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Enzyme–inhibitor interactions at the plant–pathogen interface
Johana C Misas-Villamil1 and Renier AL van der Hoorn1,2
The plant apoplast during plant–pathogen interactions is an

ancient battleground that holds an intriguing range of

attacking enzymes and counteracting inhibitors. Examples are

pathogen xylanases and polygalacturonases that are inhibited

by plant proteins like TAXI, XIP, and PGIP; and plant

glucanases and proteases, which are targeted by pathogen

proteins such as GIP1, EPI1, EPIC2B, and AVR2. These

seven well-characterized inhibitors have different modes of

action and many probably evolved from inactive enzymes

themselves. Detailed studies of the structures, sequence

variation, and mutated proteins uncovered molecular struggles

between these enzymes and their inhibitors, resulting in

positive selection for variant residues at the contact surface,

where single residues determine the outcome of the

interaction.
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Introduction
Extracellular plant–pathogen interactions probably

existed long before the evolution of pathogen effector

translocation systems and plant resistance (R) genes. The

molecular basis of these interactions is mostly undiscov-

ered but some have been investigated in detail and reveal

intriguing mechanisms. Here we will highlight major

recent findings of extracellular enzyme–inhibitor inter-

actions at the plant–pathogen interface.

Although extracellular plant–pathogen interactions are

complex, they can be simplified by assuming that they

evolved in several stages (Figure 1). First, micro-organ-

isms became pathogens by attacking plants using

cell-wall-degrading enzymes and other hydrolases

(Figure 1A). In response to this attack, plants secrete
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inhibitors that suppress these hydrolases (Figure 1B).

Initially, these inhibitors were probably constitutively

produced, but upon evolution of pathogen recognition

systems the production and secretion of these proteins

became inducible, becoming part of the arsenal of patho-

genesis-related (PR) proteins. Besides suppression of

pathogen attack, counter attack mechanisms also evolved

in plants through the induced secretion of hydrolytic

enzymes (Figure 1C). Examples are the well-studied

PR proteins including endo-b-1,3-glucanases (PR-2), chit-

inases (PR-3), and proteases (PR-7) [1�]. Pathogens, in

turn, responded to this counter attack by producing

inhibitors that suppress these enzymes (Figure 1D).

The fifth and latest step was a sophisticated refinement

of the pathogen recognition system by the evolution of R
genes that recognize the manipulation of plant targets by

pathogens, inducing a severe defense response that

includes cell death (Figure 1E). Aspects of this simplified

model are consistent with the ‘zigzag’ model for the plant

immune system, which explains the suppression of basal

defense responses by pathogen effector proteins, fol-

lowed by the evolution of efficient effector recognition

by R proteins [2].

Antagonistic interactions between organisms at the

molecular level result in enzymes that evade inhibition,

and inhibitors that adapt to these new enzymes. These

‘molecular struggles’ result in positive selection for

variation of residues at the interaction surface between

enzymes and inhibitors. Selection on these proteins can

result in a replacement of outdated versions, causing an

‘arms race’. Alternatively, different isoforms of enzymes

and inhibitors are maintained in the population through

balancing selection, also compared to ‘trench warfare’.

In any case, positive selection for variant residues

(here called ‘diversifying selection’) leaves imprints

in the gene sequences by the overrepresentation of

codon changes that cause significant variation in amino

acids.

To illustrate these molecular struggles, we review the

structures, sequence variation, and mutagenesis studies of

the seven best-characterized enzyme–inhibitor inter-

actions (Figure 1, right). These are cell-wall-degrading

enzymes and proteases and their inhibitors, identified in

different plant–pathogen interactions (Table 1). Each of

these interactions has its own molecular peculiarities and

we highlight them in the same order as in Figure 1. To

classify the enzymes and inhibitors, we consistently use

the classification of glycoside hydrolases (GHs) and pro-

teases of the CAZy and Merops databases, respectively

(www.cazy.org and merops.sanger.ac.uk/).
www.sciencedirect.com
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Figure 1

Evolution of extracellular plant–pathogen interaction in five stages. (A) Pathogens attack plant cell walls using cell-wall-degrading enzymes and other

hydrolases; (B) plants secrete inhibitors that suppress pathogen-derived hydrolase activities; (C) plants secrete hydrolases (PR proteins, glucanases,

chitinases, and proteases) that target pathogen components; (D) pathogens secrete inhibitors that suppress plant-derived hydrolases; and (E) R-

proteins confer the manipulation of plant proteins by pathogen proteins. Examples on the right are discussed in this review.
Plant inhibitors targeting pathogen enzymes
Cell-wall-degrading enzymes are important components

of the pathogen offensive in the plant apoplast. Endo-b-

1,4-xylanases (classes GH10 and GH11) degrade xylan, a

predominant hemicellulose in many monocotyledon

species; whereas polygalacturonases (PGs) (class GH28)

hydrolyze homogalacturonan, the major component of

pectin [3��]. Microbial xylanases are frequently used in

the food industry and their inhibition by wheat grain

proteins led to the discovery of xylanase inhibitor proteins

of three structural classes: Triticum aestivum xylanase

inhibitor (TAXI), xylanase inhibitor protein (XIP), and

thaumatin-like xylanase inhibitor (TLXI). Recent data

indicate that these inhibitors also play a role in plant

defense. Polygalacturonase-inhibiting proteins (PGIPs)

were discovered earlier and have been extensively stu-

died in various plant–pathogen interactions. All these
Table 1

Discussed enzyme–inhibitor interactions at the plant–pathogen interfa

Enzyme Organism

XylA/B, XynBc1 xylanases Fusarium graminearum, Botrytis cin

XynBc1 xylanase B. cinerea

FmPG1, BcPG1 polygalacturonases F. moniliforme, B. cinerea

EGaseA/B endoglucanase Soybean

P69B/PR7 Tomato

PIP1 Tomato

RCR3 Tomato

www.sciencedirect.com
inhibitors are secreted and localize in the cell wall by

their polysaccharide-binding affinity [4,5]. Progress in the

recent years revealed interesting structural details on

inhibitor specificity, as discussed below.

Wheat inhibitor TAXI targets pathogen GH11 xylanases

A role for TAXI and XIP in plant–pathogen interactions

was suggested by the observation that these inhibitors do

not act on endogenous plant derived xylanases, but are

effective only on microbial xylanases [3��,6��]. Both

TAXI and XIP are encoded by gene families which are

differently regulated by various forms of stress, such as

wounding or infection with the wheat pathogens Fusar-
ium graminearum and Erysiphe graminis [7,8�,9]. TAXI can

only inhibit GH11 xylanases, which are b-jelly roll

proteins that fold like a hand with the catalytic glutamine

residues in the ‘palm’, covered by a ‘thumb’ [10]. TAXI-I
ce

Inhibitor Organism Reference

erea TAXI-I (pepsin-like) Wheat [11�]

XIP-I (chitinase-like) Wheat [12�]

PGIP (LRR protein) Bean [30��]

GIP1 (trypsin-like) Phytophthora sojae [38,45��,46��]

EPI1,10 (Kazal-like) P. infestans [39�,40�]

EPIC1,2B (cystatin-like) P. infestans [41�]

AVR2 (small, Cys-rich) Cladosporium fulvum [42��,48��]

Current Opinion in Plant Biology 2008, 11:380–388
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inhibits XylA and XylB, two GH11 xylanases from F.
graminearum [11�]. XynBc1, a GH11 xylanase cloned from

Botrytis cinerea, was inhibited by TAXI-I but not by

TAXI-II, suggesting that these inhibitors can be specific

and have perhaps coevolved with their targets [12�].
However, these interactions are just the tip of the iceberg,

as F. graminearum has over 30 different xylanase genes

that are induced during infection [13]. The crystal struc-

ture of TAXI has a striking structural homology with

pepsin-like aspartic proteases but it lacks the required

catalytic triad, suggesting that this inhibitor evolved from

a pepsin-like aspartic protease ancestor [14]. The crystal

structure of the complex of TAXI-I inhibiting the Asper-
gillus niger xylanase-I (ANXI) revealed substrate-mimick-

ing contacts in the substrate-docking region of the

xylanase [14] (Figure 2a). The TAXI–GH11 interactions

probably hold a wealth of information on molecular

struggles, to be revealed by determining positions for

diversifying selection and their importance for the inter-

action.

TAXI-like inhibitors target pathogen GH12 glucanases

In contrast to the inhibitory activity of TAXI toward

GH11 xylanases, TAXI family members NEC4, XEGIP

(XEG-inhibiting protein), and EDGP target GH12 xylo-

glucan-specific endoglucanases (XEG). GH12 enzymes

are structurally related to GH11 enzymes, but degrade a

different cell wall component, called xyloglucan, a major

cell wall component of dicots and nongraminaceous

monocots [3��,6��]. NEC4 is an abundant protein in

the nectar of ornamental tobacco plants and probably

protects the gynoecium from fungal attack [15��]. Both

NEC4 and XEGIP (from tomato) inhibit the endo-b-1,4-

glucanase XEG from A. aculeatus but are unable to inhibit

GH11 or GH10 xylanases [15��,16]. The carrot EDGP

(extracellular dermal glycoprotein) is the ortholog of

tomato XEGIP and accumulates upon wounding [17].
(Figure 2 Legend) Structural details of enzyme–inhibitor interactions at the p

inhibitors with green cartoon structures. (Former) catalytic residues are in yellow

important residues are in red. (a) Crystal structure of TAXI-I inhibiting Aspergil

multiple substrate-mimicking interactions. An imidazole ring of TAXI (red His) is

evolved from pepsins by losing proteolytic activity and gaining inhibitory spec

Superimposed crystal structures of XIP-I inhibiting P. funiculosum xylanase (X

(XLNC) (PDB code 1TA3). GH11 xylanases are folded like a hand with the cata

chitinases by losing hydrolytic activity and gaining inhibitory specificity. The re

XIP-I–XYNC complex, showing the substrate-mimicking inhibitory loop of XIP-I

The occluding loop that carries variant residues in xylanases from plant pathog

graminearum XylA xylanase with XIP1. (d) Docking model of the crystal structur

by Dr Luca Federici. PvPGIP2 (green) inhibits FmPG1 (gray) competitively by b

the top. Blue, red and orange residues in FmPG1 and blue and red residues i

Close-up of the PvPGIP2–FmPG1 docking model from the side showing the inte

121 in FmPG1 (red) and residue 224 in PvPGIP2 (red) physically interact and con

also note the close proximity between the second positively selected residue

(blue). Other variant sites in FmPG1s are indicated in blue. (f) Docking model o

provided by Dr Luca Federici. PvPGIP2 binds to the side of BcPG1 keeping t

noncompetitive, mixed mode of inhibition. (g) Docking model of GIP1 (green) in

interaction surface with GIP1, surrounding the active site (green). The PDB file

probably evolved from a chymotrypsin-like protease. The remnant of the forme

GIP1 in close proximity to residues in EGaseA that are under diversifying sele
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However, a role for XEGIP, EDGP, and NEC4 in plant

defense remains to be demonstrated.

Wheat inhibitor XIP-I targets fungal GH11 and GH10

xylanases

Xip-I from wheat is also transcriptionally induced during

wounding and infection with E. graminis but not with F.
graminearum [8�]. XIP-I-like proteins are abundant

secreted proteins in maize cell cultures upon treatment

with chitosan elicitors [18]. Intriguingly, XIP-I shares

sequence homology with class III chitinases of the

GH18 family, of which PR-8 is also a member, but it

lacks the catalytic residues required for hydrolytic activi-

ties [19]. The discovery of another XIP-family member in

rice indicates that members of an entire subfamily of

presumed chitinases are actually xylanase-inhibiting

proteins [20�]. In contrast to TAXI, XIP-I inhibits both

GH10 and GH11 xylanases. The crystal structures of

XIP-I in complex with A. nidulans (GH10) and Penicillium
funiculosum (GH11) xylanases revealed a striking simul-

taneous binding of the inhibitor to both target enzymes

using two independent enzyme-binding sites (Figure 2b)

[10]. GH10 xylanase inhibition is caused by substrate-

mimicking contacts in the S2 substrate-binding pocket of

the xylanase. GH11 xylanase inhibition is mediated by a

loop that sticks in the active site, where an arginine

residue directly contacts the catalytic residues of the

xylanase (Figure 2c) [10]. XIP-I is an efficient inhibitor

of Botrytis XynBc1 GH11 xylanase [12�] but it cannot

inhibit XylA and XylB GH11 xylanases of F. graminearum
[11�]. Mutagenesis revealed that the absence of inhibition

was because of amino acid adaptations in the ‘thumb’

structural region [21��]. For example, a V151T mutation

in XylA restores inhibition by XIP-I by the formation of

one additional hydrogen bond with XIP-I [21��]. Notably,

amino acid variations in this ‘thumb’ region are common

to GH11 xylanases of plant pathogens, suggesting that
lant–pathogen interface. Enzymes are depicted in gray surface structures,

, and residues under positive selection for diversification are in blue. Other

lus niger xylanase-I (ANXI) (PDB code 1T6G). TAXI binds ANXI through

located between the catalytic Glu residues of ANXI (yellow). TAXI probably

ificity. The remnants of the former active site are indicated in yellow. (b)

YNC) (PDB code 1TE1) and XIP-I inhibiting Aspergillus nidulans xylanase

lytic Glu residues in the ‘palm’. XIP-I probably evolved from Class-III GH18

mnants of the former active site are indicated in yellow. (c) Close-up of the

with an Arg residue contacting both catalytic Glu residues of the xylanase.

ens also includes a position that is required for the interaction of Fusarium

es of PvPGIP2 and FmPG1 (PDB codes 1OGQ and 1HG8), kindly provided

inding the lid (red/pink) of FmPG1 and blocking the active site (yellow) from

n PvPGIP2 are variant and often under positive selection for variance. (e)

raction between PvPGIP2 (green) and the lid of FmPG1 (red/pink). Residue

tribute to the interaction and are under strong diversifying selection. Please

in FmPG1 (orange) and other sites under diversifying selection in PvPGIP2

f the crystal structure of PvPGIP2 and a homology model of BcPG1, kindly

he substrate-binding site open for binding substrates, explaining the

hibiting EGaseA (gray). The sites for diversifying selection (purple) are at the

of the model was kindly provided by Dr J Rose and Dr Daniel Ripoll. GIP1

r active site is indicated in yellow. (h) Close-up of the interaction surface of

ction (blue).
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adaptations in this region are a frequent strategy to

prevent XIP-I inhibition [21��].

Plant PGIPs target pathogen GH28 polygalacturonases

PG–PGIPs complexes are the best characterized

enzyme–inhibitor interactions at the plant–pathogen

interface. PGs are important virulence factors for various

fungi and bacteria, and a partial contribution of PGIPs to

plant defense has been shown genetically using over-

expression and gene silencing [22,23]. For example, B.
cinerea BcPG1 is effectively inhibited by bean PvPGIP2

and PvPGIP2, and overexpression of these PGIPs in

tobacco and Arabidopsis increases resistance to Botrytis
infections [24]. Apart from directly suppressing PG

activity, PGIPs are also thought to contribute to pathogen

perception by preventing the degradation of oligogalac-

turonan elicitors that are released during infection [25].

PGIPs are widely distributed in the plant kingdom and

are encoded by small gene families that are regulated by

different pathways, probably minimizing pathogen inter-

ference in PGIP expression [22,26].

PGIPs predominantly consist of leucine-rich repeats

(LRRs), which fold with a concave inner surface present-

ing a cluster of negatively charged residues that are

probably involved in interactions with PGs [27]. Extra-

cellular LRRs are also found in receptor-like kinases and

it is possible that PGIPs evolved from these LRR proteins

by truncation and subsequent specialization. The crystal

structure of F. moniliforme FmPG1 showed that this

protein has two additional loops that form a lid over

the active site, causing the substrate-binding cleft to

become narrower [28]. This lid is absent in other PGs,

such as B. cinerea BcPG1 [29��], and may have evolved to

prevent binding of substrate-mimicking inhibitors.

Detailed analysis of the PGs of Fusarium and bean

PvPGIPs revealed an intricate molecular struggle. Dock-

ing studies of FmPG1 with the crystal structure of

PvPGIP2 indicate that PvPGIP2 blocks the active site

of FmPG1 by binding the lid of FmPG1 (Figure 2d)

[30��]. FmPG1 is inhibited by PvPGIP2 but not by

PvPGIP1, even though these proteins only differ in eight

residues [31]. With a single lysine-to-glutamine mutation

at position 224, PvPGIP1 acquired the ability to interact

with FmPG1 [31]. Importantly, this position is among the

seven sites under diversifying selection that were found

around the negatively charged pocket implicated in PG

binding (blue and red in Figure 2e) [32,33�]. Sequencing

PGs from different Fusarium spp. uncovered diversifying

selection at two positions [34��], both located in the lid

(red and orange in Figure 2e). Some of the Fusarium PG

isoforms are insensitive to inhibition by bean PGIPs and

site-directed mutagenesis showed that this is mostly

because of a repelling lysine residue at position 121 in

the lid [34��]. Interestingly, in the docking model this

residue 121 of FmPG1 would be in direct contact with
Current Opinion in Plant Biology 2008, 11:380–388
PvPGIP2 residue 224, illustrating the importance of

single residues in enzyme–inhibitor interactions, and

explaining the diversifying selection at both positions

(Figure 2f).

Diversifying selection has also been found in PGIP genes

in rice, PG genes of B. cinerea and a large cluster of 17 PG
genes of Phytophthora cinnamomi, indicating that these

molecular struggles are common to PG–PGIP interactions

[35,36�,37]. However, predicting interactions between

PG and PGIPs is not straightforward since PGIPs appear

to bind PGs in different orientations [30��]. PvPGIP2 is a

competitive inhibitor of FmPG1 but it inhibits BcPG1 in a

noncompetitively mixed mode, allowing the substrate to

bind with reduced affinity and reduced kinetics of

hydrolysis [29��]. Docking studies of PvPGIP2 with a

model of BcPG1 indicates that PvPGIP2 binds BcPG1 in a

different orientation, allowing the substrate to interact

(Figure 2f) [29��]. This model indicates that a single

PGIP can be versatile in binding and inhibiting their

targets in different orientations. The mode of action is

very different from inhibitors with substrate-mimicking

contacts and probably allows PGIPs to quickly adapt and

diversify their spectrum of inhibition.

Pathogen inhibitors targeting plant enzymes
Pathogens secrete a broad range of putative enzyme

inhibitors to suppress counteracting plant hydrolases.

For example, P. sojae secretes glucanase inhibitor

protein-1 (GIP1), which targets specific soybean endo-

b-1,3-glucanases [38]. The related tomato/potato

pathogen P. infestans secretes Kazal-like inhibitors

EPI1 and EPI10 (extracellular protease inhibitor) that

target the tomato PR-7 Ser protease P69B; and a cystatin-

like EPIC2B protein that targets the tomato papain-like

Cys protease PIP1 (Phytophthora-inhibited protease-1)

[39�,40�,41�]. A similar tomato papain-like protease is

targeted by AVR2 (avirulence protein 2) of the tomato

fungal pathogen Cladosporium fulvum [42��]. This RCR3

(required for Cladosporium resistance-3) protease is also

required for functioning the tomato resistance gene Cf-2
[43]. The molecular details of each of these enzyme–

inhibitor interactions are discussed below.

Phytophthora GIP1 targets soybean GH17 glucanases

The P. sojae glucanase inhibitor GIP1 is expressed during

pathogen infection and inhibits soybean Endo-b-1,3 glu-

canase-A (EGaseA) (GH17 family), but not its PR-2-like

relative EGaseB [38,44]. EGaseA is constitutively pro-

duced in soybean and releases elicitors, whereas EGaseB

only accumulates during pathogen infection and is not

thought to contribute to elicitor release [38,44]. GIP1

shares sequence similarity with chymotrypsin Ser pro-

teases (family S1, clan SA) but lacks the catalytic triad,

suggesting that it evolved from a secreted protease that

lost its proteolytic activity and specialized on glucanase

inhibition [38]. The inhibition of defense-related endo-b-
www.sciencedirect.com
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1,3-glucanases by GIP1 probably puts evolutionary pres-

sure on the EGases to counter adapt and evade inhibition;

sequencing of EGases from wild relatives of soybean

indeed showed that particularly EGaseA is under strong

diversifying selection [45��]. Homology modeling and

docking studies of GIP1 and EGaseA showed that these

variant residues form a ‘ring of fire’ around the active site

of EGaseA (Figure 2g) [45��]. Exciting new data on the

analysis of GIP1 sequences from Phytophthora spp. reveal

that GIP1 is also under diversifying selection and that

rapidly evolving and positively selected sites in GIP1 are

in close proximity to those in EGases, indicating an

ongoing arms race between these protein families [46��].

Phytophthora EPIs target tomato S8 subtilisin-like

protease P69B

The tomato PR-7 protein P69B is a subtilisin-like Ser

protease (clan SB, family S8) that is inhibited by two

different Kazal-like protease inhibitors of P. infestans
called EPI1 and EPI10, which are both produced during

infection [39�,40�,41�]. EPI1 and EPI10 inhibitors are

divergent in amino acid sequence and contain two and

three Kazal domains, respectively. A unique aspect of

these Kazal domains is that they carry an Asp at the

position that determines specificity for the protease

and that some of these Kazal domains lack the third

disulphide bridge [39�,40�,41�]. Purification of EPI-bind-

ing proteins from tomato apoplastic fluids showed that

P69B is the main target of both EPI1 and EPI10

[39�,40�,41�]. This suggests that EPI1 and EPI10 play

similar roles and that the inhibition of P69B is an import-

ant infection strategy of this pathogen [40�].
Figure 3

The enzyme–inhibitor arms race. Selective pressure on enzymes to evade in

loop expansion. Subsequent inhibitor adaptation may reside in (C) adjustme

inhibitors and enzymes are imprinted in genomes as positive selection for v
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Phytophthora EPIC1 targets tomato C1A papain-like

proteases

Phytophthora infestans also produces four cystatin-like

inhibitors called EPIC1–4, of which EPIC1 and EPIC2

are fast evolving and only expressed upon infection [41�].
Pull-down assays with extracellular proteins from tomato

revealed that EPIC2B interacts with PIP1 [41�]. PIP1 is a

secreted papain-like Cys protease that is upregulated

during defense responses and can therefore be considered

a PR protein. Protease activity profiling using biotinylated

activity-based probes was used to show that EPIC2B also

targets PIP1 for the inhibition in apoplastic fluids [41�].
EPIC2B also inhibits other secreted Cys proteases like

RCR3, described below (S Kamoun, unpublished data),

and the C14/TDI-65 protease (R van der Hoorn et al.,
unpublished data).

Cladosporium AVR2 targets tomato C1A papain-like

proteases

PIP1 is closely related to RCR3. Like PIP1, RCR3 is

upregulated and secreted during pathogen infection and

can be considered as a PR protein [43]. RCR3, however, is

also required for the function of resistance gene Cf-2,

which confers recognition of the fungal pathogen C.
fulvum carrying the Avr2 avirulence gene [43]. The

AVR2 protein is a small Cys-rich basic protein that is

secreted during infection and is not homologous to any

known protein [47]. Protease activity profiling of RCR3 in

the presence and absence of AVR2 revealed that AVR2 is

an inhibitor of RCR3 [42��]. The RCR3–AVR2 complex,

but not RCR3 inhibition itself, activates Cf-2-dependent

defense responses, possibly by binding to the extracellu-
hibition leads to adaptations in, for example (A) surface decoration or (B)

nts, or (D) the selection of entirely new inhibitors. Adaptations in both

ariance at solvent-exposed residues at the interacting surface.

Current Opinion in Plant Biology 2008, 11:380–388
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lar LRRs of Cf-2 [42��]. The details of this perception

mechanism, however, remain to be resolved. Sequence

analysis of PIP1 and RCR3 from wild relatives of tomato

revealed that both enzymes are under strong diversifying

selection at the protease surface surrounding the active

site [48��]. Protease activity profiling has shown that PIP1

dominates the induced proteolytic activity in the tomato

apoplast during defense and that AVR2 is an effective

inhibitor of PIP1, suggesting that PIP1 is the real viru-

lence target of AVR2, and that RCR3 acts as a decoy to

trap the fungus into a recognition event [48��]. Interest-

ingly, a single naturally occurring variant residue in RCR3

close to its active site prevents inhibition by AVR2,

confirming that variant residues influence interactions

with pathogen inhibitors. The molecular and structural

basis of this inhibition and the mechanism of perception

are exciting topics to resolve.

Conclusions and prospects
Studies of extracellular enzyme–inhibitor interactions at

the plant–pathogen interface have provided a number of

surprising discoveries regarding the evolution and struc-

tural details of these interactions:
� T
Cu
he molecular struggle for inhibitor adaptation and

enzyme counteradaptation generates positive selection

for variation at enzyme–inhibitor interaction surfaces.

Single variant amino acids at these surfaces determine

the outcome of the interactions. Good examples of

these struggles are the XIP-I–XylA, FmPG1–PvPGIP2,

and GIP1–EGaseA interactions.
� B
esides positive selection, selective pressure also gives

rise to large gene families for both enzymes and

inhibitors. The family members are usually differen-

tially expressed and have different specificities. Both

these measures contribute to the robustness of the

systems but may make it difficult to study contributions

by individual genes.
� M
any inhibitors have evolved from enzymes. The stable

structures of these enzymes in the apoplast apparently

provided a platform for protein–protein interactions that

converted an enzyme into an inhibitor by losing the

active site and optimizing an interaction surface.

Examples are a former pepsin-like protease (TAXI)

and a former chitinase (XIP-I) that inhibit xylanases; and

a former trypsin-like protease (GIP1) that inhibits

endoglucanases. These examples also illustrate that

genome annotations should be interpreted with care.
� I
nhibitors bind enzymes in different ways, each

providing a different kind of selection pressure. XIP-

I, for example, is a substrate-mimicking inhibitor that

puts selective pressure on the enzyme to make

adaptations in the ‘thumb’ that acts as a lid over the

active site (Figure 3A and C). Further extension of such

a lid may even go beyond the adaptation possibilities of

substrate-mimicking inhibitors (Figure 3B). An

example of this might be the extended lid of FmPG1.
rrent Opinion in Plant Biology 2008, 11:380–388
In the case of FmPG1, however, the lid became the

interaction surface of PvPGIP2, putting further se-

lective pressure on the lid to counter adapt (Figure 3D).

However, the flexible nature of the PGIP interaction

surface even allows it to bind different enzymes in

different ways, putting selection pressure on the entire

surface of the enzymes.
Future research to find additional enzyme–inhibitor

interactions at the plant–pathogen interface requires

interdisciplinary approaches of genomics, structural

biology, and advanced proteomics. Genomic approaches

will contribute by identifying candidate inhibitors and

enzymes and determining the sites of positive selection.

Structural biology is essential to understand the mode of

inhibition, the evolutionary origin of inhibitors and the

selective pressures on the interaction surface. Advanced

proteomics includes not only sensitive pull-down assays

to identify interactors but also activity-based protein

profiling to monitor the activities of individual enzymes

in complex proteomes [49]. The latter is the focus of the

Plant Chemetics Laboratory.

The potential of finding additional enzyme–inhibitor

interactions at the plant–pathogen interface is tremen-

dous. Given the clear contribution of enzymes in defense

and virulence, it seems probable that the attacked organ-

isms produce inhibitors. Examples of these secreted

enzymes from both plants and fungi are lipases

[50�,51], chitinases [52], and proteases [53,54]. Besides

diversification at interaction surfaces, substrate adap-

tation and inhibitor inactivation may be additional layers

of manipulation in the molecular battlefield of extracellu-

lar plant–pathogen interactions.
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Beliën T, van Campenhout S, van Acker M, Volckaert G: Cloning
and characterization of two endoxylanases from the cereal
phytopathogen Fusarium graminearum and their inhibition
profile against endoxylanase inhibitors from wheat. Biochem
Biophys Res Commun 2005, 327:407-414.

Along with Ref. [12�], this paper presents key evidence that XIP and TAXI
are inhibitors of xylanases of plant pathogens. These inhibitors were
found in food research and so far it was only anticipated that they might
target pathogen xylanases.

12.
�

Brutus A, Reca IB, Herga S, Mattei B, Puigserver A, Chaix JC,
Juge N, Bellincampi D, Giardina T: A family 11 xylanase from the
pathogen Botrytis cinerea is inhibited by plant endoxylanase
inhibitors XIP-I and TAXI-I. Biochem Biophys Res Commun
2005, 337:160-166.

See annotation to Ref. [11�].

13. Hatsch D, Phalip V, Petkovski E, Jeltsch JM: Fusarium
graminearum on plant cell wall: no fewer than 30 xylanase
genes transcribed. Biochem Biophys Res Commun 2006,
345:959-966.

14. Sansen S, de Ranter CJ, Gebruers K, Brijs K, Courtin CM,
Delcour JA, Rabijns A: Structural basis for inhibition of
Aspergillus niger xylanase by Triticum aestivum xylanase
inhibitor-I. J Biol Chem 2004, 279:36022-36028.

15.
��

Naqvi SMS, Harper A, Carter C, Ren G, Guirgis A, York WS,
Thornburg RW: Nectarin IV, potent endoglucanase inhibitor
secreted into the nectar of ornamental tobacco plants.
Isolation, cloning and characterization. Plant Physiol 2005,
139:1389-1400.

This is a very good comprehensive study of proteins in nectar of orna-
mental tobacco. NEC4 is a TAXI-like inhibitor that targets GH12 xyloglu-
canases, possibly to protect the gynoecium against fungal infection.

16. Qin Q, Bergmann CW, Rose JKC, Saladie M, Kolli VSK,
Albersheim P, Darvill AG, York WS: Characterization of a tomato
protein that inhibits a xyloglucan-specific endoglucanase.
Plant J 2003, 34:327-338.

17. Satoh S, Sturm A, Fujii T, Chrispeels MJ: cDNA cloning of an
extracellular dermal glycoprotein of carrot and its expression
in response to wounding. Planta 1992, 188:432-438.
www.sciencedirect.com
18. Chivasa S, Simon WJ, Yu XL, Yalpani N, Slabas AR: Pathogen
elicitor-induced changes in the maize extracellular matrix
proteome. Proteomics 2005, 5:4394-4904.

19. Payan F, Flatman R, Porciero S, Williamson G, Juge N, Roussel A:
Structural analysis of xylanase inhibitor protein I (XIP-I), a
proteinaceous xylanase inhibitor from wheat (Triticum
aestivum, var Soisson). Biochem J 2003, 372:399-405.

20.
�

Durand A, Hughes R, Roussel A, Flatman R, Henrissat B, Juge N:
Emergence of a subfamily of xylanase inhibitors within
glycoside hydrolase family 18. FEBS Lett 2005, 272:1745-1755.

This study describes the discovery of another XIP-like xylanase inhibitor,
in this case from rice, which suggests that an entire subclass of presumed
GH18 chitinases actually consists of xylanase inhibitors.

21.
��
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