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ABSTRACT: Amide exchange mass spectrometry (MS) was used to study the enzyme endopolygalacturonase
II (EPG-II) from Aspergillus nigeras it binds to an oligosaccharide substrate. A localized decrease in the
level of deuterium incorporation in EPG-II of the EPG-II-oligosaccharide complex relative to that of the
free EPG-II identified the location of substrate contact, which is in agreement with published site specific
mutation studies. In addition, when bound with substrate, regions of EPG-II remote from the substrate
binding site became exposed to the solvent, as revealed by an increase in the amount of incorporated
deuterium, indicating a conformational change in the enzyme. Fluorescence experiments were performed
to provide additional evidence for an altered conformation of EPG-II as a result of substrate binding. This
novel application of amide exchange-MS to the study of protein-carbohydrate binding has, for the first
time, described in detail the conformational changes associated with EPG-II when it binds a substrate.
Amide exchange-MS was also used to study the interactions of EPG-II and the polygalacturonase inhibitor
protein (PGIP). Mass spectral data of the EPG-II-oligosaccharide complex in the presence ofPhaseolus
Vulgaris PGIP indicate that the inhibitor contacts EPG-II at a site remote from the substrate binding cleft,
and is restricting the conformational changes of EPG-II. Fluorescence experiments also revealed that
upon binding of PGIP, the conformational changes mentioned above for the EPG-II-substrate complex
are minimized. These results, together with previously reported data, point to a location on EPG-II for
interaction with PGIP as well as a possible mechanism for noncompetitive inhibition of EPG-II.

A major goal of plant pathogenesis research is the thorough
characterization and understanding of the interactions be-
tween pathogen-derived plant cell wall-degrading enzymes
and plant cell wall carbohydrate substrates. Plant cell walls
are composed of two interacting networks, a cellulose/
hemicellulose network and a pectin network (1). The pectin
network includes several related acidic polysaccharides such
as rhamnogalacturonan-I (RG-I), rhamnogalacturonan-II
(RG-II), and homogalacturonan, also known as polygalac-
turonic acid (PGA)1 (2). Pectins form a major component
of the primary cell walls of dicotyledons and nongramina-
ceous monocotyledons and are found at high concentrations
in the middle lamella (3). Among the microbial phytopatho-
gens are viruses, bacteria, and fungi. Fungi often gain entry
into the plant via the cell wall, often through the middle
lamella (4). Endopolygalacturonases (EPGs) are a major

component of the pectin-degrading activity of phytopatho-
genic fungi and are among the first degradative enzymes to
be secreted upon fungal infection (5, 6). EPGs hydrolyze
deesterified regions of wall-bound homogalacturonans, solu-
bilizing RG-I and RG-II, and open the wall to the action of
other exo- and endoglycanases, including cellulases, gluca-
nases, xyloglucanases, and arabinoxylanases (3, 7).

During pathogenesis, there is a potential for interaction
between EPGs and plant cell wall-derived EPG inhibitors
known as polygalacturonase inhibiting proteins (PGIPs) (3,
8). PGIPs are soluble, leucine rich repeat (LRR) glycopro-
teins, found in the cell wall (9). PGIPs form high-affinity
complexes with EPGs in a reversible, stoichiometric manner.
The rate of hydrolysis of homogalacturonan by an EPG-
PGIP complex is, depending on the source of the EPG and
PGIP, between 1 and 2 orders of magnitude slower than that
of the free EPG (10). The inhibition of EPGs by PGIPs not
only may slow the gross action of EPGs on the solubilization
and fragmentation of homogalacturonan but also will extend
the lifetime of biologically active oligogalacturonides (frag-
ments of homogalacturonan) released from the cell wall by
the action of EPGs. Since oligogalacturonides have been
implicated in the defense response of plants, extending their
lifetime likely contributes to a successful defense response
(5, 6, 10, 11).
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EPGs from a single strain of fungus may exist in a variety
of isoforms, each of which may consist of a series of
glycoforms. There is evidence that the heterogeneity among
the EPGs allows for variability in their mode of action as
well as in their ability to interact with, and be inhibited by,
PGIPs (11, 12). In addition, the PGIPs of a single plant
species may also be present as a set of isoforms and their
associated glycoforms (ref13 and unpublished data of this
lab). This isoform-glycoform variability provides the po-
tential for a wide spectrum of specificity of EPG-PGIP
interactions within any plant-pathogen pairing. There are a
number of examples in which different EPG-PGIP pairings
demonstrate different degrees of inhibition. Additionally, both
competitive and noncompetitive types of inhibition have been
reported. Such data indicate that the location of interaction
may differ and is, at least in some cases, not at the active
site (14). The mode of action of a particular fungal EPG
and its inhibition by PGIPs may be critical factors in
determining whether the fungus is a viable pathogen.

A proposed model for the structure of a bean PGIP, based
on its membership in the plant specific LRR class of proteins,
has recently been published (15). In addition, site specific
mutation experiments indicate a role for several specific
amino acids within the PGIP during a fungal EPG-PGIP
interaction (16). A recent study identified sites of nine amino
acids in PGIPs and nine amino acids in EPGs that are likely
candidates for natural mutation, thus altering the specificity
of interaction of the two proteins (17). This study supported
the conclusions from the site specific mutation experiments
mentioned above (16), but also indicated other regions on
the PGIP which may be important for binding to EPGs.

Crystal structures for a bacterial (18) and a fungal EPG
(19) have been determined and serve as a model for EPGs.
All EPGs are members of family 28 of the glycosyl
hydrolases, as classified by the Henrissat structural clas-
sification scheme (20); thus, it is not surprising that the
overall structure of the bacterial EPG resembles that of the
fungal EPG. Despite these similarities, PGIPs inhibit fungal
EPGs but do not inhibit bacterial EPGs. To date, no complete
model of the EPG-PGIP complex has been proposed. Due
to the difficulty in cocrystallizing two relatively large proteins
of approximately 35 000 Da each, both of which show
heterogeneity of glycosylation, it is unlikely that a crystal
structure of the complex will be available soon.

The degradation of plant cell walls plays a significant role
in both the ripening and rotting of fruits and vegetables. The
importance, both agriculturally and commercially, of the
action of EPGs on pectin has led to a large body of research
that attempts to fully understand, and thus exploit, EPGs
(21-23). Agricultural communities, interested in prolonging
the lifetime of crops, are concerned about inhibiting EPG
activity (24). On the other hand, there are many industrial
uses for an enzyme capable of degrading plant cell walls.
For example, EPGs are used in the clarification of fruit juices,
in the removal of color from paper, and in detergents to
improve the removal of stains (22, 25).

We have begun to study the EPG-homogalacturonan
interaction using mass spectrometry coupled with amide
hydrogen-deuterium exchange. Amide exchange-MS moni-
tors the rate at which amide hydrogens on a protein backbone
exchange with hydrogen or deuterium in the solvent. Amide
hydrogens are labile and will freely exchange with the

protons in solution if they are on the exterior of the protein,
accessible to the solvent. When a protein is immersed in D2O
or a mixture of D2O and H2O, amide hydrogens will be
replaced with deuterons, each resulting in a mass increase
of 1 Da, a change easily monitored by mass spectrometry
(26-28).

In a recent variation of amide exchange-MS, the protein
is enzymatically digested to determine specifically where
deuterium is being incorporated (29-31). Typically, after
<1 min, at neutral pH, all exterior amide hydrogens will be
able to exchange with deuterium in the solvent. The protein
is then digested, and the peptides are evaluated. The
deuterium exchange must therefore be quenched to prevent
both new deuterium from being added to interior amino acids
exposed as a result of digestion and back exchange of the
deuterium during the LC-MS process. The amide hydrogen-
deuterium exchange rate decreases with temperature and pH
(minimum at∼2.5). By placing the system in an ice bath
and lowering the pH to 2.5, one can extend the half-life time
of the deuterium on the protein to 40-50 min (32).
Therefore, any changes within the binding of the system due
to the quenching conditions will not have a significant effect
on the deuterium incorporation levels as the exchange rates
are slow during this time. The extended half-life times are
typically long enough to allow for enzymatic digestion and
LC-MS analysis (33, 34). Pepsin is used for proteolytic
digestion because its optimal activity is at low pH. To study
protein-substrate binding, a protein is analyzed in the
presence and absence of a substrate. The substrate will protect
exterior amino acids from deuterium incorporation in the
region of its interaction. This approach has been used
previously to investigate sites of protein-protein and protein-
ligand interactions (29-31).

In addition to analysis of the enzyme-substrate complex,
amide exchange-MS was also used to describe the structure
of the Aspergillus nigerEPG-PhaseolusVulgaris PGIP
complex, as well as provide insight into the mechanism of
inhibition. Using the methods developed here, other EPG-
PGIP complexes with different attributes may be studied in
the future as a means of understanding the variations in
EPG-PGIP interactions and the possible role of this
protein-protein interaction in pathogenicity.

MATERIALS AND METHODS

Materials. Pepsin and D2O were purchased from Sigma
(St. Louis, MO). The D201E mutant form of EPG-II was
prepared as published (hereafter denoted as mEPG-II) (35).
The octamer of galacturonic acid [(GalA)8] was a kind gift
from S. Eberhard at the Complex Carbohydrate Research
Center.P. Vulgaris PGIP was prepared as described previ-
ously (36). Recombinant PGIP-II was a kind gift from F.
Cervone (University of Rome “La Sapienza”, Rome, Italy).
Acetic acid from J. T. Baker (Phillipsburgh, NJ) and
acetonitrile from Fisher Scientific (Pittsburgh, PA) were used
to prepare the LC buffers. Buffer A consists of 94% H2O
and 6% acetic acid (v/v). Buffer B consists of 77%
acetonitrile, 17% H2O, and 6% acetic acid.

Amide Exchange-MS.A total of four types of experiments
were performed: mEPG-II in H2O (1), mEPG-II in 50% D2O
(2), mEPG-II bound with (GalA)8 in 50% D2O (3), and
mEPG-II bound with PGIP and then incubated with (GalA)8
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in 50% D2O (4). The mutant EPG-II stock was 1 mg/mL,
and 10µL aliquots were placed into four microcentrifuge
tubes. An equimolar amount of PGIP was added to tube 4,
and 10µL of distilled water was added to tubes 1-3 as a
blank. All four tubes were incubated at room temperature
overnight to ensure mEPG-II-PGIP interaction. Next, a 100-
fold molar excess of (GalA)8 was added to tubes 3 and 4,
and all four tubes were incubated at room temperature for
24 h. Subsequently, 20µL of H2O was added to tube 1, and
20 µL of D2O was added to tubes 2-4 to attain an
approximately 50% D2O concentration. The samples were
left to exchange for a further 24 h. At the end of the
incubation, the exchange was quenched by cooling the
sample and lowering the pH. The tubes were placed in an
ice bath, and 4µL of 0.1 M HCl was added to each tube to
attain a final pH of 2.0. Four microliters of 1 mg/mL pepsin
was then added, and the digestion progressed for 6 min. The
solution was then analyzed by HPLC-MS.

To ensure against any back exchange of the deuterium,
an ice bath was constructed to house the injection loop and
reverse-phase HPLC column (25 mm long, 50µm MAGIC
C18 Bullet, Michrom Bioresources, Inc., Auburn, CA). A
Micromass Q-Tof-II (Manchester, U.K.), an electrospray
ionization mass spectrometer, was used to record mass
spectra continuously during the LC gradient program, which
ran linearly from 20 to 65% buffer B over the course of 8
min. This instrumental configuration was previously deter-
mined to yield only minimal back exchange using this
experimental protocol (37).

UV Fluorescence.Emission spectra were generated for free
mEPG-II (1), mEPG-II in the presence of (GalA)8 (2), and
the mEPG-II-PGIP complex in the presence of (GalA)8 (3)
using a Shimadzu RF-5301 PC spectrofluorophotometer.
Three 30 nM samples of mEPG-II were prepared. An
equimolar amount of PGIP was added to sample 3 and the
mixture allowed to incubate overnight. A 100-fold molar
excess of (GalA)8 was added to samples 2 and 3. All samples
were then left at room temperature for 24 h. The samples
were excited at 290 nm, and their emission maxima were
recorded between 293 and 294 nm.

BIAcore.PGIP was immobilized on a BIAcore 3000 Chip
following standard protocols provided by the manufacturer.
After immobilization, EPG-II samples were passed across
the chip. First, the BIAcore chip was exposed to the wild-
type EPG-II, and binding of EPG-II to PGIP was detected
by surface plasmon resonance (SPR). Then in a similar
manner, mEPG-II was passed across the PGIP-immobilized
chip and the SPR signals were compared.

RESULTS AND DISCUSSION

EPG-II-Homogalacturonan Interaction.The use of pectin-
degrading enzymes (PDEs) for industrial purposes has
heightened the interest in understanding the interactions
between the PDEs released by pathogens and plant cell wall
carbohydrates. The polygalacturonases from various plant
pathogens of both fungal and bacterial origin share regions
of significant amino acid and structural homology. The X-ray
crystal structures of EPG from the bacteriumErwinia
carotoVora and of EPG-II from the fungusA. niger have
been determined (18, 19). Theâ-barrel structure found within
EPG-II is very similar to that found in the crystal structures

determined in the past for pectate lyases that, for some time,
have served as a model for the pectin-degrading enzymes
(6). The prominent cleft along the barrel suggests a location
for substrate binding in the active site. Site specific mutation
experiments have been performed in an attempt to locate
the key amino acids of the active site. Aided by homology
searches, the mutation experiments identified several amino
acids that are important for substrate binding and hydrolysis
(35). Despite these advances, there are many questions that
remain regarding the mechanism of hydrolysis of homoga-
lacturonan by EPGs. The study of PDE-carbohydrate
interactions has proven to be difficult if not impossible by
traditional techniques. Therefore, the adaptation of amide
exchange-MS to study the binding of EPGs with homoga-
lacturonan seemed highly appropriate, due to the recent
success of amide exchange-MS in studying protein-protein
interactions (30-32, 38).

The enzyme EPG-II from the fungusA. nigerwas chosen
for the initial experiments because of the availability of an
EPG-II inhibitor protein, a mutant form of EPG-II, and a
crystal structure for EPG-II. A number of concerns regarding
the enzyme’s compatibility with amide exchange-MS were
encountered and will be discussed here, as many of these
concerns will apply to future studies of other PDEs. EPG-II
is a hydrolase, and as a result will not remain bound to the
oligomeric substrate for the duration of the experiment. It
was therefore necessary for a mutant of EPG-II to be
prepared that maintained the binding capability without the
hydrolytic activity. A number of mutants had been previously
prepared and analyzed for activity and binding, and the
D201E mutant was selected for having aKm approximately
equal to that of the wild type while showing negligible
hydrolytic activity (35). Preliminary fluorescence (discussed
later) and BIAcore experiments (results not shown) revealed
that the D201E mutant has binding properties similar to those
of the wild type and further support the appropriateness of
this mutant for the experiments described herein. A second
concern is that the active pH range for EPG-II lies between
pH 4 and 5, far off the optimal pH of 7.0 for amide
hydrogen-deuterium exchange experiments. The sample
must therefore be allowed to exchange for more than the
few minutes typically required of pH neutral protocols
because exchange rates decrease with a decrease in pH, with
a minimum exchange rate at pH∼2.5. Finally, a large percent
of the protein, including the entire active site cleft, consists
of â-pleated sheets which further decreases the rate of amide
exchange for many amino acids (32, 39). Internal hydrogen
bonding between pleated sheets makes it unlikely that much
deuterium incorporation will occur in this region. However,
as will be seen, the large degree of internal hydrogen bonding
within pleated sheets proved to be advantageous.

Work has been published describing the activity of EPG-
II with its natural substrate, polymeric homogalacturonan
(40). The octamer of homogalacturonan, (GalA)8, was
selected as the substrate in this study because modeling
indicated it would be approximately the length of the cleft
in EPG-II. A substrate that is too long might provide
nonspecific protection to amino acids on sites outside the
cleft, while a substrate that is too short would not indicate
how much of the cleft is occupied by the substrate and may
not participate in binding representative of homogalactur-
onan. The length of (GalA)8 was estimated using the crystal

Amide Exchange-MS Binding Study of EPG-II and PGIP Biochemistry, Vol. 41, No. 32, 200210227



structures of other octamer oligosaccharides. The octamer
of chitin [(GlcNAc)8], published by Papanikolau et al. (41),
was approximately 36 Å in length, and a tetramer of
galacturonic acid [(GalA)4], published by Scavetta et al. (42),
was approximately 17 Å in length.

To study EPG-II-homogalacturonan binding, three ex-
periments were performed: mEPG-II in H2O (control),
mEPG-II in 50% D2O, and mEPG-II in the presence of
(GalA)8 in 50% D2O following the procedure presented in
detail elsewhere (37). The deuterium exchange was quenched
by reducing the temperature and pH. The mEPG-II samples
were digested with pepsin, and the peptides were separated
and detected by LC-MS. The peptides from the control trial
were identified by matching their masses to those of a
computer-generated peptic digest of mEPG-II, and only those
yielding unambiguous matches were used for analysis. Pepsin
was observed to consistently cleave most hydrophobic
residues, in agreement with other reports (30, 43). The
amount of deuterium incorporation into each peptide was
then determined by comparing the spectra of the deuterated
trials in the presence and absence of substrate (Figure 1).
Figure 1a shows a singly charged peptide with a mass/charge
ratio (m/z) of 886. Figure 1b has the same isotope pattern,
indicating a nondetectable amount of deuterium was incor-
porated into this peptide when the free mEPG-II was
incubated in D2O. A shift of the most abundant isotope peak
can be used as an estimate of the mean deuterium incorpora-
tion for a peptide (32, 43), and Figure 1c shows such a
change in the standard isotope pattern. The most abundant
isotope increased by 2, indicating that the mean level of
deuterium incorporation was approximately 2 deuterons.
After evaluating the amide exchange-MS data, identifying
the peptide, and estimating the amount of deuterium incor-
poration into each, we constructed a map of deuterium
incorporation throughout the protein. The percent of deute-
rium incorporation was determined for small segments of
mEPG-II. Figure 2a presents the changes in percent deute-
rium incorporation in short segments of mEPG-II caused by
the presence of the substrate. There were three regions of
the protein that underwent interesting changes in deuterium
incorporation: the binding cleft, anR-helix from Asp110 to

Trp114, and theâ-sheets on the underside of theâ-barrel
(Figure 3). Deuterium incorporation into peptides in the cleft
area with and without the substrate indicated that the few
residues that had been deuterated were protected from
exchange by the presence of the oligosaccharide (Figure 3a).
It is interesting to note that the distance between the most
N- and C-terminal protected residues (Gly65 and Tyr283) is
similar to the length of the (GalA)8 substrate. Gly65 and Tyr283

are approximately 38 Å apart in the EPG-II crystal structure,
suggesting that the substrate lies somewhat linearly along
the entire cleft.

For free mEPG-II, deuterium was incorporated somewhat
unexpectedly into anR-helix around Asp110 (Figure 3a),
although it is well documented that likeâ-pleated sheets,
R-helices are slow to incorporate deuterium due to the
presence of hydrogen bonding (44, 45). These data imply
that in the absence of substrate theR-helix is either very
loosely formed or not present at all, which contradicts the
X-ray data. A looseR-helix may become more structured
during the crystallization protocol, emphasizing the need for
developing techniques complementary to X-ray crystal-
lography. Just as unexpected as the incorporation into this
R-helix was the apparent protection of theR-helix by the
substrate (Figure 3a). The helix is clearly located on the
outside of theâ-barrel and should not be directly protected
by the substrate. Therefore, it is reasonable to suggest that a
conformational change in mEPG-II upon substrate binding
is responsible for the protection. There appear to be two
possible causes for the indirect protection by the oligosac-
charide; either theR-helix is pulled into the interior of the
protein, or the very looseR-helix becomes more structured
and the resulting increased level of hydrogen bonding within
the helix prevents the exchange.

Due to the high percentage of hydrogen bonding (â-pleated
sheets) within the protein, the majority of the peptides that
were identified were from these regions and did not
incorporate a detectable level of deuterium. Surprisingly,
when mEPG-II was bound to the substrate, deuterium was
incorporated into theâ-sheets on the underside of theâ-barrel
(Figure 3b), implying a conformational change, most likely
the disruption of these sheets. The detection of a local

FIGURE 1: Mass spectra of a peptide (residues 131-139) from mEPG-II (a) in H2O, (b) in D2O, and (c) in the presence of a substrate in
D2O.
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increase in the level of deuterium incorporation as a result
of ligand binding far from the region of initial interest (the
binding cleft) may point toward a possible mechanism for
the activity of EPG-II and also serves to demonstrate the
value of the technique.

PDEs often have lysine residues that stabilize the car-
boxylates on the carbohydrate substrate (46-50). TheR-helix
at Asp110-Trp114 is directly below a loop that hangs
predominantly over the cleft. It should be noted that there is
a similar loop on the opposite side of the cleft. There are a
total of four lysine residues on the two overhanging loops,
and homology mapping has revealed that at least one lysine
is conserved within the family of EPGs (Figure 3a). If these
two overhanging loops are required to “lean” into the cleft
to allow the lysines to interact with and stabilize the substrate,
then much like a spring, EPG-II may flex theâ-sheets on
the underside of the barrel to accommodate the necessary
movement. Modeling of this system is underway to evaluate
this possibility. The flexing may, alternatively, be due to
entropic considerations. The complex is at a lower-entropy

state than the unbound EPG-II if no conformational changes
occur, which is unfavorable with respect to the Gibbs free
energy. This phenomenon has been discussed previously in
the literature (51). NMR relaxation experiments have indi-
cated that while protein flexibility typically decreases with
binding of a ligand, in a few cases it has been noted to
increase (51). Our system seems to fall into this latter class.
Major urinary protein I (MUP-I) from mouse has been shown
to increase in flexibility when bound to the pheromone 2-sec-
butyl-4,5-dihydrothiazole. MUP-I, similar to EPG-II, is
almost entirely comprised ofâ-sheets, and the increase in
flexibility was seen throughout theâ-barrel upon binding of
the pheromone. It has been suggested that increases in protein
backbone flexibility would likely be associated with a
corresponding decrease in the flexibility of another region
(51). Both of these conditions are observed in the mEPG-
II-homogalacturonan complex.

The mEPG-II-homogalacturonan complex was also ana-
lyzed by UV fluorescence. Tryptophan and tyrosine residues
can both fluoresce. The fluorescence signal can be quenched

FIGURE 2: In the initial experiment, some deuterium was incorporated into free mEPG-II. From the mass spectral data, the amount of
deuterium incorporated into segments of the mEPG-II sequence, approximately eight amino acids long, was deduced. The percent incorporation
into each segment was calculated by dividing the number of incorporated deuterons by the number of amino acids in the peptide and
multiplying by 100. Shown here are the changes in percent deuterium incorporation of mEPG-II (a) caused by the presence of (GalA)8 and
(b) caused by the presence of both (GalA)8 and PGIP. Asterisks indicate regions in the binding cleft that are protected by the substrate.
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by interactions with the solvent, neighboring amino acids,
and other prosthetic groups. These various neighbors can
allow alternatives to fluorescence as a pathway for relaxation,
i.e., internal conversion. Therefore, general changes in protein
structure that perturb the microenvironment of fluorescing
residues may be detected if a noticeable change in fluores-
cence intensity is observed (52, 53). While the protein was
excited at 290 nm, such that only the tryptophans will
fluoresce, an increase of intensity was observed in the
presence of the oligosaccharide (Figure 4). Of the seven
tryptophans, five are on the underside far from the binding
cleft. The remaining two are on the loop above the D110

R-helix. The tryptophans that are most responsible for the
change in fluorescence cannot be fully determined, but the
change in fluorescence is consistent with the structural
changes defined by the amide exchange data.

EPG-II-PGIP-Homogalacturonan Complex.The PGIP
proved to be highly resistant to proteolysis. The reason for
this is unknown, but may be related to the LRR structure of
the protein (15, 16). This resistance proved to be extremely
advantageous to the experiments described here for two
reasons. First, the mass spectra of the mEPG-II peptides were
not further complicated by the appearance of PGIP peptides.
Second, the intact PGIP blocked regions of mEPG-II from

pepsin digestion, allowing the location on mEPG-II of the
mEPG-II-PGIP interaction to be probed by differential
peptide mapping. When the mEPG-II peptides are compared,
four residues [Glu95, Gly104, Asp110, and Ile139 (Figure 3b)]
that had consistently been cleavage sites in the mEPG-II and
mEPG-II-homogalacturonan samples were now protected
from pepsin by the presence of PGIP. Quite conclusively,
the four residues lie closely together around the underside
of the barrel near the region of the D110 R-helix, opposite
the binding site and clearly pointed to the location where
the inhibitor was interacting with mEPG-II. This positioning
is perfectly consistent with the other experimental results
and with reports of PGIP acting as a noncompetitive inhibitor
(14).

The presence of the PGIP also resulted in a marked change
in the pattern of deuterium incorporation in the mEPG-II-
substrate complex. As described above, deuterium was not
incorporated into theâ-sheets in free mEPG-II. In the
presence of substrate, theâ-sheets are apparently disrupted,
allowing deuterium to be incorporated along the underside
of the barrel indicated by upward-pointing bars in Figure
2a. When PGIP is added to form the mEPG-II-PGIP-
homogalacturonan complex, most of the upward-pointing
bars are eliminated, indicating that the level of deuterium
incorporation into theâ-sheets along the underside of the
mEPG-II is greatly reduced (Figure 2b). There are at least
two explanations for this protection from exchange. Because
the PGIP is binding within this region, it is certainly directly
protecting some of these residues from the solvent. In
addition, this interaction may be preventing disruption of
â-sheets not directly contacted by the PGIP.

The incorporation around the Asp110 R-helix is also
significant. In free mEPG-II, deuterium is incorporated into
the R-helix, implying that theR-helix must be only loosely
formed despite the appearance of a tightly wound helix in
the crystal stucture. Subsequently, in the presence of a
substrate, no deuterium is incorporated, implying that the
R-helix may be forming more tightly during the binding
process. In the presence of both the substrate and inhibitor,
we also find deuterium is not incorporated into theR-helix
indicated by a downward bar in Figure 2b. The inhibitor may
be unable to prevent the tightening of the helix in the
presence of the substrate, indicating that flexing of the
backbone and tightening of theR-helix are not necessarily
concerted or even related. Another possibility is that the PGIP
is binding near and directly protecting the helix from
exchange.

The amino acids in the binding cleft which are protected
from exchange by substrate binding remain protected in the
presence of the inhibitor, providing strong evidence that a
stable tertiary system, the mEPG-II-PGIP-homogalactur-
onan complex, has been formed. For additional verification,
fluorescence spectra of mEPG-II-PGIP and mEPG-II-
PGIP-homogalacturonan complexes were generated and
compared. As shown in Figure 4, the spectra are different,
implying that the inhibitor is not simply displacing the
substrate. As described above, PGIP has for some hosts been
demonstrated to be a noncompetitive inhibitor, slowing the
hydrolysis process without preventing the binding of sub-
strate (14). In contrast to our amide exchange and fluores-
cence data, a recent article (54) has found evidence for
competitive inhibition for theP. Vulgaris PGIP-Fusarium

FIGURE 3: Crystal structure of EPG-II fromA. niger from the (a)
top and (b) bottom. Amino acids in the binding cleft that were
protected from exchange by substrate binding are shown in green
(a). Amino acids ofâ-pleated sheets that were exposed to exchange
due to substrate binding are shown in gold (b). The helix at Asp110
is labeled and shown in green (a). The four residues that were
protected from pepsin hydrolysis by PGIP binding are shown in
red (19).
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moniliforme EPG pairing. While this makes a general
consensus more difficult, it emphasizes the complex nature
of these systems and the need for independent evaluation of
each enzyme-inhibitor pair.

The fluorescence experiment also provided additional
evidence for conformational changes within the mEPG-II-
PGIP-homogalacturonan system. Figure 4 shows the fluo-
rescence of free mEPG-II, the mEPG-II-homogalacturonan
complex, and the mEPG-II-PGIP-homogalacturonan com-
plex. The fluorescence, as described earlier, increases
dramatically with the binding of the substrate. The presence
of the PGIP has a remarkable effect on the level of
fluorescence, lowering it almost back to the level of free
mEPG-II. The fluorescence data imply that the PGIP may
be able to prevent at least some of the conformational
changes caused by the presence of the substrate. The amide
exchange-MS experiments have pointed out two conforma-
tional changes that occur within mEPG-II when it binds to
(GalA)8 that may be important, a disruption ofâ-sheets in
the backbone and the formation of anR-helix. Therefore,
an increase in fluorescence intensity corresponds to a change
in the structured environment of the tryptophans. The
dramatic decrease in fluorescence caused by the presence
of the PGIP clearly implicates the involvement of PGIP in
changing the environments of the tryptophans. The similarity
between this fluorescence intensity and that of free mEPG-
II suggests that the inhibitor may be restraining the confor-
mational changes that occurred in the mEPG-II-homoga-
lacturonan system. If the conformational change is required
for substrate binding, preventing that change may allow the
substrate to diffuse away from the enzyme before hydrolysis

of the glycosidic bond can occur, thus effectively inhibiting
the activity of the enzyme.

CONCLUSION

The amide exchange-MS results indicate that the presence
of PGIP had a clear effect on the deuterium incorporation
in comparison to the results of the mEPG-II-homogalac-
turonan experiments. The most significant change involved
the â-sheets on the underside of the barrel structure. In the
presence of (GalA)8, theseâ-sheets incorporated deuterium.
â-Sheets should not incorporate deuterium because they are
involved in hydrogen bonding. So, clearly, a conformational
change is occurring during substrate binding, specifically,
the disruption of theâ-sheets. In the presence of PGIP, the
â-sheets no longer incorporate deuterium, much like free
mEPG-II. The results suggest that PGIP is binding to mEPG-
II on the underside of the barrel and below the Asp110 R-helix.
This location for PGIP interaction is consistent with non-
competitive inhibition.

The other region of interest is theR-helix near residue
110. In free mEPG-II, deuterium was incorporated into a
region shown to be anR-helix in the crystal structure. A
likely explanation is that theR-helix is not tightly formed
in the free system. The deuterium incorporation is not an
artifact of the procedure, as in the presence of the substrate,
deuterium is no longer incorporated into the helix. Thus, the
R-helix may be tightening as part of the function of EPG-II
binding its substrate. The PGIP appears to have no effect
on the incorporation of deuterium in theR-helix peptide.

The mechanistic picture that is drawn from these experi-
ments demonstrates not only the value of the amide

FIGURE 4: Fluorescence spectra of various mEPG-II and PGIP complexes. The emission spectra were recorded at 290 nm.
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exchange-MS technique but the possible complex and
specific nature of EPGs and PGIPs. The apparent flexing of
the EPG-II barrel, whether caused by the lysine loops
bending into the cleft to interact with the acidic substrate, is
a pathway that likely decreases the activation energy for
homogalacturonan hydrolysis, and the noncompetitive inhibi-
tion of this conformational change by PGIP effectively slows
the hydrolysis rate by maintaining a higher energy barrier
for hydrolysis. Future studies will include other EPG-PGIP
pairings. Only by characterizing additional complexes can
general conclusions regarding polygalacturonases and po-
lygalacturonase-inhibiting proteins begin to be made.
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