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Abstract

Polygalacturonase inhibiting proteins (PGIPs) are members of the leucine rich repeat family of
proteins, involved in plant defense against fungal pathogens. PGIPs exhibit a remarkable degree of
specificity in terms of their ability to bind and inhibit their target molecules, the
endopolygalacturonases (EPGs). This specificity has been attributed for certain EPG/PGIP
combinations to differences in primary sequence, but this explanation is unable to account for the
full range of binding and inhibitory activities observed. In this paper we have fully characterized
the glycosylation on the PGIP derived from Pyrus communis and demonstrated, using a
combination of PNGaseF and PNGaseA in 180-water, that the Pyrus communis PGIP utilizes all
seven potential sites of N-linked glycosylation. Further, we demonstrate that certain sites appear to
be modified only by glycans bearing a3-linked core fucosylation, while others are occupied by a
mixture of fucosylated and non-fucosylated glycans. Modeling of the carbohydrates onto a
homologous structure of PGIP indicates potential roles for glycosylation in mediating the
interactions of PGIPs with EPGs.

INTRODUCTION

The plant cell wall is a major barrier against attempted invasion by phytopathogenic fungi.
Therefore, the plant cell wall-degrading enzymes produced by fungi play an important role
in their pathogenicity 1. Many fungi use endopolygalacturonases (EPGs) to hydrolyze the
cell wall polysaccharide homogalacturonan as one of the first steps in invasion 2. A variety
of plant defense mechanisms have evolved, some of which are directed toward EPGs.
During pathogenesis, interactions between fungal EPGs and plant-derived
polygalacturonase-inhibiting proteins (PGIPs) alter the hydrolytic activity of the EPG 3.
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PGIPs form high-affinity complexes with EPGs in a reversible, stoichiometric manner 3.
The rate of hydrolysis of homogalacturonan by an EPG/PGIP complex is generally between
one and two orders of magnitude slower than by the free EPG, depending on the source of
the EPG and PGIP 4.

EPGs from a single strain of fungus may exist in a variety of isoforms 4-6. The EPG
isoforms may each exist as a series of glycoforms, and may vary in their mode of action as
well as in their ability to interact with, and be inhibited by, PGIPs 4 7. For example, the
EPGs from two Fusarium moniliforme isolates, though 91.7% identical, were completely
different in their susceptibility to inhibition by specific PGIPs 8,

PGIPs exhibit specificity with respect to the EPGs that they bind to in vitro 4 7: 9. The PGIPs
of a single species may be present as a set of isoforms, each of which exists as a series of
glycoforms 1911 Protein glycosylation has proven to be important in maintaining protein
structure and function and can play a key role in protein-protein interactions 1213, This
structural variability provides the potential for a wide range of specificity in EPG-PGIP
interactions within any plant—pathogen pairing. The mode of action of a particular fungal
EPG and its inhibition by PGIPs may be one of the critical factors in determining fungal
pathogenicity. To fully understand the interactions of these two classes of molecules and
their role in host-pathogen interactions the mechanisms of EPG hydrolysis of
homogalacturonan and of PGIP inhibition of EPG must be understood at the molecular
level.

A crystal structure of a bean PGIP has been published 4. This is an excellent starting point
to begin to locate critical points of contact on the surfaces of the two proteins within the
enzyme-inhibitor (EPG-PGIP) complex. We previously identified nine amino acids in the
PGIPs and nine amino acids in the EPGs that are likely candidates for change due to
selection pressure, thus potentially altering the specificity of interaction of the two

proteins 12, This study supported data from site-specific mutation experiments 16, and
indicated other regions on the PGIP that may be of importance for EPG-PGIP interaction 17.
Work by others has indicated that single amino acid replacements in PGIP can alter specific
EPG-PGIP interaction 16:18 byt the relevance of these findings for other EPG-PGIP
combinations is currently unclear 8. Further, only a single study has investigated the role of
N-linked glycosylation in EPG-PGIP binding 19 and the functional role of O-linked
glycosylation in EPG-PGIP interactions has not been addressed. To date, an undisputed
model of the EPG-PGIP complex has not yet been proposed 18-20, Mass spectrometry
utilizing amide deuterium exchange, differential proteolysis, and modeling studies allowed
us to begin to describe the structure of an EPG-PGIP complex 1°.

In this paper we expand the parameters for understanding the molecular nature of the EGP-
PGIP interaction by assigning N-linked glycosylation site utilization and by characterizing
glycan heterogeneity at defined sites on PGIP.. This study looks at seven predicted sites of
N-glycosylation found on the PGIP from Pyrus communis (pear), and demonstrates that all
seven consensus sequences are utilized but that certain sites only appear to be modified by
3-linked fucosylated core glycan structures. Modeling of the carbohydrates onto a homology
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structure of PGIP elucidates potential roles for glycosylation in mediating the interactions of
PGIPs with EPGs.

EXPERIMENTAL PROCEDURES

Preparation of PGIP peptides for N-glycosylation site mapping

PGIP from pears (Pyrus communis, cv Bartlett) was isolated and purified as described in
past accounts 21, The purified protein (~ 10 pg) was resuspended in 40 mM NH4HCO3 (0.1
Ig/IL of PGIP), denatured with 1 M urea, reduced with 10 mM of DTT for 1 h at 56 °C,
carboxyamidomethylated with 55 mM of iodoacetamide (Sigma) in the dark for 45 min, and
then digested with 2 ug of sequencing-grade trypsin (Promega) in 40 mM NH4HCO3
overnight at 37 °C. After digestion, the peptides were acidified with 1% trifluoroacetic acid,
desalted via C18 spin columns (Vydac Silica C18, The Nest Group, Inc.), and the resulting
peptides were divided into two aliquots and dried down in a Speed Vac. Resulting dried
peptides were resuspended in 10 pl sodium phosphate for PNGaseF or 10 pl citrate buffer
for PNGaseA and then dried back down. For N-linked glycosylation site analysis, peptides
were resuspended in 9 uL of 180 water (H,180, 95%, Cambridge Isotope Laboratories, Inc.)
and 1 pL of N-glycanase (PNGaseF, Prozyme) and allowed to incubate for 18 hrs at 37 °C.
To map the fucosylated N-linked glycosylation sites, peptides were resuspended in 9 pL

of 180 water and 1 pL of N-glycanase (PNGaseA, Calbiochem) and allowed to incubate for
18 hrs at 37 °C. In either case, peptides were dried back down and resuspended in 50 pL of
40 mM of NH4HCO3, with 1 g of trypsin, to remove any possible C-terminal incorporation
of 180 from residual trypsin activity for 4 hrs 22 and then dried down and stored at =20 °C
until analyzed.

Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) Analysis

The peptides were resuspended with 19.5 uL of mobile phase A (0.1% formic acid, FA, in
water) and 0.5 pL of mobile phase B (80% acetonitrile, ACN, and 0.1% FA in water) and
filtered with 0.2 um filters (Nanosep, PALL). Proteins were analyzed as previously
described 23. Briefly, the samples were loaded off-line onto a nanospray tapered capillary
column/emitter (360 x 75 x 15 um, PicoFrit, New Obijective) self-packed with C18 reverse-
phase (RP) resin (8.5 cm, Waters) in a Nitrogen pressure bomb for 10 min at 1,000 psi (~5
pL load) and then separated via a 160 min linear gradient of increasing mobile phase B at a
flow rate of ~200 nL/min directly into the mass spectrometer. One-dimensional LC-MS/MS
analysis was performed on a linear ion trap mass spectrometer (LTQ, Thermo Fisher
Scientific Inc., San Jose, CA) equipped with a nanoelectrospray ion source. A full MS
spectrum was collected (m/z 350-2000) followed by 8 MS/MS spectra following CID (34%
normalized collision energy) of the most intense peaks. Dynamic exclusion was set at 2 for
30 s exclusion.

Data Analysis
The resulting data was searched against a database containing the polygalacturonase-
inhibiting protein (PGIP, gi|33087512 and Pyrus communis) fasta sequence, obtained from
NCBI, and the common contaminants database (ThermoFisher) using the TurboSequest
algorithm (BioWorks 3.1, Thermo Fisher Scientific Inc.). Spectra with a threshold of 15 ions
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and a TIC of 2e3 were search. Charge state analysis using ZSA, correct ion, combion, and
ionquest (all as part of the Bioworks work flow) were applied over a range of [MH]* = 600-
4000. The SEQUEST parameters were set to allow 2.0 Da of precursor ion mass tolerance
and 0.5 Da of fragment ion tolerance with monoisotopic mass. Only fully-tryptic peptides
were allowed with up to three missed internal cleavage sites. Dynamic mass increases of
15.99 and 57.02 Da were allowed for oxidized methionine and alkylated cysteine,
respectively. Carbamylation, due to the presence of urea, was scanned for but not observed.
In the cases where sites of N-linked glycosylation were investigated with N-glycanase

and 180 water, a dynamic mass increase of 3.00 Da was allowed for Asn residues as
previously described 24, The results of the SEQUEST search were filtered at 2.0/2.3/2.8
Xcorr (Cross correlation) with charge states of +1/+2/+3, respectively. Only Asn residues in
consensus sites were identified as being modified by +3 Da and all peptide fragmentation
data indicative of a site of modification was manually validated following automated
filtering. All spectra leading to assignments are available upon request.

N-Glycan Release, Permethylation, and Analysis

Glycans were released from PGIP by sequential enzymatic digestion, first with PNGaseF
(Prozyme) and subsequently with PNGaseA (Calbiochem). Preparation and analysis of N-
linked glycans was performed as previously described 25. Briefly, between 5 and 10 pg of
PGIP were denatured by boiling and incubated with trypsin. The resulting digest was
subjected to reverse phase chromatography to enrich for glycopeptides, which were then
concentrated to dryness by vacuum centrifugation before treatment with PNGaseF.
Exhaustive digestion with PNGaseF was performed in 20 mM sodium phosphate, pH 7.5.
The reaction mixture was subjected to reverse phase chromatography to separate the
PNGaseF-sensitive glycans from residual glycopeptide and from deglycosylated peptide.
The residual glycopeptide/peptide mixture was then digested with PNGaseA in 0.2M citrate
phosphate buffer, pH 5.0. Released glycans were separated from residual peptide by reverse
phase chromatography, yielding PNGaseA-sensitive glycans. Both pools of glycan were
permethylated and analyzed by nanospray ionization tandem mass spectrometry, NSI-MS",
using a linear ion trap mass spectrometer (LTQ, ThermoFisher). All spectra leading to
assignments are available upon request.

Homology Modeling

To create a homology model for PGIP the mature amino acid sequence of pear PGIP was
threaded onto the crystal structure of PGIP from P. vulgaris 1* using the Swiss PDB Viewer,
DeepView v. 3.7. The homology structure was then optimized with molecular mechanics,
MM3, using the protein modeling suite, BioMedCache v. 6.1 (BMC). The optimized
structure was then allowed to move using molecular dynamics, simulating 300 K for 2 ps,
before it was again optimized with molecular mechanics. Seven glycosylation, three
M3XN2 (Man3XylGIcNAc,) and four M3XN2F (Man3XylGIcNAc,Fuc), were created
using BMC, and their structures were optimized using the semi-empirical method, PM5. The
N-linked glycosylations were attached to the appropriate residues and the entire glycosylated
PGIP model was optimized by applying several iterations of molecular mechanics and
molecular dynamics computations as before.
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N-linked Site Mapping of PGIP with PNGAseF

Pyrus communis PGIP has seven potential N-glycoslyation sites (N-X-S/T, where X is not
P). In order to determine whether consensus sites were being utilized, purified, digested
PGIP-derived peptides were treated with PNGaseF in 180-water to convert modified Asn
residues to heavy Asp (a mass shift of 3 Da). Following enzymatic treatment, peptides were
analyzed by LC-MS/MS and 3 of the potential 7 Asn were determined to be sites of N-
linked glycosylation (Fig. 1, Table 1). However, it was noted that complete coverage of the
protein was only 61% and that tryptic peptides containing the other 4 potential sites of
modification were not identified in this experiment (Table 1).

N-linked Site Mapping of PGIP with PNGaseA

It is well established that both plants and insects, unlike mammals, are capable of a3-linked
fucose modification of the reducing terminal GIcNAc residue in N-linked structures 26,
Furthermore, PNGaseF is unable to cleave N-linked glycans containing a 3-linked fucose in
the chiotbiose core 27. Therefore, we utilized PNGaseA to incorporate 180 at glycosylated
Asn sites. This enzyme is able to cleave 3-linked fucose on the reducing end GIcNAc of N-
linked structures 27. Following PNGaseA treatment in 180-water of the PGIP-derived
peptides, coverage increased to 81% and all 7 sites of N-linked glycosylation were shown to
be utilized (Fig. 2, Table 1).

Glycan Analysis following PNGaseF and PNGaseA release from PGIP

In order to determine the full range of structures that might be found at the 7 N-linked
glycosylation sites of PGIP, glycans were released by PNGaseF or by PNGaseA (following
PNGaseF). Released, permethylated glycans were analyzed by tandem mass

spectrometry 2°. The profile of glycans released from PGIP by PNGaseF digestion is
dominated by a single structure, the xylosylated tri-mannosyl core glycan M3XN2 (Figure 3,
m/z = 1331). Fragmentation analysis places the Xyl residue onto the branched Man residue,
as previously described for plant N-linked glycans 28, In addition to the dominant PNGaseF-
sensitive glycan, 14 other detectable glycans were released by PNGaseF digestion. A full
series of high-mannose glycans, ranging from M9N2 to M3N2, as well as hybrid (NM3N2,
NM3XN2) and complex (N2M3N2) glycans were released by PNGaseF, but were detected
at very low levels (Table 2). Following exhaustive treatment with PNGaseF, digestion of
residual glycoprotein with PNGaseA identified a single dominant PNGaseF-resistant,
PNGaseA-sensitive glycan as M3XN2F, where the Fuc residue was detected in a3-linkage
to the reducing terminal GIcNAc residue (Figure 2B, m/z = 1506). The remaining
detectable, but minor, PNGaseA-sensitive glycans all share a characteristic a3-linked Fuc on
the reducing terminal core GIcNACc residue (Table 2). Both paucimannose (M3N2, M2N2)
and hybrid-type (NM3XN2) glycans are modified with core Fucose on PGIP. The diversity
of minor glycans released by PNGaseF or PNGaseA is consistent with the
microheterogeneity inherent in N-linked glycosylation. However, the overwhelming
predominance of M3XN2 and M3XN2F indicates that PGIP exhibits a significant level of
glycosylation homogeneity.
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DISCUSSION

The differences in the specificities of EPGs for PGIPs have generally been attributed to
changes in individual amino acids within individual PGIPs 2% and EPGs 30. These single site
changes are unlikely to account for the wide spectrum of binding and inhibitory activities
observed, and little emphasis has been placed on the potential for glycosylation to effect the
ability of PGIPs to bind, and/or to inhibit EPGs. We have previously discovered that several
of the EPGs we have studied (PG I, PGA, PGC from A. niger, along with PG 2 and PG 3
from B. cinerea) contain O-linked mannose 31-33, These modifications are located near the
N-terminus in close proximity to the sites where we hypothesize PGIP binding occurs. This
has led us to speculate that O-mannosylation may play an important role in EPG/PGIP
interaction, as the O-Man-initiated modification has been previously observed to have a
dramatic impact on the a-dystroglycan/laminin interaction in animals 13,

An earlier study provided partial characterization of the carbohydrate structures present on
two N-linked sites in Phaseolus vulgaris (bean) PGIP by MALDI-TOF MS 34, Here we
have demonstrated that the Pyrus communis PGIP utilizes all seven sites of glycosylation by
using a combination of PNGaseF and PNGaseA to sequentially release differentially
sensitive glycans. By digesting PGIP with PNGaseF or A in 180-water modified Asn
residues are converted to 180-Asp, tagging the site of modifications with a mass label (+3
Da, Figs. 1-2, Table 1). Our methodology clearly illustrates the need to use the less
commonly used N-glycanase, PNGaseA, to fully site-map and characterize the N-linked
glycans in plants (and insects). Interestingly, 4 of the 7 sites appear to be exclusively
modified by fucosylated N-liked glycans as they were not detected following PNGaseF
treatment. While the major PNGAseF sensitive glycan was M3XN2 and the major PNGaseA
sensitive glycan was M3XN2F (with the fucose in a 3-linkage), several other minor glycan
structures, including those observed in the earlier study on Phaseolus vulgaris PGIP were
observed (Table 2).

A homology model with the most abundant glycan structures was generated and energy
minimized to better understand the impact of N-linked glycosylation on the interaction
interface (Fig. 4). Inspection of the model generated indicates that the N-linked glycans of
Pyrus communis PGIP lie on either side of the binding surface, greatly increasing the surface
area available for interaction with the target EPG, but also increasing the potential for steric
modulation of binding by glycosylation. The striking dominance of a3-fucosylated glycans
at specific N-linked sites suggests that this Fuc residue imparts protein conformation that is
favored for interactions with EPG. Extremely little is known about the factors that influence
whether individual N-linked glycans are modified by core Fuc. Elucidation of PGIP
glycosylation lays a groundwork for investigating whether specific protein motifs favor, or
perhaps inhibit, the elaboration of a3-Fuc.

Pyrus communis PGIP is relatively heavily glycosylated, yet it also appears to be designed
to allow for additional glycosylation. The asparagines running down either side of the

molecule are components of what is termed an asparagine ladder which is believed to add
stability to the structure 14. Not all of these asparagines fall into an N-linked glycosylation
consensus sequence (NXS/T), but each asparagine provides a site for evolution toward the
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generation of a new glycosylation site. The situation is similar for the Phaseolus vulgaris
PGIP which also displays an asparagine ladder 14, and PGIPs are known to exist in multiple
glycosylation states 14 15, Whether glycosylation directly impacts the ability to bind and /or
inhibit EPGs awaits further analysis, but the significant presence of specific N-linked
glycans flanking the PGIP/EPG interaction region requires that their contribution be
considered in elucidating the biological specificity of this host-pathogen interaction.
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Figure 1.
Tandem mass spectrometry following PNGase F treatment in 180-water to map sites of N-

linked glycosylation on PGIP. A. Full chromatogram of LC-MS/MS run. B. MS/MS
fragmentation leading to the identification of a site of modification (N*= +3 Da).
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Figure2.

Tandem mass spectrometry following PNGase A treatment in 180-water to map sites of N-
linked glycosylation on PGIP. A. Full chromatogram of LC-MS/MS run. B. MS/MS
fragmentation leading to the identification of a site of modification (N*= +3 Da).
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Figure 3.
N-linked glycan analysis of PGIP. A. Total ion mapping (TIM) profile and MS/MS

fragmentation of most abundant glycan following PNGAseF release. B. TIM profile and
MS/MS fragmentation of most abundant glycan following PNGaseA release after removal
of PNGaseF released glycans. For TIM scans in A and B, landmark m/z values are shown
across the top at their equivalent scan times for each sample. For detected glycans, m/z
values are indicated along the scan. Asterisks indicate a non-glycan contaminant at m/
z=1452, which is routinely detected following permethylation. For MS/MS spectra, glycan
representations are consistent with the nomenclature recommendations of the Consortium
for Functional Glycomics (Man, green circle; GIcNAc, blue square; Fuc, red triangle; Xyl,
orange star). The dominant glycan released by PNGaseF is M3XN2. For PNGaseA, the
dominant glycan is the a3-fucosylated version of the same structure, M3XN2F.
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Figure4.
Homology Model of N-glycosylated PGIP. PNGaseA-only sensitive sites are shown in blue

with M3XN2F attached in yellow and PNGAseF and A sensitive sites are shown in green
with M3XN2 attached in yellow. The peptide backbone is shown in grey with all
unmodified Asn residues labeled in purple.
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Table 1

Sites of N-linked Glycosylation and Sequence Coverage of PGIP

PNGase F Coverage: 61%

DLCNPDDKK VLLQIK KAFGDPYVLASWKSDTDCCDWYCVTCDSTTNRINSLTIF
AGQVSGQIPALVGDLPYLETLEFHK QPNLTGPIQPAIAKLKGLK SLRLSWTNLSGS
VPDFLSQLK NLTFLDLSFNNLTGAIPSSLSELPNLGALRLDRNKLTGHIPISFGQFIGN
VPDLYLSHNQLSGNIPTSFAQMDFTSIDLSR NKLEGDASVIFGLNKTTQIVDLSR
NLLEFNLSK VEFPTSLTSLDINHNKI YGSIPVEFTQLNFQFLNVSYNRLCGQI
PVGGKLQSFDEYSYFHNRCLCGAPLPSCK

PNGase A Coverage: 81%

DLCNPDDKKVLLQIKKAFGDPYVLASWKSDTDCCDWYCVTCDSTTNRINSLTIF
AGQVSGQIPALVGDLPYLETLEFHKQPNLTGPIQPAIAK LKGLKSLR LSWTNLSGS
VPDFLSQLKNLTFLDLSFNNLTGAIPSSLSELPNLGALR LDRNKLTGHIPISFGQFIGN
VPDLYLSHNQLSGNIPTSFAQMDFTSIDLSR NKLEGDASVI FGLNKTTQIVDLSR
NLLEFNLSKVEFPTSLTSLDINHNKIYGSIPVEFTQLNFQFLNVSYNRLCGAQI
PVGGKLQSFDEYSYFHNRCLCGAPLPSCK

Bold represents assigned coverage by LC-MS/MS. Red Asn are assigned as +3
(PNGase F sensitive N-linked glycosylation sites), Blue Asn are assigned as +3
(PNGase A sensitive N-linked glycosylation sites), Underlined Green Asn were identified
as being sensitive to both PNGase A and PNGase F.
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N-linked glycans of PGIP

Table 2

Per methylated Glycan Prevalence
Mass (m/z) (% Total Profile)
Glycan Structure Singly charged | Doubly charged | Released by | Released by
[m+Na]* [m+2Na]2* PNGaseF PNGaseA
after PNGaseF

M3N2 Comm 1171 ndl 1.9 nd
i '2'“ 1375 nd 1.6 nd
- Conn 1579 800 5.63 nd
MEN2 B’“ 1783 903 17.4 nd
— §[§:’" 1987 1005 33 nd
M8N2Z :[3' 2191 1107 15 nd
MoN2 % 2395 nd <0_34 nd
NM3NZ _:n“ 1416 nd <0.3 nd
NMAN2 :: 1620 nd <0.3 nd
NMBN2 E:’“ 1684 nd <0.3 nd
N2M3N2 ::;.-“ =:.lll— 1661 nd <0.3 nd
M2XN2 S 1127 nd 13 nd
M3XN2 ::-n 1331 677 61.8 nd
NM3XN2 -:;:“ 1576 800 5.63 nd

M2N2E2er g .'“T or ."‘_ 1141 nd <0.3 <0.3
M3N2F2or 6 :)I-:— 1345 nd nd 1.3
M2XNZF ogne 1302 nd nd 3.8

M3XN2F3 :2.-1 1506 nd nd 87.5
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Per methylated Glycan Prevalence
Mass (m/z) (% Total Profile)
Glycan Structure Singly charged | Doubly charged | Released by Released by
[m+Na]* [m+2Na]2+ PNGaseF PNGaseA
after PNGaseF
NM3XN2ZF? m 1750 nd nd 55
M2NZF255 ‘..i 1315 nd nd 0.6
M3NZF 236 :,.% 1519 nd nd 1.4

1
”nd” denotes “not detected”

2 . - . "
Superscripted “3” or “6” indicates the Fuc linkage position onto GIcNAc.

Page 16

3The M5N2 and NM3XN2 glycans were primarily detected as doubly-charged ions, which were unresolved (m/z = 800 for both). Therefore, the
calculated prevalence was divided equally between the two glycans.

Glycans with prevalence indicated as “<0.3” were detected below the threshold of quantification, which was taken as 2 times background.
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