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Directed Mutagenesis Confirms the Functional Importance of Positively
Selected Sites in Polygalacturonase Inhibitor Protein
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Polygalacturonase inhibitor proteins (PGIPs) protect plants against invasion by diverse microbial and invertebrate enemies
that use polygalacturonase (PG) to breach the plant cell wall. Directed mutagenesis has identified specific natural mutations
conferring novel defensive capability in green bean PGIP against a specific fungal PG. These same sites are identified as
positively selected by phylogenetic codon-substitution models, demonstrating the utility of such models for connecting
retrospective comparative analyses with contemporary, ecologically relevant variation.

Introduction

Phylogeny-based models of codon substitution have
significantly advanced the goal of detecting selection on
protein-encoding DNA segments (Nielsen and Yang
1998; Yang et al. 2000). By identifying individual codons
that experience advantageous substitutions, the models offer
avaluable tool for studying adaptation at the molecular level
that can complement structural and biochemical tools. In
several systems inferred, positively selected sites occur in
regions known from structural or functional analyses to
be involved in protein-protein or protein-ligand interactions
(e.g., Bishop, Dean, and Mitchell-Olds 2000; Urwin et al.
2002; Yang and Swanson 2002; Bishop et al. 2005). Despite
the surprising discovery of congruence between statistical
analysis of sequence variation and other approaches, there
is concern that the codon-based analyses may produce
numerous false positives (Suzuki and Nei 2001, 2004).
Although judicious application of the models (Anisimova,
Bielawski, and Yang 2001, 2002; Wong et al. 2004) and
improved methods (Yang, Wong, and Nielsen, 2005) appear
to mitigate many of these concerns, further confirmation
of their reliability is desirable. A useful follow-up to the
codon-substitution analyses is to experimentally manipulate
putative positively selected codons and perform subsequent
protein- or organismal-level assays to determine the func-
tional significance of variation at these sites. Such manipu-
lations are not expected to affect function if codon models
are prone to misclassification of neutrally evolving sites.

Even when sites with a history of adaptive substitu-
tions are correctly identified, it is not obvious whether
extant variants at these sites should confer contemporary
functional variation, owing to the retrospective nature of
the analyses. A common thread in most cases of positive
selection is that they involve proteins in which an arms race
or some other coevolutionary process may be responsible
for rapid protein evolution (i.e., reproductive genes
[Swanson and Vacquier 2002], gastropod toxins used to
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subdue prey [Duda and Palumbi 1999, 2000], salamander
courtship pheromones that increase female receptivity
[Watts et al. 2004], host immune response genes [Urwin
et al. 2002; Yang and Swanson 2002; Wang et al. 2003],
and plant defense—related glycanhydrolases [Bishop, Dean,
and Mitchell-Olds 2000; Bishop et al. 2005]). Identifying
positively selected sites in these systems might only con-
stitute resurrecting the ghost of ancient adaptations, left
behind by rapid coevolution. On the other hand, a diverse
spatial mosaic of coevolutionary outcomes might maintain
numerous extant functional variants, especially among gene
family members.

Polygalacturonase inhibitor proteins (PGIPs) are
secreted by plants into the cell wall where they defend
the wall against polygalacturonases (PGs) secreted by
diverse plant enemies, including fungi and hemipteran
insects (De Lorenzo and Ferrari 2002; D’Ovidio et al.
2004). Previous studies uncovered evidence of positive
selection acting on the PGs of fungi and oomycetes as well
as on the PGIPs of dicotyledonous plants, strongly sugges-
tive of arms race dynamics (Stotz et al. 2000; G6tesson et al.
2002). Green bean (Phaseolus vulgaris var. BAT93, here-
after “PvB”’) and pinto bean (P. vulgaris var. Pinto, here-
after “PvP””) each harbor four PGIPs (PGIP1-PGIP4) that
differ in their effectiveness against various PGs produced
by plant enemies. PvP_PGIP2 is the only protein capable
of inhibiting Fusarium moniliforme PG (FmPG), whereas
Pv_PGIP3 and Pv_PGIP4 are the only ones capable of
inhibiting hemipteran PGs (D’Ovidio et al. 2004).
PvP_PGIP1 and PvP_PGIP2 also differ in inhibitory activ-
ity toward the PGs of other pathogens but are separated by
only eight amino acid substitutions.

By using directed mutagenesis to recreate each of
the eight substitutions differentiating PvP_PGIP1 and
PvP_PGIP2, Leckie et al. (1999) demonstrated that a single
substitution, K224Q, causes PvP_PGIP1 to gain the ability
to bind FmPG. Conversely, Q224K caused PvP_PGIP2 to
lose 70% of its inhibitory activity toward FmPG, and in
combination with substitutions V152G or A2978S all inhib-
ition of FmPG was abolished. Mutations Q224K and
A152G also decreased PGIP2 affinity for Aspergillus niger
PG (AnPG), but to a much lesser extent.

To test whether any of the functionally important sub-
stitutions identified by Leckie et al. reside at sites predicted
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Table 1
Positively Selected and Manipulated Sites

CODEML FEL Beta (NEB) Beta (BEB) FEL P
Site® Res” Non Syn dN ds 1-Post 1-Post value
39 3 3 0 1.6 0 021 0.09
(1529 44 6 1 42 15 0.10 0.24 0.47
175 4 5 2 42 26 0.02 0.06 0.74
178° 5d 6 0 4.7 0 0.007 0.03 0.02
200 44 5 0 28 0 0.03 0.11 0.05
224" 6% 6 0 3.1 0 0.03 0.10 0.12
232 4 7 0 43 0 0.009 0.04 0.36
271 64 6 1 47 29 0.015 0.06 0.43
272° 44 5 0 2.0 0 0.11 0.24 0.10
296 3 3 0 15 0 0.35 0.08
(2979 4 3.5 25 15 4.6 0.34 0.50

# Selected sites were included if the posterior probability > 0.9 in CODEML M8 (beta model) using BEB method or P < 0.1
in FEL. Sites with superscripts were manipulated by Leckie et al. (1999), and those in parentheses are not positively selected.
Results for all models are given in Supplementary table 2 (Supplementary Material online).

° Res: number of different residues per site among the 12 sequences; Non and Syn: nonsynonymous and synonymous
substitutions (CODEML); dN and dS: nonsynonymous and synonymous rates for each site estimated by FEL. NEB: Naive

Empirical Bayes.
¢ Directed mutagenesis caused some effects on specificity.
9 Site is within leucine-rich repeat region.
¢ Directed mutagenesis detected no effect on specificity.
' Directed mutagenesis strongly affected specificity.
2 Includes a deletion in PvP_PGIP1.

to experience strong positive selection, codon-evolution
models were applied to a set of 12 PGIPs comprising four
paralogs each from PvP and PvB as well as four PGIPs
from the closely related species Glycine max (soybean)
(see Methods). All CODEML models found significant
evidence of positive selection (e.g., M8 vs. M7 LRT =
20.4,2 df, P < 0.0002; Supplementary table 1, Supplemen-
tary Material online). Nine out of 318 total sites were iden-
tified as positively selected by fixed effects likelihood
(FEL) or CODEML (using the conservative Bayes empiri-
cal Bayes [BEB] method), including three sites manipulated

Fic. 1.—Electrostatic potential surface of green bean PGIP2 (10GQ),

by Leckie et al. (table 1). Inspection of the PvP_PGIP2
crystal structure reveals that seven of the nine positively
selected sites are arrayed around the negatively charged
pocket implicated in binding PG (fig. 1) (Di Matteo
et al. 2003). Five of these seven are within the

leucine-rich repeat region implicated in protein-protein
interactions. Docking models of PvP_PGIP2 with FmPG
(1HGS) indicate that selected residues to the right of the
binding pocket may interact with the loops 113—124 and
177-185 on the margin of the active site cleft of FmPG
(Supplementary Material online).

with areas of strong negative charge in red and positive charge in blue.

A negative pocket (arrow) is thought to bind the PG ligand. Positively selected sites (yellow) and sites shown to affect binding of FmPG (green) are labeled.



Site 224, responsible for conferring inhibition of FmPG,
was estimated to have sustained six nonsynonymous sub-
stitutions and was identified as positively selected by the
CODEMLs beta (M8) and discrete (M3) models but not
by FEL. Site 178 also sustained six coding substitutions
and was the only site clearly identified by both FEL and
CODEML models. Mutation S178A was found by Leckie
et al. (their S207A) to have no effect on inhibition of FmPG
or AnPG.

Of the other two sites known to affect FmPG inhibi-
tion, site 152 was positively selected only in the least con-
servative models (Supplementary table 2, Supplementary
Material online) but was also identified by an analysis of
dicot PGIPs (Stotz et al. 2000). Although site 297 was never
significant, it was included in the positively selected class
by most CODEML models, and neighboring sites 296 and
295 were significant in the FEL model and in dicots (Stotz
et al. 2000), respectively. The three residues surround a
prominent negative bulge formed by Asp294 on the inhib-
itor’s flank (fig. 1), providing strong evidence of selection
on this region if not precisely on site 297.

A common concern regarding codon-evolution mod-
els is that they misclassify variable, but neutrally evolving,
sites as positively selected. In PGIP, the selection analysis
identified nine sites that are most likely involved in adap-
tive evolution. The adaptive importance of one, site 224, is
proven, and the location of the others suggests that experi-
ments against a more diverse set of ligands (plant patho-
genic bacteria, oomycetes, and nematodes also produce
PGs) will reveal important functional variants. Analogous
results were obtained in recent studies of vertebrate gluta-
thione S-transferases (GST) and primate TRIMS5a
(Ivarrson et al. 2003; Sawyer et al. 2005). Ivarrson
et al. (2003) identified three positively selected sites,
two of which differed between human GST paralogs pos-
sessing different substrate affinities. A biochemically “con-
servative” Thr — Ser substitution at one of these sites
in one paralog conferred a 10° increase in the ability to
process the substrate of the second paralog. In TRIMS5a,
the codon-evolution models identified a 13 residue
“patch” of positively selected sites that, when swapped
between human and rhesus monkey orthologs, accounted
for species-specific antiretroviral activity. Taken together,
these studies suggest that codon-substitution models,
when judiciously applied, will frequently identify sites
sustaining adaptive mutations.

Codon-based selection models provide a novel
method for sorting through and prioritizing substitutions
for experimental analysis of protein adaptation. However,
even when a very small proportion of sites is identified,
the large number of substitutions occurring at these sites
makes for an array of possibilities requiring DNA shuf-
fling and high throughput assays. With four to six differ-
ent residues per site, the nine selected sites in PGIP yield
~2 X 10° substitutional combinations, but applying the
results to paralogs or haplotypes with known functional
differences, as in PGIP and GST, can greatly circumscribe
the relevant substitutions. For example, with differences at
~70 of 318 sites, experimentally investigating the basis of
fungal PG versus insect PG inhibition that contrast PGIP2
and PGIP4 is difficult to contemplate, but the 7 positively
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selected sites at which the two paralogs differ provides a
reasonable entry point. Thus, in the absence of additional
structural or stereochemical considerations, treating the
codon model results as testable hypotheses will advance
the study of molecular adaptation and enhance further
model development.

Methods

Positively selected sites were identified in a set of 12
green bean (P. vulgaris) and soybean (G. max) PGIPs using
the modified maximum likelihood codon-evolution models
implemented in CODEML (PAML 3.14) with settings to
account for codon bias. With a total sequence divergence
of 2.43 substitutions per codon, this represents a moderately
diverged data set for which these models should have rel-
atively high power and accuracy (Anisimova, Bielawski,
and Yang 2002). Models M2 and M8 apply a more conser-
vative method for assigning sites to rate categories that
accounts for uncertainty in parameter estimates when cal-
culating posterior probabilities by using the BEB method
(Z. Yang, W. S. W. Wong, and R. Nielsen, unpublished
data). A phylogeny for use with these models was estimated
using MrBayes 3.0, which was identical to the tree pro-
duced by Neighbor-Joining. Accession numbers, align-
ments, and phylogeny are in the Supplementary Material
online. In addition, the FEL model implemented in HyPhy
was applied (Pond, Frost, and Muse 2004). The FEL model
is a generalization of the models implemented in CODEML
but differs in that FEL explicitly models site-to-site synon-
ymous rate variation and estimates a P value for dN > dS
for each site (Pond and Frost 2005). For FEL, we used
HKYS85 as the substitution model, which was identified
as the best matrix by HyPhy’s model selection algorithm.
To allow the models to count indels as coding changes, the
corresponding gaps were recoded by replacement with
codons chosen so as to count each deleted or inserted
gap as a single nonsynonymous substitution based on
the codon present in the most closely related sequence.
Because of the slight distances between neighboring
sequences, replacing the three codons was judged unlikely
to lead to undercounting of synonymous substitutions.
Three-dimensional structure was represented based on
the crystal structure of PvP_PGIP2 (10GQ, Di Matteo
et al. 2003), using Swiss PDB Viewer 3.7. Site El corre-
sponds to the first residue of the mature PvB_PGIP1, as in
D’Ovidio et al. (2004).

Supplementary Material

Supplementary tables 1 and 2 are available at
Molecular Biology and Evolution online (www.mbe.
oupjournals.org).
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