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Avirulence Protein 3a (AVR3a) from the Potato Pathogen
Phytophthora infestans Forms Homodimers through Its
Predicted Translocation Region and Does Not Specifically
Bind Phospholipids™
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(Background: AVR3a is a Phytophthora infestans effector that translocates into potato cells dependent on the N-terminal

Results: AVR3a dimerization is inhibited by a mutation that also impairs translocation.
Conclusion: Phospholipid binding of AVR3a is probably physiologically irrelevant because only denatured protein molecules

Significance: Our findings will help us to understand how oomycete RxLR effectors function.

J

The mechanism of translocation of RxLR effectors from plant
pathogenic oomycetes into the cytoplasm of their host is cur-
rently the object of intense research activity and debate. Here,
we report the biochemical and thermodynamic characterization
of the Phytophthora infestans effector AVR3a in vitro. We show
that the amino acids surrounding the RxLR leader mediate
homodimerization of the protein. Dimerization was consider-
ably attenuated by a localized mutation within the RxLR motif
that was previously described to prevent translocation of the
protein into host. Importantly, we confirm that the reported
phospholipid-binding properties of AVR3a are mediated by its
C-terminal effector domain, not its RxLR leader. However, we
show that the observed phospholipid interaction is attributable
to a weak association with denatured protein molecules and is
therefore most likely physiologically irrelevant.

The oomycetes (or water molds) encompass many devastat-
ing pathogenic species (1, 2). Among them, Phytophthora infes-
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tans causes potato late blight, a disease of concern for global
food security. Like all successful pathogens, oomycetes are able
to evade the defense reactions of their hosts. One of their com-
mon strategies is to manipulate their host’s immune system by
secreting effectors that interfere with intracellular components
of basal or inducible immunity (e.g. Refs. 3-5).

Recently, it was shown that several plant pathogenic oomy-
cetes contain genes that encode putative secreted proteins that
all contain a conserved tetrameric amino acid sequence motif:
RxLR. This Arg-Xaa-Leu-Arg motif is found within 40 amino
acids following the predicted cleavage sites of canonical signal
peptides and is often followed by a Glu-Glu-Arg (EER) motif
(6-8).

To date, the best characterized RxLR effector is AVR3a from
P. infestans (see Scheme 1A for a schematic summary of the
current published literature). AVR3a was originally identified
as the cognate avirulence protein recognized by the cytosolic
potato R3a resistance protein (9). AVR3a is a small secreted
protein that is delivered into host cells by the pathogen via an
unknown mechanism dependent on the N-terminal RxLR
leader (8). In planta coexpression of R3a and different AVR3a
truncation constructs showed that amino acids 73—-147 were
sufficient to trigger the R3a-mediated hypersensitive response,
but the response was reduced compared with AVR3a lacking
only the signal peptide (residues 1-21) or the signal peptide and
the RxLR leader (amino acids 1-59). Furthermore, deletion of
the last 16 residues abolished any recognition by R3a (10). Two
isoforms of AVR3a have been identified in P. infestans isolates
that differ by only three amino acids. Two of these changes, at
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positions 80 and 103, are present in the mature proteins lacking
the signal peptide. AVR3a(©!?X80103 g referred to here as
AVR3a", and AVR3aS19F8OMI03 i referred to as AVR3a™M.
Whereas AVR3a"! is quite efficiently recognized by R3a,
AVR3a™ is weakly recognized. Thus, strains expressing only
the AVR3a" isoform evade recognition by plants carrying the
R3a resistance gene and do not induce a defensive hypersensi-
tive response (9, 10).

AVR3a modulates the plant immune response by stabilizing
the host ubiquitin E3 ligase CMPG1. By doing so, it suppresses
a plant defense response against another P. infestans secreted
protein, INF1 (5). Crucial for this biological function of AVR3a
is the presence of a freely accessible C-terminal aromatic resi-
due (Tyr-147). However, modification or deletion of Tyr-147
from the AVR3a"" C terminus did not interfere with R3a rec-
ognition (5). An explanation for this observation was suggested
by the recently published structural model of AVR3a. This
model was based on the NMR structure of the Phytophthora
capsici homolog, AVR3a4 and shows that the C terminus is
flexible and angled away from the four-bundle helical protein
core. However, no defined structural information could be
obtained from the RxLR leader of P. capsici AVR3a4 to poten-
tially shed light on the requirements for translocation, despite
this region being included in the recombinant protein under
study (4).

In 2010, Kale et al. (11) reported that RxLR and RxLR-like
proteins are translocated into eukaryotic cells via an RxLR-de-
pendent, pathogen-independent mechanism. In addition, the
authors claimed that RxLR or R¥xLR-like motifs mediate trans-
location through binding to phosphoinositol 3-phosphate mol-
ecules exposed at the cell surface. However, this view has been
recently challenged by two independent studies (4, 12). Using
recombinant AVR3a from P. infestans, Yaeno et al. (4) showed
that the effector domain, rather than the RxLR leader, binds to
phospholipids (PLPs).?> Using in planta expression of AVR3a
effector domain point mutants (i.e. K85E) that did not show any
PLP binding in vitro, they reported that this effect correlates
with the ability of AVR3a to stabilize the host ubiquitin ligase
CMPG1 (5).

Ellis and Dodds (13) highlighted the urgent need to test the
requirement of PIP binding for effector uptake by host cells.
Indeed, despite good structural models and extensive informa-
tion about the biological effects of various mutations within the
AVR3a protein effector domain, negligible data are available
describing the influence of the RxLR leader on protein stability
and dynamics. Here, we evaluated the effect that the RxLR
leader exerts on the dynamics of the protein using recombinant
protein constructs, and we describe an in-depth analysis of the
lipid-binding properties of AVR3a. In addition, we analyzed the
effect of a mutation within the AVR3a RxLR motif previously
shown to prevent protein translocation into host cells, and we
found that it impaired homodimerization of this effector.

3The abbreviations used are: PLP, phospholipid; GdnHCl, guanidine
hydrochloride; AUC, analytical ultracentrifugation; ITC, isothermal titra-
tion calorimetry; PI3P, phosphoinositol 3-phosphate; Ins-1,3-P,, inosi-
tol 1,3-bisphosphate.
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MATERIALS AND METHODS

Detailed descriptions of all methods are given under supple-
mental “Materials and Methods.”

Isothermal Titration Calorimetry—Titration experiments
were performed with a MicroCal ITC,,, system at 20 °C.
Titrant stock solutions were always prepared with the same
batch of buffer as used for dialysis. Since the initial injection
generally delivers inaccurate data, the first step was omitted
from the analysis. The collected data were analyzed with the
program Origin (MicroCal) using the binding models provided
by the supplier. Errors correspond to the S.D. of the nonlinear
least-squares fit of the data points of the titration curve.

PLP Binding—The lipid spot membranes were equilibrated
for 10 min with PBS containing 0.1% Tween 20 and 5% lipid-
free BSA before adding the respective protein constructs. Pro-
tein incubations were carried out for 20 min at room tempera-
ture. Subsequently, the membranes were extensively washed
with PBS/Tween/BSA. Antibody detection was performed with
a HRP-coupled anti-His antibody in PBS/Tween/BSA at a titer
of 1:10,000 using ECL.

Lipid Binding under Denaturing Conditions—The mem-
branes where equilibrated in PBS containing 0.1% Tween 20,
5% lipid-free BSA, and 8 M urea or 6 M guanidine hydrochloride
(GdnHCI). The protein was pre-equilibrated in the same buffer
for 30 min before addition to the membranes. After incubation,
the membranes were extensively washed with PBS/Tween con-
taining 8 M urea or 6 M GdnHCI, respectively, and re-equili-
brated with PBS/Tween.

Circular Dichroism Spectra—These were recorded on a Jasco
J-710 instrument in 50 mM degassed sodium phosphate buffer.
Before recording the CD spectra used to determine the urea
transition of AVR3a(22-147)-His,, the protein was diluted into
buffer containing the indicated urea concentration.

Formaldehyde Cross-linking—This was carried out for 5 min
with 20 um protein and 2% formaldehyde in 50 mm sodium
phosphate buffer. The reaction was stopped by addition of an
equal volume of Laemmli SDS sample buffer containing 2%
B-mercaptoethanol and boiling for 10 min at 95 °C.

Analytical Ultracentrifugation—Analytical ultracentrifuga-
tion (AUC) experiments were carried out on a Beckman XL-I
analytical ultracentrifuge with an An-50 Tirotor. The sedimen-
tation velocity experiments were performed in double-sector
Epon charcoal-filled centerpieces at 4 °C at a speed of 45,000
rpm. Absorbance measurements were recorded at 280 and 220
nm. Exactly 200 scans of each cell were taken in continuous
mode at 2-min intervals with a step size of 0.003 cm over a
duration of ~17 h. The data were fitted to a model using the
software SEDFIT and SEDNTERP. For calculation of the
dimerization constants, global analysis using monomer-dimer
or monomer-z-mer self-association models was performed for
each sample with the data collected at three different concen-
trations. Errors in the binding constants were calculated by
F-statistics analysis.

RESULTS

Rationales for AVR3a Construct Design—To gain insight into
the function of the AVR3a RxLR leader, three different
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SCHEME 1. A, schematic summary of the currently published literature on AVR3a. Dotted arrows highlight the conclusions of the cited references, and the solid
arrows indicate the suggested additions/modifications based on the data presented here. B, schematic representations of the AVR3a constructs investigated

in this work.

AVR3a"! protein fragments were studied (Scheme 1B). The
AVR3a fragment comprising amino acids 22-147 lacked only
the signal peptide that is expected to be missing in the mature
protein. For the AVR3a effector domain construct, residues
60—-147 were chosen because this sequence has the same R3a
recognition potential in planta as residues 22-147 (10). The
RxLR leader construct comprised only amino acids 22—-59. This
exact sequence was previously shown to be important for the
delivery of AVR3a by P. infestans into host cells (8) and does not
affect the in planta recognition by R3a (10). Furthermore, a
protein was produced in Escherichia coli in which the AVR3a
RxLR motif was mutated, AVR3a(22-59)-His,-KMIK. This
mutant was found to impair the delivery of the full-length pro-
tein from the pathogen into host cells (8). All AVR3a fragments
were fused to the His, tag of pET21b at the C terminus and were
characterized in detail prior to use (supplemental Fig. S1 and
Note 1).

N-terminal RxLR Leader of AVR3a Mediates Dimerization of
the Protein in Vitro—Size exclusion chromatograms revealed a
significant difference in the chromatogram of AVR3a(60-
147)-Hisg compared with that of AVR3a(22-147)-His, (Fig.
1A). The apparent molecular mass calculated for AVR3a(22-
147)-His, (see supplemental Fig. S2 for additional information)
showed that this construct corresponded to that of a dimeric
protein, whereas AVR3a(60-147)-His,, in which the RxLR
leader was deleted, behaved like a monomer. Under the same
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conditions, the AVR3a RxLR leader construct, AVR3a(22-59)-
His,, showed three peaks corresponding to a tetramer, dimer,
and monomer, with the dimer as the dominant species (Fig. 1B
and supplemental Fig. S2A4).

To confirm these findings at lower, biologically more rele-
vant concentrations, all constructs that showed dimerization
were evaluated by AUC. AUC monitors the sedimentation of
macromolecules in solution, which allows the characterization
of protein oligomers. Each protein sample was analyzed at dif-
ferent concentrations, and the data were combined to calculate
the respective dissociation constants (Kj,). Consistent with the
gel filtration results, AVR3a(22—147)-His, was identified as a
homodimer. The K, determined for the AVR3a(22-147)-His,
dimerization was 10.83 * 1.8 uMm, which nearly matched the K,
obtained for the RxLR-only construct, AVR3a(22-59)-His,
(9.8 £ 1.45 um) (Fig. 1C and supplemental Appendix 1). For
both constructs, the dimer concentrations were inversely pro-
portional to the protein concentration under these conditions.

The K, dimerization constant of AVR3a(22-147)-His, also
coincided with the concentration that resulted in a half-maxi-
mal drop in the melting temperature (7',,) that was observed
when the thermostability of the protein was characterized in a
concentration-dependent manner (supplemental Fig. S3).A T,
difference of ~12 °C was observed when the heat denaturation
of low concentration solutions was compared with that of high
concentration solutions. The concentration obtained that cor-
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FIGURE 1.RxLR leader of AVR3a promotes dimerization of the protein in vitro. A, the size exclusion profile of AVR3a(22-147)-His4 (500 .l of 259 um loaded;
solid line) revealed a dimeric protein, whereas AVR3a(60-147)-His, (500 wl of 187 um loaded; dashed line) was found to be a monomer. mAU, milli-absorbance
units. B, gel filtration run profiles of AVR3a(22-59)-His (500 wl of 811 um loaded; black line) and AVR3a(22-59)-Hiss-KMIK (500 wl of 652 um loaded; red line).
AVR3a(22-59)-Hisg showed an equilibrium between a tetramer, dimer, and monomer, with the dimer form as the dominant species. The gel filtration chro-
matogram of AVR3a(22-59)-Hiss-KMIK showed a peak retention corresponding to a dimer form. C, K, values for the dimer formation for the indicated proteins

obtained by AUC.

responded to T, was ~15 um. This shows that AVR3a(22—
147)-His, is slightly more (thermo)stable at low concentrations.
In contrast to the gel filtration runs, no tetrameric species for
AVR3a(22-59)-His, were observed with AUC. Overall, these
observations show that, in vitro, AVR3a is an oligomeric pro-
tein, principally a homodimer, and that dimerization is facili-
tated by the RxLR leader region.

To evaluate the effect that the C-terminal His, tag fusions
might have on the dimerization constants of AVR3a, amino
acids 22-147 were C-terminally fused with monomeric red
fluorescent protein, a protein roughly double the size of AVR3a,
and analyzed by AUC. A fluorescent reporter protein was
chosen because these are commonly used to study protein
localization and/or trafficking. This bulky fusion construct,
AVR3a(22-147)-monomeric red fluorescent protein-His,,
showed only a slightly increased dimerization constant of
21.6 = 2.1 uM (Fig. 1C and supplemental Appendix 1). There-
fore, we expect that the C-terminal His, tag only marginally
decreases the dimerization of AVR3a.

Mutations of RxLR Amino Acids RRLLR to KKMIK Leads to
Structural Changes in the Leader and Inhibits Dimerization of
AVR3a—The homologous replacement of the RRLLR sequence
in AVR3a to KKMIK was shown to abolish AVR3a delivery by
the pathogen to potato host cells (8). CD spectroscopic com-
parison of the AVR3a(22-59)-His, WT RxLR leader peptide
and the AVR3a(22-59)-His,-KMIK mutant peptide revealed
that this mutation decreased the content of random coil struc-
ture and/or structural flexibility (supplemental Fig. S84; see
also supplemental Note 1 for further information).

The gel filtration chromatogram of AVR3a(22-59)-His,-
KMIK indicated that this polypeptide adopted a dimer form at
high concentrations (652 um) (Fig. 1B and supplemental Fig.
S2A). However, subsequent analysis by AUC revealed only sed-
imentation coefficients consistent with a monomeric polypep-
tide at all protein concentrations tested (37, 74, and 111 um)
(Fig. 1C and supplemental Appendix 1). A control experiment
showed that this discrepancy could not be ascribed to an ionic
strength effect of the 500 mm NaCl used in the size exclusion
chromatography buffer (Fig. 1C, last two rows, and supplemen-
tal Appendix 1). In the presence of 500 mm NaCl and at all
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tested concentrations (37, 74, and 111 uMm), only monomeric
species were detected for AVR3a(22-59)-His,-KMIK. There-
fore, we attribute the discrepancy for AVR3a(22-59)-His-
KMIK to the difference in the protein concentrations utilized
by AUC and gel exclusion. Due to the low extinction coefficient
of the RxLR leader constructs at 280 nm (2980 M~ ' cm '), high
protein concentrations (600 — 800 um) were required to obtain
good quality gel filtration chromatograms.

We conclude that the AVR3a(22-59)-His,-KMIK homo-
dimer forms only at concentrations that exceed those utilized
for AUC (111 um). Therefore, this mutant construct is most
likely a monomer at biologically relevant concentrations.

RxLR Leader of AVR3a Facilitates Intermolecular Dimeriza-
tion with the Predicted a-Helix 3 and/or a-Helix 4—To further
analyze the dimerization of AVR3a, cross-linking experiments
were performed using formaldehyde. At ambient temperature,
formaldehyde forms predominantly immonium cations that
are reactive toward nucleophiles, such as the N terminus of a
protein and the lateral chains of cysteine, lysine, histidine, and
tyrosine residues (14). Formaldehyde is ideal to detect specific
protein-protein interactions due to (i) a short reaction time that
minimizes nonspecific cross-linking, (ii) the formation of
highly reactive intermediates that allow fixation of transient
interactions, and (iii) a short cross-linking distance (~0.2—-0.3
nm) (15). Cross-linking conditions were optimized for
AVR3a(22-147)-His, at room temperature. However, we
noted that formaldehyde treatment reduced the efficiency of
His tag detection by Western blotting. Therefore, all Western
blots were slightly overexposed to visualize effects better. The
example shown in Fig. 2 is representative for all experiments
performed.

The different AVR3a constructs were cross-linked at con-
centrations of 20 uM alone and in combination with one
another. Subsequently, the samples were analyzed by SDS-
PAGE/Western blotting and compared with the untreated con-
trols. Cross-linking of AVR3a(22-59)-His, (RxLR leader only)
did not yield detectable amounts of covalently linked dimers
(Fig. 2, lanes I and 2). Therefore, none of the lysines, tyrosines,
and histidines (cysteine not present), highlighted in the
sequence alignment in supplemental Fig. S4, are within 0.2—0.3
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FIGURE 2. Detection of AVR3a dimer complexes after formaldehyde cross-linking. Cross-linking was carried out using 2% formaldehyde with the indicated
proteins at a concentration of 20 um in 50 mm sodium phosphate buffer (pH 7.2) for 5 min. Compared with untreated controls, no additional bands for the
dimeric polypeptide AVR3a(22-59)-His, (lanes T and 2) were detected after formaldehyde treatment, indicating that no Lys, Tyr, or His is a 2-3-A distance to one
another in the dimer complex. The same was found for AVR3a(22-59)-His-KMIK, which was exclusively a monomer at a concentration of 20 um (lanes 6 and 7).
Formaldehyde treatment of AVR3a(22-147)-His4 led to the appearance of a new band (full ovals) on the SDS-polyacrylamide gel, consistent with the dimeric
size of the protein (lanes 3 and 4). When cross-linking of AVR3a(22-147)-Hisg was carried out in the presence of the AVR3a RxLR leader construct (AVR3a(22-
59)-His,), a new protein band appeared (lane 5, arrowhead), in addition to the AVR3a(22-147)-Hisg dimer complex. The size corresponded to a complex of both
proteins, which could not be detected when AVR3a(22-59)-Hisg was substituted with AVR3a(22-59)-His,-KMIK (lane 8). The AVR3a(60-147)-Hisg monomeric
protein did not cross-link to itself with formaldehyde (lanes 9 and 10). Surprisingly, AVR3a(60-147)-Hisq could be cross-linked to AVR3a(22-147)-Hisg (lane 11,

dotted oval) but not to AVR3a(22-59)-His (lane 12). See supplemental Appendix 3 for further information.

nm of one another in the dimer complexes. In contrast, form-
aldehyde treatment of AVR3a(22-147)-His, led to covalent
cross-linked dimers (Fig. 2, lanes 3 and 4). Furthermore,
AVR3a(22-59)-His, could be successfully cross-linked to
AVR3a(22-147)-His, (Fig. 2, lane 5). Surprisingly, a covalently
linked mixed dimer complex was clearly detected when
AVR3a(60-147)-His, was cross-linked in the presence of
AVR3a(22-147)-His, (Fig. 2, lane 11). However, no cross-
linked product was found after formaldehyde treatment of
AVR3a(60-147)-His, alone (Fig. 2, lanes 9 and 10) or when
co-incubated with AVR3a(22-59)-His, (lane 12). These obser-
vations show that the AVR3a dimerization is not strictly
dependent on the RxLR leader (residues 22—59) but requires
additional sequence elements. The successful cross-linking of
AVR3a(22-147)-His, to AVR3a(60-147)-His, indicates an
intermolecular interaction of the RxLR leader with the effector
domain. In addition, no covalent species were observed when
AVR3a(22-59)-His.-KMIK was probed for its ability to cross-
link to the full-length AVR3a construct (amino acids 22-147)
(Fig. 2, lane 8). These results are consistent with the observation
made by AUC that this polypeptide was unable to form a dimer
at a concentration of 20 um (see supplemental Note 2 for fur-
ther information).

To further characterize the AVR3a dimerization, samples of
the monomer and dimer bands of AVR3a(22-147)-His, were
cut from the gel, digested with trypsin, separated by liquid chro-
matography, and subsequently analyzed by MALDI-TOF mass
spectrometry (supplemental Appendix 2). The chromatograms
were very similar for both the dimer and monomer samples,
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with the exception of one distinct peak that appeared only in
the dimer sample. MALDI-TOF lift experiments revealed
peptides covering AVR3a amino acids 59-79 (APNEN-
LASLNEEMFNVAALTK); these amino acids are located C-ter-
minal after the EER motif, including the beginning of the pre-
dicted helix «l, amino acids 110-120 (VTLDQIDTFLK),
nearly the complete predicted a-helix 3, amino acids 131-147
(YNQIYNSYMMHLGLTGY), and the predicted «-helix 4
(AVR3a helix prediction according to Ref. 4). In addition, a
partial proteolytic digest of AVR3a(22-147)-His, was per-
formed to identify the possible starting point of the AVR3a
effector domain (supplemental Fig. S5). This experiment
showed a proteinase K-resistant C-terminal domain starting at
amino acid 68. Therefore, we conclude that AVR3a residues
59 —68 are located close to the effector domain of the partner
molecule in the tertiary dimer complex.

Lipid-binding Property of the AVR3a Effector Domain Results
from a Denatured Protein Fraction—Since PLP binding of
oomycete RxLR effectors is currently controversial (13), we
investigated the lipid-binding ability of AVR3a using lipid spot
membranes. We first confirmed the observations made by
Yaeno et al. (4) that indeed the effector domain and not the
RxLR leader of AVR3a binds membrane-attached PLPs (Fig.
3A). As already underlined by these authors, this result is in
contrast with a previous report claiming that the interaction of
oomycete RXLR proteins with PLPs is attributed to the RxLR
leader (motif) (10).

To investigate the possible physiological significance of PLP
binding, experiments were performed utilizing denatured
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FIGURE 3. Lipid binding of AVR3a does not require an intact structure. A, the full-length AVR3a protein construct (AVR3a(22-147)-Hise) and the RxLR leader
truncated construct AVR3a(60-147)-His, were able to bind to PLPs on lipid spot membranes. No lipid binding could be detected for the RxLR leader construct.
The membranes were incubated for 20 min with 20 um protein. The lipid recognized on membrane A was sulfatide; those on membrane B were phosphatidyl-
inositol 3-, phosphatidylinositol 4-, and phosphatidylinositol 5-phosphate; and those on membrane C were phosphatidylglycerol, cardiolipin, and phos-
phatidylinositol 4-phosphate. B, urea- but not guanidine-denatured AVR3a(22-147)-His, binds to PLPs. The urea transition of 5 um AVR3a(22-147)-Hisg was
measured using CD spectroscopy. The urea transition point was 4.68 m. To analyze the lipid-binding ability of unfolded AVR3a(22-147)-His,, the lipid binding
assay was performed in the presence of 8 m urea and 6 m GdnHClI, respectively. No difference in the lipid binding of native and urea-denatured AVR3a(22-
147)-Hisg could be found, whereas the presence of a 6 M concentration of the charged chemical denaturant GdnHCI completely abolished the lipid binding of
AVR3a(22-147)-Hiss. mdeg, millidegrees; HT, high tension voltage. C, identity of the lipids found on the spot membrane.

The urea ECy, is 4.7 M (Fig. 3B), and the protein is completely
unfolded at concentrations above 6 M. Surprisingly, when the
PLP binding assay was performed in the presence of 8 M urea,

AVR3a(22-147)-His,. The urea transition of AVR3a(22-147)-
His, was measured by following the loss of secondary structure
with increased urea concentrations using CD spectroscopy.
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FIGURE 4. Lipid binding of the AVR3a effector domain is attributable to a small proportion of denatured molecules. A, native AVR3a(22-147)-His¢ did not
bind Ins-1,3-P, or Ins-1,5-P,, the polar headgroups of phosphatidylinositol 3- and phosphatidylinositol 5-phosphate, respectively. No difference between a
titration of 18 mm Ins-1,3-P, into the dialysis buffer (black traces) and buffer containing 235 um AVR3a(22-147)-His, (gray traces) was found. The same was
observed for titrations utilizing 11.7 mm Ins-1,5-P, (blue and dark blue traces). The dialysis buffer used to dissolve the titrants was 50 mm sodium phosphate (pH
7.2). The thermogram recorded for the titration of Ins-1,5-P, (11.7 mm) to 8 m urea-denatured AVR3a(22-147)-Hiss (268 um) indicates a weak interaction
between both molecules under these conditions (red and dark red traces). However, the thermograms show that the stoichiometry was greater than 1:8
(concentration range covered by the titration) because there is no obvious enthalpy change visible in the titration profile. In addition, the binding constant (K,,)
must be >1.92 mm. The dialysis buffer for this type of experiment was 50 mm sodium phosphate (pH 7.2) containing 8 m urea. All titrations were carried out at
20 °C. B, lipid binding of AVR3a(22-147)-His was abolished in presence of substoichiometric amounts of the E. coli Hsp70 chaperone DnaK. Lipid binding of 20
1M AVR3a(22-147)-Hisg to lipids on lipid spot membranes was suppressed by the presence of ADP-bound DnaK at a molar concentration (1 um) that represents
5% of the AVR3a(22-147)-His, amount. G, lipid binding of 20 um AVR3a(22-147)-His, in the presence of DnaK amounts corresponding to 3% (0.6 um) and 1%

(0.2 um) of the AVR3a(22-147)-Hisg molar concentration. Lipid spot identity can be found in Fig. 3C.

we found that denatured AVR3a(22-147)-His, interacted with
PLPs with the same specificity as the non-denatured protein
solutions (Fig. 3B). In contrast, no PLP binding of AVR3a(22—
147)-His, was detectable when the assay was carried out with a
6 M concentration of the charged chemical denaturant GdnHCI
instead of urea (Fig. 3B). These observations demonstrate that
PLP binding of AVR3a does not require an intact three-dimen-
sional structure, that it is likely based on charge-charge inter-
actions, and that the headgroups of the recognized PLPs are
mainly responsible for this interaction. Thus, we characterized
this binding by isothermal titration calorimetry (ITC) utilizing
both native and urea-denatured AVR3a(22-147)-His, as baits.
As a titrant, we chose the phosphoinositol 3-phosphate (P13P)
headgroup, inositol 1,3-bisphosphate (Ins-1,3-P,), because this
PLP was reported to be the main component responsible for
RxLR protein translocation (11). We also utilized the phos-
phoinositol 5-phosphate headgroup, Ins-1,5-P,, because this
PLP was reported to have the highest binding affinity on lipid
spot membranes for the AVR3a effector domain (4). Surpris-
ingly, no change in enthalpy was detected in the titrations with
either Ins-1,3-P, or Ins-1,5-P, using native AVR3a(22-147)-
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His, as a bait even at high, biologically irrelevant concentra-
tions (Fig. 44). To ensure that an eventual positively charged
PLP-binding surface of AVR3a(22-147)-His, was not obscured
through the presence of phosphate ions, a control titration with
Ins-1,3-P, was performed in the absence of phosphate buffer.
Again, no difference between the buffer control titration and
the experiment containing AVR3a(22-147)-His, as a bait could
be observed (supplemental Fig. S6).

Since charge-charge dominated protein-ligand interactions
are normally characterized by endothermic ITC profiles (16),
the actual amount of complex detected in the membrane assay
had to be below the detection limit of ITC. This suggested that
a small fraction of unfolded AVR3a(22-147)-His, molecules
might bind to the PLPs. To test this hypothesis, ITC titrations
utilizing Ins-1,5-P, and AVR3a(22-147)-His, were performed
in the presence of 8 M urea. The thermograms show signals
indicative of nonspecific interactions, and only a marginal
change in enthalpy could be observed within the investigated
concentration range (Fig. 44).

These experiments show that the binding stoichiometry
must be above 1:8 (concentration range covered by the titra-

JOURNAL OF BIOLOGICAL CHEMISTRY 38107


http://www.jbc.org/cgi/content/full/M112.395129/DC1

AVR3a Dimerizes and Does Not Specifically Bind Phospholipids

tions) and that the binding constant has to exceed the final
ligand concentration of 1.92 mm. Therefore, it should be possi-
ble to block the observed lipid binding of AVR3a(22-147)-His,
on spot membranes with substoichiometric amounts of a chap-
erone that specifically binds unfolded protein molecules. To
test this, we utilized the E. coli chaperone DnaK. DnaK was
purified in the absence of its co-chaperones Dna]J (the DnaK
hydrolysis factor) and GrpE (the nucleotide exchange factor) in
an ADP-bound state, also referred to as the high affinity state
(17-21). In this form, DnaK binds proteins that expose hydro-
phobic surface patches. The ADP-DnaK-unfolded protein
complexes usually have dissociation half-times of minutes to
even hours (17). Thus, a nearly 1:1 binding of DnaK to mis-
folded AVR3a(22-147)-His, can be assumed during the 20-min
incubation time of the performed lipid spot assay. No
AVR3a(22-147)-Hisg could be immunodetected on the lipid
spot membranes following co-incubation of 20 um AVR3a(22—
147)-Hisg and 1 uM Dnak, even after prolonged film exposure
(Fig. 4, B and C). This demonstrates that <5% of the AVR3a
molecules are able to bind to the PLPs and that either no or only
a very slow transition toward a lipid-binding conformational
state exists in AVR3a(22-147)-His, molecules.

To investigate the binding to PLPs presented in a more nat-
ural context, AVR3a(22-147)-His, was probed for its ability to
bind PolyPIPosomes in different buffers (supplemental Fig.
$10). Consistent with the lipid spot membrane experiments,
AVR3a(22-147)-His, was found to bind PI3P-containing
PolyPIPosomes when denatured with 8 M urea and in the
absence of the stabilizing ions phosphate and/or sulfate. To
evaluate the competition effect of phosphate ions on PI3P bind-
ing, we tested the p40 PX-binding domain in the presence and
absence of these. 50 mM sodium phosphate buffer slightly
inhibited the PI3P-p40 PX binding, but the interaction could
still be clearly detected (supplemental Fig. S10, lower). These
observations confirm that denatured AVR3a(22-147)-His, has
an affinity for PI3P and that phosphate and/or sulfate ions are
crucial for structural stabilization of this protein construct.

DISCUSSION

Protein self-association to form dimers is widely found in
biology (22). We have shown here that recombinant AVR3a
forms a homodimer in vitro (Figs. 1 and 2). Its dissociation
constant is ~10 uM, a value often found in other homodimers
(for examples, see Refs. 23-25). Dimerization of AVR3a is
mainly (but not solely) facilitated by the RxLR leader because
the recombinant protein comprising these residues exhibited
the same K, as the full-length protein (Fig. 1 and supplemental
Appendix 1). In addition, the dimerization constant of the
AVR3aRxLR leader is independent of the solvent ionic strength
(Fig. 1C and supplemental Appendix 1), suggesting that this
complex formation is not driven by charge-charge interactions.
Interestingly, the authors of a recent study tested whether
AVR3a dimerizes in planta (26). For this purpose, the authors
coexpressed two different N-terminally tagged (FLAG and
GFP) AVR3a constructs in planta but were unable to detect any
interaction between these two proteins in co-immunoprecipi-
tation experiments. However, this finding does not necessarily
mean that the dimer form of AVR3a is biologically irrelevant. It
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still could play a role during trafficking and secretion from the
parasite or during translocation into the host cells. In addition,
here we studied solely C-terminally tagged recombinant con-
structs to investigate the role that the N-terminal RxLR leader
plays for the protein because direct addition of a tag to a
sequence of interest can alter the biological function of the
respective polypeptide (see review, see Ref. 27). We found that
a C-terminal extension to AVR3a of ~28 kDa still allowed
dimerization but also slightly reduced the respective K, value.
It is possible that N-terminal tags more strongly affect the
structure and dynamics of the short and flexible AVR3a RxLR
leader because we found that parts of the RxLR leader are in
2-3-A contact with some amino acids of the effector domain
(Fig. 2 and supplemental Appendix 2). We are aware that those
studying the effects that AVR3a facilitates on the host prefer
detectable modifications on the N terminus of the protein
because a free C terminus is crucial for the suppression of the
plant immune defense response against INF1 (4, 5, 10). Never-
theless, on the basis of our findings, we believe that the biolog-
ical significance of AVR3a dimerization should best be investi-
gated with constructs containing small C-terminal tags.

In addition, we investigated a previously described mutation
of the RxLR amino acids within the leader of AVR3a (residues
43-47, RRLLR changed to KKMIK) (8). Interestingly, this
mutation altered the secondary structure ensemble of the RxLR
leader (supplemental Fig. S7A), and the respective polypeptide
showed at least a 10-fold increased dimerization constant in
vitro (Fig. 1, B and C, and supplemental Appendix 1). Further-
more, the mutation reduced the ability of the RxLR leader pep-
tide to interact with full-length AVR3a (Fig. 2 and supplemental
Fig. S7, B and C, and Note 2). Since the investigated mutant
showed strongly altered characteristics compared with the WT,
we believe that the biologically observable effects of RxLR motif
mutations require in vitro characterization of the respective
mutants to better understand the nature of the observed effects.

Several recent publications reported that some oomycete
and fungal effectors interact with the headgroups of phospho-
inositol monophosphates (4, 11, 12, 28). In addition, claims
were made that, for oomycete RxLR proteins, RxLR or RxLR-
like motifs in their respective N-terminal regions facilitate
pathogen-independent translocation through binding to cell
surface-exposed PI3P (11, 28). This view has been discussed
(13) and challenged by two independent groups (4, 12). While
studying the lipid binding of AVR3a, we found that the protein
was indeed detectable by antibodies on certain matrix-associ-
ated PLPs. In addition, we could reproduce the findings by
Yaeno et al. (4) that the C-terminal effector domain, not the
RxLR leader of AVR3a, bound the PLPs. However, we found
that this PLP-binding ability of AVR3a did not require an intact
three-dimensional structure and that only a small subfraction
of presumably misfolded molecules are responsible (Figs. 3 and
4 and supplemental Fig. S10). Furthermore, we were unable to
detect any signs of a physical interaction between native AVR3a
and the PLP headgroup Ins-1,3-P, or Ins-1,5-P, using ITC (Fig.
4A). Furthermore, AVR3a seems to only bind PI3P-containing
PolyPIPosomes when denatured or not sufficiently stabilized
(supplemental Fig. S10). Our data also suggest that either no or
only a very slow equilibrium toward a lipid-binding conforma-
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tion exists in native AVR3a. Therefore, we would question the
biological relevance that PLP binding plays for AVR3a. As an
alternative, we recently discovered that a putative RxLR-like
effector protein from the fish pathogenic oomycete Saprolegnia
parasitica is translocated into fish cells via binding to a receptor
that is tyrosine O-sulfated (29). It will be interesting to investi-
gate whether RxLR proteins from plant pathogenic oomycetes
use a similar strategy to enter plant cells.
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