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The specificity of polygalacturonase-inhibiting
protein (PGIP): a single amino acid substitution in
the solvent-exposed B-strand/B-turn region of the
leucine-rich repeats (LRRs) confers a new
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Two members of the pgip gene family (pgip-1 and
pgip-2 of Phaseolus vulgarid.. were expressed separ-
ately in Nicotiana benthamiana and the ligand
specificity of their products was analysed by surface
plasmon resonance (SPR). Polygalacturonase-inhibit-
ing protein-1 (PGIP-1) was unable to interact with PG
from Fusarium moniliforme and interacted with PG
from Aspergillus niger PGIP-2 interacted with both
PGs. Only eight amino acid variations distinguish the
two proteins: five of them are confined within the
B-sheetB-turn structure and two of them are contigu-
ous to this region. By site-directed mutagenesis, each
of the variant amino acids of PGIP-2 was replaced
with the corresponding amino acid of PGIP-1, in a
loss-of-function approach. The mutated PGIP-2s were
expressed individually in N.benthamiana purified and
subjected to SPR analysis. Each single mutation caused
a decrease in affinity for PG from F.moniliforme;
residue Q253 made a major contribution, and its
replacement with a lysine led to a dramatic reduction
in the binding energy of the complex. Conversely, in a
gain-of-function approach, amino acid K253 of PGIP-1
was mutated into the corresponding amino acid of
PGIP-2, a glutamine. With this single mutation, PGIP-1
acquired the ability to interact with F.moniliforme PG.
Keywords leucine-rich repeat proteins/molecular
recognition/polygalacturonase-inhibiting protein (PGIP)

Introduction

Polygalacturonase-inhibiting proteins (PGIPs), present in
the cell walls of many plants (Cervonet al, 1997),
belong to the large family of leucine-rich repeat (LRR)
proteins. At present>100 LRR proteins of diverse origin

assessed. For example, the specific binding sites of decorin,
a protein belonging to the proteoglycan family, for collagen
type | have been localized within the sixth LRR, where a
single mutation, E180K, is responsible for a major diminu-
tion in binding (Kresseet al, 1997). Hormone binding

of the lutropin—choriogonadotropin receptor (LH/CG-R)
(G-protein-coupled receptors) was localized within the
LRRs 1-6 of the receptor (Puett al, 1996; Thomas

et al, 1996).

A significant advance in understanding the structural
basis of LRR-mediated molecular interactions comes from
crystallographic studies of the ribonuclease inhibitors (RI).
Co-crystallization of porcine RI (pRI) and human placental
RI (hRI) with RNase A and angiogenin (Ang), respectively,
has been achieved (Kobe and Deisenhofer, 1996;
Papageorgiowet al, 1997). In these proteins, a repeated
B-strandp-turn structure is determined by the presence in
each LRR module of the motif xxLxLxx, where the
leucine residues form a hydrophobic core, while the side
chains of the amino acids flanking the leucines are
solvent exposed and interact with the ligands (Kobe and
Deisenhofer, 1993, 1995). Twenty six out of 28 contact
points between pRI and RNase A occur in fBestrand
or B-turn region of the LRRs; similarly, 25 of the 26
contact points between hRI and Ang are located in the
B-strand orB-turn region. The majority of the hydrogen
bonds and van der Waals contacts in the two complexes
are distinctive, indicating that the ability of the inhibitor
to recognize different ligands is based on its ability to
interact with a number of features unique to each of them
(Papageorgioet al,, 1997). However, a thorough analysis
of the contribution of the single amino acids in the RI-
RNase interactions is difficult, due the high number of
contacts established in the complexes.

In plants, LRR proteins play a relevant role in both
development and defence, where specificity of recognition
is a fundamental prerequisite. These proteins include
PGIPs, the products of the resistand® @enesCf of
tomato, which confer resistance to different races of
the fungusCladosporium fulvunfHammond-Kosack and
Jones, 1997), anda21 of rice, which confers resistance
to Xanthomonas oryzapv. oryzae (Wang et al, 1996),
as well as several orphan receptor kinases involved in
Arabidopsisdevelopment, such as ERECTA (Toei al.,
1996), CLAVATAL (Clark et al, 1997) and a putative

(microbia, animals and plants) have been described. Thereceptor for brassinosteroids (Li and Chory, 1997). All

LRR is a versatile structural motif responsible for many
protein—protein interactions and involved in many different
cell functions such as receptor dimerization, domain repul-

these proteins share LRRs of the extracellular or extracyto-
plasmic type, characterized by the consensus sequence
LXXLXXLXLXXNXLT/SGXIPxXLGx (Kajava, 1998), and a

sion, regulation of adhesion and binding events (Buchanansimilarity not only in the LRR region but also in the

and Gay, 1996).

regions outside the LRR domain (Bent, 1996; De Lorenzo

In the few cases investigated so far, the importance of and Cervone, 1997). Although to a lesser extent, PGIPs

LRRs for interaction with other molecules has been clearly
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also share similarity witlR gene products characterized
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by LRRs of the intracellular type (Hammond-Kosack and Results
Jones, 1997).

BecauseR gene products are thought to function as
receptors for pathogen-encoded avirulence (Avr) proteins,
it has been hypothesized that sequence variation within
LRRs influences recognition specificity. Comparison of
members of th€f family has identified th@-sheet-turn clones were purified and subjected to restriction enzyme
region as a ‘hypervariable’ region, probably responsible for gjigestion and Southern blot analysis: the 10 longest inserts
the ligand specificity in this c_Iass of proteins (Parn_lske were subcloned in thSal-EccRl site of the pBlueScript
etal, 1997). However, analysis of the molecular basis of gk plasmid and sequenced. Since previous data had
recognition specificity either in thR gene products or in - spown that PGIPs with different specificities have indistin-
the development-related LRR receptors is not yet possible gishable biochemical characteristics, suggesting that
because the nature of the ligands for the latter is still different pgip genes might be highly similar (Desiderio
unknown, while the evidence for a direct molecular et al, 1997), even a few nucleotide differences among
interaction between an LRR R protein andam product  the cDNAs were not neglected and were confirmed care-
is still awaited. Given their close structural relationship to fully. All the 10 sequenced cDNAs exhibited a poly(A)
these proteins, PGIPs and their ligands, polygalacturonasesail and could be grouped into two classes, each corres-
(PGs), represent a unique model system for studying the ponding to a distincpgip gene. Within each class, cDNAs
structural bases of recognition specificity of plant LRR had completely matching nucleotide sequences but
proteins. This knowledge can be exploited for designed different lengths, because, being partial cDNAs, they
manipulation of the LRR structure to generate new specific differed at their 5 ends. One class included four cDNAs
molecular interactions for the control of developmental and corresponded to a genggip-1, identical and co-
processes or the creation of new resistance traits in plantslinear with the genomiggip clone from P.vulgaris cv.

PGIPs interact with fungal endopolygalacturonases and Saxa (Toubaret al, 1992); within this class, only one
inhibit their enzymatic activityin vitro (De Lorenzo and clone contained the two in-frame ATGs described in the
Cervone, 1997). The proteins isolated from bean (Cervone Saxa pgip clone, while the other three cDNAs were
et al, 1987), pear (Stotet al, 1993), raspberry (Johnston shorter. The other class (six cDNAs) corresponded to a
et al, 1993), tomato (Stotzt al, 1994) and soybean different gene, nameggip-2 that shares a high degree
(Favaronet al, 1994) have differential inhibition spectra  Of identity with pgip-1(99.1% in the coding region). The
towards a range of PGs from phytopathogenic fungi. longest cDNA started with an ATG, corresponding to the
Different inhibitory activities against PGs have also been second ATG ofpgip-1 (Figure 1). o _
observed in PGIPs from a single plant source (Desiderio Nucleotide changes (a total of 26, resulting in 10 amino
et al, 1997), indicating thapgip genes have undergone acid changes between PGIP-1 and PGIP-2) are more
diversification during evolution. frequent in the region encoding the C-terminal half of the

Like many planiR genespgip genes are organized into L_RR_ do_main (Table I). A high number and a particular
complex multigene families. IPhaseolus vulgaristhe distribution of non-synonymous (11/26) substitutions com-

pgip gene family consists of at least five members and pared with synonymous (15/26) substitutions can be

perhaps as many as 15 (Frediatial, 1993). Previous observed. Furthermore, as shown in Figure 1, seven of
data suggest that different members of the family encode € 11 non-synonymous substitutions lead to amino acid

PGIPs with nearly identical biochemical characteristics ?Afggreegfeeisn\t,\ghcat} 'E[iorethlgcgﬁgl_lgxt?r?olt_i?F\;edd?cr:?:ént:oﬁ}/;n(?lf
but distinct specificity, i.e. the ability to interact with P

different fungal PGs (Desideriet al, 1997). We have the solvent-exposeftsheetp-turn structure of the protein,

now searched for and isolated, from a cDNA library of while two other amino acid substitutions are very close

P.vulgariscv. Pinto, two members of thegip gene famil to this region and their side chains presumably are also
-vuigariscy. Finto, two | o Pg nily solvent exposed. Each LRR contains only one variation,
(pgip-1 and pgip-2), which, within the coding regions,

differ by only 26 nucleotides. Upon expression in and some LRRs (the second, third, fourth, seventh and

o . : . ninth) are invariant between the two proteins. The
Nicotiana benthamianawe have investigated by surface

. e remaining three variant amino acids are outside the LRR
plasmon resonance (SPR) the ligand specificity of the yomain: two are located in the signal peptide of the protein

encoded proteins before and after site-directed mutagenesis,ng therefore do not affect the structure of the mature
to evaluate the energetic parameters of individual interface protein, and one resides in the C-terminal region of the

contributions, which cannot be gained from crystallo- protein. Instead, most synonymous nucleotide changes
gl’aphiC data. Here, we repOI’t the diStinCt ab|||ty Of PGIP-1 Correspond to residues |Ocated Outside meetﬁ_turn

and PGIP-2 to recognize fungal PGs, and on the role andstryctural motif.

contribution of the single amino acids that distinguish  |n order to evaluate the possible functional significance

PGIP-1 and PGIP-2 in the specific interactions with PGs of the point mutations and the subsequent amino acid
from Aspergillus nigerand Fusarium moniliforme Our changes, the relative mutability of the variant amino acids

results show that the residues determining the recognitionbetween PGIP-1 and PGIP-2 was analysed according to
specificity of PGIP reside in the region flanking the Dayhoffet al (1972) by comparing their rate of acceptance

predictedB-sheetp-turn structure of the protein, and that within protein families which display point mutations.

a single amino acid variation in tHgstrandf-turn motif The more acceptable an interchange is between two amino
can confer to PGIP a new recognition capability. acids, the more frequent it is, and this depends on the

Isolation and characteristics of the pgip clones

A cDNA library from suspension-cultured cells of
P.vulgaris cv. Pinto was screened using as a probe the
genomicpgip clone previously isolated from a library of
P.vulgaris cv. Saxa (Toubartet al, 1992). Seventeen
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chemical and physical similarities between the amino of interactions than PGIP-1, and shows an interaction
acids. Conversely, a low rate of acceptance should be afeature absent in PGIP-1, i.e. the ability to recognize
rare event and is indicative of a selection pressure in FmoniliformePG.

favour of diversification. Substitutions with a low rate of The interaction between purified PGIP-1 and PGIP-2,
acceptance are typical of proteins involved in recognition

functions. Some of the variations between PGIP-1 and H
. . pgipl ATGACTCAAT TCAATATCCC AGTAACCATG TCTTCAAGCT TAAGCATAAT .50
PGIP-2 have a low rate of acceptance: in particular, pgip2 ... Covi
the variations G181V and K253Q, occurring within the  pgipl TTTGGTCATT CTTGTATCTT TGAGAACTGC ACTCTCAGAG CTATGCAACC 100
- . " - PIIP2 eeeiiiiiit it aaen Covenne o™ -
pUta_UVe B Shee$ turn mOtIf’ an.d H89L and K320Q' pgipl CACAAGATAA GCAAGCCCTT CTCCAAATCA AGAAAGACCT TGGCAACCCA 150
contiguous to this structural motif, are low or moderately  pgipz ....... Cee ettt eeeeae eeeeneean eereenaans

accepted_ Instead, variations S326A and S340A, as well pgipl ACCACTCTCT CTTCATGGCT TCCAACCACC GACTGTTGTA ACAGAACCTG 200
as variations Q300H and A207S, both have a high rate of P%P? =------- - Cromorens wemerenoe e Coirrnnnnene

- ) pgipl GCTAGGTGTT TTATGCGACA CCGACACCCA AACATATCGC GTCAACAACC 250
acceptance, and are not expected to determing Major Pgip2 «.eeeeeees ceviiiiies ceiiiiiens ceiiaieen aeaaaane,

functional differences pgipl TCGACCTCTC CGGCCATAAC CTCCCAAAAC CCTACCCTAT CCCTTCCTCC 300
) PGIP2 tieiiiiane eaann Taees teeeenenae aveneenane sansneenns

o o pgipl CTCGCCAACC TCCCCTACCT CAATTTTCTA TACATTGGCG GCATCAATAA 350
Inhibition spec’flc'ty of PGIP-1 and PGIP-2 PGIP2 ettt iiiiiiiiee deeieeieee teaeeaan P

The inhibitory activity of bulk bean PGIP is a composite ~ p2ie; 777377507 STMTeCce cenmentone TEeRs anaeaen

of the activities of several PGIPs (De5|deebal., 1997). pgipl ATCTCTATAT CACTCACACC AATGTCTCCG GCGCAATACC CGATTTCTTG 450
In order to analyse the individual contribution of PGIP-1 ~ P9#p2 ----vv-ev- - Covrrrr trreirens threiiis et

and PGIP-2 to the total inhibition spectrum, the complete b3 T77eTeh ATCETCRT CATEETCnC TICTCCTACR AcseeTeTe S0

coding sequences of the genggip-1 and pgip-2 were pgipl CGGCACCCTC CCTCCCTCCA TCTCTTCTCT CCCCAACCTC GGAGGAATCA 550

introduced separately into the expression cassette of the P92 -=------
. . pgipl CATTCGACGG CAACCGAATC TCCGGCGCCA TCCCCGACTC CTACGGCTCG 600

virus vector based on potato virus X (PVX) (Baulcombe  pgip2 .......... ... .. e eenaan

et al, 1995) to create PVX.PGIP-1 and PVX.PGIP-2 pgipl TTTTCGAAGC TGTTTACGGC GATGACCATC TCCCGCAACC GCCTCACCGG 650

. . . . . pPgip2 et L.l L
fOI’ tra.'nSIent eX.pre§SIOn IN'benthamlanas. preVIOUSIy pgipl GAAGATTCCA CCGACGTTTG CGAATCTGAA CCTGGCGTTC GTTGACTTGT 700
described (Desideriet al., 1997). The putative leader or PGIP2 erernnns G rrrnnneen ond Y S,
Signal peptlde Sequence from nucleotidé_ tO +27 Of ggﬁz; CTCGiAACAT GCTGGAGGGT GACGCGTCGG TGTTGTTCGG iTCAGATAAG 750
pgip'l was also added tpgip'z as this sequence may be pgipl AACACGAAGA AGATACATCT GGCGAAGAAC TCTCTTGCTT TTGATTTGGG 800
important for h|gh level expression of the protein (Devoto pgip2 ...... Covr tevevennen cononnsans cennnnan Co vevnnnnnns
etal, 1998). Western blot analysis of crude protein extracts £} SAAATSSCS TIGTCAMGR ACTTGAACGG GTTGGATCIG ACGAACAACC 850
from symptomatic plants inoculated with PVX.PGIP-1  pgip1 GTATCTATGG GACGCTACCT CAGGGACTAA CGCAGCTAAA GTTTCTGCAA 900
and PVX-PGIP-2 demonstrated the presence of a POIP- B00 L o acrece acreantie Srenseanos 550
specific signal with a molecular mass of 39 kDa which 55, = 07 7T T ¢ coreae o creneT
was absent in wild-type extracts (data not shown). pgipl GAACTTGAAA AGGTTTGACG TTTCTTCTTA TGCCAACAAC AAGTGCTTGT1000
' H H H pgip2 c...... Cov cohincvees snasne Gevoe covsessese sasceccsns
After purlflcathr) to homogenglty froml.benthamiana Pinl GTeSTTETCE TeTTeeTTES ToeneTIAR 1025
extracts, the ability of increasing amounts of PGIP-1  pgipz .......... ....0.. Guv eennenn
and PGIP-2 to inhibit PGs from different fungi was
investigated. PGIP-1 showed a specificity spectrum very
similar to that reported for PGIP-1 from cv. Saxa
b A 10 MSSSLSIILVILVELRTAJS

(Desiderio et al, 1997): 30 ng inhibited the homo-
geneous PG fronA.niger at almost 100%, but did not

inhibit a homogeneous PG éfmoniliformeexpressed in B 30 ELCNPODKOALLQIKKDLGNPTTLSSW

Saccharomyces cerevis§€aprariet al, 1996), and had LPTTDCCNRTWL
a reduced ability to inhibit crude preparations of PG from
; S o XXLXLXX

Fusarium oxysporurfisp.lycopersiciandBotrytis cinerea

PGIP-2 (30 ng) almost completely inhibited all PGs str‘;nd t?lm

used, with the exception of PG frofoxysporumf.sp. C 69 GVLCDTDTQT YRVNNLDLSG @NLPKP

lycopersici which was only partially inhibited (60%) 95 YPIPSSLANL PYLINFLYIGGINNLV

(Figure 2). Therefore, PGIP-2 exhibits a broader spectrum 120 GPIPPAIAKL TQLHYLYITH| TRVS
144 GAIPDFLSQI KT NALS

Fig. 1. Top: nucleotide sequence alignments of the coding sequences 168 GTLPPSISSL PN NRIS

of pgip-1andpgip-2isolated from aP.vulgariscv. Pinto cDNA 192 GAIPDSYGSFSKL NRLT

library. Forpgip-2 only nucleotides that differ frorpgip-1 are

indicated. Dots indicate identity. Start and stop codons are indicated in 217 GKIPPTFANL N NMLE

bold. Hindlll and Mlul endonuclease restriction sites are underlined 240 GDASVLFGSD KN NSLA

and indicated by H and M, respectively. Bottom: PGIP-2 LRR 264 FDLGKVGLS KN NRIY

structure. Q), signal peptide;§), presumed N-terminus of the mature 287 GTLPQGLTQL KF
rotein; ), 10.5 LRRs; andd), C-terminus. Putative glycosylation
gites aregr)1dicated by an astSZisk. The box indicates ?h)é arga of the 311 GEIPQG GNL @R
protein predicted to form thB-sheetp-turn structural motifs. Based on
the comparison betweegugip-1 andpgip-2 amino acid residues D 327 YANNKCLCGSPLPECT
corresponding to synonymous nucleotide changes are indicated in
bold, those corresponding to non-synonymous variations are
highlighted. Amino acids are numbered according to the corresponding
residues of PGIP-1 (see also the footnotes to Table I).

NNLC

consensus
sequence G.IP..L..L.KNI..LDLS..NNL
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Table I. Amino acids which distinguish PGIP-1 from PGIP-2

Amino acid position PGIP-1 PGIP-2

WOXROX>OITCTD
>>OTONSTI®n

340

aThe amino acid position refers to the residue in PGIP-1. Since the
cDNA clone coding for PGIP-2 contains only one methionine codon
corresponding to amino acid position 10 in PGIP-1, the amino acid
position 26 in PGIP-1 corresponds to the amino acid position 17 in
PGIP-2.

and homogeneous.niger and F.moniliforme PGs, was

Specificity of polygalacturonase-inhibiting protein

100
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% Inhibition
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% Inhibition

o

10
ng PGIP

examined by using a biosensor based on SPR (Granzow

and Reed, 1992; Schustgral, 1993). PGIP-1 and PGIP-2
were immobilized as ligands on sensor surfaces while

PGs were passed in solution as analytes over the surface.

The interactions between PGIP-1 or PGIP-2 with increas-
ing amounts of the two PGs were analysed kinetically.
PGIP-1 was unable to interact withmoniliforme PG,
and showed an affinity towardsnigerPG Kp = 62.1 nM)
comparable with that of PGIP-1 from cv. Saxép(=

40 nM) (Desiderioet al, 1997). Instead, PGIP-2 inter-
acted with both enzymes. In comparison with PGIP-1,
PGIP-2 showed a much higher affinity fé.niger PG
(Kp = 0.96 nM) and had the capacity to interact with
F.moniliforme PG Kp= 47.7 nM) (Figure 3; Tables I
and IlI).

Analysis of domain-swapped PGIPs

In order to understand which region of PGIP-2 is respons-
ible for recognition of Emoniliforme PG, we swapped
domains between PGIP-1 and PGIP-2, exploiting the
presence of a restriction enzyme sitélul, in the coding
region of both genes (Figure 1). The region pjip-2
encoding the N-terminal portion (nucleotides 1-722, cor-

responding to amino acids 1-241) was replaced with the

corresponding portion opgip-1 to createpgip-12 and
vice versa to creatpgip-21 The sequences encoding the

100
80
60
40
20

% Inhibition

&

o

100
80
60
40
20

0 + t

10 20

ng PGIP

% Inhibition

o

Fig. 2. Inhibition of various fungal PGs by increasing amounts of
PGIP-1 @) and PGIP-2 M). The enzymes used were: 0.015 U of
homogeneoug.niger PG (A), 0.008 U of homogeneousmoniliforme
PG @B), 0.01 U of a crude PG preparation frdroxysporunt.sp.

swapped PGIPs were introduced separately into the PVX lycopersici(C) and 0.004 U of a crude PG preparation from

vector. Following expression inN.benthamiana the
chimeric proteins were purified and analysed by SPR
using A.niger and F.moniliforme PGs as analytes. SPR
analysis showed that PGIP-21 does not interact with
F.moniliforme PG (Figure 3; Tables Il and IIl) and, in
comparison with PGIP-2, exhibits an affinity 10-fold lower
for the A.niger PG. Instead, PGIP-12 interacts with both
enzymes, and exhibits, in comparison with PGIP-2,
affinities 4- and 13-fold lower towardsmoniliformeand
A.niger PGs, respectively. Increasé&g, values are due to
changes in botlk,,andk. for PGIP-12, and irk. alone

for PGIP-21. We concluded that although residues crucial
for the interaction with thd=moniliformePG are located

in the C-terminal half of the LRR domain, residues in the
N-terminal region also contribute, albeit weakly, to the
interaction.

B.cinerea(D).

Site-directed mutagenesis of PGIP-2: analysis with

PG of Fmoniliforme

The contribution of each single amino acid to the inter-
action with FEmoniliforme PG was studied by mutating,
in a loss-of-function approach, each of the variant amino
acids of PGIP-2 into the corresponding residue of PGIP-1.
Thus a series of eight mutat@edip-2 genes were created
and expressed iN.benthamianaThe encoded proteins
were purified and individually immobilized on separate
sensor chips for analysis by SPR wimoniliformePG

as analyte. The SPR data (Figure 4; Table Il) showed that
mutation Q253K strongly affects the interaction. The
kinetic constants could not be calculated due to the very
weak interaction between the mutated protein and the
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Interaction with A. niger PG  Interaction with F. moniliforme PG of Q253 with K decreases the binding energy by

2.55 kcal/mol, accounting for much of the binding energy
of the complex. The residues A326 and V181 make lesser
contributions, and all the other residues do not appear to
play important roles.

The importance of the amino acids distinguishing
PGIP-2 from PGIP-1 was also studied in inhibition assays
using PGIP-2s mutated in one or two amino acids. Sixty

é//‘; PGIP-2l| [ T nanograms of all PGIP-2 single mutants were able to

@ - inhibit F.moniliforme PG, with the exception of mutant

o | ¥y 0 p 450 Q253K, which had a much reduced inhibition activity
§ 0 40 (30%). The double mutant V181G/Q253K as well as the
§ double mutant Q253K/A326S did not inhibit the enzyme;

[PGIP-12 \\ instead, the double mutant V181G/A326S was able to
L =

inhibit FEmoniliformePG (Table V).

-50 450

PG of A.niger
;\ PGIP-21 The interactions of the mutated PGIP-2s winiger PG

50

— = were also analysed. The mutation V181G caused a 6-fold
diminution in affinity due to a pronounced increase in the
ko value and a slight decrease in thg value. Similarly,

the mutation Q253K caused a 5-fold diminution in the
Fig. 3. Interactions between PGIP-1, PGIP-2 or domain swaps affinity towards the enzyme mainly affecting thg value.
PGIP-12 and PGIP-21, amlniger or FmoniliformePG. The different Mutations Q320K and A340S only caused a slight loss of
PGIPs were immobilized separately as ligands on sensor surfaces, and affinity due to a slight decrease in thg, value, while

the increasing concentration of PGs indicated below were passed in g n .
solution as analytes over the surface. The different panels show the mutations L89H, S207A, H300Q and A326S did not affect

SPR sensorgrams. (Concentrations listed from bottom to top curve.)  the interaction significantly (Figure 4; Table III).

Site-directed mutagenesis of PGIP-2: analysis with

-50 450 -50 450

Time (s)

PGIP-1, concentrations ¢f.niger PG: 6.5, 13, 23, 27, 46, 91, 274, Differences in binding free energies were also calculated
548 and 822 nM, and 1.4M; concentrations ofF-moniliformePG: for the interaction with A.niger PG (Table |||)_ The

160, 400 and 800 nM, and 1.6, 3.2 and 44. PGIP-2, . : T
concentrations oA.nigerPG: 2.3, 4.6, 11, 23, 46, 114, 228 and mutation Q253chauseq a decrease in the t_)m.dmg energy
456 nM, and 1.1, 2.3 and 4)8V; concentrations of.moniliforme of ;I--Ol kcal/mol; mUtat'Qn V181G haq a _S|m||ar effect,
PG: 40, 80, 160, 400 and 800 nM, and 1.6, 3.2, 4.8 andqi4 while all the other mutations had no significant effect.

PGIP-12, concentrations @f.nigerPG: 6.5, 13, 23, 26, 46, 91, 274
and 548 nM, and 1.1M; concentrations of.moniliformePG: 40, 80,

160, 240, 320, 440, 640 and 882 nM, and 1.7, 2.6 andu®l5 Site-directed mutagenesis of PGIP-1

PGIP-21, concentrations @t.niger PG: 6.8, 16, 34, 68, 137, 228 and N order to confirm the importance of a glutamine at
685 nM, and 1.1 and 2.8M; concentrations of.moniliformePG: 24, position 253 in the recognition and inhibition of PG from
48, 80, 240, 480 and 800 nM, and 1.2 and [i\8. RU, resonance F.moniliforme the corresponding amino acid of PGIP-1,
units. a lysine, was mutated into a glutamine, in a gain-of-

function approach. The K253Q PGIP-1 mutant was expres-
enzyme: theKp is at least 70-fold higher than that sed inN.benthamianand purified. Inhibitory assays and
calculated for the wild-type PGIP-2, with both a decrease SPR analysis showed that this single mutation confers to
in the k,, value and an increase in thgy value of the PGIP-1 the ability to inhibit completely thiemoniliforme
dissociation of the complex. PGIP-2 carrying the mutation PG (Figure 5) and to form a complex with a binding
A326S also showed a decreased affinity: Kags 3.5-fold affinity of 205.7 nM (Figure 6; Table V).
higher with respect to PGIP-2, mainly due to a decrease
in thek,. These data are consistent with the data obtained Modelling of PGIP-1 and PGIP-2
with the domain-swapped PGIPs, and in particular with the Like RI, PGIP is likely to have a parallel stacking
observation that PGIP-21, which contains both mutations of 3-strandp-turns forming a solvent-exposed surface.
Q253K and A326S, does not interact witmoniliforme Construction of the model oP.vulgaris PGIP-1 was
PG. Other mutations had minor effects: mutation V181G carried out, using a model of the plant-specific LRR motif
produced a 2-fold decrease in the affinity, and mutations derived by Kajava (1998) as a template for the single
L89H and Q320K caused very little variation in the affinity 24 amino acid LRR. A framework for the structure of
for the enzymeMutations H300Q and A340S had little  PGIP-1 was constructed by replicating this motif structure
or no effect on the interaction between PGIP-2 and to give atandem array of 10 identical LRRs. The sequences
F.moniliformePG (Figure 4; Table II). of the PGIP-1 LRRs were then aligned manually with the
Differences in binding free energies between the plant-specific LRR consensus sequence. Construction of
F.moniliformePG-wild-type PGIP-2 complex and those of the starting model for PGIP-2 followed, by simple substitu-
each single mutated protein interacting witimoniliforme tion of the amino acids at positions differing between the
PG were calculated from the equation two proteins within the LRR domain. Both models were
then subjected to energy minimization.
BAG = AGmu = AGy = — RTIN Kpu/Komu). The aIlignment usedgt% model the PGIP-1 structure is
The results are summarized in Table Il. The replacement shown in Table VI. The alignment, particularly in the

2356



Specificity of polygalacturonase-inhibiting protein

Table II. Kinetics and equilibrium of the interactidietweenF.moniliformePG and different PGIPs

Kon Koff Kp AG AAG = AGpyt— AGy,

(per Ms) (per s) (nM) (kcal/mol) (kcal/mol)
PGIP-2 (wt) 4.86¢10 2.32x10°3 47.7 -9.98 0.00
PGIP-1 L b b
PGIP-12 1.7610% 3.78x1073 215 -9.09 0.89
PGIP-21 b b b
PGIP-2 L89H 3.x10* 2.48x1073 82.6 -9.66 0.33
PGIP-2 V181G 4.4%10 4.26x1073 96 -9.57 0.41
PGIP-2 S207A 3.4810° 2.9x1073 84.5 -9.64 0.34
PGIP-2 Q253K 8.10° 2.9x1072 3536.6 -7.43 2.55
PGIP-2 H300Q 4.2210% 2.78x1073 65.8 -9.79 0.19
PGIP-2 Q320K 1.7x10 1.58x1073 92.4 -9.59 0.39
PGIP-2 A326S 1.5%10* 2.61x1073 166.2 -9.24 0.74
PGIP-2 A340S 3.4310% 2.23x10°3 65 -9.80 0.18

inetic parameters were determined by SPR analy§isvalues were calculated &sq/k,,. The free energy of the formation of the complex was
calculated from the equatiohG = RTInKp. AAG values were calculated from the equatithG = —RTINKpwi/Kpmuy-
PNo interaction.

Table Ill. Kinetics and equilibrium of the interactidbetween different PGIPs amlniger PG

Kon Koft Ko AG AAG = NGy — AGy,
(per Ms) (per s) (nM) (kcal/mol) (kcal/mol)

PGIP-2 (wt) 3.8%10° 3.74x107% 0.96 -12.30 0.00
PGIP-1 1.0K10° 6.27x1073 62.1 -9.83

PGIP-12 1.0%10° 1.4x10°3 13.1 -10.75 1.55
PGIP-21 4.4K10° 4.6x1073 10.4 -10.89 1.41
PGIP-2 L89H 3.6X10° 2.9x10™ 0.78 —-12.42 -0.12
PGIP-2 V181G 2.3810° 1.36x10°3 5.73 -11.24 1.06
PGIP-2 S207A 5.1810° 3.2x10% 0.62 -12.56 —-0.26
PGIP-2 Q253K 5.2%10° 2.79x10°3 5.31 -11.28 1.01
PGIP-2 H300Q 3.610° 2.34x107* 0.65 —-12.53 -0.23
PGIP-2 Q320K 2.3510° 3.75x10% 1.59 —-12.00 0.30
PGIP-2 A326S 4.2410° 3.74x10* 0.88 -12.35 —-0.05
PGIP-2 A340S 2.4810° 3.58x10* 1.47 -12.04 0.25

&inetic parameters were determined by SPR analy§isvalues were calculated &sq/ko,. The free energy of the formation of the complex was
calculated from the equatiohG = RTInKp. AAG values were calculated from the equathG = —RTINKpy/Kpmud-

region of thep-strandp-turn region, is good. The model, steric changes at residue 181, and electrostatic and/or
shown in Figure 7, includes the PGIP-1 LRR domain hydrogen bonding at position 253.

from residue 84 to 302, at which point the similarity to

the plant-specific LRR consensus sequence breaks downp: .

The model thus spans only five of the eight amino acid Discussion

residue differences between PGIP-1 and PGIP-2 (H89L, In this work, we have investigated at the molecular level
G181V, A207S, K253Q and Q300H). As a consequence the interaction of plant PGIPs and fungal PGs. Two
of adopting theBap plant-specific LRR fold proposed by  members §gip-1 and pgip-2) of the pgip gene family of
Kajava (1998), the PGIP LRR domain models have a P.vulgaris cv. Pinto have been isolated and shown to
significant curvature, though this is less pronounced than encode proteins with only eight amino acid variations
that seen in the X-ray crystal structure of pRI (Kobe and in their mature form. Expression of the two genes in
Deisenhofer, 1993). This results from the helical portion N.benthamianausing the viral vector PVX allowed the
of each repeat being shorter than in pRI and offset relative purification and characterization of the singlgip gene

to the orientation of th@-strands. The model predicts an products. The two proteins exhibit distinct specificities:
extensive and potentially variable ligand-binding surface PGIP-1 is not able to interact with the PGFafmoniliforme
facilitated by a protein fold resembling that of tRéhelical while PGIP-2 is and completely inhibits this enzyme. The
structure (Kobe and Deisenhofer, 1994). As expected, thefew amino acid variations between PGIP-1 and PGIP-2
PGIP-1 and PGIP-2 model structures are very similar. The and their distinct ability to interact withA.niger and
major difference arises in the region of the G181V F.moniliformePGs make these two proteins an excellent
substitution where the steric effect of the isovaleryl side system to study the basis of recognition specificity of a
chain is to reorient the side chain of the neighbouring LRR protein. By combining site-directed mutagenesis and
residue, F205 (Figure 8). Differences are noted also in SPR analysis, the contribution of each variant amino acid
local main chain conformation. Elsewhere, the substitution to the interaction with~moniliformeandA.nigerPGs has
K253Q leads to only minor local conformation differences. been evaluated. Our results show that single mutations of
Structurally, the modelling suggests that the roles of these amino acid residues of PGIP-2 into the corresponding
residues in modulating affinity for PG may be ascribed to residues present in PGIP-1 cause a loss of affinity for
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Fig. 4. Interaction between different PGIP-2 mutants @ndigeror
F.moniliformePG. The different panels show the SPR sensorgrams.
(Concentrations listed from bottom to top curve.) L89H,
concentrations oA.nigerPG: 2.3, 4.6, 11, 23, 46, 114, 228 and

456 nM, and 1.1, 2.3 and 4}@M; concentrations ofF-moniliforme

PG: 40, 80, 160, 400 and 800 nM, and 1.6, 3.2, 4.8 andu®4
V181G, concentrations dk.nigerPG: 2.3, 4.6, 11, 23, 46, 114, 228
and 456 nM, and 1.1, 2.3 and 3.M; concentrations of.moniliforme
PG: 14, 40, 80, 240 and 800 nM, and 1.2 and AM. S207A,
concentrations oA.niger PG: 4.6, 11, 23, 46, 114 and 228 nM, and
1.1 and 2.3uM; concentrations of.moniliformePG: 16, 40, 80, 160,
400 and 800 nM, and 1.6 and 3.81. Q253K, concentrations of
A.nigerPG: 2.3, 11, 23, 114 and 228 nM, and 1.1 and |2\
concentrations oF.moniliformePG: 14, 40, 80, 240 and 800 nM, and
1.2 and 1.6u4M. H300Q, concentrations dk.niger PG: 2.3, 4.6, 11,
23, 114, 228 and 456 nM, and 1.1, 2.3 and @M; concentrations of
FEmoniliformePG: 14, 40, 80, 240 and 800 nM, and 1.2 and [IM.
Q320K, concentrations dk.niger PG: 2.3, 4.6, 11, 23, 114, 228 and
456 nM, and 1.1, 2.3 and 3}4M; concentrations of.moniliformePG:
14, 40, 80, 240, 400 and 800 nM, and 1.2 and iMs A326S,
concentrations oA.niger PG: 2.3, 4.6, 11, 23, 114, 228 and 456 nM,
and 1.1, 2.3 and 3.4M; concentrations of.moniliformePG: 14, 40,
80, 240, 400 and 802 nM, and 1.2 and M. A340S, concentrations
of A.nigerPG: 2.3, 4.6, 11, 23, 114, 228 and 456 nM, and 1.1, 2.3 and
3.4 uM; concentrations of.moniliformePG: 14, 40, 80, 160, 240, 400
and 800 nM, and 1.2 and 118V. RU, resonance units.

F.moniliforme PG, with the two PGIP-2 residues Q253
and A326 accounting for nearly all the binding energy of
the complex. In particular, amino acid Q253 is the major
contributor to the binding energy of the complex; the

Table IV. Inhibition of F.moniliformePG by PGIP-2 mutants

PGIP-2 mutants % inhibition
Wild-type 100
L89H 100
V181 100
S207A 100
Q253K 30
H300Q 100
Q320K 100
A326S 100
A340S 100
V181G/Q253K 0
Q253K/A326S 0
V181G/A326S 100

The inhibition assays were carried out with 60 ng of wild-type and
mutant PGIP and 0.008 U ¢tmoniliformePG.

% inhibition

0 20

40
ng PGIP

60

Fig. 5. Inhibition curves of homogeneouwsmoniliformePG by
increasing amounts of PGIP-#®], PGIP-2 Q253K A), PGIP-1
K253Q (X) and PGIP-2 l); 0.008 U of EmoniliformePG were used.

by 2.55 kcal/mol. Because, according to our structure
prediction, this variation is unlikely to determine major
conformational differences, Q253 may participate in the
interaction by forming hydrogen bonds with residues of
PG. The importance of residue Q253 is confirmed by the
observation that mutation of the PGIP-1 amino acid K253
into a Q is sufficient to confer to the protein a new
recognition specificity, i.e. the ability to interact with
F.moniliformePG. Some of the mutations of PGIP-2 also
cause a decrease in affinity férniger PG, with a major
contribution of the amino acids V181 and Q253.

Mutations G181V and K253Q, which determine an
important change in the interaction ability of PGIP, have,
according to Dayhofet al. (1972), a low and moderate
acceptance, respectively. This indicates that in LRR pro-
teins, low or moderately acceptable mutability is particu-
larly significant for the evolution of new recognition
specificities. On the other hand, our data show that
mutations with a high level of acceptance, such as S326A,
also play a role in PGIP-PG interactions.

The residues of PG involved in the interaction with
PGIP are still unknown. Recently, the three-dimensional
structure ofA.nigerPG has been elucidated (Y.van Santen,
J.Visser and B.W.Dijkstra, personal communication). The
enzyme exhibits af-helix structure, and, like other

replacement of Q253 with K decreases the binding energy characterized pectic enzymes, a highly positive electro-
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Fig. 6. Interaction between mutant PGIP-1 K253Q ahdiger PG (A) or F.moniliformePG (B). The two panels show the SPR sensorgrams.
Concentrations oA.niger PG (from bottom to top curve): 2.3, 4.6, 11.4, 22.8, 45.6, 114, 228 and 456 nM, and 1.1, 2.3 quM. £6ncentrations
of EmoniliformePG (from bottom to top curve): 40, 80, 160, 401 and 802 nM, and 1.6, 3.2, 4.8 apdV/6.RU, resonance units.

static potential of the substrate-binding cleft for the binding . .y . .

.. . . Table V. Kinetics and equilibrium of the interaction between the
of the polyanionic substrate polygalacturonic acid. The pgip.1 mutant K253Q and.nigeror EmoniliformePG
lysine at position 253 of PGIP-1 could contribute substan-
tially to the specificity of binding through unfavourable ko

Kot Kp AG

n
electrostatic interactions, for example by repulsion of (per Ms)  (pers) ~ (nM)  (kcal/mol)
positively charged residues in non-target PGs. PGs from , nigerPG 24%1F  15x10° 6.17 1119
A.niger and F.moniliforme are 61.3% similar and only  gmoniliformePG 36K10° 7.50x103 2057  -9.12

43.4% identical (Capraret al, 1993). The ability of
PGIP-2 to bind both enzymes and the observation that Kinetic parameters were determined by SPR analy§isvalues were
some residues are important for the interaction with only calculated akqg/kon. The free e_nerg)i of the formation of the complex
one PG, but not with the other, suggest that different, was calculated from the equatiaG = RTINKp.
though overlapping, subsets of residues may be critical
for binding different ligands. Interestingly, the ability of Arabidopsis RPS§ene product generates a protein which
pRI to recognize different RNases has been shown to bepartially compromises the function of sevemal genes
based on its capacity to recognize a number of features(Warrenet al, 1998). Within the tomatcf gene family,
unique to each enzyme (Papageorgieu al, 1997). the comparative analysis of Cf-4 and Cf-9, which confer
Multiple recognition capabilities have been also described resistance toC.fulvum through recognition of different
for LRR plant resistance gene products: for example, the avirulence determinants, has shown that 33 out of the
Arabidopsis RPM1gene mediates recognition of two 57 amino acids which distinguish the two proteins are
different bacterial Avr products, avrB and avriRpm1 (Grant located within the interstitial amino acid residues of the
et al, 1995). B-sheetp-turn region (Thomaset al, 1997). Also, the
The amino acids of PGIP that determine specificity and comparative analysis of 11 Cf-9 homologues identified 13
affinity for fungal PGs are internal to the conserved variable and seven hypervariable amino acid positions,
xxLxLxx motif, which is predicted to form a solvent- the majority of which are clustered within tHgsheet/
exposedB-sheetp-turn structure (Kobe and Deisenhofer, [-turn structure. Significantly, higher non-synonymous
1994) (Figures 7 and 8). Comparison of the sequences ofthan synonymous substitution rates are observed in the
pgip-1andpgip-2shows that non-synonymous nucleotide nucleotide sequence corresponding to these positions,
substitutions leading to amino acid variations do not occur implying selection for sequence diversification of this
randomly along the LRR-coding sequence but occur region (Parniskeet al, 1997). Similar conclusions were
preferentially within or contiguous to the motif xxLxLxx. drawn from the analysis of th€f-2/Cf-5 gene family
The B-sheetB-turn region of PGIP may therefore be (Dixon et al, 1998). Other examples are the alleles of the
considered a ‘hot spot’ for non-synonymous variation, Arabidopsisresistance genedRPS2and RPMY, in which
responsible for ligand recognition specificity. Residues in single amino acid changes abolish the ability to confer
this region that appear not to be important for discriminat- resistance (Bergt al,, 1994; Mindrinoset al, 1994; Grant
ing betweenA.niger and FEmoniliformePG, e.g. residues et al, 1995), and the genesa21l of rice andM of flax,
207 and 300, perhaps are involved in the specific recogni- where alterations of the LRR domains appear to be crucial
tion of other ligands. for recognition specificity (Andersoet al,, 1997; Ronald,
Our results provide a clear demonstration that variations 1997). Recent reports on thRG2 and Dm genes in
in the predicted solvent-expos@dsheetp-turn structure lettuce (Meyerset al, 1998a,b) and on thRPP genes in
of an LRR protein have a functional significance and Arabidopsis(Botellaet al., 1998; McDowellet al, 1998)
determine the discriminatory ability for recognition of a further support the notion that there is a divergent selection
specific ligand. Variation in th@-sheet-turn motif has in the x residues of the xxLxLxx motif during evolution
been hypothesized to be crucial for specific recognition of the R gene products.
functions of other LRR proteins, and in particular for the In conclusion, we show that, in PGIPs, sequence vari-
products ofR genes. For example, a glutamate to lysine ability within the predictedp-sheefp-turn structure of
substitution in the xxLxLxx of the third LRR in the the LRR domain affects ligand binding and determines
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Table VI. Alignment of amino acid sequences from the 10 LRR®elilgarisPGIP-1 with the plant-specific (PS) LRR sequence as defined by
Kajava (1998)

LRR Residues 5 10 15 20 25 No
1 84-109 LDLSGHNLPKPYPI PSSLANLPYLNTF - 26
2 110-134 LYl GGI NNL-VGPI PPAI AKLTOQLHY - 25
3 135-158 LYIl TH-TNV-SGAI PDFLSOQI KTLVT - 24
4 159-182 LDFSY-NAL-SGTLPPSI SSLPNLGG- 24
5 183-207 I TFDG-NRI - SGAI PDSYTSFSKLFTA 25
6 208-230 MTI S R-NRL-TGKIPPTFANLNLAF- - 23
7 231-254 VDL SR-NML-EGDASVLFGSUDKNTKK - 24
8 255-277 Il HLAK- NSL-AFDLGKVGLSKNLGN- - 23
9 278-301 LDLRN-NRI - YGTLPOQQGLTO QQLKFLO QS - 24
10 302-315 LNVSF-NNL-CGEI PQGGNLIKRFDVSS 25
PS LRR 1-24 L xLXx x - NxL-TOGXI PxxLGNXULNXXxLXx x — 24

Conserved residues in tifiestrandp-turn submotif are in bold. Residues in the PS LRR occurring at 70% or greater frequency are in italics.

Lys253

His89

Fig. 7. The fold of modelled PGIP-13-Strands are shown in green aaehelices in red/yellow. The positions of the five amino acid differences
between PGIP-1 and PGIP-2 that lie in the LRR domain are shown. The positions of Gly181 and Lys253 map to the heel of their respective LRR

motifs preceding th@-strands.

recognition specificity. This is likely to be true in many Materials and methods
other LRR proteins. Knowledge of the structural require-
. e - - Screening of the cDNA library

ment.s. that co_nfer tO_ LRR proteins the ablllty of m_terac?mg Construction and screening of the cDNA library Rfrulgariscv. Pinto
specifically with their ligands may allow the manipulation haye been described previously (Toubetral, 1992).
of the cell functions controlled by these proteins. Strategies L . .
for in vitro mutagenesis can be envisaged to obtain more Nucleic acid manipulations .

fficient PGIPs. or PGIPs with novel recoanition abilities Standard technlques were used for re(_:omblnant Dl\_IA work (ngbrook
e M ) g ! et al, 1989). Dideoxy DNA sequencing was carried out using the
for specific target molecules. More generally, the informa- sequenase-2 kit (US Biochemicals, Cleveland, OH). Oligonucleotides
tion gained on PGIP may open the way to a ‘directed’ were synthesized by M-Medical, Florence, Italy.
manipulation of those LRR receptor. protelns.whlch are Preparation of vectors for gene expression using PVX
structurally related to PGIP and are involved in both the The pgip-1 sequences including the first ATG up to 200 nucleotides
development and resistance of plants. downstream of the stop codon were amplified by PCR using sequence-
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Fig. 8. A close up of a least-squares superposition of modelled PGIP-1 and PGIP-2 structures showing the region around residues 181, 207 and 253.
The main chain ribbon of PGIP-1 is magenta, that of PGIP-2, yellow. Side chains that show the most significant conformational differences between
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Lys250

f"t.\'."f?. 2 7
Asn251

the two structures are shown. The side chains of residues of PGIP-2 are red.

specific oligonucleotides with th€lal and Sal sites included at the

5’ end to facilitate cloning. The amplified fragment was repaired and
cloned in theEcoRV site of pBlueScript SK- to create pBS11. The
pgip-1 sequence contains two in-frame ATGs while thgip-2 cDNA

clone contains only the second ATG and lacks the preceding sequencesCAACAAG-3’;

CATCTCC-3; PQ253K, 3-CAGATAAGAACACGAAGAAGATAC-
ATCTGGC-3; PH300Q, 5GCAGCTAAAGTTTCTGCAAAGTTTAA-

ATGTGAGCTTC-3; PQ320K, 3-GGTGGGAACTTGAAAAGGTT-

TGACGTTTC-3; PA326S, 5GTTTGACGTTTCTTCTTATGCCAA-
PA340S, 5GTTCTCCTCTTCCTTCCTGCACTTA-

These 5sequences of thegipgene appear to be important for expression  ACA-3'.

levels (Devotoet al, 1998). In order to attach the first ATG and the
intermediate sequencesitgip-2 aHindlll endonuclease restriction site

The mutagenesis of thegip-1 gene was carried out on the plasmid
pBS11, using the following gain-of-function primer which mutated the

contained in the DNA sequences corresponding to the signal peptide amino acid in PGIP-1 to the corresponding amino acid in PGIP-2:

(Figure 1) was used to facilitate the substitution of frggp-1 coding
sequence with that gpgip-2 pBS11 was digested withlindlll-Sal

and the vector containing the’ Sequences opgip-1 recovered. The
pgip-2 cDNA clone was digested witHindllI-Sal to excise the coding

PK253Q, 3-CAGATAAGAACACGCAGAAGATACATCTGGC-3'.
The selection primer which mutated t8et restriction enzyme site was
as follows: pBSSST1, 'SGTGGTACCGAGCCCGGTACCCCATG-3
Following mutagenesis, the genes wef@al-Sal ligated into

sequences which were ligated into the recovered vector. This created pPVX201 for heterologous expression fhbenthamianaThe plasmid
the recombinant plasmid pBS23 containing the coding sequences of pPVX201 contains the cauliflower mosaic virus (CaMV) 35S promoter

pgip-2with two in-frame ATGs. Th@gip-2gene fragments were excised
from pBS23 usingClal and Sal and inserted in the pPVX201 PVX
expression vector (Baulcombet al, 1995) to generate the plasmid

PVX.PGIP-2. The generation of PVX.PGIP-1 was as described previously

(Desiderioet al,, 1997).

Chimeric genespgip-12 and pgip-21 were constructed using the
unique Mlul site present in thepgip gene. pBS11 and pBS23 were
digested withMIul-Pst and subjected to agarose electrophoresis. The
excised fragment of 500 bp from pBS11 was then ligated with the large
fragment of 3.3 kb deriving from the digestion of pBS23 to crezgm-

21. Then the small fragment of 500 bp deriving from the digestion of
pBS23 was ligated with the large fragment from pBS11 to cregip-

12. The chimeric genes were ligated, following a double digestion with
Clal-Sal in pPVX201 as described fgogip-2 to create PVX.PGIP12
and PVX.PGIP21.

Site-directed mutagenesis of the pgip genes

A commercial site mutagenesis kit (U.S.E) and protocols were used
(Pharmacia P-L Biochemicals Inc). The mutagenesis oftiip-2 gene
was carried out on the plasmid pBS23, using the following loss-of-
function primers which mutated an amino acid in PGIP-2 to the
corresponding amino acid in PGIP-1: PL89H-GACCTCTCCGG-
CCATAACCTCCCAAAAC-3'; PV181G, 3-CTCCCCAACCTCGGA-
GGAATCACATTC-3; PS207A, 5-GAAGCTGTTTACGGCGATGAC-

and plasmid DNA was used to inoculdiebenthamianglants directly
using 30pg of DNA/plant as described previously (Baulcoméeal,
1995).

Preparation and assay of PGs and PGIPs

PGIlI from A.niger was prepared as described by Kester and Visser
(1990), PG off-moniliformeexpressed irS.cerevisiaavas prepared as
described by Capraret al. (1996) and PGs fromB.cinerea and
F.oxysporunt.sp. lycopersiciwere prepared as described by Desiderio
et al. (1997). PGIP-1, PGIP-2 and the mutant PGIPs were purified from
PVX-infected tissues oN.benthamianay an affinity-based procedure
on a Sepharosé-niger PG column as described previously (Cervone
et al, 1987). PG and PGIP activities were measured with the standard
PAHBAH assay as already described (Cervenal, 1989).

SPR
SPR measurements were conducted as already described (Desiderio
et al, 1997).

Modelling of PGIPs

Construction of the model dP.vulgaris PGIP-1 was carried out using
the program Insightll (Biosym Technologies Inc., San Diego, CA)
running on a Silicon Graphics Indi§oXZ workstation. The template
for the single 24 amino acid LRR came from the plant-specific LRR
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motif model of Kajava (1998). A framework for the structure of PGIP-1 Transduction in Plants. Birkauser Verlag, Basel, Switzerland,
was constructed by replicating this motif structure to give a tandem  pp. 153-177.

array of 10 identical LRRs. The sequences of the LLR motifs from Clark,S.E., Williams,R.W. and Meyerowitz,E.M. (1997) TBEAVATAL
PGIP-1 were then aligned manually with the plant-specific LRR sequence.  gene encodes a putative receptor kinase that controls shoot and floral
For the LRRs of 24 amino acids, the modelling process was straight-  meristem size imArabidopsis Cell, 89, 575-585.

forward and involved substitution of the corresponding amino acid Dayhoff,M.O., Eck,R.V. and Park,C.M. (1972) A model of evolutionary
type. For the remaining LRRs, the conformations of loops connecting  change in proteins. In Dayhoff,M.O. (edAtlas of Protein Sequence
secondary structural elements were modelled by searching a database of and Structure Vol. 5. National Biomedical Research Foundation,
loop conformations generated from high-resolution protein structures.  Georgetown University Medical Center, Washington, DC, pp. 89-99.
Amino acid side chain conformations were selected by knowledge of pe Lorenzo,G. and Cervone,F. (1997) Polygalacturonase-inhibiting
their torsional preferences. Construction of the starting model for PGIP-2 proteins (PGIPs): their role in specificity and defense against
followed, by simple substitution of the amino acids at positions differing pathogenic fungi. In Stacey,G. and Keen,N.T. (ed¥ant—Microbe
between the two proteins within the LRR domain (H89L, G181V, A207S, Interactions.Vol. 3. Chapman & Hall, New York, NY, pp. 76—93.
K253Q and Q300H). Both models were. then subjected to energy pesiderio,A.et al. (1997) Polygalacturonase-inhibiting proteins (PGIPs)

minimization using the program X-PLOR (Brger et al, 1987). Two with different specificities are expressedRhaseolus vulgarisMol.
rounds of steepest descent optimization (250 cycles each) were per- pjnt Microbe Interact. 10, 852—860.

formed, with harmonic restraints (force constditsyaint = 20 kcall Devoto,A., Leckie,F., Lupotto,E., Cervone,F. and De Lorenzo,G. (1998)

2 ) . ; ; -
mocli/ﬁt\ )daprfltlled to 6;]" mamdch%? atfqmls. 'I;he r_estr?|ngcc])gr(;:i(|)natesl weref The promoter of a gene encoding PGIP (PolyGalacturonase-Inhibiting
updated arter each round. 1he final sitep involve JU cycles o Protein) of Phaseolus vulgarid.. is activated by wounding but not
unrestrained conjugate gradient optimization. A unitary dielectric con- by elicitors or pathogen infectiomlanta 205, 165-174

stant was used throughout. Dixon,M.S., Hatzixanthis,K., Jones,D.A., Harrison,K. and Jones,J.D.G.
(1998) The tomatdCf-5 disease resistance gene and six homologs
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