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Structural signatures in EPR3 define a unique class
of plant carbohydrate receptors
Jaslyn E. M. M. Wong 1,4, Kira Gysel 1, Thea G. Birkefeldt1, Maria Vinther1, Artur Muszyński 2,

Parastoo Azadi2, Nick S. Laursen1, John T. Sullivan3, Clive W. Ronson 3, Jens Stougaard 1 &

Kasper R. Andersen 1✉

Receptor-mediated perception of surface-exposed carbohydrates like lipo- and exo-

polysaccharides (EPS) is important for non-self recognition and responses to microbial

associated molecular patterns in mammals and plants. In legumes, EPS are monitored and

can either block or promote symbiosis with rhizobia depending on their molecular compo-

sition. To establish a deeper understanding of receptors involved in EPS recognition, we

determined the structure of the Lotus japonicus (Lotus) exopolysaccharide receptor 3 (EPR3)

ectodomain. EPR3 forms a compact structure built of three putative carbohydrate-binding

modules (M1, M2 and LysM3). M1 and M2 have unique βαββ and βαβ folds that have not

previously been observed in carbohydrate binding proteins, while LysM3 has a canonical

βααβ fold. We demonstrate that this configuration is a structural signature for a ubiquitous

class of receptors in the plant kingdom. We show that EPR3 is promiscuous, suggesting that

plants can monitor complex microbial communities though this class of receptors.

https://doi.org/10.1038/s41467-020-17568-9 OPEN

1 Department of Molecular Biology and Genetics, Aarhus University, 8000 Aarhus C, Denmark. 2 Complex Carbohydrate Research Center, University of
Georgia, Athens, GA 30602, USA. 3 Department of Microbiology and Immunology, University of Otago, Dunedin 9054, New Zealand. 4Present address:
MRC Laboratory of Molecular Biology, Cambridge CB2 0QH, UK. ✉email: kra@mbg.au.dk

NATURE COMMUNICATIONS |         (2020) 11:3797 | https://doi.org/10.1038/s41467-020-17568-9 | www.nature.com/naturecommunications 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-020-17568-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-020-17568-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-020-17568-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-020-17568-9&domain=pdf
http://orcid.org/0000-0003-4017-3283
http://orcid.org/0000-0003-4017-3283
http://orcid.org/0000-0003-4017-3283
http://orcid.org/0000-0003-4017-3283
http://orcid.org/0000-0003-4017-3283
http://orcid.org/0000-0003-4245-9998
http://orcid.org/0000-0003-4245-9998
http://orcid.org/0000-0003-4245-9998
http://orcid.org/0000-0003-4245-9998
http://orcid.org/0000-0003-4245-9998
http://orcid.org/0000-0003-3497-9977
http://orcid.org/0000-0003-3497-9977
http://orcid.org/0000-0003-3497-9977
http://orcid.org/0000-0003-3497-9977
http://orcid.org/0000-0003-3497-9977
http://orcid.org/0000-0002-2217-9676
http://orcid.org/0000-0002-2217-9676
http://orcid.org/0000-0002-2217-9676
http://orcid.org/0000-0002-2217-9676
http://orcid.org/0000-0002-2217-9676
http://orcid.org/0000-0002-9312-2685
http://orcid.org/0000-0002-9312-2685
http://orcid.org/0000-0002-9312-2685
http://orcid.org/0000-0002-9312-2685
http://orcid.org/0000-0002-9312-2685
http://orcid.org/0000-0002-4415-8067
http://orcid.org/0000-0002-4415-8067
http://orcid.org/0000-0002-4415-8067
http://orcid.org/0000-0002-4415-8067
http://orcid.org/0000-0002-4415-8067
mailto:kra@mbg.au.dk
www.nature.com/naturecommunications
www.nature.com/naturecommunications


N itrogen-fixing symbiosis between legumes and rhizobia is
governed by a two-step receptor-mediated recognition
mechanism1. In the first step, rhizobial lipochitooligo-

saccharides (LCOs or Nod factors) are perceived by plant LCO
receptors, which induces the development of root nodule pri-
mordia, the entrapment of rhizobia in root hair curls and triggers
the expression of symbiotic genes for bacterial infection, includ-
ing Epr31–5. The second step controls the subsequent progression
of nodule infection and is mediated by the single-pass trans-
membrane receptor kinase EPR31,5–9. The natural symbiont of
Lotus, Mesorhizobium loti (R7A), synthesises EPS polymers built
from octasaccharide-repeating units. Monomeric octasaccharides
(R7A EPS)10 are recognised through direct binding to EPR31.
Studies of rhizobia and host plant mutants show that EPS per-
ception and subsequent EPR3 signalling promotes infection of the
epidermal and cortical tissues of Lotus and Medicago roots1,5,11.
In contrast, truncated EPS produced by the exoU mutant strain
(R7A exoU EPS) blocks rhizobial infection and colonisation in an
EPR3-dependent manner, suggesting that the perception of EPS is
an additional compatibility-determining step in legume–rhizobia
interactions1,6. Here, we determined the structure of the defining
member of a conserved and unique class of plant EPS receptors
and show that EPR3 is capable of directly perceiving EPS from

different bacterial species, suggesting a broader role in surveil-
lance of microbial communities.

Results and discussion
The crystal structure of EPR3. To understand the basis of EPS
perception, the ectodomain of Lotus EPR3 (hereafter referred to
as EPR3) was expressed in insect cells and purified for structural
studies. Despite numerous attempts, EPR3 did not crystallise. We
therefore generated a miniature llama-derived antibody (nano-
body) to facilitate crystallisation. We raised an immune response
against EPR3 by immunising a llama and selected nanobodies by
phage display12,13. The high-affinity nanobody, Nb186, forms a
stable complex with EPR3 as demonstrated by a mobility shift in
size-exclusion chromatography (SEC) experiments (Supplemen-
tary Fig. 1a). The co-purified deglycosylated-EPR3-Nb186 com-
plex was isolated (Supplementary Fig. 1b, c) and crystallised, and
the structure was determined and refined to 1.9 Å resolution
(Supplementary Fig. 2 and Supplementary Table 1). The overall
structure of EPR3 consists of three interconnected modules (M1,
M2 and LysM3) arranged in a cloverleaf-shape and stabilised by
three internal disulfide bridges (Fig. 1a). The crystal structure of
EPR3 reveals an M1 fold that is structurally unique (Fig. 1b). M1
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Fig. 1 The crystal structure of EPR3. a Cartoon representation of the EPR3 crystal structure with each of the modules M1, M2 and LysM3 coloured in
orange, brown and grey, respectively. Secondary structure elements and disulfide bridges are indicated. The dotted line highlights the unique M1 domain.
b–d Individual carbohydrate-binding modules M1, M2 and LysM3 of EPR3 with labels indicating their secondary structures. The panels below show the
modules superimposed on the corresponding LysM domains of CERK6 (PDB - 5LS2) coloured in light blue.
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is composed of only one α-helix and three elongated β-strands.
The exterior β2-strand is stabilised by seven backbone hydrogen
bonds to the adjacent β3-strand, which gives M1 an overall βαββ
arrangement where the three β-strands form an extended anti-
parallel β-sheet (Fig. 1b). The M2 domain of EPR3 is also unu-
sual, as it contains a βαβ fold and lacks the defined second α-helix
compared with a canonical LysM domain (Fig. 1c). LysM3 has the
standard βααβ fold of LysM proteins, with a root-mean-square
deviation (RMSD) of 1.2 Å to the LysM3 domain of Lotus chitin
receptor CERK614 (Fig. 1d). A DALI search in the Protein Data
Bank (PDB) revealed that M1 in EPR3 has no close structural
homologues and therefore constitutes a unique fold in
carbohydrate-binding proteins, while M2 is associated with LysM
structures and LysM3 classifies as a standard LysM motif15,16.

M1 is a defining feature of a unique class of plant receptors.
The primary sequence and secondary structure of EPR3 with
unique N-terminal M1 (βαββ) and atypical M2 (βαβ) folds, fol-
lowed by a classical LysM3 domain (βααβ) is highly conserved
across plant species and defines a unique class of receptors (Fig. 2a;
Supplementary Fig. 3). This class of receptors is not restricted to
legumes but is also present in non-legume dicots and monocot
plants, suggesting that surveillance of EPS or other microbial
surface carbohydrates is a widely conserved plant trait. Modelling
of this small M1 domain (~43 amino acids) in EPR3 homologues
using atomic-level force field simulations reinforces this observa-
tion of a structurally conserved class of EPR3 receptors. We
find that all de novo built models of EPR3 homologues from
14 different species share the same topology, βαββ fold
and superpose well with the crystal structure of Lotus EPR3-
M1 domain (Fig. 2b; Supplementary Fig. 4). M1 of these receptors
forms a surface-exposed β-sheet structurally different from
all known carbohydrate-binding modules identified in nature so
far17. Together, this demonstrates that the M1–M2–LysM3

configuration of EPR3 is a signature of a ubiquitous conserved
class of plant receptors that are evolutionarily and structurally
distinct from the chitin LysM receptors (Supplementary Fig. 5)
14,18,19. Although this class of receptors is widespread in the plant
kingdom, none, apart from Lotus and Medicago EPR3, has so far
been functionally characterised in planta, which opens a broader
line of receptor research.

EPR3 is monomeric and contains a stem-like structure. We
further performed small-angle X-ray scattering (SAXS) experi-
ments to explore the structure of EPR3 in solution (Fig. 3; Sup-
plementary Table 2). To our surprise, the distance-distribution
plot shows that the length of EPR3 is almost twice in solution
compared with the crystal structure, despite maintaining the same
molecular weight corresponding to a monomer (Fig. 3c; Supple-
mentary Table 2). The low-resolution ab initio SAXS envelope
reveals a globular shape with a protruding stem-like structure
(Fig. 3d). The crystal structure of EPR3 is well accommodated in
the globular part of the SAXS envelope, but leaves the protruding
density unaccounted for. Modelling the C-terminal residues,
missing in the electron density of the crystal structure, as a stem-
like structure improved the fit to the measured SAXS scattering
curve (Fig. 3a, d). The stem region shows conservation among
EPR3 homologues both in terms of length and composition,
which is dominated by glycine and positively charged lysine and
arginine residues (Fig. 3e). We hypothesise that the stem serves as
a spacer to the plasma membrane with potential importance for
efficient signalling or interaction with possible co-receptors
(Fig. 3f). However, the functional role of this stem-like struc-
ture remains to be validated in future studies.

EPR3 is a promiscuous EPS receptor. Perception of compatible
EPS in legumes is thought to promote infection of bacteria and to
deny entry of incompatible strains to the root1,5–8. To understand
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Fig. 2 M1 is a defining feature of a unique class of plant receptors. a Amino acid sequence alignment of M1 from Lotus EPR3 and EPR3 receptor
homologues found in dicots (legumes and non-legumes) and monocots showing the conserved βαββ secondary structure arrangement. b Ab initio models
of the EPR3-M1 domain from receptor homologues reveal conserved βαββ structures. Molecular fits (RMSD values) based on superposition of these
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the ability of EPR3 to distinguish between EPS of different
structures and compositions, we examined ligand binding in
solution using microscale thermophoresis (MST) (see all ligands
in Supplementary Fig. 6). EPR3 binds the compatible monomeric
octasaccharide R7A EPS with an equilibrium-dissociation con-
stant (Kd) of 38.1 ± 7.5 μM (Fig. 4a). The binding is neither
affected by the glycosylation state of the receptor nor the binding
of Nb186 (Supplementary Fig. 7), indicating that the EPR3-
Nb186 crystal structure is most likely presented in its biologically
active state. To detect if ligand binding affects EPR3 oligomer-
ization as a potential signalling mechanism, we determined the
SAXS solution structure of EPR3 saturated with R7A EPS. The
scattering data and ab initio reconstructions show that the ligand-
bound receptor retains its monomeric state with the same overall
structure, dimensions and stem-like arrangement as the ligand-
free state (Supplementary Fig. 8; Table 2). This could mean that
EPR3 signals as a monomer, or, maybe more likely, associates
with as yet unidentified co-receptor(s) to form a ligand-induced
signalling complex as known from other single-pass transmem-
brane receptor kinases (Fig. 3f)2. To further investigate ligand
selectivity, we first assessed if EPR3 binds the immune response-
inducing chitin polymer (CO6) known to be perceived by cano-
nical LysM receptors14,18,19 and found that EPR3 is unable to
bind CO6 (Fig. 4b). Next, we examined the ability of EPR3 to
recognise symbiotic signalling LCO molecules using the Bio-layer
interferometry methodology previously used to show robust M.
loti Nod factor binding to Lotus Nod factor receptors NFR1 and
NFRe20. EPR3 binding to LCO was not detected. Altogether, our
biochemical analyses support that EPR3 indeed belongs to a
functional and unique class of receptors, as shown by the

structure. The N-acetyl groups of chitin polymers have previously
been demonstrated to be important contact points for LysM
proteins18,21–23. Therefore, we investigated if the corresponding
O-acetyl groups in EPS are important moieties recognised by
EPR3. However, chemical removal of the O-acetyl groups in R7A
EPS (deOAc-EPS) did not affect binding (Kd= 31.3 ± 11.7 μM,
which is similar to that of fully O-acetylated R7A EPS) (Fig. 4c).
This implies a difference in the ligand perception mechanism
between EPR3 and LysM receptors binding chitinous ligands, e.g.
AtCERK118. In the crystal structure of AtCERK1, the position of
chitin in the LysM2-binding pocket allows the carbonyl oxygen of
the N-acetyl moieties to form hydrogen bonds with backbone
amide nitrogens of the main chain18. Such rigorous recognition is
unlikely for the O-acetyl groups in EPS as EPS are non-
stoichiometrically O-acetylated, in contrast to chitin that has a
uniform distribution of N-acetyl groups10. Supporting this
notion, we purified and characterised EPS from both R. legumi-
nosarum and S. meliloti with different O-acetylation patterns
(Supplementary Fig. 6) and found that these EPS can still be
perceived by EPR3. The production of diffusible octasaccharide
monomers, corresponding to the main EPS polymer subunits, is
not exclusive to R7A, but is present also in R. leguminosarum and
S. meliloti, and likely also in other rhizobia, suggesting an
important role. Although these rhizobia do not normally infect
Lotus, their secreted EPS are detected by EPR3. EPR3 binds R.
leguminosarum octasaccharide EPS with a Kd= 9.0 ± 3.7 μM
(Fig. 4d) and S. meliloti EPS (succinoglycan) with a Kd= 221.9 ±
102.3 μM (Fig. 4e, f), demonstrating that Lotus EPR3 is a
promiscuous receptor capable of surveying EPS from different
bacterial species while selectively discriminating against
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carbohydrates, such as chitin and maltohexose1. One explanation
for the stronger EPR3 binding of R. leguminosarum octa-
saccharide is that R. leguminosarum EPS may be perceived as
compatible by Lotus. This explanation is supported by the earlier
observation that an R. leguminosarum DZL strain engineered to
produce a Nod factor, similar to the Nod factor produced by the
Lotus M. loti symbiont, can form infected and nitrogen-fixing
nodules, albeit with a delay24,25. R. leguminosarum–Lotus
incompatibility appears to be governed by Nod factor recognition,
the first of the two-step recognition mechanism, and not by the
second step of EPS recognition. Taken together with the wide-
spread conservation of the EPR3 class of receptors among plants,
these results imply that EPR3 and the homologs in non-legume
plants are most likely surveillance receptors monitoring carbo-
hydrates from different microbes associated with plant roots.
Bacterial EPS is only one group of such carbohydrates. Another
example is short-chain and long-chain beta-glucans of bacterial
or fungal origin, some of which have been shown to elicit
responses in many plants26,27.

In summary, we demonstrate that EPR3 is a defining member
of a large and conserved unique class of plant receptors capable of
directly perceiving EPS from different bacterial species. This
evolutionary conservation highlights a widespread requirement
for plants to recognise EPS or other microbial surface
carbohydrates, possibly for monitoring associated microbiota.
EPR3 contains an intracellular kinase domain predicted to be
active. Based on our current knowledge of LysM receptor
systems2, it is likely that EPR3 is assisted by a co-receptor
containing an inactive pseudokinase domain (Fig. 3f). Future
studies in different plant species will help us to better understand
this class of receptor and its downstream signalling mechanisms.

Methods
Protein production. Expression and purification of Lotus japonicus ecotype Gifu
EPR3 was performed as described previously1. In brief, DNA encoding residues

33–232 of EPR3 containing an N-terminal gp67 secretion signal and a C-terminal
6xHis-tag was codon-optimised for insect cell expression (GenScript) and inserted
into the pOET2 vector (Oxford Expression Technologies). Recombinant baculo-
virus, used for infecting Sf9 cells cultured in suspension in serum-free HyClone
SFX-Insect medium (Fisher Scientific), was obtained using the flashBAC GOLD
system (OET). Five days post infection, the media was dialysed into buffer con-
taining 50 mM Tris-HCl pH 8.0 and 200 mM NaCl before centrifugation and
loaded on a HisTrap excel affinity column (GE Healthcare). The eluted protein was
dialysed in buffer containing 50 mM Tris-HCl pH 8.0 and 200 mM NaCl, and
further purified on a second HisTrap HP affinity column (GE Healthcare). For
crystallisation, EPR3 was treated with PNGase F (1:15 w/w ratio) for 1 h at room
temperature and overnight at 4 °C to remove N-linked oligosaccharides. EPR3 was
then purified on a Mono S 5/50 column (GE Healthcare) and eluted with a linear
gradient of 50–300 mM NaCl and 50 mM Tris-HCl, pH 7.0. Both glycosylated and
de-glycosylated EPR3 were purified on a Superdex 75 10/300 column (GE
Healthcare) in buffer containing 50 mM KH2-PO4 pH 7.8 and 200 mM NaCl (for
MST-binding experiments) or 50 mM Tris-HCl pH 8.0 and 200 mM NaCl (for
crystallisation and SAXS).

Nanobody production. A llama (Lama glama) was immunised four times with
100 μg of purified EPR3. Peripheral blood lymphocytes were isolated from a blood
sample, and RNA was extracted using RNase Plus Mini Kit (Qiagen). The total
cDNA was generated using the Superscript III First-Strand Kit (Invitrogen) with
random hexamer primers. The coding regions of the nanobodies (Nbs) were
amplified by PCR, and inserted into a phagemid vector backbone where the Nbs
were C-terminally fused to an E-tag followed by the pIII coat protein. VCSM13
helper phage was used for generating the final M13 phage display Nb library. For
selection, EPR3 was biotinylated via primary amine coupling using the Chromalink
NHS labelling system (Solulink) and 20 μg of EPR3 antigen was added to 100 μl of
MyOne Streptavidin T1 Dynabeads (Thermo Fisher Scientific) in PBS supple-
mented with 2% BSA. M13 phage particles (2.5 × 1013) were added and incubated
with EPR3-coated Dynabeads for 1 h before 15 wash steps with 1 ml of PBS
containing 0.1% Tween-20. Phages were eluted by incubating the beads with 0.2 M
glycine pH 2.2 for 15 min. The eluted phage particles were amplified and used in a
second round of phage display where a reduced amount of EPR3 antigen (2 μg) and
fewer M13 phage particles (2.5 × 1012) were used. After two rounds of phage
display selections, single colonies were picked and grown in LB medium in a 96-
well plate format for 6 h before Nb expression was induced with 0.8 mM IPTG
overnight at 30 °C. The 96-well plate was centrifuged, and 50 μl of the supernatant
were transferred to an EPR3-coated ELISA plate prepared by coating each well with
0.1 μg of EPR3 and by blocking with PBS containing 0.1% Tween-20 and 2% BSA.
After addition of the supernatant, the EPR3-coated ELISA plate was incubated for
1 h, and then washed six times in PBS with 0.1% Tween-20 before anti-E-tag-HPR
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antibody (Bethyl) was added at a 1:10.000 dilution. The plate was incubated for 1 h,
washed and developed with 3,3’,5,5’-tetramethylbenzidine. The reaction was
quenched with 1 M HCl, and the absorbance was measured at 450 nm. Phagemids
from positive clones were isolated, sequenced and the encoding DNAs were cloned
into the pET22b(+) (Novagen) for bacterial expression. Nb186 was expressed in E.
coli LOBSTR cells28 that were grown to an optical density of 0.6 at 600 nm before
protein expression was induced with 0.2 mM IPTG at 18 °C overnight. Cells were
lysed in buffer containing 50 mM Tris-HCl pH 8.0, 500 mM NaCl, 20 mM imi-
dazole and 1 mM benzamidine, and the cleared supernatant was loaded onto a Ni
Sepharose 6 FF affinity column (GE Healthcare) and washed prior to elution in
lysis buffer supplemented with 500 mM imidazole. Nb186 was finally purified on a
Superdex 75 10/300 gel filtration column (GE Healthcare) in buffer containing
50 mM Tris-HCl pH 8.0 and 200 mM NaCl. Complex formation between EPR3
and Nb186 was analysed on an analytic Superdex 75 Increase 3.2/300 column
(Supplementary Fig. 1a).

Crystallisation and structure determination. Purified de-glycosylated EPR3 and
Nb186 were mixed in a 1:1.1 molar ratio and incubated on ice for 1 h before
purification on a Superdex 75 10/300 column. The peak fractions containing the
EPR3-Nb186 complex were pooled and concentrated on a VivaSpin filter (Sar-
torius) to 5–8 mg/ml and crystallised using the vapour-diffusion method by mixing
an equal volume of protein and reservoir solution (18% 2-propanol (v/v), 0.1 M
sodium citrate pH 5.5 and 20% PEG 4000 (v/v)). Crystals were cryoprotected in
mother liquor with the addition of 20% ethylene glycol before being flash-frozen in
liquid nitrogen. Diffraction data were measured at DESY P14 beamline at a
wavelength of 0.9763 Å, and data reduction was performed in XDS29. A molecular
replacement solution was found with phenix.phaser30 using a homology model of
Nb186 generated with Phyre231 truncated of its complementarity-determining
regions (CDRs). In a second molecular replacement search, a homology model of
EPR3 generated with Phyre2 and truncated of high b-factor region based on
CERK1 structure (PDB entry 4EBZ) was placed. The structure of the EPR3-Nb186
complex was built in Coot32 and coordinates and temperature factors were refined
using phenix.refine33. The final model contained residues 1–119 of Nb186 and
residues 36–216 of EPR3 with 98% of the protein residues in the favoured region
and none in the disallowed region of the Ramachandran plot. The figures were
prepared with PyMOL, and data and refinement statistics are summarised in
Supplementary Table 1.

Modelling. De novo modelling of the M1 domain of Lotus EPR3 and EPR3
homologues (corresponding to residues 56–99 in EPR3) was performed using
atomic-level knowledge-based force field simulations34.

Characterisation of EPS ligands. Low-molecular mass (LMM) exopolysacchar-
ides (EPS) were isolated from rhizobial strains M. loti R7A ndvB6, R. legumnio-
sarum bv. viciae 385535 and S. meliloti B57836 that were deficient in cyclic glucan
production. All strains were grown in minimal medium with glucose as the sole
source of carbon. The LMM EPS was isolated from the bacterial culture super-
natants and purified via sequential precipitation with three volumes of 99.8%
EtOH (v/v), followed by nine volumes EtOH (v/v) and purified by SEC, as pre-
viously described10. O-acetyl groups were removed chemically by mild overnight
treatment of native EPS samples with 12.5% NH4OH10. Native and de-O-acety-
lated samples were verified via MALDI-TOF-MS analysis on Applied Biosystems
AB SCIEX TOF/TOF 5800 system in either negative or positive reflector ionisation
modes. The glycosyl composition and linkage was determined as previously
described10.

Native and de-O-acetylated R7A EPS. We previously demonstrated that M. loti
R7A produces a LMM EPS that is structurally similar to HMM EPS polymer, and is
an O-acetylated octasaccharide with the structure (2,3/3OAc)β-D-RibfA-(1→ 4)-α-
D-GlcpA-(1→ 4)-β-D-Glcp-(1→ 6)-(3OAc)β-D-Glcp-(1→ 6)-(2OAc)β-D-Glcp-
(1→ 4)-(2/3OAc)β-D-Glcp-(1→ 4)-β-D-Glcp-(1→ 3)-β-D-Galp, and the average
molecule is substituted with three O-acetyl groups at four glycosyl residues in a
non-stoichiometric ratio10. In this work, we repeated the experiment and found
similar structural properties of the isolated LMM EPS. In particular, MALDI-TOF-
MS analysis confirmed that the average molecular [M–H]− mass of the R7AΔndvB
EPS was m/z 1437.40, consistent with RibAGlcAGlc5GalOAc3 (Supplementary
Fig. 6a). De-O-acetylation of the wild-type native R7AΔndvB EPS resulted in a shift
of molecular mass from m/z 1437.40 to m/z 1311.18. This is consistent with loss of
all three O-acetyl groups from RibAGlcAGlc5Gal octasaccharide (Supplementary
Fig. 6b).

Chitohexaose (CO6). CO6 was obtained from Megazyme (Supplementary
Fig. 6c).

R. leguminosarum EPS. An ndvB mutant of R. leguminosarum bv viciae 3855 was
constructed by insertion of a suicide vector into the ndvB gene, as previously

described1,6. Native R. leguminosarum 3855 ndvB EPS SEC purification of nine
volumes EtOH precipitated EPS yielded one major low-molecular mass fraction
(LMM EPS). R. leguminosarum bv. viciae 3855, produces an octasaccharide EPS
polymer consisting of five β-D-Glcp, two β-D-GlcpA, and one β-D-Galp residues
substituted with three 2-O-acetyl (or 3-O-acetyl), two 4,6-pyruvyl and one
hydroxybutanoyl (OHB) group37–39. Composition and glycosyl linkage analysis
indicated the presence of 4-substituted Glcp, 6-substituted Glcp, 4-substituted
GlcpA, 4,6-disubstituted Glcp, 4,6-disubstituted Galp 3,4,6-trisubstituted Glcp (all
branching sugars likely due to 4,6-substitution with pyruvate), and terminal Glcp.
Negative ionisation mode MALDI-TOF-MS analysis demonstrated a hetero-
geneous mixture of Hex6HexA2 octasaccharide with a different number of non-
carbohydrate substituents, and major [M–H]− ion at m/z 1565.37, likely due to the
fact that octasaccharide was substituted with two O-acetyl and two 4,6-pyruvyl
groups. We also detected the structures substituted with hydroxybutanoate, but
these are not major moieties (Supplementary Fig. 6d).

S. meliloti EPS. SEC purification of precipitated S. meliloti EPS yielded one major
low-molecular mass fraction (LMM EPS). S. meliloti B587 is an ndvB mutant of
Rm1021 that is proposed to be deficient in cyclic glucan production while pro-
ducing normal EPS36. The Rm1021 EPS (succinoglycan or EPS-I) is an octa-
saccharide polymer consisting of seven β-D-Glcp and one β-D-Galp residues
substituted with 6-O-succinyl, 6-O-acetyl, and 4,6-pyruvyl groups. Composition
and glycosyl linkage analysis indicated the presence of 3-substituted Galp, 4-
substituted Glcp, 6-substituted Glcp, 3-substituted Glcp, 4,6-disubstituted Glcp
(likely due to 4,6-substitution with pyruvate). Consistent with early reports36, no 2-
substituted glucose was detected, confirming there was no cyclic glucan production.
Negative ionisation mode MALDI-TOF-MS analysis indicated major [M–H]− ion
at m/z 1525.20. This ion corresponds to an octasaccharide composed of eight
hexose residues substituted with O-acetyl, 4,6-pyruvyl and succinyl groups
(Hex8OAcOSucPyr) (Supplementary Fig. 6e).

MST-binding experiments. Purified EPR3 was fluorescently labelled using the
Monolith NT.115TM Protein Labelling Kit Blue NHS (NanoTemper Technolo-
gies) according to the manufacturer’s instructions. All experiments were per-
formed in MST buffer (50 mM K2PO4, pH 7.8, 500 mM NaCl and 0.05% Tween-
20) with a constant concentration of EPR3 (100 nM and ~50% labelling effi-
ciency) and dilution series of the various ligands. The samples were incubated for
30 min at room temperature before being loaded into standard capillaries for
measurements on a Monolith NT.115 TM instrument (NanoTemper Technol-
ogies) at 25 °C, with blue LED power of 50% and MST power of 20%. To
accurately measure the experimental errors and ensure data reproducibility, all
MST-binding experiments were performed with at least three independently
purified samples of EPR3. At the highest ligand concentrations, we occasionally
observed weak ligand binding to the fluorescent label itself. To accurately
account for this unspecific binding we measured ligand binding to 50 nM free
fluorescent label and subtracted this small background contribution to all the
respective MST-binding measurements. Binding data were processed with the
Prism 7 software (GraphPad Software, Inc.), and the equilibrium-dissociation
constant (Kd) values (95% confidence interval) were calculated using the sig-
moidal dose–response model.

SAXS. A monodisperse peak fraction of EPR3 was collected from a SEC experi-
ment and used for SAXS measurements. Scattering from EPR3 samples without
ligand or with R7A EPS (1 mM) added at concentrations ranging from 0.6 to 22.0
mg/ml were collected at the EMBL PETRA III P12 beamline in a temperature-
controlled cell (20 °C) at a wavelength of 1.24 Å. Normalisation and radial aver-
aging were done at the beamline using the automated pipeline. Buffer subtraction
and further data analysis were done in primusqt and BioXtas RAW40. Ab initio
low-resolution modelling was performed in DAMMIF (15 modelling runs) before
averaging in DAMAVER and a final refinement step in DAMMIN41. The theo-
retical scattering profiles of the atomic structures and the experimental data fit were
calculated using CRYSOL42. The scattering, Guinier plots and P(r) distance-
distribution plots were prepared with the Prism 7 software (GraphPad Software,
Inc.).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The coordinates and structural factors for the crystal structure of EPR3 has been
deposited in the Protein Data Bank under PDB code 6QUP. Source data are provided
with this paper.

Received: 5 March 2020; Accepted: 5 July 2020;

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17568-9

6 NATURE COMMUNICATIONS |         (2020) 11:3797 | https://doi.org/10.1038/s41467-020-17568-9 | www.nature.com/naturecommunications

https://www.rcsb.org/structure/4EBZ
https://www.rcsb.org/structure/6QUP
www.nature.com/naturecommunications


References
1. Kawaharada, Y. et al. Receptor-mediated exopolysaccharide perception

controls bacterial infection. Nature 523, 308–312 (2015).
2. Zipfel, C. & Oldroyd, G. E. D. Plant signalling in symbiosis and immunity.

Nature 543, 328–336 (2017).
3. Radutoiu, S. et al. Plant recognition of symbiotic bacteria requires two LysM

receptor-like kinases. Nature 425, 585–592 (2003).
4. Madsen, E. B. et al. A receptor kinase gene of the LysM type is involved in

legume perception of rhizobial signals. Nature 425, 637–640 (2003).
5. Kawaharada, Y. et al. Differential regulation of the Epr3 receptor coordinates

membrane-restricted rhizobial colonization of root nodule primordia. Nat.
Commun. 8, 14534 (2017).

6. Kelly, S. J. et al. Conditional requirement for exopolysaccharide in the
Mesorhizobium-Lotus symbiosis. Mol. Plant Microbe Interact. 26, 319–329
(2013).

7. Cheng, H. P. & Walker, G. C. Succinoglycan is required for initiation and
elongation of infection threads during nodulation of alfalfa by Rhizobium
meliloti. J. Bacteriol. 180, 5183–5191 (1998).

8. Breedveld, M. W. et al. Polysaccharide synthesis in relation to nodulation
behavior of Rhizobium leguminosarum. J. Bacteriol. 175, 750–757 (1993).

9. Barnett, M. J. & Long, S. R. Novel genes and regulators that influence
production of cell surface exopolysaccharides in Sinorhizobium meliloti. J.
Bacteriol. 200, 968 (2018).

10. Muszyński, A. et al. Structures of exopolysaccharides involved in receptor-
mediated perception of Mesorhizobium loti by Lotus japonicus. J. Biol. Chem.
291, 20946–20961 (2016).

11. Maillet, F. et al. Sinorhizobium meliloti succinylated high-molecular-weight
succinoglycan and the Medicago truncatula LysM receptor-like kinase
MtLYK10 participate independently in symbiotic infection. Plant J. 80, 1
(2019).

12. Bukowska, M. A. & Grütter, M. G. New concepts and aids to facilitate
crystallization. Curr. Opin. Struct. Biol. 23, 409–416 (2013).

13. Hansen, S. B., Laursen, N. S., Andersen, G. R. & Andersen, K. R. Introducing
site-specific cysteines into nanobodies for mercury labelling allows de novo
phasing of their crystal structures. Acta Crystallogr D. Struct. Biol. 73, 804–813
(2017).

14. Bozsoki, Z. et al. Receptor-mediated chitin perception in legume roots is
functionally separable from Nod factor perception. Proc. Natl Acad. Sci. USA
114, E8118–E8127 (2017).

15. Holm, L. & Rosenström, P. Dali server: conservation mapping in 3D. Nucleic
Acids Res. 38, W545–W549 (2010).

16. Krissinel, E. & Henrick, K. in Computational Life Sciences (eds Berthold,
M. R., Glen, R. C., Diederichs, K., Kohlbacher O. & Fischer I.) Vol. 3695,
67–78 (Springer Berlin Heidelberg, 2005).

17. Hashimoto, H. Recent structural studies of carbohydrate-binding modules.
Cell. Mol. Life Sci. 63, 2954–2967 (2006).

18. Liu, T. et al. Chitin-induced dimerization activates a plant immune receptor.
Science 336, 1160–1164 (2012).

19. Liu, S. et al. Molecular mechanism for fungal cell wall recognition by rice
chitin receptor OsCEBiP. Structure 24, 1192–1200 (2016).

20. Murakami, E. et al. Epidermal LysM receptor ensures robust symbiotic
signalling in Lotus japonicus. eLife 7, 422 (2018).

21. Hayafune, M. et al. Chitin-induced activation of immune signaling by the rice
receptor CEBiP relies on a unique sandwich-type dimerization. Proc. Natl
Acad. Sci. USA 111, E404–E413 (2014).

22. Wong, J. E. M. M. et al. Cooperative binding of LysM domains determines the
carbohydrate affinity of a bacterial endopeptidase protein. FEBS J. 281,
1196–1208 (2014).

23. Sánchez-Vallet, A. et al. Fungal effector Ecp6 outcompetes host immune
receptor for chitin binding through intrachain LysM dimerization. eLife 2,
e00790 (2013).

24. Pacios Bras, C. et al. A Lotus japonicus nodulation system based on
heterologous expression of the fucosyl transferase NodZ and the acetyl
transferase NoIL in Rhizobium leguminosarum. Mol. Plant Microbe Interact.
13, 475–479 (2000).

25. Radutoiu, S. et al. LysM domains mediate lipochitin-oligosaccharide
recognition and Nfr genes extend the symbiotic host range. EMBO J. 26,
3923–3935 (2007).

26. Chaliha, C., Rugen, M. D., Field, R. A. & Kalita, E. Glycans as modulators of
plant defense against filamentous pathogens. Front. Plant Sci. 9, 928
(2018).

27. Wanke, A. et al. Plant species-specific recognition of long and short β-1,3-
linked glucans is mediated by different receptor systems. Plant J. 259, 321
(2020).

28. Andersen, K. R., Leksa, N. C. & Schwartz, T. U. Optimized E. coli expression
strain LOBSTR eliminates common contaminants from His-tag purification.
Proteins 81, 1857–1861 (2013).

29. Kabsch, W. XDS. Acta Crystallogr. Sect. D. Biol. Crystallogr. 66, 125–132
(2010).

30. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40,
658–674 (2007).

31. Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N. & Sternberg, M. J. E. The
Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc.
10, 845–858 (2015).

32. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. Sect. D. Biol. Crystallogr. 66, 486–501
(2010).

33. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. Sect. D. Biol. Crystallogr.
66, 213–221 (2010).

34. Xu, D. & Zhang, Y. Ab initio protein structure assembly using continuous
structure fragments and optimized knowledge-based force field. Proteins 80,
1715–1735 (2012).

35. Brewin, N. J., Wood, E. A., Johnston, A. W. B., Dibb, N. J. & Hombrecher, G.
Recombinant Nodulation Plasmids in Rhizobium leguminosarum.
Microbiology 128, 1817–1827 (1982).

36. Griffitts, J. S. et al. A Sinorhizobium meliloti osmosensory two-component
system required for cyclic glucan export and symbiosis. Mol. Microbiol. 69,
479–490 (2008).

37. Philip-Hollingsworth, S., Hollingsworth, R. I., Dazzo, F. B., Djordjevic, M. A.
& Rolfe, B. G. The effect of interspecies transfer of Rhizobium host-specific
nodulation genes on acidic polysaccharide structure and in situ binding by
host lectin. J. Biol. Chem. 264, 5710–5714 (1989).

38. Robertsen, B. K., Aman, P., Darvill, A. G., McNeil, M. & Albersheim, P. Host-
symbiont interactions: V. The structure of acidic extracellular polysaccharides
secreted by Rhizobium leguminosarum and Rhizobium trifolii. Plant Physiol.
67, 389–400 (1981).

39. O’Neill, M. A., Darvill, A. G. & Albersheim, P. The degree of esterification and
points of substitution by O-acetyl and O-(3-hydroxybutanoyl) groups in the
acidic extracellular polysaccharides secreted by Rhizobium leguminosarum
biovars viciae, trifolii, and phaseoli are not related to host range. J. Biol. Chem.
266, 9549–9555 (1991).

40. Hopkins, J. B., Gillilan, R. E. & Skou, S. BioXTAS RAW: improvements to a
free open-source program for small-angle X-ray scattering data reduction and
analysis. J. Appl. Crystallogr. 50, 1545–1553 (2017).

41. Svergun, D. I. Restoring low resolution structure of biological macromolecules
from solution scattering using simulated annealing. Biophysical J. 76,
2879–2886 (1999).

42. Svergun, D., Barberato, C. & Koch, M. H. J. CRYSOL—a program to evaluate
X-ray solution scattering of biological macromolecules from atomic
coordinates. J. Appl. Crystallogr. 28, 768–773 (1995).

43. Wheeler, T. J., Clements, J. & Finn, R. D. Skylign: a tool for creating
informative, interactive logos representing sequence alignments and profile
hidden Markov models. BMC Bioinforma. 15, 7–9 (2014).

Acknowledgements
We thank Arshia Ghodrati and Joshua B. Nunez for their help in purifying EPS from R.
leguminosarum and S. meliloti and Mickaël Blaise, Simon Hansen, Simon Kelly and
Simona Radutoiu for valuable insights and discussions. The work was supported by the
Danish National Research Foundation (DNRF79) and by the project Engineering
Nitrogen Symbiosis for Africa (ENSA; OPP11772165) currently supported through a
grant to the University of Cambridge by the Bill & Melinda Gates Foundation and UK
government’s Department for International Development (DFID). Work at Center for
Plant and Microbial Complex Carbohydrates at the Complex Carbohydrate Research
Center was supported by the U.S. Department of Energy (DOE), Office of Science, Basic
Energy Sciences (BES) (DE-SC0015662).

Author contributions
J.E.M.M.W.: crystal structure, biochemistry and study design; K.G.: SAXS, biochemistry
and study design; T.G.B.: biochemistry; M.V.: protein production; A.M. and P.A.: ligand
purification and characterisation; N.S.L.: nanobody production; J.T.S., C.W.R. and A.M.:
ligand production; J.S.: study design; K.R.A.: crystal structure, nanobody production and
study design. K.R.A. wrote the paper with input from all authors.

Competing interests
J.E.M.M.W., K.G., J.S. and K.R.A. are inventors on a patent application (62888944)
submitted by Aarhus University entitled: Modified exopolysaccharide receptors for
recognising and structuring microbiota. The remaining authors declare no competing
interests.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17568-9 ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:3797 | https://doi.org/10.1038/s41467-020-17568-9 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-17568-9.

Correspondence and requests for materials should be addressed to K.R.A.

Peer review information Nature Communications thanks Erik Limpens, Simon Willians,
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Peer review reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17568-9

8 NATURE COMMUNICATIONS |         (2020) 11:3797 | https://doi.org/10.1038/s41467-020-17568-9 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-020-17568-9
https://doi.org/10.1038/s41467-020-17568-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Structural signatures in EPR3 define a unique class of plant carbohydrate receptors
	Results and discussion
	The crystal structure of EPR3
	M1 is a defining feature of a unique class of plant receptors
	EPR3 is monomeric and contains a stem-like structure
	EPR3 is a promiscuous EPS receptor

	Methods
	Protein production
	Nanobody production
	Crystallisation and structure determination
	Modelling
	Characterisation of EPS ligands
	Native and de-O-acetylated R7A EPS
	Chitohexaose (CO6)
	R. leguminosarum EPS
	S. meliloti EPS
	MST-binding experiments
	SAXS

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




