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he oomycete pathogen Phytophthora

infestans secretes cystatin-like effec-
tor proteins (EPICs) that inhibit secreted
host proteases during infection. We
recently found that the Cl14 protease is
a relevant target of EPICs and that this
protease is under diversifying selection in
wild potato species with which P. infes-
tans has coevolved. Here we generated a
model of the EPIC-C14 complex based
on cystatin-papain crystal structures and
discovered three regions where variant
residues in C14 might be the result of an
arms race between enzyme and inhibitor
at the plant-pathogen interface.

The plant-pathogen arms race shapes both
host and pathogen, and leaves traces in
their genomes. It is generally thought that
sequence adaptation is particularly strong
for genes that are important for ancient,
plant-pathogen

interactions. These arms races occur for

intensive  antagonistic
instance in inhibitor-enzyme interactions
at the plantpathogen interface.! The
glucanase-inhibitor proteins (GIP) of the
oomycete pathogen Phyrophthora sojae,
for example, inhibit soybean glucanases
(EGaseA),? and natural variation in GIP1
and EGaseA sequences cluster at the sur-
face where GIP1 and EGaseA are thought
to interact.>

The cystatin-like proteins of P. infes-
tans may be another example of patho-
gen-derived inhibitors that put selection
pressure on their host targets. P. infestans
is a devastating oomycete pathogen caus-
ing late blight in potato. The species is
thought to have co-evolved with wild
potato species, Solanum demissum, S. sto-
liniferum and S. verrucosum in Tolucca
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Valley, Mexico>® P. infestans secretes
cystatin-like proteins during infection,
called EPICs. EPIC1 and EPIC2B were
originally found to inhibit tomato PIPI
and RCR3, two tomato PLCPs that reside
in the apoplast.”® We recently identified a
third PLCP that forms an even stronger
complex with both EPICI and EPIC2B.
This protease is called C14 and was found
previously to be transcriptionally induced
in tomato upon P. infestans infection.”
Importantly, silencing experiments of C14
in N. benthamiana significantly increase
the susceptibility for P. infestans, demon-
strating that this host protease contributes
to P. infestans resistance, making it a bona
fide target for P. infestans effectors.

In contrast to RCR3 and PIP1, which
are under diversifying selection in tomato,
Cl14 is under conservative selection."
However, tomato is an artificial host for
P. infestans and has not been under selec-
tion pressure by P. infestans infection.
In contrast, we found that C14 is under
diversifying selection in wild potato.” The
aim of this work was to map the variant
positions on structural models of C14 and
EPIC and predict how variant residues
may affect the EPIC-C14 interaction.

Variant Residues are Located
Around the Substrate Binding
Groove of C14

The protein sequence of the protease
domain of S. tuberosum Cl4 (AJ245924)
is depicted in Figure 1A. A structural
model was generated from potato Cl4
using SWISS MODEL" using the crystal
structure of the KDEL-tailed Cys prote-

ase from Ricinus communis as a template
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Figure 1. Structural models of variance in C14 protease domains. (A) Amino acid polymorphism in potato C14 sequences. Only the mature protease
domain of S. tuberosum C14 is shown. There are 12 polymorphic amino acids found in wild potato (red), of which seven (boxed red) locate in a ring
surrounding the active site and three (boxed grey) locate inside the protein structure. The catalytic residues are indicated in bold blue and with an
asterisk (¥) and the catalytic Cys is boxed yellow. (B) Model of C14 based on crystal structure of 154V. The catalytic Cys is shown in yellow and is in the
middle of the substrate binding cleft, which runs from top to bottom. Locations of polymorphic residues are indicated in red and reside in a “ring of
fire” around the substrate binding groove. (C) Summary of the occurrence of polymorphic residues in potato C14. There are seven alleles (A-G, left),
that differ at 12 positions summarized in the matrix. These were found in wild potato species and cultivated potato (S. tuberosum). (D) Structural poly-
morphism and phylogenetic relationship of potato C14 proteases. An unrooted tree was generated with the protease domains of C14. The residues
indicated in red are different when compared to the protein sequence of cultivated potato (allele C).

(1S4V"). Ramachandran plot analysis'
showed that the model of potato Cl14 is
reliable, with the exception of S111 which
locates at the back surface of C14.

We generated surface images of the
C14 model using PYMOL and selected
the variant residues. Importantly, all vari-
ant residues are at surface-exposed posi-
tions in the model, with the exception
of I136F, L143F and A165V (data not
shown). The conservative changes of these
internal variant residues are unlikely to
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affect the overall structure. Variation of
the solvent-exposed residues will affect the
surface decoration of the Cl4 proteins,
but probably not their overall structure.
Of the 11 solvent-exposed variant resi-
dues, seven resides are on the front of the
protease around the substrate binding
groove with the exposed catalytic C25
(yellow) (Fig. 1B). Interestingly, these
variant residues occur in a ring, similar
to the “ring of fire” that was observed in
EGaseA.? The variation at these positions
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is significant and often involves a charge
variation, for example for D95G, E62Q,
K186ND and S201R.

The occurrence of the variant residues
in the different C14 alleles is summarized
in Figure 1C. Variance when compared to
Cl4 of S. tuberosum (allele C) is shown in
red. Three variant residues that are unique
to S. tuberosum (1136, F143 and S170) are
located internally or on the back of C14.
To visualize the effect of natural variation
on protein level we arranged structural
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models for each allele around a phylo-
genetic tree that was generated from the
protein sequences of the protease domains
(Fig. 1D). This figure illustrates that C14
evolved by accumulating mutations and
that mutations at positions 62 and 186
may have occurred independently.

Some of the Variant Residues
are at the EPIC-C14 Interface

We next generated a structural model for
EPIC1 to determine if the variant residues
could be in physical contact with EPICI
and if variant residues between EPICI
and EPIC2B would interact with the C14
protease. The sequence of EPICI with-
out signal peptide is shown in Figure 2A.
EPIC2B differs at eight amino acid posi-
tions from EPIC2B and the majority
of these reside in the termini (Fig. 2A).
EPICs were previously shown to be cys-
tatin-like proteins based on their overall
alignment with chicken cystatin and the
presence of conserved residues at essential
positions: the conserved glycine G4 in the
N-terminus (NT), the QxVxG motif in
loop 2 (L2) and the tryptophane W90 in
loop 2 (L2) (Fig. 2A).

A model for the EPICI structure was
generated using SWISS MODEL" using
3IMA as a template. PDB entry 3IMA
reports the crystal structure of cystatin
from Taro (Colocasia esculenta, hence
called tarocystatin),
papain.® The generated structure con-
tains a hypothetical loop (HL) of residues
63—-80 which represents a sequence in
EPICs that is absent in tarocystatin. This
loop contains two cysteine residues which
are unlinked in the model but are likely
connected by a disulphide bridge. The
Ramachandran plot analysis showed one
outlier (§80) in the EPICI model which
locates at the end of the hypothetical
insertion. Loops L1 and L2 which would
interact with C14 are on the other side
of EPICI and are very similar to those
in the tarocystatin structure, presumably
because the protein sequences align well in
these regions.

A model for the EPIC1-Cl14 complex
was generated by replacing papain and
tarocystatin in the 3IMA structure with
the models of Cl14 and EPICI, respec-
tively. As expected for this replacement

interacting  with
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strategy, EPIC1 docks perfectly into the
substrate binding groove of C14 in a way
that is typical for cystatins (Fig. 2B-D).
The N-terminus occupies the unprimed
substrate binding pockets and turns away
from the catalytic Cys using the conserved
glycine (G4) (Fig. 2C and D). Loop L1
(containing the QxVxG motif) binds
above the catalytic Cys and occupies the
primed substrate binding pockets, whereas
loop L2 contains a conserved tryptophane
(W92) that lies flat on the bottom of the
hydrophobic substrate binding groove
(Fig. 2C and D).

Three variant residues of C14 are able
to directly interact with Cl4. E62Q or
T210I might be able to interact with the
N-terminus of EPIC proteins. However,
the conformation of the EPIC1 N-terminus
was not predicted by modelling and there-
fore two possible conformations are shown
(Fig. 2E and F). The N-terminus contains
several residues that are polymorphic
between EPICI and EPIC2B (purple in
Fig. 2E and F). K168ND is the other vari-
ant residue that may directly interact with
loop L2 of EPICI (Fig. 2G). Interestingly,
this codon was found to be under diversi-
fying selection’ and encodes both basic (K)
and acidic (D) residues which may have a
severe effect on EPIC binding. The other
variant residues in C14 and EPICI are not
at the interaction interface and therefore
unlikely to affect EPIC-C14 binding.

In conclusion, modelling of the
EPIC-C14 interactions identified three
regions where variant residues in C14 and
EPICs may be the result of an arms race
at the enzyme-inhibitor interface. The role
of these residues can now be addressed
using focussed site-directed mutagenesis
and inhibition assays. The other variant
residues in Cl4 are less likely to affect
the EPIC-Cl14 but may
affect interactions with other inhibitors.
Cladosporium fulvum AVR2, for example,
was found to be a weak inhibitor of C14,'°
but may be a strong inhibitor for one of
the Cl14 alleles. In addition, Cl14 was
found to physically interact with RxRL
effector AviBIb2 (Bozkurt T, Schornack
S, Win J, Shindo T, Oliva R, Cano LM,
Jones AME, Huitema E, van der Hoorn
RAL, Kamoun S, manuscript submitted)
a class of effectors completely different
from cystatins or AVR2. Therefore, since

interaction,
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C14 is a common target for different effec-
tors that probably share different interac-
tion surfaces with C14, these interactions
may have put different regions of Cl4
under selection pressure, causing the nat-
ural variation of C14 that we see in wild
potato species today.
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Figure 2. Model of the EPIC-C14 complex. (A) EPIC1 protein sequence, without signal peptide. EPIC1 and EPIC2B differ at 8 positions (purple). Residues
in the N-terminus (NT), loop-1 (L1) and loop-2 (L2) are directly interacting with the protease. Conserved residues (*) are indicated bold. The hypotheti-
cal loop (HT) could not be modelled on the 3IMA template. EPIC1 contains four cysteines (yellow) which are likely connected by disulphide bridges
(yellow dashed lines). (C and D) Front-(B), side-(C) and top-(D) views of the model of the EPIC-C14 complex, based on replacement of the tarocystatin-
papain crystal structure (3IMA). EPIC1 is shown as a cartoon (green) and C14 as a semi-transparent surface (gray). The catalytic Cys (C25, yellow) is
visible through the transparent surface. As with all cystatins, EPICs would interact with the substrate binding site of C14 as a wedge consisting of the
N-terminus (NT) and two loops (L1 and L2). Polymorphic residues in C14 are indicated in red. Polymorphic sites in EPIC and the cysteins are shown as
sticks in purple and yellow, respectively. (D) Model of EPIC residues binding to the substrate binding groove of C14. Residues in the N-terminus (NT)
and loops L1 and L2 are shown as sticks. Residues that are polymorphic with EPIC2B are shown in purple. (E and F) The N-terminus of EPIC may stretch
into the left (E) of right (F) cavities of the non-prime substrate binding sites of C14. (G) The L2 loop of EPICs may interact with the K168ND polymorphic
site in C14.
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