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SUMMARY

Although the lifestyles and infection strategies of plant patho-
gens are diverse, a prevailing feature is the use of an arsenal of
secreted proteins, known as effectors, which aid in microbial
infection. In the case of eukaryotic filamentous pathogens, such
as fungi and oomycetes, effector proteins are typically dissimilar,
at the protein sequence level, to known protein families and
functional domains. Consequently, we currently have a limited
understanding of how fungal and oomycete effectors promote
disease. Protein biochemistry and structural biology are two
methods that can contribute greatly to the understanding of pro-
tein function. Both techniques are dependent on obtaining pro-
teins that are pure and functional, and generally require the use
of heterologous recombinant protein expression systems. Here,
we present a general scheme and methodology for the produc-
tion and characterization of small cysteine-rich (SCR) effectors
utilizing Escherichia coli expression systems. Using this approach,
we successfully produced cysteine-rich effectors derived from the
biotrophic fungal pathogen Melampsora lini and the necrotrophic
fungal pathogen Parastagonospora nodorum. Access to func-
tional recombinant proteins facilitated crystallization and func-
tional experiments. These results are discussed in the context of
a general workflow that may serve as a template for others inter-
ested in understanding the function of SCR effector(s) from their
plant pathogen(s) of interest.
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INTRODUCTION

During infection, filamentous plant pathogens, such as fungi and
oomycetes, secrete proteinaceous molecules into the extracellular
interface between the plant and pathogen (Oliveira-Garcia and
Valent, 2015; Tan et al,, 2015). Known as effectors, these proteins
either reside and function in the apoplast or are translocated into
the plant cell. Collectively, effectors facilitate the infection and col-
onization of the host; however, they can also be recognized by
plant disease resistance receptors, resulting in plant immunity
(Dodds and Rathjen, 2010). The basis by which effectors facilitate
disease is, in general, poorly understood.

Advances in sequencing technologies and annotation software
have precipitated an explosion in the availability of sequenced
genomes from plant pathogens, and candidate effector identifica-
tion techniques have enabled the classification of large numbers
of candidate secreted effector proteins (CSEPs) (Cantu et al,
2011, 2013; Duplessis et al, 2011a,b; Fernandez et al, 1997;
Fernandez et al, 2012; Garnica et al, 2013, 2014; Hacquard
etal, 2012; Hane et al., 2007; Nemri et al., 2014; Saunders et al.,
2012). Features used to identify CSEPs include the presence of a
recognizable signal peptide to facilitate their secretion from the
pathogen and infection-specific expression. Certain conserved
motifs, such as RXLR and F/YxC in oomycetes and powdery mil-
dew fungi, respectively, are also useful for particular pathogen
classes (Bozkurt et al,, 2012; Saunders et al., 2012; Sperschneider
et al, 2015). In general, CSEPs have low sequence similarity to
known proteins, domains and motifs, preventing functional infer-
ences based on sequence alone. In addition, there often exists
considerable diversity of candidate effector repertoires at the
genus and species level (Nemri et al, 2014; Zheng et al,, 2013).
Taken together, although genetic classification and studies of
plant pathogens have enhanced our global understanding of their
infection strategies, it is often difficult to draw significant conclu-
sions with regard to individual effector function from sequence
alone.

Despite the diverse nature of CSEPs, small cysteine-rich (SCR)
proteins are typically highly represented in the complement of
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Table 1 Small cysteine-rich (SCR) effectors studied.

Molecular weight

Protein Organism (kDa) Residues Cysteines Predicted localization ScanProsite* Phyre2t
AvrP Melampsora lini 9.5 88 10 Intracellular Kazal serine protease PHD domain
inhibitor family (zinc binding)
signature
AvrP123 Melampsora lini 103 94 10 Intracellular Kazal serine protease 100.0
inhibitor family
signature
AvrP4 Melampsora lini 7.3 67 6 Intracellular No hit -
SnTox1 Parastagonospora 103 100 16 Unknown No hit 100.0
nodorum
SnTox3 Parastagonospora 236 209 6 Unknown No hit 100.0
nodorum
avrM# Melampsora lini 27.1 235 0 Intracellular Not applicable Not applicable

*ScanProsite (http:/prosite.expasy.org/scanprosite/) hits matched by miniprofile (Hulo et al., 2008).
tPhyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id = index) hits displayed with confidence levels >80%.
Positive control for protein expression. The sequences of the constructs used are detailed in Table S2 (see Supporting Information).

predicted effectors from filamentous pathogens (Saunders et al,
2012). For example, genomic analysis of Melampsora larici-popu-
lina, the causative agent of poplar rust, revealed that 63% of the
CSEPs contained more than four cysteine residues (Duplessis
et al, 2011a). The cysteine residues of SCR effectors are often
implicated in the formation of intramolecular disulfide bridges,
and are thought to assist protein stability in effectors that function
outside the plant cell (Saunders et al, 2012). For example, the
Cladosporium fulvum SCR effector Avr2 contains four disulfide
bonds, which are required for its inhibitory function against the
tomato apoplast cysteine protease Rcr3 (Rooney et al, 2005).
However, SCR effectors are also known to enter and function
within the plant cell. For example, the Pyrenophora tritici-repentis
effector ToxA contains a disulfide-bonded cysteine pair (Sarma
et al, 2005) and is internalized into mesophyll cells in sensitive
wheat lines (Manning and Ciuffetti, 2005). Similarly, the aviru-
lence gene AvrLmd4-7 from Leptosphaeria maculans encodes a
protein with four disulfide-bonded cysteine pairs that can translo-
cate into plant cells, where it is believed to interact with an
unidentified cognate resistance (R) protein (Blondeau et al,
2015).

Structural biology has and will continue to play an important
role in understanding the activity, localization and host interac-
tions associated with plant pathogen effector proteins (reviewed
by Wirthmueller et al, 2013). We are utilizing protein biochemis-
try, biophysics and structural biology approaches in order to
understand the function of individual effectors from fungal patho-
gens. Here, we report a generalized workflow to facilitate SCR
effector studies using recombinant protein production in Esche-
richia coli expression systems. Using this strategy, four of the five
effector candidates studied were successfully expressed and puri-
fied. The proteins were folded and the oxidation state of the
encoded cysteines was determined. Collectively, this work
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enabled functional and structural investigations. With the rapid
increases in SCR effector identification and interest in their func-
tion in pathogenicity, we believe our approach may serve as a
template for others interested in understanding the function of
SCR effector(s) from their plant pathogen(s) of interest.

RESULTS

The role of cysteines in SCR effectors

The SCR effectors selected for this study are summarized in Table
1. The AvrP and AvrP123 genes from the biotrophic fungal patho-
gen Melampsora lini (flax rust) are allelic variants of the AvrP123
locus of M. lini and encode proteins with 70% sequence identity
(Barrett et al, 2009). The AvrP and AvrP123 proteins contain 10
conserved cysteine residues and have been reported previously to
contain a cysteine signature that resembles the Kazal family of
serine protease inhibitors (Catanzariti et al, 2006). The proteins
are recognized by the flax intracellular resistance proteins P (AvrP)
or P1, P2 and P3 (AvrP123), which leads to a localized cell death
response in a plant defence process known as effector-triggered
immunity (Barrett et al, 2009; Catanzariti et al,, 2006). Similarly,
the unrelated M. lini protein AvrP4 is recognized by P4 (Catanzar-
iti et al, 2006). AvrP4 encodes a predicted 67-amino-acid mature
protein with six cysteine residues, and has been predicted previ-
ously to comply with the spacing consensus of inhibitor cysteine
knot proteins (Catanzariti et al, 2006). AvrP, AvrP123 and AvrP4
induce cell death when expressed inside the plant cell, suggesting
that they are translocated across the plant cell membrane (Barrett
et al., 2009; Catanzariti et al., 2006).

SnTox1 and SnTox3 are two unrelated SCR effectors from the
necrotrophic pathogen Parastagonospora nodorum that induce
necrosis and promote disease on wheat lines harbouring the
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susceptibility genes Snn1 and Snn3, respectively (Liu et al,, 2009,
2012). To date, the SnnT and Snn3 susceptibility genes have not
been identified and the localization of SnTox1 and SnTox3 during
infection is unknown. SnTox1 is predicted to encode a mature pro-
tein of 100 residues containing 16 cysteines, and SnTox3 contains
six cysteine residues in the mature protein (Liu et al,, 2009, 2012).
The necrotic activity of both proteins is sensitive to dithiothreitol
(DTT), a disulfide bond reducing agent, suggesting that they
require disulfide bonds for activity (Liu et al, 2009, 2012). Collec-
tively, these data suggest that these SCR effectors may require
disulfide bonds.

To investigate these SCR effectors further, we used the motif
prediction program PrositeScan (Hulo et al, 2008) and the struc-
tural modelling program Phyre2 (Kelley et al, 2015). No signifi-
cant hits were observed for AvrP4, SnTox1 and SnTox3.
PrositeScan analysis of AvrP and AvrP123 identified a stretch of
sequence (residues 36-59) analogous to that found in Kazal-type
serine protease inhibitor domain proteins (Fig. S1, see Supporting
Information), consistent with previous reports (Catanzariti et al.,
2006). Interestingly, however, AvrP structure prediction using
Phyre2 generated homology models from the plant homeodomain
(PHD) (Fig. S1). The top template (confidence score of 90%) was
the PHD domain of the PHD Finger Protein 8 [Protein Data Bank
(PDB) code 3KV4] (Horton et al, 2010). Sequence alignment
revealed that seven cysteine residues are conserved among AvrP,
AvrP123 and PHD domains (Fig. S1). Interestingly, PHD domains
have a characteristic arrangement of cysteine and histidine resi-
dues that co-ordinate binding to zinc ions (Aasland et al., 1995)
and do not contain cysteine pairs forming disulfide bonds, and so
it is possible that the cysteine residues in AvrP and AvrP123 have
a metal-binding role rather than forming disulfides.

Soluble expression of SCR effectors in E. coli

Recombinant expression in prokaryotes, particularly E. coli
remains the most attractive protein production system because of
its relatively low cost, rapid application, high yield and well-
characterized genomics (Terpe, 2006). In addition, the experimen-
tal equipment and techniques required to produce proteins in
E. coli are present in most molecular biology laboratories. How-
ever, large-scale production of disulfide bond-containing proteins
in E. coliis challenging. The cytoplasmic redox potential of E. coli
does not favour intracellular disulfide bond formation and disul-
fide bond-containing proteins are often incorrectly folded when
expressed in the cytosol of E. coli (Lobstein et al,, 2012). To com-
bat this, there are a number of strategies that researchers can
employ, including the secretion of proteins into the periplasm and
the use of commercially available E. coli strains that have been
engineered to promote intracellular disulfide bond formation
(Berkmen, 2012; Ke and Berkmen, 2014; Terpe, 2006). The strain
SHuffle (New England Biolabs, Ipswich, Massachusetts, United
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States) is a recently developed example of an E. coli strain devel-
oped to favour cytoplasmic disulfide bond formation. SHuffle is
based on the trxB gor suppressor strain SMG96, which has dimin-
ished reductive activity in the cytoplasm as a result of the disrup-
tion of the glutaredoxin and thioredoxin pathways. SHuffle is also
engineered to express a cytoplasmic version of the disulfide bond
isomerase protein, DsbC, collectively improving the strain’s capa-
bility to produce high vyields of active disulfide-bonded protein
within the cytoplasm of E. coli (Lobstein et al.,, 2012).

As a result of the clear advantages associated with recombi-
nant protein expression in E. coli we aimed to produce the
selected SCR effectors in this system. At the outset of these
experiments, we were still unclear whether the cysteine residues
in all SCR effectors of interest were disulfide bonded. Therefore,
we compared two E. coli expression strains for protein production.
Expression in the BL21 (DE3) strain drives protein production in a
reducing environment unconducive to disulfide bond formation,
whereas the SHuffle strain presents an optimized oxidizing envi-
ronment designed to facilitate the formation and maintenance of
disulfide bonds (Lobstein et al, 2012). The SCR effectors were
cloned without their respective signal peptides (Table S1, see Sup-
porting Information) into the vector pMCSG7, which incorporates
an N-terminal 6 X histidine tag to aid in protein purification by
metal affinity chromatography, and a Tobacco etch virus (TEV)
protease cleavage site to facilitate the subsequent removal of the
histidine tag in the later stages of purification (Stols et al,, 2002).
Small-scale expression tests were carried out to compare the total
protein expression in the BL21 and SHuffle expression strains
(Fig. 1a). High expression of AvrP and AvrP123 was detected in
both E. coli strains; however, stronger bands were observed from
expression in SHuffle. No significant expression was identified for
AvrP4, SnTox1 was only observed in SHuffle and SnTox3 showed
similar expression levels in both strains. The M. lini effector avrM,
which expresses well in E. coli, but does not contain any cysteines
(Ve et al, 2011, 2013), was strongly expressed in both strains.
To determine whether the SCR effectors were expressed in a solu-
ble form and whether they can be purified by affinity purification
using the histidine tag, we utilized the BLItz biosensor system
(FortéBio, Menlo Park, California, United States) to detect
histidine-tagged proteins directly from clarified E. coli cell lysates.
This system enables rapid protein detection and can be semi-
quantitative because of the directly proportional relationship
between the protein concentration and protein—sensor binding
rate. Strikingly, in the clarified cell lysates of AvrP and AvrP123,
we observed higher levels of soluble histidine-tagged protein in
BL21 relative to SHuffle (Fig. 1b). To further validate the results
from BLItz detection, the soluble fractions of the total protein
were purified in a batch-binding approach using nickel affinity
beads and analysed using sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (Fig. 1c). Both AvrP and AvrP123
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Fig. 1 Cysteine-rich effector protein production in Escherichia coli. (a) Coomassie brilliant blue (CBB)-stained sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of total protein from E. coli expression experiments. S and B denote SHuffle and BL21 strains, respectively. Arrows indicate the
expected migration of the overexpressed proteins. (b) Analysis of histidine-tagged protein derived from crude cell lysates using BLItz (FortéBio). The binding rate of
the histidine-tagged protein to the sensor, which is directly proportional to the protein concentration in the sample, was measured. (c) CBB-stained SDS-PAGE
analysis of soluble protein purified in small-scale nickel affinity purification experiments, labelled as in (b). *Samples analysed by tryptic digest mass spectrometry.

showed higher soluble protein expression in BL21. In the case of
SnTox3, the vyields of soluble protein were almost identical
between the two strains, whereas the SnTox1 protein was essen-
tially only detected using the SHuffle strain. Histidine-tagged pro-
tein was detected in both samples of AvrP4 using BLItz (Fig. 1b);
however, protein migration on the SDS-PAGE gel did not appear
to be consistent with the expected molecular mass of AvrP4 of
~10 kDa (including the histidine tag).

To check the identity of the protein bands, we performed tryp-
tic digestion of the isolated gel bands (Fig. 1c) and mass spec-
trometry (MS) analysis. These data confirmed the soluble
expression of AvrP, AvrP123, SnTox1 and SnTox3; however, the
prominent band in the AvrP4 sample was shown to be a contami-
nating protein from E. coli (Table S3 and Fig. S2, see Supporting
Information). Collectively, these data demonstrate that, in terms
of soluble protein production, AvrP and AvrP123 perform better in
the reducing environment of BL21, whereas SnTox1 requires the
oxidizing environment provided by the expression in the SHuffle
strain. SnTox3 was produced in similar quantities in both strains.

Purification and characterization of SCR effectors
expressed in E. coli

Following soluble protein expression studies, AvrP and AvrP123
were expressed and purified on a large scale with BL21 cells. The
proteins could be purified from the cell lysate using nickel affinity
chromatography, and the histidine tag was removed before fur-
ther purification using size exclusion chromatography (SEC). Yields
of 1.5 and 1 mg/L (cell culture) were obtained for AvrP and
AvrP123, respectively. As a result of the high sequence identity
between AvrP and AvrP123 and the slightly higher yields and
observed stability of AvrP, we present here further characteriza-
tion of AvrP only (Fig. 2). We analysed the purified AvrP protein

using circular dichroism (CD) spectropolarimetry, which revealed
that AvrP did not maintain any dominant helical or sheet second-
ary structure elements and appeared to be generally unstructured
(Fig. 2a). Despite this, AvrP eluted from SEC in a monodisperse
peak, demonstrating that the protein did not form soluble protein
aggregates (Fig. 2b). Secondary structure prediction of the protein
was consistent with the CD data, suggesting that AvrP is domi-
nated by a random coil structure (Fig. 2c).

SnTox1 clearly favoured the disulfide bond-supportive environ-
ment provided by E. coli SHuffle cells and was expressed and puri-
fied on a large scale using this strain. After nickel affinity
chromatography, histidine tag removal and SEC, SnTox1 was puri-
fied at high purity with yields of 5 mg/L (Fig. 2d). The CD analysis
of SnTox1 showed that the secondary structure was dominated by
a helix, consistent across all analysis programs (Fig. 2e,j), and this
was in general agreement with the secondary structure predic-
tions (Fig. 2f). The results from the small-scale experiments of
SnTox3 were unclear, and it was subsequently expressed on a
large scale using both BL21 and SHuffle cells; however, in these
experiments, negligible levels of soluble protein were obtained
from BL21 expression (data not shown) and low vyields of
~0.1 mg/L were obtained using SHuffle cells. SnTox3 protein pro-
duced in SHuffle cells migrated as a single species in SEC (Fig. 2g)
and showed secondary structure features of both «-helices and
B-strands when analysed by CD (Fig. 2h,j), which was again con-
sistent with secondary structure predictions (Fig. 2i).

Oxidation state of the cysteines in the recombinant
SCR effector proteins

To determine the oxidation state of the cysteine residues in the
SCR effectors, we used MS to measure the intact mass of the pro-
tein (Table S4 and Figs S3-S5, see Supporting Information).

MOLECULAR PLANT PATHOLOGY (2017) 18(1), 141-151 © 2016 BSPP AND JOHN WILEY & SONS LTD
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Fig. 2 Small cysteine-rich (SCR) effector purification and secondary structure analysis. (a) Circular dichroism (CD) analysis of the purified AvrP. (b) Size exclusion
chromatography (SEC) profile of AvrP on Hiload 26/600 Superdex 75 PG. Coomassie brilliant blue (CBB)-stained sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) of protein from the identified peak (inset). (c) Predicted secondary structure analysis output from PSPIRED (http://bioinf.cs.ucl.ac.uk/

psipred/) (Buchan et al., 2013; Jones, 1999). (d—f) As for (b, a, ), but performed with SnTox1. (g) SEC profile of SnTox3 on 10/300 Superdex 75HR. CBB-stained SDS-
PAGE of protein from the identified peak (inset). (h, i) As for (a, ), but performed with SnTox3. (j) The percentage of secondary structure elements estimated using
CD analysis programs CDSSTR, CONTINLL and SELCON3. CDSSTR failed to estimate the secondary structure elements of AvrP (N/A).

MS analysis of AvrP returned a measured molecular mass of
9791.7 Da, similar to the expected molecular mass (9794 Da)
associated with the reduced form of the AvrP protein. To further
clarify the oxidation state, AvrP was treated with iodoacetamide
(IAA). 1AA alkylates free thiol (-SH) or thiolate (=S7) groups asso-
ciated with reduced cysteines, adding a molecular mass of 57 Da
per thiol group. IAA treatment of AvrP increased the molecular
mass of AvrP by 572.2 Da, consistent with the alkylation of 10
cysteine residues, supporting our initial observation that the cys-
teines in AvrP are reduced. By contrast, MS analysis of SnTox1
and SnTox3 identified molecular masses of 10 574.6 Da and 24
008.9 Da, respectively, which were consistent with proteins con-
taining disulfide-bonded cysteine pairs (Table S4). This was further
supported by IAA treatment, which did not affect the molecular
masses of SnTox1 and SnTox3. The proteins were further incu-
bated in reducing conditions (5 mm DTT at 65°C) prior to alkyla-
tion with IAA. The reduction and alkylation of SnTox3 resulted in
a 348-Da molecular mass increase in the major SnTox3 peak, indi-
cating that the six cysteines were reduced and alkylated. A mixed
molecular mass species of SnTox1 was identified in the reduced
and alkylated sample, suggesting that SnTox1 was not fully
reduced using this treatment. These data are consistent with the

© 2016 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2017) 18(1),

observation that the necrosis-inducing activity of both these
proteins is abolished by treatment with DTT (Liu et al, 2009,
2012). Our MS analysis also suggested that we had no additional
contaminants or significant breakdown protein species associated
with AvrP and SnTox3 purified proteins. However, in the case of
SnTox1, MS analysis demonstrated that there was a truncated
SnTox1 product in our purified sample (Fig. S4).

Zinc is required for the production and crystallization
of AvrP

As the expression, purification and MS data suggest that AvrP
does not contain disulfide bonds, we were interested in under-
standing the role of the conserved cysteine residues in this pro-
tein. The homology modelling and sequence alignment indicated
that AvrP has an arrangement of cysteine residues similar to those
of PHD proteins, which are involved in the binding of zinc ions
(Fig. S1). Therefore, we tested whether AvrP purified from E. coli
BL21 strain was bound to metals using 4-(2-pyridylazo)resorcinol
(PAR) reagent (Fig. 3a). The uncomplexed PAR showed a maxi-
mum absorption wavelength of 416 nm, but, when incubated
with purified AvrP, an additional absorption peak at a wavelength

141-151
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Fig. 3 Zinc is required for the production and crystallization of AvrP. (a)
Detection of metals in AvrP, using 4-(2-pyridylazo)resorcinol (PAR) as the
reagent, demonstrated the presence of metals (Hunt et al., 1985; Sabel et al.,
2009). The spectrum of PAR and AvrP mix (blue) showed an absorption peak
of the PAR—metal complex at 497 nm in addition to the peak of the excess
free PAR, whereas PAR and the size exclusion chromatography (SEC) buffer
mix (purple) showed a similar absorption at 497 nm to the PAR-only solution
(green). (b) The histidine-tagged AvrP fusion protein was produced in M9
minimal medium = 50 um ZnCl, and purified using nickel affinity
chromatography. The Coomassie brilliant blue (CBB)-stained sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel showed the
peak fractions of the nickel affinity elution without (left) and with (right) zinc
supplement, demonstrating the requirement of zinc for AvrP production in M9
minimal medium. (c) Crystallization of AvrP was dependent on the addition of
50 um ZnCl; to the crystallization solution.

of 497 nm was observed (Fig. 3a), consistent with the formation
of the PAR-metal complex and revealing that the AvrP sample
contained metals.

In the light of the similarities to zinc-binding proteins and the
observed metal-binding activity, an AvrP protein expression test
was performed in minimal medium (M9) with or without zinc salt
as a supplement. The relative amount of AvrP was analysed after
first-step nickel affinity chromatography (Fig. 3b), which demon-
strated that the introduction of zinc greatly increased the produc-
tion of AvrP when expressed as a cytosolic protein in E. coli cells.
Collectively, these observations suggest that the cysteine residues
in AvrP bind to metals. We therefore performed crystallization
experiments in the presence or absence of 50 uwm zinc chloride.
The AvrP protein sample with zinc removed failed to crystallize,

|
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Calingari
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SnTox3

SnTox1

Fig. 4 Escherichia coli-produced SnTox1 and SnTox3 cause necrosis when
infiltrated into wheat lines harbouring the susceptibility genes Snn1 and Snn3,
Calingari and BG220, respectively. From left to right: buffer infiltrated into
BG220 and Calingari; SnTox1 (15 pg) infiltrated into BG220 and Calingari;
SnTox3 (37.5 pg) infiltrated into Calingari; SnTox3 infiltrated into BG220.

whereas good crystals were obtained in the presence of zinc
(Fig. 3¢), indicating that zinc also has a role in the promotion of
crystal formation.

Recombinant SnTox1 and SnTox3 proteins cause
necrosis in susceptible wheat lines

Our analysis of the E. coli-produced SnTox1 and SnTox3 proteins
demonstrated that the proteins contained secondary structure and
were disulphide bonded. We were interested in determining
whether the E. coli-produced proteins showed biological activity.
Infiltration of purified SnTox1 and SnTox3 proteins into wheat
lines harbouring the susceptibility genes Snn1 and Snn3 (Calingari
and BG220), respectively, demonstrated that the proteins alone
were able to induce necrosis (Fig. 4). Importantly, the necrosis
was genotype specific, although we did observe mild chlorosis in
the SnTox1-BG220 infiltrations. This effect appeared (by visual
inspection) to be influenced by the amount of SnTox1 that was
infiltrated into wheat leaves (Fig. S6, see Supporting Information),
and may indicate an additional function of the protein in the
absence of Snn1.

DISCUSSION

Here, we have presented a strategy that enables the production of
soluble and functional fungal SCR effectors using intracellular
expression in E. coli. Of the five selected SCR effectors, four could
be expressed and purified from E. coli to near homogeneity using
a relatively simple purification strategy, and, of these, three were
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Fig. 5 A proposed workflow for the production of small cysteine-rich (SCR)
effectors. CD, circular dichroism; MS, mass spectrometry.

utilized in further functional and structural studies. The relatively
inexpensive nature of prokaryotic expression systems and their
compatibility with the equipment and expertise in most molecular
biology laboratories often make them the systems of choice for
initial recombinant protein expression and production trials. We
believe our approach could serve as a starting point for research-
ers with an interest in understanding SCR effector function using
recombinant protein approaches (Fig. 5). We highlight important
considerations and quality checkpoints that should be considered
when tailoring protein-specific expression and purification strat-
egies (Fig. 5).

Although cysteines are known to play crucial roles in the active
sites of enzymes, such as proteases, and the coordination of metal
ions (for example, in proteins involved in nucleic acid binding), in
most cases, it is thought that the cysteines in SCR effectors are
involved in the formation of disulfide bonds that function to stabi-
lize the protein structures (Bozkurt et al,, 2012; Stergiopoulos and
de Wit, 2009). Although this function is likely to hold true for a
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large number of SCR effectors (perhaps the majority), we present
data here which demonstrate that this should not be assumed to
be generally true for all SCR effector proteins. Bioinformatics anal-
ysis of the M. lini SCR effector AvrP revealed two opposing
hypotheses: (i) the arrangement of cysteines has features that are
commonly found in the Kazal family of serine protease inhibitors;
and (i) the arrangement of cysteines has features that are found
in metal-binding PHD domains. Consequently, we used an
unbiased approach in our E. coli expression studies, performing ini-
tial expression and solubility screens in E. coli strains that promote
either reducing or oxidizing intracellular environments. Higher
quantities of soluble AvrP and AvrP123 were produced in E. coli
BL21 cells, suggesting their preference for a reducing environment.
These data were consistent with the MS data for the intact AvrP
and the role of metal binding in protein crystallization. The AvrP
arystals diffracted X-rays to 2.5 A resolution at the MX1 beamline
at the Australian Synchrotron and the presence of zinc was
detected in the crystal by a fluorescence excitation scan (Fig. S7,
see Supporting Information). We subsequently solved the structure
and found that AvrP coordinates three zinc ions per protein mole-
cule; the details of this structure will be presented elsewhere.
Despite the significant advantages of heterologous expression
in E. coli, proteins that require disulfide-bonded cysteines are chal-
lenging to produce in a soluble form. Consequently, these proteins
are often produced in secreted form in eukaryotic cells, such as
yeast, where trafficking through the endoplasmic reticulum and
the secretion system facilitates disulfide bond formation. This
method has been utilized for SCR effectors including AvrLm4-7
from Leptosphaeria maculans and the effectors Avr2 and Avr4
from Cladosporium fulvum (Blondeau et al,, 2015; Rooney et al.,
2005). In the studies that identified SnTox1 and SnTox3, Pichia
pastoris was used to manufacture protein that was capable of
inducing necrosis in wheat leaves containing compatible suscepti-
bility genes (Liu et al, 2009, 2012). However, the production lev-
els reported for these proteins would not be sufficient for
structural analysis. For example, SnTox1 produced in P. pastoris
was observed by western blot, but could not be detected on a
Coomassie-stained gel (Liu et al., 2009). In recent years, advances
in expression strains and techniques have yielded significant
improvements in the utility of E. coli as a production system for
disulfide-bonded proteins (reviewed by Berkmen, 2012; Ke and
Berkmen, 2014; Terpe, 2006). For example, secretion to the
oxidation-favouring environment of the periplasmic space has
proved to be a successful approach for the manufacture of disul-
fide bond-containing proteins (reviewed by Choi and Lee, 2004).
In our study, we used the cytoplasmic disulfide bond-supporting
strain SHuffle, based on the study by Lobstein et al. (2012). In our
hands, SHuffle has become a very effective strain to produce
disulfide-bonded proteins in a soluble form in E. coli. The effec-
tiveness of the strain in protein production and structural biology
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is also highlighted in PDB. According to a PDB search (September
2015), SHuffle has been used to produce protein that has resulted
in 45 structure entries since 2012, 43 of which were solved by
X-ray crystallography, with 19 released in 2015. Whilst our work
was in progress, Magbool et al. (2015) employed SHuffle to pro-
duce the proteins used in solving the crystal structure of the com-
plex between the rice blast fungal SCR effector AVR-PikD and the
heavy metal-associated (HMA) domain from the rice resistance
protein Pik, providing further proof of the usefulness of this sys-
tem in the study of SCR effectors.

The use of effectors has become a very important tool in plant
breeding in recent years, in order to speed up the process of
R gene or susceptibility gene identification (Vleeshouwers and
Oliver, 2014). For example, effectors from the hemibiotrophic
oomycete Phytophthora infestans have been used to identify
R genes in wild Solanum plants for introduction into commercial
potato species (Vleeshouwers and Oliver, 2014). Allele mining
using AVRbIb1 identified the R gene Rpi-sto1 from Solanum stolo-
niferum, which can now be integrated into cultivated potato by
direct crossing (Vleeshouwers et al., 2008). The potato system has
the advantage that it can utilize Agrobacterium-based methods to
deliver effectors; however, other plant species, such as wheat, are
not compatible with this approach. Nevertheless, the injection of
purified protein has been proven to be very useful for the ToxA
effector, which occurs in two necrotrophic fungi that infect wheat:
Pyrenophora tritici-repentis and Parastagonospora nodorum (Bal-
lance et al,, 1996; Friesen et al., 2006). In 2009, semi-pure ToxA
was first given to plant breeders to test wheat progeny for the
presence of the corresponding susceptibility gene Tsn1 and, by
2012, sufficient ToxA was produced to test 30 000 cultivars (Vlee-
shouwers and Oliver, 2014). Likewise, SnTox1 and SnTox3 pro-
teins sufficient for 6000 doses have been produced using a
P. pastoris system to screen for the presence of the susceptibility
genes Snn1 and Snn3. In the current study, we used a dose of
approximately 0.015 mg of SnTox1 for each infiltration and
achieved yields of 5 mg/L of E. coli culture at an estimated culture
cost of ~203/L, corresponding to a cost per infiltration of a very
modest $0.06. This dose rate could potentially be reduced, as the
visible signs of necrosis were still very strong at this protein level
(Fig. 4). For the SnTox3 infiltrations (Fig. 4), we required
~0.030 mg to induce visible necrosis. Our yields were much lower
for SnTox3 and, at this stage, we can only perform approximately
three infiltrations with the protein obtained per litre of E. coli cells
grown, with an estimated cost of ~$7 per infiltration. At these
current levels, E. coli-produced SnTox1 may provide a viable alter-
native for plant breeders testing susceptibility in wheat, broaden-
ing the utility of our E. coli-produced proteins beyond structural
and biochemical studies.

Based on our experience in heterologous protein production,
we recommend the workflow depicted in Fig. 5 as a reference

point for the investigation of SCR effectors. We stop short of call-
ing this a pipeline, as the individual properties of the proteins of
interest will almost certainly require the optimization of protein-
specific protocols at the expression and purification levels. We find
structural modelling (in our case, we used Phyre2; Kelley et al,
2015) to be a very useful first step when investigating a new SCR
effector and, in our hands, we benefited from an unbiased
approach in our choice of E. coli expression systems to help guide
further strategies for large-scale protein production. We and others
have found SHuffle to be an effective strain for the production of
disulfide-bonded SCR effectors (Magbool et al, 2015), and this is
our method of choice before embarking on more expensive and
time-consuming expression hosts. The inclusion of SEC, MS and
CD is critical to assess protein quality, purity and folding, respec-
tively, and we recommend the inclusion of similar characterization
techniques whenever possible. Collectively, this study provided the
protein material for subsequent structural and functional experi-
ments that will assist our understanding of their function.

In conclusion, we believe that this work will provide a guide to
others interested in the production of SCR effectors to comple-
ment recent technical reports which, collectively, will assist a
multi-disciplined approach towards the understanding of the role
of effectors from filamentous plant pathogens (Gong et al., 2015;
Hughes and Banfield, 2014; Petre et al,, 2015).

EXPERIMENTAL PROCEDURES

Vectors and gene constructs

The DNA sequence that encodes SnTox3 was generated by polymerase
chain reaction (PCR)-based gene synthesis. Codon optimization for expres-
sion in E. coli and automatic oligonucleotide design were carried out using
the webserver DNAWorks (http://helixweb.nih.gov/dnaworks/) (Hoover
and Lubkowski, 2002), and synthesized by overlapping PCR. The DNA
sequence that encodes SnTox1 was codon optimized for expression in
E. coli and synthesized by GeneArt (Thermofisher Scientific, Waltham,
Massachusetts, United States). Both genes were subcloned into pMCSG7
(Stols et al., 2002) for expression studies in E. coli. The cDNAs for AvrP,
AvrP123 and AvrP4 (Catanzariti et al, 2006) were cloned into the
pMCSG7 vector using ligation-independent cloning (LIC) (Stols et al,
2002). The resulting constructs contained an N-terminal 6 X histidine tag
followed by a TEV protease cleavage site. The avrM expression construct
was that used previously (Ve et al, 2011, 2013). The oligonucleotides
used in this study are summarized in Table S1.

Small-scale protein expression and analysis

For small-scale expression experiments, E. coli strains BL21(DE3) and SHuf-
fle were transformed with relevant expression vectors and grown in
500 mL of Luria-Bertani (LB) medium at 37°C, supplemented with 100 ng/
mL ampicillin, with shaking until the cultures reached an optical density at
600 nm (ODggg) of 0.6-0.8. The temperature was then reduced to 20°C
and isopropyl 3-p—1-thiogalactopyranoside (IPTG) was added to a final
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concentration of 1 mm. The cultures were grown for a further 16 h before
harvesting by centrifugation. The cell pellets were resuspended in 4 mL of
lysis buffer [50 mm N—2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(Hepes), pH 8, 300 mm NaCl] with 1 mm phenylmethylsulfonyl fluoride
(PMSF) added. The cells were lysed by sonication and the lysate was centri-
fuged at 25 000 g for 10 min to collect the supernatant. The histidine-
tagged proteins in the supernatant were detected and quantified using a
BLItz system (FortéBio) employing Ni%* -nitrilotriacetate (Ni-NTA) as biosen-
sor. The sensor was immersed in the clarified crude lysate for 120 s and the
rate of histidine-tagged protein binding to the sensor was measured. The
concentration of the histidine-tagged protein in the sample is directly pro-
portional to the binding rate. To purify the desired protein, the lysate was
incubated with 500 pL of Ni Sepharose beads (GE Healthcare, Little Chal-
font, Buckinghamshire, United Kingdom) for 1 h. The beads were trans-
ferred to a gravity-flow column and washed with 20 mL of wash buffer
(50 mm Hepes, pH 8, 300 mm NaCl, 20 mm imidazole) to remove the
unbound proteins, and the proteins of interest were eluted in 5 mL of elu-
tion buffer (50 mm Hepes, pH 8, 300 mm NaCl, 250 mm imidazole). The
eluted proteins were further concentrated using Amicon Ultra centrifugal fil-
ter devices (Millipore, Billerica, Massachusetts, United States).

Expression of AvrP in M9 minimal medium

The method for AvrP protein expression using M9 minimal medium was
adapted from Klint et al (2013). The cells were grown at 37°C in LB
medium with shaking until the cultures reached an ODggg of 0.7-0.8. The
cells were then harvested by centrifugation for 15 min at 5000 g and
washed gently in 1 L M9 salts solution (22 mm KH,PO4, 90 mm Na HPO,,
17 mm NaCl). The cells were pelleted again by centrifugation for 15 min
at 5000 g and resuspended in M9 minimal medium (M9 salts supplied
with 1.6 mm MgS04, 80 nwm CaCly, 18 nm NH4Cl, 22 mm b-glucose, 2 pg/
mL thiamine, 0.2% (v/v) vitamin solution). The volume of M9 medium
equalled one-quarter of the volume of LB medium used to grow the cells.
The cultures were grown at 37°C for 1-1.5 h with shaking before cooling
to 20°C. To induce protein expression, IPTG was added to the cultures to
a final concentration of 1 mm. The cultures were then grown for a further
16 h before harvesting by centrifugation.

Protein expression and purification

A number of optimization experiments were performed to arrive at the
conditions used for large-scale protein production. Details of the final
expression and purification conditions are provided in Methods S1 (see
Supporting Information).

Tryptic digest and intact MS

To determine whether the partially purified proteins from small-scale
expression/purification experiments represented the SCR effectors, tryptic
digest MS was performed on the predominant protein bands (Fig. 1c).
Details of the tryptic digest, peptide extraction and MS analysis are
described in Methods S2 (see Supporting Information). MS was also per-
formed on the purified AvrP, SnTox1 and SnTox3 proteins to understand
the oxidation state of the cysteines. Methods for the production of native,
alkylated and reduced/alkylated samples and MS analysis are described in
Methods S3 (see Supporting Information).
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CD spectropolarimetry

The CD spectra were recorded on a Jasco, Easton, Maryland, United States
J710 spectropolarimeter at 25°C. Purified protein samples of SnTox1,
SnTox3 and AvrP were analysed at protein concentrations of 0.25, 0.2 and
0.1 mg/mL, respectively, in phosphate-buffered saline. Measurements
were taken at 0.2-nm wavelength increments from 195 to 250 nm at
100 nm/min using a cell with a path length of 1 mm, bandwidth of 2 nm,
response time of 1 s and five accumulations, and corrected for buffer
baseline contribution. The secondary structure was estimated by the pro-
grams SELCON3 (Sreerama and Woody, 1993), CDSSTR (Johnson, 1999)
and CONTIN (Provencher and Glockner, 1981) in the CDPro software
package (Sreerama and Woody, 2000).

Metal-binding assay

The PAR metal-binding assay was used to detect the presence of metals
in the AvrP protein samples (Hunt et al, 1985; Sabel et al, 2009). The
PAR solution was prepared in reaction buffer (50 mm Hepes, pH 7.4, 4 w
guanidine-HCl) to a PAR concentration of 1 mm. The AvrP protein was
denatured in the reaction buffer by boiling. The denatured AvrP protein
was mixed with the PAR solution to a final concentration of 50 um PAR
and 14 pm AvrP. The absorbance of the samples at wavelengths between
250 and 700 nm was measured using a NanoDrop (Thermo Scientific,
Waltham, Massachusetts, United States). The uncomplexed PAR displays
an absorption peak at 416 nm and the PAR-metal complex has an
absorption peak at 497 nm.

AvrP crystallization

To prepare homogeneous AvrP protein for crystallization, the purified pro-
teins were treated with ethylenediaminetetraacetic acid (EDTA) to remove
metals captured during expression and purification, and buffer exchanged
into SEC buffer containing 50 pm ZnCl,. Eight commercial screens were
utilized: Index, PEG/lon and PEGRx (Hampton Research, Aliso Viejo, Cali-
fornia, United States), Morpheus, ProPlex, JCSG+ and Pact Premier
(Molecular Dimensions, Newmarket, Suffolk, United Kingdom), and Pre-
cipitant Synergy (Emerald Biosystems, Bainbridge Island, Washington,
United States). Hanging drops consisting of 100 nL of protein solution and
100 nL of reservoir solution were prepared using a Mosquito robot (TTP
LabTech, Royston, Cambridgeshire, United Kingdom) and equilibrated
against 100 pL of reservoir solution. Crystals of AvrP (5 mg/mL) appeared
after 1 day under several different screening conditions, including Index
condition A9 consisting of 0.1 m Bis-Tris, pH 5.5, and 3 m NaCl, and Index
condition F12 consisting of 0.1 m Hepes, pH 7.5, 25% (w/v) PEG 3350 and
0.2 m NaCl. Optimization, including pH and precipitant changes, was car-
ried out and the best quality crystals were obtained in 0.1 m Bis-Tris, pH
7.0, 22% (w/v) PEG 3350 and 0.2 m NaCl. Crystals were back soaked in
well solution that included 25% (v/v) ethylene glycol as a cryoprotectant
and flash cooled in liquid nitrogen for data collection on the MX1 beam-
line at the Australian Synchrotron.

Wheat infiltration assays

Wheat plants were grown in a controlled environment chamber with a 16-
h day/8-h night cycle, with 20°C day temperature and 12°C night
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temperature. The light intensity was 250 pE/m%s with 85% relative
humidity. Purified SnTox1 and SnTox3 were diluted in 10 mm Hepes, pH
7.5, and 150 mm NaCl to 0.1 and 0.25 mg/mL, respectively. Syringe infil-
trations of the second leaf of 2-week-old wheat seedlings were conducted
with 150 pL of protein (or buffer) solution and the plants were monitored
from 2 days post-infiltration (dpi). Leaves were harvested and images
were taken at 4 dpi.
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