glycan type, so we
applied this method to the analysis of O-mannose sites.
Following protein digestion, the resulting peptides were
subjected to the BEMAD chemistry to replace any O-man-
nose sites with covalent dithiothreitol and the peptides were
enriched using thiol chromatography. LC-MS/MS analysis
of the thiol-enriched BEMAD modified peptides provided
data used to identify seven sites of O-glycosylation: Thr2,
Thr3, Thr5, Ser7, and Ser9 on the T1 peptide and two other
modifications at Ser70 (X_,,,=4.9) and Ser114 (X,.,,=4.2)
on TS5 (Fig. 10) and T9, respectively.

HPAEC-PAD is an established method for glycan com-
position analysis and was used to confirm the presence of
O-mannose as opposed to any of the other possible O-hex-
ose modifications. Compared with gas chromatography
(GC)-MS, another common method for analysis of glycan
composition, HPAEC is relatively simple. The method used
in this work is a modified version of the Carlson degrada-
tion in which the PGC is heated for several hours in dilute
NaOH with an excess of NaBH, [35]. The excess of NaBH,
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Fig. 8. Neutral loss site mapping of O-hexose sites on peptides of PGC. Shown is the MS/MS spectra of a tryptic peptide (T1) from PGC. MS? sequencing
of m/z 702.2 identified the peptide ATTCTFSGSEGASK. Direct sequencing of PGC peptides identified two sites (#) of modification on the T1 peptide,
and BEMAD site mapping identified all five sites (*) of modification on the T1 tryptic peptide. A total of seven sites of O-mannose modification (Thr2,

Thr3, ThrS5, Ser7, Ser9, Ser70, and Serl14) were identified for PGC.
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Fig. 10. BEMAD/Thiol chromatography site mapping of O-hexose sites on peptides of PGC. BEMAD followed by thiol chromatography identified Ser70
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is used to ensure fast reduction of released oligosaccharides
and to protect them from further degradation under alka-
line conditions. After releasing the O-linked glycans, acid
hydrolysis using TFA was performed to cleave any glyco-
sidic bonds between monosaccharide residues. Only one

peak was observed in the HPAEC-PAD result (Fig. 11),
suggesting that recombinant PGC contains only one type
of monosaccharide. A mannose standard was analyzed in
the same manner to confirm the identity of this monosac-
charide, and the peaks present in both chromatograms
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7000 Column: Dionex CarboPac MA1
(250 x4 mm)

Eluent A: water

Eluent B: 1.0 M NaOH

Flow rate: 0.5 ml/min

Gradient: 10% B to 70% B in 10 min, and
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Fig. 11. HPAEC-PAD of O-linked glycan composition analysis. HPAEC-
PAD data showed that all of the O-glycosylation sites on PGC are
O-mannose. The shorter peak in the spectrum (PGC O-linked glycan)
matches perfectly to the taller peak (mannose standard) and confirms
that all O-glycosylation sites on PGC contain a single O-mannose
modification.

overlap (Fig. 11). Therefore, the monosaccharide in PGC
was determined to be entirely mannose, and the results pre-
sented here indicate that O-mannose is one type of fungal
glycosylation.

Peptide fingerprint mapping was performed based on
MALDI-TOF and LC-MS/MS data, and seven tryptic
peptides with m/z values greater than 600 Da were unable
to be identified. The N- and O-linked glycosylation sites on
PGC and the structures of the carbohydrate chain were
determined by various MS methods. A single N-linked gly-
cosylation site (Asn220) was found in the recombinant
PGC at T12, and the attached glycan was proposed to have
a high-mannose structure (GlcNAc,Man; ;) that was con-
sistent with that observed for other fungal enzymes [13,15].
The T1 peptide was identified as an O-linked glycopeptide
from LC-MS/MS data based on the heterogeneity of glyco-
forms, and the attached glycan was further identified as
mannose by HPAEC-PAD analysis. Overall, seven specific
sites of O-mannose modification (Thr2, Thr3, Thr5, Ser7,
Ser9, Ser70, and Ser114) were identified using a combina-
tion of neutral loss and BEMAD experiments.

The combined experimental mass from N- and O-linked
glycans, 3323Da, accounts for the mass discrepancy
(~3300Da) between the experimental and calculated molec-
ular masses for PGC. The lack of experimental evidence for
any other type of PTM (ie., phosphorylation) combined
with the mass comparison of the individual modified frag-
ments with the intact glycoprotein mass from MALDI-TOF
experiments indicates that the glycopeptides found in this
research account for all of the PTMs on A. niger PGC.

The locations of all PTMs of PGC are shown in Fig. 12,
and the locations of O-mannose modification are of partic-
ular interest in understanding the biological role of this
enzyme. As mentioned earlier, enzymes such as PGC are
released by the fungus during pathogenesis in an attempt to
degrade the plant cell wall. The plant responds to this by
producing proteinaceous inhibitors known as polygalactu-
ronase-inhibiting proteins (PGIPs) [36]. The mannoses are
placed in the region where, according to one model, the
PGIP is proposed to interact with the EPG [37]. The role of
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Fig. 12. Threaded representation of O-mannose and N-linked Glec-
NAc,Man,, glycosylation (both shown in orange) of PGC.

O-linked glycosylation has been an area of increasing inter-
est, and recently O-linked mannose has been shown to be
important in protein—protein interactions [16,17]. A system-
atic site mutagenesis of the mannose-containing serines and
threonines will allow us to understand what roles each of
the mannoses plays (if any) in EPG-PGIP interactions and
will lead us to new strategies to promote plant resistance of
pathogens. Because the BEMAD methodology originally
developed for the mapping of O-GlcNAC sites is dependent
on the glycan being susceptible to B-elimination, it was
expected that it would work for site mapping any type of O-
glycosylation. The mapping of simple O-mannose sites here
serves as proof of principle that the BEMAD methodology
does indeed work for O-glycans besides O-GIcNAc. Having
demonstrated the utility of BEMAD for mapping fungal,
nonextended O-mannose sites, this study sets the stage for
mapping complex O-glycans, including highly medically
relevant O-mannose sites such as those found on mamma-
lian a-dystroglycan [16,17].
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