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Fungal and oomycete pathogens cause some of the most devas-
tating diseases in crop plants, and facilitate infection by delivering
a large number of effector molecules into the plant cell. AvrM is
a secreted effector protein from flax rust (Melampsora lini) that can
internalize into plant cells in the absence of the pathogen, binds to
phosphoinositides (PIPs), and is recognized directly by the resis-
tance protein M in flax (Linum usitatissimum), resulting in effec-
tor-triggered immunity. We determined the crystal structures of
two naturally occurring variants of AvrM, AvrM-A and avrM, and
both reveal an L-shaped fold consisting of a tandem duplicated
four-helix motif, which displays similarity to the WY domain core
in oomycete effectors. In the crystals, both AvrM variants form
a dimer with an unusual nonglobular shape. Our functional analysis
of AvrM reveals that a hydrophobic surface patch conserved be-
tween both variants is required for internalization into plant cells,
whereas the C-terminal coiled-coil domain mediates interaction
with M. AvrM binding to PIPs is dependent on positive surface
charges, and mutations that abrogate PIP binding have no signifi-
cant effect on internalization, suggesting that AvrM binding to PIPs
is not essential for transport of AvrM across the plant membrane.
The structure of AvrM and the identification of functionally impor-
tant surface regions advance our understanding of the molecular
mechanisms underlying how effectors enter plant cells and how
they are detected by the plant immune system.
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Filamentous eukaryotic microbes such as fungi and oomycetes
cause devastating diseases in many economically important crop
plants, including rice, corn, wheat, soybean, and potato. During
infection, oomycetes and biotrophic fungal pathogens establish
a physical interaction with their host through specialized feeding
structures, known as haustoria, which facilitate secretion of a vast
array of effector proteins to overcome plant defenses and pro-
mote host colonization (1-3). The effectors are generally highly
divergent even among related species, and generally lack simi-
larity to proteins currently available in the databases, making it
difficult to predict biological function from sequence alone. Some
of the effectors accumulate in the plant intercellular space
(apoplast), whereas others are translocated into the host cell. At
present, the host targets and virulence mechanisms of fungal and
oomycete effectors are poorly understood. A subset of the plant-
translocated effectors called avirulence (Avr) proteins are rec-
ognized directly or indirectly and with high specificity by plant
disease resistance (R) proteins (4-6). This recognition event leads
to activation of effector-triggered immunity (ETI), which usually
includes rapid localized host cell death at the site of infection—
termed the hypersensitive response (HR)—and results in the
plants being immune to pathogen infection.
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The question of how fungal and oomycete effector proteins
are transported across the host-cell membrane is currently
a topic of considerable interest and controversy. Delivery of
effectors into host cells by eukaryotic pathogens has been dem-
onstrated in several plant pathogen systems (7-12), and, in some
cases, fungal and oomycete host-cell translocation can occur in
the absence of the pathogen (7, 12-16), suggesting that a host-
encoded transport machinery is responsible for internalization of
the effectors. Conserved short N-terminal motifs such as RXLR
and LXLFLAK have been identified in oomycete-effector pro-
tein families (17), and they have been shown to be both necessary
and sufficient for plant-cell entry (9, 16, 18). Although the
N-terminal regions of some fungal effectors including AvrL567
and AvrM from flax rust are required for plant-cell entry (7),
conserved uptake signals have so far not been identified in fungal
pathogens. RXLR motifs in oomycete effectors, and RXLR-like
motifs in some fungal effectors, have been reported to be re-
quired for host-cell translocation and binding to phosphatidyli-
nositol 3-phosphate (PI3P). Based on these findings, Kale et al.
(15) proposed that oomycete and fungal effector proteins are
translocated into the host cytoplasm after binding to PI3P as-
sociated with the external face of the cell, in a process that
involves lipid raft-mediated endocytosis. However, this view has
recently been challenged by reports showing that the C-terminal
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effector domain of AVR3a from Phytophthora infestans, and not
the N-terminal region harboring the RXLR motif, is required for
binding to PI3P (19-21). There is also an ongoing debate in the
literature about the significance of the RXLR motifs in host-cell
translocation (22, 23).

The interaction between flax and the fungal pathogen Mel-
ampsora lini (flax rust) has been adopted as a model system for
studying plant—fungal rust interactions. Several M. lini effector
genes have been identified (AvrL567, AvrM, AvrPI123, and
AvrP4) and they encode small, secreted proteins that are rec-
ognized by TIR-NB-LRR (Toll-interleukin receptor, nucleotide
binding, leucine-rich repeat) R proteins inside the plant cell (24—
27). The AvrM effector is delivered into host cells during in-
fection, and interacts directly with the M resistance protein (7,
28). AvrM has no significant sequence similarity to proteins of
known structure and its internalization mechanism, virulence
functions, and host targets are unknown. Six naturally occurring
variants (AvrM-A to AvrM-E and avrM) have been identified.
AvrM-A to AvrM-D are recognized by M and induce HR,
whereas AvrM-E and avrM evade recognition (26). The C-terminal
region of AvrM-A (residues 106-343) forms a structured and
protease-resistant domain that can dimerize in plants and in
solution (28). On transient expression in planta, secreted AvrM
internalizes into the plant cell cytosol and deletion studies have
revealed that residues 123 to 153 are necessary and sufficient
for this internalization (7), whereas the C-terminal region (resi-
dues 225-343) is required for M-dependent ETI (28). AvrM-A
can also bind to negatively charged phospholipids including PI3P,
but the role of PIP binding in host-cell translocation is not clear,
and the lipid-binding sites do not overlap with the region iden-
tified for AvrM uptake (29).

To understand the molecular basis of plant-cell translocation,
PIP binding and AvrM:M interaction, we solved crystal struc-
tures of the C-terminal domains of two different AvrM variants,
AvrM-A and avrM. AvrM-A and avrM share 93% amino acid
sequence identity in the C-terminal shared region, and also differ
by a 62-aa internal deletion in avrM and a 34-aa deletion at the C
terminus of AvrM-A. Both structures reveal a unique L-shaped
helical fold and form a dimer with an unusual nonglobular shape.
Surprisingly, the structures contain two four-helix repeats that
share some similarity to the overall architecture of the WY do-
main in oomycete effectors (30). Analysis of the structure com-
bined with site-directed mutagenesis reveals that a conserved
hydrophobic surface patch is required for pathogen-independent
internalization, but that PIP binding is surface charge-dependent
and not required for this process. Mapping of AvrM-A deletion
mutants demonstrates that M recognizes the C-terminal coiled-
coil domain of AvrM-A, and mutational analysis of single poly-
morphic residues in AvrM-A and avrM suggest that multiple
contact points are required for the M:AvrM interaction.

Results and Discussion

AvrM Structure. We determined the crystal structures of the
C-terminal domain shared between AvrM-A (residues 103-
343) and avrM (residues 46-280). The crystals of AvrM-A and
avrM contain four and eight molecules in the asymmetric unit,
respectively. Both structures have an a-helical fold and adopt
an L-shaped structure consisting of a 20-aa residue loop at the
N terminus, followed by 11 a-helices (Fig. 14). Helix pairs az—
a4 and ag—ay; form antiparallel coiled coils that are related to
each other by a rotation of ~90° resulting in the characteristic
elongated L shape. At the tip of the C-terminal coiled-coil domain,
two additional helices (a9 and ayo) have been inserted and are
connected by a flexible loop. Overall, the AvrM-A and avrM
structures are similar to each other, with an rms distance (rmsd)
of 1.48 A for 185 structurally equivalent Ca atoms, but there are
significant differences in the conformation of the ag and o1 helices
(Fig. 1B). In chains C and G of AvrM-A, the ag and oy helices
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Fig. 1. Crystal structures of AvrM-A and avrM proteins. (A) Ribbon diagram
showing the overall structure of avrM. The elongated L-shaped molecule
consists of an N-terminal loop region followed by 11 a-helices. (B) Super-
position of the avrM (green) and AvrM-A (wheat) structures. Structural dif-
ferences are observed in the ag and a4, helices of the coiled-coil domain. (C)
In the crystal structures of AvrM, the C-terminal coiled-coil domains of two
molecules (green and yellow) interact to form a four-helix bundle.

have undergone rotations of ~35° and 50° as a result of differences
in the crystal packing arrangement (SI Appendix, Fig. S14), sug-
gesting that the tip of the C-terminal coiled-coil domain is flexible
and can exist in several conformations.

Database searches using the AvrM structures revealed only
low-significance similarities to other proteins containing anti-
parallel coiled-coil and hairpin domains, including viral fusion
and envelope proteins, seryl tRNA synthethase, and the re-
pressor of primer protein. The a-helical coiled coil is a ubiqui-
tous protein:protein interaction motif found in diverse proteins
exhibiting a broad range of different biological functions (31). In
AvrM, the C-terminal antiparallel coiled-coil domain has an
important role in mediating self-association as an extensive in-
terface between these domains is observed in the crystal struc-
tures of both AvrM variants. The dimer has a nonglobular arc-
shape with overall dimensions of 85 x 60 x 55 A, and a total of
1,950 A? of the surface area of each monomer is buried at the
dimer interface (Fig. 1C), which is consistent with the protein being
a stable dimer in solution (28). In the dimer, two C-terminal coiled-coil
domains interact to form a four-helix bundle stabilized by hydro-
phobic and electrostatic interactions (SI Appendix, Fig. S1 B and C).
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A similar arrangement of two antiparallel coiled-coil domains is
observed in the structures of box C/D RNA protein complexes
(32). In these complexes, the coiled-coil domains play an im-
portant scaffolding role, and are required for correct positioning
of other domains and interacting proteins for binding and
modification of RNA. Although differences in the remaining
part of the structures suggest a role for AvrM in RNA processing
is unlikely, it is possible that the C-terminal coiled-coil domain of
AvrM exerts a similar scaffolding role. The N-terminal coiled-
coil domain does not seem to be involved in self-association
based on the crystal structures, and could possibly mediate
interactions with host proteins or other host components.

Examination of the electrostatic surface potential of AvrM
revealed that the charge is distributed unevenly (SI Appendix,
Fig. S2C). The outer surface of the arc shaped dimer has a con-
tinuous positive charge encompassing both the N- and C-termi-
nal coiled-coil domains, whereas the inner surface has negative
and neutral surface patches.

Structural Conservation in Poplar Rust Homologs. AvrM shares se-
quence similarity with eight proteins of unknown function from
the fungal pathogen Melampsora larici-populina, responsible for
a rust disease in poplar. The sequence identity varies between
26% and 34%, and there are only 16 aa that are strictly conserved
among all of them (SI Appendix, Fig. S3). The signal peptide
(residues 1-28 in AvrM-A/avrM), and the uptake region (residues
123-153 in AvrM-A and residues 61-91 in avrM) are similar in all
of these proteins, and this suggests that they may all be effector
proteins transported into the host cell. Several of the residues
involved in stabilizing the overall fold of AvrM are conserved in
the poplar-rust homologs, which may suggest that maintaining the
characteristic shape is important for function (SI Appendix, Figs.
S2 A, B, and D and S3). The C-terminal region and the region
between the signal sequence and the start of the AvrM-A and
avrM structures is highly variable in sequence and length in the
poplar rust homologs, and they also have sequence insertions
ranging from 18 to 83 residues in the N-terminal coiled-coil do-
main. The overall low sequence identity between the poplar rust
homologs and the presence of highly diverse sequence insertions
may suggest they target similar but distinct components inside the
host cell and that the structural fold has the ability to rapidly di-
verge to adapt the existing virulence functions or gain new ones,
and avoid recognition by host R proteins.

AvrM Is a Repeat Protein. Analysis of the structures revealed that
the two antiparallel coiled-coil/hairpin domain regions of AvrM
are a part of a structural repeat that is not evident in the se-
quence. Helices o to ay (residues 124-191 in AvrM-A and res-
idues 62-129 in avrM) resemble helices ag to ag and oy (residues
192-236/313-335 in AvrM-A and residues 130-175/250-272 in
avrM), with an rmsd of 2.2 A for 61 structurally equivalent Ca
atoms (Fig. 2 4 and B). A structure-based sequence alignment
shows 20% identical residues (Fig. 2D) and several of these
residues are hydrophobic and involved in stabilizing the overall
fold (Fig. 2C). The three last helices of the repeats form a three-
helix bundle, in which the first helix is crossing over and stabi-
lizing the conformation of the second and third helices, which
resembles the overall architecture of the three-helix WY domain
identified in the structures of the oomycete RXLR effectors
PexRD2, AVR3all, and ATRI1 (20, 33, 34) (SI Appendix, Fig. S4).
The topology of the AvrM repeats is reversed compared with the
WY domains, and the structures can therefore not be super-
imposed directly (rmsd > 7 A). The WY domain fold can ac-
commodate highly diverse protein sequences, and the presence
of similar subdomains in AvrM and related homologs with high
sequence diversity may suggest that these three-helix bundle
motifs are a common architecture in effector proteins from
diverse pathogens, and are well suited to evolutionary changes
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Fig. 2. Structural repeat in AvrM. (A) The structures of AvrM contain two
four-helical repeats (light blue and green) with similar folds. (B) Superposi-
tion of the two AvrM repeats showing the conserved fold [generated by
using SSM (37)]. (C and D) Conserved hydrophobic residues stabilize the
overall fold of the two repeats. (C) Ribbon diagram of repeat 1 (light blue)
and 2 (green) in avrM with the hydrophobic residues highlighted in wire-
frame. (D) Structure-based sequence alignment of the two repeats. The
residues in the ribbon diagrams and in the sequence alignment are num-
bered according to the avrM sequence.

to avoid host immune recognition and adapt to multiple host
targets for enhancement of pathogen virulence.

A Hydrophobic Surface Patch Is Required for Plant-Cell Entry by AvrM.
Previously, we showed that residues 123 to 153 in AvrM-A are
necessary and sufficient for mediating internalization of the se-
creted protein in planta (7). This region has a defined and or-
dered structure corresponding to part of the N-terminal loop
region and o and a, helices (Fig. 3 A-C), and is clearly distinct
from the uptake region in RXLR effectors, which is disordered
and flexible (20, 33). The internalization region in the flax-rust
effector AvrL567 is also completely different in structure to the
one in AvrM and corresponds to a region that is partly disor-
dered (residues 27-36) and partly structured (residues 37-50)
(24). Kale et al. (15) suggested that the N-terminal region of
both AvrM and AvrL567 contained functional RXLR motifs, but
our structural analyses show that these motifs are structurally
ordered and not disordered as observed for several oomycete
effectors. Thus, it is likely that these motifs in AvrM and
AvrL567 are not functionally equivalent to the RXLR motif,
which is consistent with mutational data on the uptake region
in both these proteins (7).

Many of the residues in the uptake region of AvrM are con-
served in the poplar-rust homologs, including the F125 and L126
residues of the RXLR-like KFLK sequence (but not the K124
and K127 residues), and several residues in «; and a, helices.
Mapping of these residues onto the structure reveals a conserved
surface patch on the exterior side of the helical hairpin (Fig. 3 B
and C). The patch has a hydrophobic center consisting of F125,
L126, L134, and Y142, and is surrounded by polar and charged
amino acids, including S135, D137, D138, T141, and E145. Fur-
thermore, the overall fold of this region of the structure appears
to be stabilized by hydrogen bonds between the conserved E145,
K146, and D147 residues and the protein backbone. To de-
termine if the conserved surface patch is required for plant-cell
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Fig. 3. Structural analysis of the AvrM region required for plant-cell entry.
(A) Amino acid sequence of AvrM-A (residues 106 to 156). Residues that are
conserved or similar in the poplar rust homologs are highlighted in red and
blue, respectively. Ala mutants generated in the uptake region are indicated
with red lines. (B) Surface representation of the AvrM-A monomer with
conserved residues displayed in light orange. (C) Ribbon representation of
the molecule in B. The residues that were substituted with Ala and assayed
for plant-cell entry are shown in wireframe. (D and E) Agrobacterium-
mediated transient expression of AvrM-A, AvrM-A with an internal deletion of
aa 108 to 153, and Ala mutants of AvrM-A (F125L126/AA, Y142/A, L134Y142/
AA, E145K146/AA, D147/A, L126L134/AA, and F125L126L134Y142/AAAA) in
leaves of transgenic tobacco plants (W38) containing the M resistance gene. All
the AvrM constructs included the 28-aa signal peptide and a C-terminal ceru-
lean domain. Agroinfiltrations were performed at ODgq of 0.05 (D) and 0.2 (E),
and images were prepared 22 and 42 h postinfiltration (hpi).

entry, we expressed the full-length (secreted) AvrM-A protein
with various Ala substitutions in this region in transgenic to-
bacco (Nicotiana tabacum W38) expressing the M resistance
gene (Fig. 3 D and E). The AvrM-A 108-153 deletion mutant
(A108-153) produced a significantly weaker and delayed HR
response compared with wild-type (WT) AvrM-A, which is con-
sistent with previous observations (7). A quadruple Ala mutation
of the F125, L126, L134, and Y142 residues (F125L.126L.134Y142/
AAAA) produced an HR response with a comparable phenotype
to the A108-153 mutant, showing that the cell-entry activity of
AvrM depends on these conserved hydrophobic residues.
Double Ala mutations of F125 and L126 (F125L126/AA) and
L126 and L134 (L126L134/AA) and a single Y142A sub-
stitution were also tested; both the F125L126/AA and the
Y142A mutants reduced the HR response to similar levels as
the A108-153 mutant lacking the uptake region, whereas the
L126L134/AA mutant showed an intermediate HR phenotype,
weaker and delayed compared with WT AvrM-A. Mutations of
the conserved E145, K146, and D147 residues resulted in a slightly
delayed and weaker HR phenotype compared with WT AvrM-A,
but the HR phenotype was significantly stronger than the A108-153
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deletion and hydrophobic site mutants, suggesting that E145, K146,
and D147 are not critical for mediating AvrM internalization.
Immunoblot analyses confirmed that all the mutants are expressed
(SI Appendix, Fig. S5). Apart from the D147A mutant, all the
mutants have a similar, but lower, expression level compared with
WT AvrM-A and the A108-153 mutant. However, the E145K146/
AA mutant induces an HR response that is similar to the D147A
mutant, and only slightly weaker than WT AvrM-A, showing that
the reduced expression levels are still above the threshold required
for producing an HR response in tobacco. We also tested the
F1251L126L134Y142/AAAA, L126L134/AA, and L134Y142/AA
mutations in the context of the nonsecreted AvrM-A protein.
Although we observed a slight decrease in the HR induction,
this was substantially less than the effect observed for the se-
creted proteins (SI Appendix, Fig. S6).

Taken together, these results show that the F125 and Y142
residues are most important for efficient AvrM-A internalization,
whereas the 1126 and L134 residues play a lesser role. The side
chains of F125 and Y142 are partially surface-exposed and in-
teract with other residues in the uptake region, which suggests
that the structural integrity of this region is important for efficient
plant-cell delivery. Interestingly, the K124F1251.126K127/AAAA
mutant was previously shown to only slightly delay HR (7),
whereas the F125L126/AA mutant in this study was equivalent to
the 108-153 deletion, indicating that mutation of the positively
charged K124 and K127 residues to small hydrophobic Ala resi-
dues has a positive effect on AvrM uptake, and suggesting that
maintaining a hydrophobic surface potential in this region is
important for internalization.

PIP Binding to AvrM Is Charge-Dependent and Is Not Required for
Internalization. We have previously shown, by using a dot-blot
assay, that the C-terminal region of AvrM-A (residues 106-343)
can bind to phosphatidyl inositol, phosphatidyl inositol mono-
phosphates, and phosphatidyl serine (PS) (29). The structures of
AvrM-A and avrM do not display similarity to any characterized
phospholipid-binding domains, and do not contain surface
pockets that could provide stereoselective recognition of phos-
pholipid molecules, which is consistent with their ability to bind
different types of PIPs and PS. However, AvrM proteins contain
several positively charged patches on the surface, with basic side-
chain configurations that could mediate binding to head-groups
of negatively charged phospholipids. To test this directly, we
analyzed the effects of reverse-charge amino acid substitutions in
these surface patches on binding to PI3P and phosphatidylino-
sitol 5-phosphate (PISP). A total of 17 mutants were assayed for
PIP binding, and nine of these mutants (R113E, R117E, K122E,
K127E, K218E, R222E, R319E, K322E, and K330E) signifi-
cantly reduced AvrM-A’s ability to bind PI3P and PISP (Fig. 44).
The largest effect was observed for the K330E mutant, which
almost completely abrogated PI3P and PISP binding to AvrM-A.
Seven of these mutations (R117E, K127E, K218E, R222E,
R319E, K322E, and K330E) are localized on the base of the arc-
shaped dimer, whereas the remaining two mutations (R113E and
K122E) map to the N-terminal region of the structure. The
R117E, K122E, K127E, and K218E mutants are also close to the
conserved hydrophobic surface patch important for AvrM-A
internalization (Fig. 4B). Reverse-charge mutations in the N-
terminal coiled-coil region (K173E, K178E, and K182E), or
the tip of the C-terminal coiled-coil domain (K261E, K307E,
and K311E) do not have an effect on AvrM-A’s ability to bind
PI3P or PISP. Overall, PIP recognition by AvrM-A seems best
characterized as charge-dependent, and the overall positive
surface charge on the outer surface of the arc-shaped dimer
needs to be maintained for high-affinity PIP binding.

We also tested the ability of the nine mutants that significantly
reduced PIP binding to enter plant cells after secretion. Transient
expression of these mutants fused to YFP-citrine in W38::M
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Fig. 4. PIP binding to AvrM is charge-dependent and is not required for up-
take. (A) Protein-lipid overlay assay of Escherichia coli-expressed GST-AvrM-A
and single Glu substitutions of surface exposed Arg and Lys residues. Serial
dilutions (400, 200, 100, 50, 25, and 12.5 pmol) of PI3P and PI5P were spotted
onto nitrocellulose membranes and incubated with WT or mutant AvrM-A.
After rigorous washing, bound proteins were detected by using anti-GST/al-
kaline phosphatase antibodies. (B) Positions of the reverse-charge mutants
(teal) that reduced or abrogated PIP binding (R113E, R117E, K122E, K127E,
K218E, R222E, R319E, K322E, and K330E) on the structure of the AvrM-A dimer.
The conserved surface patch important for AvrM internalization is shown in
light orange. (C) Agrobacterium-mediated transient expression of AvrM-A,
AvrM-A with an internal deletion of amino acids 108 to 153 and AvrM-A
mutants (shown in B) in leaves of transgenic tobacco plants (W38) containing
the M resistance gene. All the AvrM constructs included the 28-aa signal pep-
tide and a C-terminal citrine domain. Agroinfiltrations were performed at an
ODgqo of 0.4, and images were prepared 29 hpi.

tobacco leaves produced a similar HR response compared with
WT AvrM-A (Fig. 4C). Fluorescence microscopy confirmed the
cytosolic localization of these proteins (SI Appendix, Fig. S7),
suggesting that PIP binding is not required for translocation of
AvrM-A into plant cells. This is consistent with our previous
data, which showed that a subregion of AvrM sufficient to direct
uptake of a fusion protein into plant cells did not bind to PI3P
and PISP (29).

The C-Terminal Coiled-Coil Domain Interacts with M. Previous trun-
cation studies identified amino acids 206 to 335 as the minimal
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region that could induce a necrotic response equal to the WT
protein and interact directly with M in yeast (28). This region
corresponds to the C-terminal coiled-coil domain region of
AvrM, and contains 11 of the 13 polymorphic residue posi-
tions observed in the AvrM alleles (SI Appendix, Fig. S8). The
side chains of seven of these polymorphic residues in AvrM-A/
avrM are highly solvent-exposed, and are accessible for me-
diating direct interactions with the M resistance protein (S/
Appendix, Fig. §9), and they localize to the inner (K232/R170,
T259/N197, P280/L217) and outer surfaces of the arc-shaped
dimer (K226/Q164, E316/K253, K326/E263, and K333/E270).
Previous studies have shown that single, double, and triple muta-
tions of E316K, K326E, and K333E in AvrM-A, and K253E,
E263K, and E270 in avrM do not lead to loss or gain of recog-
nition of AvrM-A and avrM, respectively, suggesting that these
positions in AvrM-A are not involved in direct interaction with M,
or that additional positions also are required for the interaction
(28). To test if the remaining polymorphic residues positions are
critical for recognition by M, we mutated them individually in
AvrM-A and in an avrM variant lacking the 34-aa C-terminal ex-
tension (avrM-CT-A34), and tested their ability to produce an HR
in W38::M tobacco leaves. All the mutants produced a similar HR
to WT AvrM-A or avrM-CT-A34 (SI Appendix, Fig. S10), showing
that mutation of individual polymorphic residue positions is not
sufficient to produce a gain or loss of recognition phenotype.
Overall, our results suggest that the M:AvrM interaction has
multiple contact points, which is consistent with the L6:AvrL567
interaction in flax/flax rust and the RPP1:ATR1 interaction in
Arabidopsis/Hyaloperonospora arabidopsidis (24, 34).

Conclusions

We report the crystal structures of two naturally occurring
variants of AvrM, revealing a dimeric protein with an unusual
nonglobular shape, each polypeptide consisting of a tandem
duplicated four-helix motif related to the WY domain core in
oomycete effectors. Our functional analysis reveals that a hy-
drophobic surface patch conserved between both variants is re-
quired for internalization into plant cells, whereas the C-terminal
coiled-coil domain mediates interaction with M through multiple
contact points.

Overall, our structural and functional data on AvrM locali-
zation and PIP binding do not support the proposed hypothesis
for the general role of extracellular PI3P in plant-cell entry by
oomycete and fungal effector proteins (15). Furthermore, the
structural differences between the uptake region in RXLR effec-
tors, AvrL567 and AvrM suggest that fungal effector proteins may
use different transport mechanisms for plant-cell translocation.
The ability of fungal and oomycete effectors to enter the host cell
independently of the pathogen suggests that they may hijack
a plant-derived membrane-transport system or have autonomous
membrane-crossing properties. Interestingly, the Yersinia pestis
effector protein YopM, which is normally injected into mam-
malian host cells by the type-III secretion system, was recently
shown to also have cell-penetrating properties, with either of
the two N-terminal a-helices of YopM capable of autonomous
translocation across the cell membrane (35). The structural
properties of AvrM, including positive and hydrophobic surface
patches required for negatively charged phospholipid binding
and uptake, indicate that AvrM has intrinsic membrane-binding
properties (7). Interestingly, the region shown to be involved in
plant-cell entry (residues 122-153 in AvrM-A) coincides well
with the first of the two four-helix repeat motifs observed in the
AvrM structures. The similarity in structure and sequence be-
tween the two repeats (Fig. 2) may suggest that AvrM, similar to
YopM, has two redundant regions capable of mediating host-
cell translocation, which may explain why the AvrM-A A108-
153 mutant only delays HR in transient assays in tobacco. The
ability of AvrM and other fungal and oomycete effectors to bind
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negatively charged phospholipids such as PIPs may be a conse-
quence of selection for a particular surface charge distribution
required for membrane recruitment rather than a requirement
for a specific PIP-related uptake mechanism. Importantly, the
transient expression assay does not distinguish between up-
take of the AvrM protein after secretion into the apoplast, or
entry into the cytosol from an internal vesicular structure
before secretion. We have not observed M gene-dependent
HR after infiltration of the purified AvrM protein into to-
bacco or flax leaves. Secretion of the protein into the sealed
compartment of the extrahaustorial matrix during infection
may be important for host delivery, possibly for protection
from apoplastic proteases or to allow accumulation of high
local protein concentrations to drive endocytosis. It will be
important to test mutant derivatives of AvrM in transgenic
rust lines to determine whether the results of the in planta
assays truly reflect the mechanism of effector delivery during
infection. A further understanding of the molecular mechanisms
involved in effector translocation across the host membrane cells
may provide us with the rationale to block effector uptake and
function, which has the potential to provide new therapeutic
agents for disease control.

Materials and Methods

Cloning, Protein Production, and Purification. Standard methods were used as
described previously (36) and in S/ Appendix, SI Materials and Methods.
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Crystallization and Structure Determination. Diffraction-quality crystals of
AvrM-A and avrM were obtained by hanging-drop vapor diffusion (36). The
structures were solved by SeMet-based single-wavelength anomalous dif-
fraction phasing and refined and validated by using standard macromolec-
ular crystallography methods and software (S/ Appendix, SI Materials and
Methods and Table S1). The final models of AvrM-A and avrM contain res-
idues 110 to 342 and 46 to 280, respectively. Several of the chains in AvrM-A
and avrM have no electron density in the loops connecting helices az and oy,
or ag and a4, suggesting that these regions have a disordered or flexible
conformation in the crystals. Coordinates and structure factors of AvrM-A
and avrM have been deposited in the Protein Data Bank with ID codes 4BJN
and 4BJM, respectively.

Lipid-Binding Assay. Lipids were spotted onto nitrocellulose membranes and
incubated with protein solutions, and the lipid-protein interaction was
detected as described in S/ Appendix, SI Materials and Methods.

Transient in Planta Expression Assays. Binary expression constructs of AvrM-A
and avrM were prepared as described in SI Appendix, SI Materials and
Methods. Agrobacterium cultures of strain GV3101-pMP90 containing the
binary expression constructs were prepared to an ODggo of 1.0, 0.4, 0.2, or
0.05 in 10 mM Mes (pH 5.6) buffer with 10 mM MgCl, and 200 M aceto-
syringone for infiltration into W38 and W38::M tobacco leaves.
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