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Membranous nephropathy is an autoimmune kidney disease caused by autoantibodies
targeting antigens present on glomerular podocytes, instigating a cascade leading to glo-
merular injury. The most prevalent circulating autoantibodies in membranous nephropa-
thy are against phospholipase A2 receptor (PLA2R), a cell surface receptor. The dominant
epitope in PLA2R is located within the cysteine-rich domain, yet high-resolution struc-
ture-based mapping is lacking. In this study, we define the key nonredundant amino acids
in the dominant epitope of PLA2R involved in autoantibody binding. We further
describe two essential regions within the dominant epitope and spacer requirements for a
synthetic peptide of the epitope for drug discovery. In addition, using cryo-electron
microscopy, we have determined the high-resolution structure of PLA2R to 3.4 Å resolu-
tion, which shows that the dominant epitope and key residues within the cysteine-rich
domain are accessible at the cell surface. In addition, the structure of PLA2R not only sug-
gests a different orientation of domains but also implicates a unique immunogenic signa-
ture in PLA2R responsible for inducing autoantibody formation and recognition.

PLA2R epitope j antigenic residues j 3.4 Å j resolution croyEM structure

Membranous nephropathy (MN) is a rare kidney disease in which autoantibodies are gen-
erated against glomerular antigens, and immune complexes are deposited in the glomerular
basement membrane, triggering glomerular injury and dysfunction (1). MN is the most
common cause of adult nephrotic syndrome in the Caucasian population (2, 3), and in
60% of patients, kidney function deteriorates, with ultimately 30–40% developing end-
stage kidney disease within 10 y of the initial diagnosis (4, 5). Most instances of MN are
associated with the presence of circulating autoantibodies against a podocyte cell surface
receptor, phospholipase A2 receptor (PLA2R) (6, 7). The PLA2R autoantibodies primarily
bind to a dominant epitope located within a 31-amino acid peptide in the cysteine-rich
domain (CysR) of PLA2R (8). Autoantibodies that recognize additional domains in
PLA2R located in the C-type lectin domains (CTLD) 1, 7, and 8 have been identified,
although quantitative ELISA (enzyme-linked immunosorbent assay) shows the antibody
response to CTLDs to be significantly lower than to the CysR epitope (9–11). Therefore,
current evidence suggests that the N-terminal CysR epitope is the dominant epitope recog-
nized by the immune system, and over time, the other epitopes become involved in a pro-
cess of epitope spreading (12).
Although MN antibodies are described and used as a diagnostic tool, there remains an

unmet need for more targeted therapies in MN because current treatments are limited to
supportive interventions and nonspecific immunosuppression with severe side effects (13).
In addition to understanding the immunogenicity of PLA2R in MN, detailed knowledge
of the dominant B-cell epitope will provide a foundation for the development of new
immunotherapies for specific removal or inhibition of the pathogenic autoantibody. How-
ever, there are issues with targeting the CysR epitope, which need to be overcome. The
length of the peptide makes manufacturing difficult, potentially expensive, time consum-
ing, and difficult to scale up production by solid-phase peptide synthesis (14). The pres-
ence of a disulphide bond within the peptide can also impact its stability. To address these
potential issues, it is important to further define the fundamental residues for autoantibody
binding within the dominant epitope sequence to shorten the peptide for therapeutic use.
PLA2R is a member of the mannose receptor family, a five-protein subgroup of the

C-type lectin superfamily comprising the mannose receptor, Endo180, DEC-205,
PLA2R. and FcRY (15, 16). All family members contain a homologous CysR domain,
fibronectin type II (FnII) domain, multiple sequential CTLDs, and a short intracellular
C-terminal tail. Mannose receptor family proteins are all endocytic receptors, with
pH-dependent conformational changes thought to be important in binding to their
respective targets (17–20). Each of the mannose receptor family members has different
binding targets despite sharing a high level of sequence similarity (21–26).
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Current structural models of PLA2R resolve the structure to
∼10 Å (27). One study solved the structure of CTLD7 by
X-ray diffraction, and it was used as a tool to investigate epi-
tope sites in that domain (28). However, a higher resolution
structure of PLA2R allowing the MN autoantibody epitope to
be accurately located in the CysR domain is still required.
Therefore, we sought to determine 1) the key nonredundant

amino acids in the dominant epitope of PLA2R involved in auto-
antibody binding; 2) the presence of substructure of the primary
sequence essential for antibody binding; and 3) a high-resolution
cryo-electron microscopy (cryoEM) structure of the full-length
extracellular domain (ECD) of PLA2R to define the domain ori-
entations around CysR in relation to CTLD1, 7, and 8.

Results

Peptide microarray of the dominant MN epitope reveals two
linear short sequences with key amino acid residues required
for PLA2R autoantibody binding. To probe the importance of
the amino acids within the PLA2R epitope in human autoanti-
body recognition, we utilized a printed peptide microarray. This
peptide laser printing technology allows the synthesis of peptides
(between 15 and 20 amino acids in length) directly onto glass
slides followed by single substitution scans, which involves the
stepwise substitution of all amino acid positions of a given epi-
tope with all 20 main amino acids (Fig. 1A). We first synthesized
a stepped series of truncated peptides across the originally discovered
31mer epitope (at both N- and C-terminus end) in order to identify
the minimum sequence retaining high-affinity binding. The epitope
peptide contained three N-terminal amino acids that had no effect
on antibody binding, which were subsequently removed, resulting
in a 28-amino acid epitope referred to as P28mer (1KGIFVIQ-
SESLKKCIQAGKSVLTLENCK28) (SI Appendix, Fig. S1). We
have previously shown that the epitope peptide is a disulphide-
bonded structure, and its reactivity to human anti-PLA2R is sensi-
tive to reduction (8). Therefore, the P28mer peptide sequence was
divided into a linear region 1KGIFVIQSESLKKC14 (platform 1)
and a cyclic region 14CIQAGKSVLTLENCK28 (platform 2), where
the latter was cyclized by disulphide formation between the N- and
C-terminal cysteine side chains (Fig. 1B). The substitution scan of
these two regions was performed by exchange of the native amino
acids with all 20 main amino acids. These first scans showed no sig-
nificant binding of the autoantibody, suggesting that individually,
the N- and C-terminal regions of the epitope are insufficient (Fig.
1C). To further investigate this, a second array (platform 3) com-
bined both parts of the N-terminal region and the cyclic C-terminal
region. The N-terminal sequences consisted of five linear peptides
with six amino acids each, labeled a) KGIFVI, b) IFVIQS,
c) VIQSES, d) QSESLK, and e) SESLKK, with an overlap of two
residues across the linear region of the P28mer epitope (amino acids
1–13 KGIFVIQSESLKK), and this was joined to the cyclic region
(amino acids 14–27 CIQAGKSVLTLENC). Amino acid substitu-
tion scans were performed in the linear (platform 3 a’-e’) or cyclic
(3 a-e) region with only Cys14 and Cys27 invariant due to their
importance in maintaining the conformation of the epitope (Fig. 1
B and C). This showed that sequence VIQSES (3 c-c’) was the
most antigenic, with little or no reactivity of the autoantibody to the
other peptides. Further evaluation of conserved residues showed that
amino acid substitution at positions V5, I6, and E9 demonstrated a
significant loss of binding compared to the wild-type sequence (Fig.
1D). Due to low signal-to-noise ratios, the substitution scan of the
C-terminal cyclic stretch IQAGKSVLTLEN resulted in a noisy
response pattern, but amino acid positions S20, V21, and L22
hinted at a specific contribution to antibody binding. However,

when the SVLTLENCK sequence (AIP2) was tested in solution,
the signal improved and suggested an important role in the autoan-
tibody recognition (Fig. 2B and SI Appendix, Fig. S3A). Taken
together, these results highlight that the N-terminal VIQSES and
C-terminal SVLTLEN regions of the epitope have low tolerance to
variation in the sequence compared with the central amino acids,
and the conserved residues V5, I6, and E9 appear to be vital for
PLA2R autoantibody binding.

To determine the contribution of the conformation of the
epitope sequence, the binding of the autoantibody was tested
against Endo180 protein, another member of the mannose
receptor family with high structural homology of the PLA2R
CysR domain (SI Appendix, Fig. S2). No interaction was
detected, indicating that the autoantibody recognizes specific
antigenic amino acids within PLA2R sequence rather than the
overall conformation alone.

The native epitope fold can be mimicked by inserting linkers
between the N- and C-terminal active peptides. The peptide
microarray analyses implicated the regions 5VIQSES10 and
20SVLTLENCK28 within the P28mer epitope in PLA2R autoan-
tibody binding. We next tested whether the two N- and C- termi-
nal sequences could be separated by nonnatural sequences and still
maintain antigenic reactivity. To that effect, a series of autoinhibi-
tory peptides (AIPs) were designed with various linker regions
between 5VIQSES10 and 20SVLTLENC27 sequences. The linkers
were of varying length and composed of glycine or PEG (polyeth-
ylene glycol) spacer elements. AIP 1 and 2 are the two N- and
C-terminal peptides with no linkers, and AIP 3–10 are peptides
with linkers of varying length and type. These peptides were used
to inhibit the binding between immobilized PLA2R and human
anti-PLA2R antibody by surface plasmon resonance (SPR) (Fig.
2A) and competitive ELISA (SI Appendix, Fig. S3A). The
N-terminal peptide VIQSESLK (AIP1) was efficient at blocking
antibody binding, giving a similar percentage inhibition (∼40%)
compared to the P28mer (Fig. 2B). The addition of nonnatural
linkers composed of glycine and lysine residues or PEG (AIP3-8)
could not recapitulate the native spacing between the two pepti-
des, resulting in an inefficient inhibition (∼20%). However, the
PEG-Lys-PEG linkers (AIP9 and 10) did emulate the correct
spacing, achieving an inhibition closed to AIP1 and the P28mer.
To further characterize the role for these linkers in presenting the
peptides more efficiently, we determined the binding affinity of
immobilized AIP1, 2, and 9 to 27 MN anti-PLA2R positive sera
(Fig. 2C). The two short N- and C-terminal peptides, AIP1 and
2, had lower affinity than the P28mer. Interestingly, the binding
of the PEG-Lys peptide (AIP9) to the antibody was more efficient
than the original P28mer peptide as shown using biolayer interfer-
ometry (BLI) (Fig. 2D and SI Appendix, Table S1) and pull-down
assay (SI Appendix, Fig. S3B). These results show that the confor-
mation of the N- and C-terminal peptides is crucial for efficient
antibody recognition, and the PEG-Lys linker aids the presenta-
tion of the antigenic part of the peptides to the autoantibody.

High-resolution cryoEM structure of human PLA2R reveals a
different domain arrangement. The next step was to map the
epitope sequence onto the 3D structure of PLA2R. Current
structural models of PLA2R suggest the surface availability of the
dominant epitope is pH dependent and inaccessible in a closed
conformation (27). However, PLA2R autoantibody binding to
its receptor is not pH dependent (8). Therefore, further detailed
structural analysis on the PLA2R protein is required to reconcile
these discrepancies. We expressed and purified the soluble ECD
of PLA2R (residues 21–1397, spanning the N-terminal CysR to
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the C-terminal CTLD8 region) and performed small-angle X-ray
scattering (SAXS) and cryoEM structural analysis.
As previously reported, PLA2R undergoes structural rear-

rangement at acidic pH (8, 27). Size-exclusion chromatography
(SEC) coupled to SAXS analysis was used to quantify these
changes. From the SEC elution profile, an increased retention
volume at pH 7.2 compared to pH 6.2 supports a conforma-
tional change of PLA2R (SI Appendix, Fig. S4). The scattering
curves and paired-distance distribution functions (P[R]) indi-
cated that PLA2R was elongated and flexible at neutral pH
but became compact and rigid at more acidic pH (SI Appendix,

Fig. S5). For instance, the radius of gyration (Rg) of PLA2R
decreased from 60.3 Å to 42.32 Å when the pH was lowered,
concomitant with a decrease in maximum particle size (Dmax)
from 260 Å to 158 Å (SI Appendix, Table S2). The reduction
observed in Rg and Dmax is corroborated by analysis of the nor-
malized Kratky plot, where at a neutral pH, PLA2R is less glob-
ular than at an acidic pH (SI Appendix, Fig. S5).

For single-particle cryoEM data collection, PLA2R was
buffer exchanged to pH 6.2, consistent with the more compact
conformation (SI Appendix, Fig. S6). The structure of the PLA2R
ECD was determined to a resolution of 3.4 Å (SI Appendix,

Fig. 1. Peptide microarray of the dominant epitope reveals two linear short sequences with key amino acid residues important for PLA2R autoantibody
binding. (A) Peptide microarray theory and epitope substitution scans. Schematic depiction of the peptide printing process on a microarray of the linear or
cyclized antigen sequence (1), antibody incubations (2, 3), followed by binding detection and analysis (4). Surface fluorescent reactivity to an antibody is
translated into an amino acid plot and is able to identify conserved residues and variable residues. (B) Strategy for peptide sequence optimization. The
native P28mer epitope sequence was divided into a linear part, platform 1 (aa1-14); a cyclized part, platform 2 (aa14-28); and a combination of a short
6-amino acids linear region and the cyclized part (platform 3). Blue indicates amino acids involved in the substitution scan. (C) Binding detection (fluores-
cence intensity) of peptides sequences (platforms 1, 2, and 3) to MN patient serum positive for PLA2R autoantibodies. (D) Analysis of the epitope substitution
scans of peptides platform 3c’ and 3c with substitution matrices and amino acid plot. The amino acid plots showed the effect of any exchange on antibody
binding referenced to the wild-type peptide at 100%. Conserved residues are underlined in yellow, indicating the amino acids essential for antibody binding.
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Fig. 2. The native epitope folds can be mimicked by inserting linkers between the two important regions. (A) List of peptides generated to test potential
linkages between the two short linear peptides (AIPs) and schematic of the experimental design for the inhibition assay using SPR. (B, Left), SPR sensorgram
showing real-time binding of MN anti-PLA2R IgG to PLA2R with and without 1 μM P28mer. Right, Inhibition analysis of the binding between the human auto-
antibody and captured PLA2R by the P28mer, and AIPs 1–10 (n = 3). (C, Left), BLI was used to measure the real-time binding of anti-PLA2R positive sera from
27 MN patients to sensors with immobilized P28mer and AIPs as depicted on the schematic. Right, Representative sensorgrams demonstrating interaction
of PLA2R autoantibody to P28mer, AIP 1, AIP 2, and AIP 9. (D) Hill-1 plot analysis of the dissociation phase collected for each response, and dissociation rate
calculated (kd) as the 1/k value (n = 3). **P < 0.01, ***P < 0.001, ****P < 0.0002; n.s., nonsignificant.
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Table S3). The cryoEM reconstruction allowed unambiguous
arrangement of the individual PLA2R domains throughout the
reconstructed map (Fig. 3A and SI Appendix, Fig. S7). The
PLA2R ECD domains pack tightly together, presenting a globular
structure with dimensions of ∼80 × 80 × 100 Å (Fig. 3B). Each
of the tightly packed PLA2R ECDs could be built from the
N-terminal CysR to CTLD8 using mostly contiguous density
(Fig. 3C). It was also possible to build the initial few sugar moie-
ties of the N-linked glycans into the cryoEM density, highlighting
the dense glycosylation of PLA2R.
The domain arrangements, and therefore the interdomain

interactions, are different from those previously reported (27,
28). The N-terminal CysR domain interacts with both CTLD4
and CTLD7. FnII interacts with CTLD8 and CTLD6, and
appears to have a substantial loop interaction with CTLD8,
although these domain interactions are observed in the closed
conformation and could differ at neutral pH.

Structural insights into the presentation of PLA2R epitope(s).
To understand the properties of the dominant epitope of PLA2R,
it is important to determine not only the tertiary structure of
PLA2R for the surface availability of the dominant epitope but
also its secondary structure within the CysR domain. The density
of the CysR domain was complete enough to unambiguously
assign residue orientations. The key hydrophobic residues V and I
within the VIQSES sequence are located within an accessible cleft

on the CysR domain, while the SVLTLENC sequence is entirely
surface exposed. The midportion of the P28mer, which does
not convey any antibody binding, is not accessible (Fig. 4A).
Additional antibody epitopes have been identified as being in the
CTLD1, 7, and 8 domains of the PLA2R protein (Fig. 4B). The
domains containing the different epitopes are in close proximity
to each other and are localized near the cell surface, as shown on
the model (Fig. 4C). This cartoon represents the tethering of
PLA2R to the cell membrane via CTLD8 and shows how the
epitopes may be occluded.

This high-resolution cryoEM structure of PLA2R allowed
the accurate mapping of the dominant epitope and its antigenic
sequence, and revealed a hot spot of the additional epitopes.

Discussion

In this study, we discovered the 1) key nonredundant amino
acids in the dominant epitope of PLA2R, 2) two essential
regions for autoantibody binding, and 3) mapping of the epito-
pe(s) on the high-resolution structure of PLA2R. These key
findings improve our understanding of PLA2R immunoreactiv-
ity and can now inform the development of antibody inhibitory
treatment for MN.

We identified two regions of the dominant epitope (P28mer
sequence) by peptide microarray as important for PLA2R auto-
antibody binding, specifically, the VIQSES and SVLTLENC

Fig. 3. High-resolution cryoEM structure of human PLA2R reveals a different overall domains arrangement. (A) Overview of the cryoEM structure of PLA2R,
colored by domain subunits and shown in three orthogonal orientations, identifying the domain orientation and glycosylation positions. Resolved glycans
are modeled in stick structure (gold). (B) View of the refined PLA2R structure in the EM density map highlighting the position of the CysR domain (dark blue,
top right). (C) Corresponding schematic model of PLA2R showing the colored domains and their arrangement.
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regions. An in-depth analysis of the epitope substitution scans of
both peptides highlighted the importance of the conserved amino
acid positions 1V, 2I, and 5E in the N-terminal linear stretch
VIQSES, as well as amino acids position 13S, 14V, and 15L in the
C-terminal stretch SVLTLENC. We found these two linear pep-
tides could inhibit PLA2R autoantibody binding to PLA2R in
solution at similar levels to the P28mer epitope sequence. In
addition, linkage of these two regions with a PEG spacer
improved the level of reactivity observed with the native P28mer
epitope peptide. Interestingly, the intramolecular disulphide
bond, which is common to PLA2R, MR, Endo180, and
DEC205, family (SI Appendix, Fig. S2) is not essential for bind-
ing but probably controls the three-dimensional spacing of
VIQSES and SVLTLENC.
Although PLA2R exhibits a pH-dependent conformational

change, PLA2R autoantibody binding is not pH dependent
(8). Indeed, our structure explains why autoantibody binding
to the PLA2R epitope is not pH dependent. Of the two con-
stituents that comprise the epitope, VIQSES occupies a
surface-accessible cleft, and SVLTLENC is entirely surface
exposed on the CysR domain unaffected by compaction of
the structure at lower pH. However, enzyme degradation of

PLA2R during antigen processing in immune cells may be
influenced by structure compaction occurring in intracellular
compartments at pH 6.2 or lower to favor or protect parts of
PLA2R from immune processing.

The ability of this synthetic AIP9 to interact with higher affin-
ity than the P28mer to PLA2R autoantibodies potentially offers
exciting prospects for a more targeted treatment for MN patients.
Moreover, the relatively simple structure comprising two short
peptides with no disulphide bonds is potentially more stable than
the native P28mer epitope peptide, allowing for greater diagnostic
and therapeutic potential. This would make it easier and more
cost-effective to manufacture on a commercial scale, thereby
increasing the potential utility of AIP9 as a future therapeutic.
Such a therapeutic might constitute the PLA2R epitope conju-
gated to the human polymeric immunoglobulin G (IgG) Fc
receptor (29) to selectively deplete circulating anti-PLA2R anti-
bodies, as has been demonstrated in an experimental model for
selective depletion of anti-HER2 (human epidermal growth fac-
tor receptor 2) antibodies using an HER2-Fc receptor construct
(30). The possibility now exists to create and test a CysR
epitope-FcR construct for ability to provide specific degradation
of anti-PLA2R autoantibody in MN patients.

Fig. 4. Structural insights into the presentation of PLA2R epitope(s). (A, Left), Epitope mapping focusing on the CysR domain (blue), highlighting the P28mer
(orange), and the key amino acids V, I, and E (red). Right, View of the epitope showing the binding cleft and the two antigenic peptides (VIQSES [orange] and
SVLTLENCK [red]). (B) Structure highlighting domains known to have antibody epitopes along with a cryptic cleavage site for caspase 1 (magenta). (C) Model
representing the tethering of PLA2R to the cell membrane via the CTLD8 domain and highlighting a hot spot for epitopes localized toward the cell surface.
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In defining the high-resolution structure for PLA2R, we have
unambiguously determined its domain arrangement, which differs
from previously reported models (8, 27). The differences in the
configuration of the chain of the CTLD domains and overall
domain orientations can be attributed to the challenges associated
with model building to lower resolution maps. In addition, we
have demonstrated the surface availability of the CysR epitope,
allowing interaction with anti-PLA2R. Other epitopes in PLA2R
have been located to CTLD 1, 7, and 8 domains. Interestingly,
the arrangement of the domains CysR, CTLD1, CTLD7, and
CTLD8 in this structure identifies a discrete immunogenic patch
on PLA2R that induces autoantibody formation and is the target
for autoantibody binding. The structure also highlights the acces-
sibility of the sole caspase-1 cleavage site in the CTLD7 domain.
Cleavage of cell surface receptors by caspase-1 is common, which
raises its possible involvement in the initiation of autoimmunity
to PLA2R causing exposure of immunogenic regions, such as the
CysR epitope, to antigen processing by the immune system.
In addition to increasing our fundamental knowledge of the

availability and surface presentation of epitopes for autoanti-
bodies within PLA2R, the high-resolution structure herein can
be applied to the in silico selection of compounds and the
development of novel therapeutics.

Materials and Methods

Ethical approval of patient samples. All human samples (serum and anti-
body eluates) used in this study had been anonymized and were provided by
individuals who had given informed consent for research into MN under ethics
authority granted by Manchester University NHS Foundation Trust, REC 12/SW/
0289 and REC 16/NW/0119. Patient demographic data are in Table 1.

Peptide microarray. Peptide microarrays were generated and performed by
PEPperPRINT (Heidelberg, Germany) (31, 32). Printed variants of the PLA2R epi-
tope peptides (P28mer) of a maximum of 20 amino acids in length were evalu-
ated. Peptide microarray contained 2214 different peptides printed at least in
duplicate and were framed by additional HA control peptide (YPYDVPDYAG) to
show the expected spot pattern. Details of the peptides scans are described in Fig.
1B. The PEPperCHIP peptide microarrays were preblocked and stained for nonspe-
cific binding of secondary antibody goat anti-human IgG conjugated to DyLight
680 (1:5000) and a control antibody (anti-hemagglutinin) conjugated to
DyLigh800 (1:2000) in incubation buffer. The peptide microarray was then incu-
bated with PLA2R autoantibody from one MN patient serum positive for PLA2R at
a dilution of 1:100. After washing, the microarrays were stained with the secondary
antibody, used in the prestaining, followed by further washing. The autoantibody
bound peptides were visualized by LI-COR Odyssey Imaging System. Peptide
spot intensity quantification and peptide annotation were executed with PepSlide
Analyzer. Data were converted to an amino acid plot for substitution scans
conducted on and presented as a percentage binding compared to wild-type
peptide sequence.

Conservation mapping. The P28mer sequence from human PLA2R protein
and the corresponding sequences from the mannose receptor proteins family

were acquired from UniProt and submitted to the web-based sequence logo
generation tool to analyze the level of amino acid conservation (33, 34).

Peptides. Peptides were obtained from ProImmune Ltd. with a purity of at least
80%. AIPs were initially reconstituted in Milli-Q water in aliquots of 0.5 mg, and
the peptide concentration was calculated by measuring the absorbance using a
spectrophotometer (DeNovix DS-11 FX+, Cambridge Bioscience) at 205 nm.
Once peptide concentrations were known, the freshly reconstituted peptides
were further diluted into appropriate buffers for each experimental assay.

PLA2R proteins Recombinant human PLA2R proteins (full-length ECDs, PLA2R
ECD, and the N-terminal half of PLA2R, PLA2R-NC3) were expressed and purified
from conditioned cell culture media as described previously (8).

Binding studies.
1. Inhibition assay. Real-time binding analysis was evaluated using an SPR
instrument (ProteOn, BIO-RAD). ProteOn GLC sensor lanes were preactivated by
injection of 18.75 mg/mL EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide)
and 1.4 mg/mL NHS (N-hydroxysuccinimide, Sigma-Aldrich). Once activated,
20 μg/mL PLA2R-NC3 in 10 mM sodium acetate buffer (pH 4.5) (BIO-RAD) was
injected onto sensor chip lanes for immobilization. Ethanolamine was injected to
deactivate the sensors from further immobilization.

SPR inhibition assay was achieved with immobilized PLA2R-NC3 and anti-
PLA2R IgG with and without AIPs (Fig. 2B). Approximately 50% inhibition was
exhibited with 1 μM of P28mer peptide. Subsequently, all AIPs were tested in
triplicate using the same concentration. First, anti-PLA2R IgG (1/100) in Hepes
buffer (10 mM Hepes, 150 mM NaCl (sodium chloride), 0.05% Tween, pH 7.2)
with or without 1 μM peptides (AIPs and P28mer) were injected over immobi-
lized PLA2R-NC3 for 300 s at a flow rate of 50 μL/min. Hepes buffer was subse-
quently flown over, and the dissociation phase was measured for 400 s. The
sensors were then regenerated with two successive injections (40 s) of 10 mM
NaOH (sodium hydroxide). Each measured response of anti-PLA2R IgG with or
without peptides to immobilized PLA2R-NC3 protein was calibrated against non-
specific binding of the sensor to Hepes buffer and Hepes buffer containing anti-
bodies with or without peptides to a blank immobilized sensor. The maximal
response was measured for all conditions of anti-PLA2R IgG and percentage inhi-
bition of PLA2R autoantibody binding to PLA2R by AIPs calculated.
2. Direct interaction assay (peptides-antibody). BLI experiments were con-
ducted using an Octet Red (ForteBio). Octet CDL sensors (coated with a thin layer
of carboxymethyl dextran) were activated by EDC/NHS, at the same concentration
used for SPR, for 300 s with 1000 rpm agitation. Two hundred micrograms per
milliliter of peptides (AIPs and P28mer) in 10 mM sodium acetate buffer pH 4.5
were immobilized onto individual sensors for 600 s. Following immobilization,
sensors were deactivated in 1 M ethanolamine for 300 s to prevent further
immobilization of proteins to the samples sensors.

The binding interaction between immobilized peptides (P28mer, AIP1, AIP2,
and AIP9) and 27 MN anti-PLA2R positive sera (1/200 in Hepes-sera buffer) was
assessed. The association phase was measured for 450 s with 1000 rpm agita-
tion. The dissociation phase for each sensor was subsequently measured by incu-
bating the sensors into Hepes-sera buffer for 1200 s at 1000 rpm. Regeneration
of the sensor was achieved by six successive washes in 10 mM NaOH for 15 s
followed by 15 s in Milli-Q water. The immobilized sensor responses to anti-
PLA2R IgG were calibrated against nonspecific binding of each immobilized sen-
sor to Hepes-sera buffer.

The dissociation phase of each response was collected and plotted, and the
dissociation rate was calculated (kd) as the 1/k value produced from a Hill-1 plot
analysis. The average dissociation rate was calculated for each peptide sensor
binding to the 27 MN patients’ sera. Dissociation rates with an R2 value <0.9 or
χ2 value >3 were excluded from the data due to poor fitting.

PLA2R structure analysis.
1. Small-angle X-ray scattering. One hundred microliters of purified PLA2R ECD
was prepared in a pH 7.2 bis-Tris buffer at 5 mg/mL. PLA2R was measured using
SEC-SAXS on beamline B21 at Diamond Light Source (DLS). Forty-five microliters of
PLA2R was loaded onto a Superdex 200 3.2/300 increase column (GE Healthcare)
equilibrated with bis-Tris at either pH 7.2 or pH 6.2. SEC-SAXS experiments were
measured at a flow rate of 0.075 mL/min with 1 s exposures per frame over 620
frames. The data were collected on an Eiger × 4M detector (Dectris) using a beam
with a wavelength of 0.95 Å and a sample-to-detector distance of 2.7 m.

Table 1. Patient demographics

Patient characteristics (n = 27) Value

Sex, No. (%)
Male 20 (74)
Female 7 (26)

Years of age at time of diagnosis, mean (SD) 63 (16)
Ethnicity, No. (%)
Caucasian 18 (67)
Asian 9 (33)

Anti-PLA2R levels (AU) >3000
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Raw SAXS data images were processed using DLS’s DAWN (35) processing
pipeline at the beamline to produce normalized, integrated 1-D unsubtracted
SAXS curves. SEC-SAXS frame selections and buffer subtractions were performed
with CHROMIXS (36). PRIMUS was used for all processing, with the exception of
flexibility plots, where ScÅtter was used. Output files were produced for AMBIME-
TER to estimate structural uniqueness (37).

Comparison of the final structure of PLA2R from the cryoEM structure was
computed using CRYSOL (38). Additional glycans were built onto the PLA2R
structure using the GlyProt online server (39).
2. Cryogenic transmission electron microscopy. CryoEM grids were prepared
using 0.3 mg/mL PLA2R prepared in bis-Tris pH 6.2 buffer. Three microliters of
PLA2R was applied to either C-flat 2/2 on 300 mesh Cu grid with 20 nm carbon
film (Protochips) or Quantifoil Cu 300 mesh R2/2 grids (Quantifoil) and plunge-
frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher). C-flat grids were
screened at the cryoEM facility at the University of Leeds. Grids were images on
a Titan Krios G3 electron microscope (Thermo Fisher Scientific) equipped with a
Falcon III camera (Thermo Fisher Scientific) in linear mode. Quantifoil grids were
screened at the University of Manchester on the Polara G2 electron microscope
(FEI) equipped with a K2 Summit camera (Gatan) in counting mode.

Data collections for both grids were carried out at Electron Bio-Imaging Centre
(eBIC) on Titan Krios IV at 300 kV with a K3 camera (Gatan) in superresolution count-
ing mode, with C-flat grids imaged at 0° (BI22724-15) and Quantifoil grids at 30°
(BI22724-12). A Quantum GIF energy filter (Gatan) was used with a slit width of
20 eV to remove inelastically scattered electrons. For both data collections, 40 movie
frames were recorded, using a dose rate of 14.8 e�/Å2/s per frame for a two-second
exposure, for a total dose of 42.9 e�/Å2 at a pixel size of 0.83 Å (superresolution
pixel 0.415 Å). A total of 3702 images were collected at 0°, and 2137 images were
recorded at 30°. Further details can be found in SI Appendix, Table S2.

All images were imported into cryoSPARC (v3.2). Motion correction and Fourier
cropped to 0.815 Å/pix and CTF (contrast transfer function) estimation were carried
out using patch motion correction and patch CTF estimation. Images taken at 0°
were curated, and any images with a defocus lower that�3 μm, a resolution higher
than 4 Å, and an ice thickness of greater than 1.1 were removed, resulting in 2015
images (1687 removed). For images taken at 30°, any images with a defocus lower
than �3 μm, a resolution higher than 5 Å, and an ice thickness greater than 1.1
were removed, resulting in 1455 images (682 removed).

Each data set was initially processed separately. Particles were picked using a
Gaussian blob (80–130 Å) from 100 images of the 0° data set, extracted in a
256 pixel box, binned 4 × 4 (64 pixel box), and subjected to 2D classification.
The best templates were used to template pick all images from both data sets.
This resulted in 1.7 million and 1.2 million particles from the 0° and 30° data
sets, respectively. These particles were extracted in 256-pixel boxes and binned
4 × 4 (64 pixel box) for 2D classification. The good classes were selected, and five
ab initio models were generated using 100,000 particles from the 30° particle
picks. These initial models were used by both data sets for heterogeneous refine-
ments of particles selected by 2D classification. The particles from the best model,
picked by the highest resolution, were used for generating five more initial mod-
els, followed by heterogeneous refinement. This was repeated until the resolution
of the refinements was consistent across the models. From here, the best particles
were re-extracted in 256-pixel boxes and refined by nonuniform refinement. The
particles were then used to train a Topaz model (40) for each of the 0° and 30°
data. The above processing was repeated until the resolution remained stable.
The particles were then combined and refined again with no increase in the reso-
lution. The 30° data reached the highest resolution, so 0° is not reported. The
particles were then locally motion corrected, but the resolution decreased.
3. Model building and refinement. Initial domain placement was based upon
the structure of the related protein, DEC205 (PDB 7JPT) (20). The sequence of
PLA2R was mapped onto the structure of DEC205 using HHpred (41). This struc-
ture was placed into the map using Phenix.dock_in_map (42). Inspection of the
map and model in Coot (43) revealed in-domain loops and linkers that were not

resolved in the map. These residues were removed, and the model was broken
up into rigid groups, corresponding to domains or pairs of domains. Several
rounds of refinement using Phenix.real_space_refine (44) with rigid body fitting
of domains, model morphing, and simulated annealing, imposing secondary
structure restraints, introducing model-based restraints using the crystal structure
of seventh CTL domain of human PLA2R (PDB 6JLI) (28), and rebuilding using
both Coot and Isolde (45), yielded the final model, which had good geometry
and agreement with the map.

The coordinates of the atomic model of PLA2R have been deposited in the
Protein Data Bank with accession code 7QSR. The cryoEM map has been depos-
ited into the Electron Microscopy Data Bank with accession code 14077, and the
raw data of both the 0° and 30° tilt data are available on EMPIAR with accession
code 10915. The SAXS data and associated models are deposited in the Small
Angle Scattering Biological Data Bank, with accession codes SASDNP3 (pH7.2)
and SASDBQ3 (pH6.2).

Statistical analysis. Prism 8 software was used to present data collected
graphically, and statistical significance was calculated using a two-tailed t test or
two-way analysis of variance (GraphPad). Error bars display the SEM. Statistically
significant trends were determined as a P value of <0.05 (*). **P < 0.01,
***P < 0.001, ****P < 0.0002.

Data Availability. Structure and EM map data have been deposited in the
Protein Data Bank (7QSR) (46) and the Electron Microscopy Data Bank
(EMD-14077) (47).

ACKNOWLEDGMENTS. This research was performed under ethics authority
granted by REC 12/SW/0289 and by REC 16/NW/0119. This research was sup-
ported financially by Kidney Research UK grants RP31/2015 and ST8/2015, EU
Framework 7 Programme Grant 305608, “EURenOmics,” and by a Wellcome Trust
Institutional Strategic Support Fund award (097820) to the University of Manches-
ter. M.P.L.-C. was supported by the Wellcome Centre for Cell-Matrix Research
(203128/Z/16/Z). R.L. was supported by a Wellcome Senior Research Fellowship
(202860/Z/16/Z). We also acknowledge support from the Manchester Academic
Healthcare Science Centre (186/200). We also thank staff of the University of Man-
chester Biomolecular Analysis and EM core facilities (RRID:SCR 021147) for their
assistance and BBSRC (Biotechnology and Biological Sciences Research Council)
for funding equipment (BB/T017643/1). Special thanks go to Lisa Steinbr€uck for
her advice on the PEPperPRINT experiments and for her helpful discussions. SAXS
data were collected on beamline B21 at DLS via the Manchester Block Allocation
Group (MX17773-50), with thanks to Dr. Katsuaki Inoue for their assistance. Cry-
oEM grids were screened at the Astbury Biostructure Laboratory on the FEI Titan
Krios microscopes, which were funded by the University of Leeds and Wellcome
Trust (108466/Z/15/Z). We acknowledge the UK national Electron Bio-Imaging Cen-
tre (eBIC) for access to cryoEM facilities (bi22724 [30°] and bi22724 [0°]), and Dr.
Andy Howe, the local contact at both collection sessions. Figures 1A, 2A, and 2C
were created with BioRender.com. An abstract of this work was presented at the
American Society of Nephrology, San Diego, United States, November 2018.

Author affiliations: aWellcome Centre for Cell-Matrix Research, The University of
Manchester, Manchester, M13 9PT, United Kingdom; bDivision of Cell-Matrix Biology
and Regenerative Medicine, School of Biological Sciences, Faculty of Biology Medicine
and Health, The University of Manchester, Manchester Academic Health Science
Centre, Manchester, M13 9PT, United Kingdom; cSignalling and Structural Biology Lab,
The Francis Crick Institute, London, NW1 1AT, United Kingdom; dDivision of
Cardiovascular Sciences, The University of Manchester, Manchester, M13 9PT, United
Kingdom; and eDepartment of Paediatric Nephrology, Royal Manchester Children’s
Hospital, Manchester University Hospitals NHS Foundation Trust, Manchester Academic
Health Science Centre, Manchester, M13 9WL, United Kingdom

Author contributions: M.F., T.A.J., C.B., P.E.B., and R.L. designed research; M.F., M.P.L.-C.,
and S.J.R. performed research; D.C.B. contributed new reagents/analytic tools; M.F.,
M.P.L.-C., S.J.R., T.A.J., and D.C.B. analyzed data; and M.F., M.P.L.-C., S.J.R., and P.E.B. wrote
the paper.

1. O. Shemesh, J. C. Ross, W. M. Deen, G. W. Grant, B. D. Myers, Nature of the glomerular
capillary injury in human membranous glomerulopathy. J. Clin. Invest. 77, 868–877 (1986).

2. A. McGrogan, C. F. Franssen, C. S. de Vries, The incidence of primary glomerulonephritis
worldwide: A systematic review of the literature. Nephrol. Dial. Transplant. 26, 414–430
(2011).

3. E. P. McQuarrie, B. Mackinnon, G. A. Stewart, C. C. Geddes; Scottish Renal Biopsy Registry, Membranous
nephropathy remains the commonest primary cause of nephrotic syndrome in a northern European
Caucasian population. Nephrol. Dial. Transplant. 25, 1009–1010, author reply 1010–1011 (2010).

4. M. A. Hladunewich, S. Troyanov, J. Calafati, D. C. Cattran; Metropolitan Toronto Glomerulonephritis
Registry, The natural history of the non-nephrotic membranous nephropathy patient. Clin. J. Am.
Soc. Nephrol. 4, 1417–1422 (2009).

5. A. Thompson, D. C. Cattran, M. Blank, P. H. Nachman, Complete and partial remission
as surrogate end points in membranous nephropathy. J. Am. Soc. Nephrol. 26, 2930–2937
(2015).

6. L. H. Beck, Jr. et al., M-type phospholipase A2 receptor as target antigen in idiopathic
membranous nephropathy. N. Engl. J. Med. 361, 11–21 (2009).

8 of 9 https://doi.org/10.1073/pnas.2202209119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 T
H

E
 F

R
A

N
C

IS
 C

R
IC

K
 I

N
ST

IT
U

T
E

 o
n 

Ju
ly

 1
3,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
21

2.
21

9.
94

.1
38

.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2202209119/-/DCSupplemental
http://www.rcsb.org/pdb/explore/explore.do?structureId=7QSR
http://www.ebi.ac.uk/pdbe-srv/emsearch/atlas/14077_summary.html
https://biorender.com/


7. D. Kanigicherla et al., Anti-PLA2R antibodies measured by ELISA predict long-term outcome in a
prevalent population of patients with idiopathic membranous nephropathy. Kidney Int. 83,
940–948 (2013).

8. M. Fresquet et al., Identification of a major epitope recognized by PLA2R autoantibodies in primary
membranous nephropathy. J. Am. Soc. Nephrol. 26, 302–313 (2015).

9. L. Kao, V. Lam, M. Waldman, R. J. Glassock, Q. Zhu, Identification of the immunodominant epitope
region in phospholipase A2 receptor-mediating autoantibody binding in idiopathic membranous
nephropathy. J. Am. Soc. Nephrol. 26, 291–301 (2015).

10. L. Reinhard et al., Clinical relevance of domain-specific phospholipase A2 receptor 1 antibody levels
in patients with membranous nephropathy. J. Am. Soc. Nephrol. 31, 197–207 (2020).

11. B. Seitz-Polski et al., Cross-reactivity of anti-PLA2R1 autoantibodies to rabbit and mouse PLA2R1
antigens and development of two novel ELISAs with different diagnostic performances in
idiopathic membranous nephropathy. Biochimie 118, 104–115 (2015).

12. B. Seitz-Polski et al., Epitope spreading of autoantibody response to PLA2R associates with poor
prognosis in membranous nephropathy. J. Am. Soc. Nephrol. 27, 1517–1533 (2016).

13. P. Gauckler et al.; RITERM study group, Rituximab in membranous nephropathy. Kidney Int. Rep.
6, 881–893 (2021).

14. J. G. Parsons, C. S. Sheehan, Z. Wu, I. W. James, A. M. Bray, A review of solid-phase organic
synthesis on SynPhase Lanterns and SynPhase Crowns.Methods Enzymol. 369, 39–74 (2003).

15. L. East, C. M. Isacke, The mannose receptor family. Biochim. Biophys. Acta 1572, 364–386 (2002).
16. Y. He, P. J. Bjorkman, Structure of FcRY, an avian immunoglobulin receptor related to mammalian

mannose receptors, and its complex with IgY. Proc. Natl. Acad. Sci. U.S.A. 108, 12431–12436 (2011).
17. J. Boskovic et al., Structural model for the mannose receptor family uncovered by electron

microscopy of Endo180 and the mannose receptor. J. Biol. Chem. 281, 8780–8787 (2006).
18. U. Gazi, L. Martinez-Pomares, Influence of the mannose receptor in host immune responses.

Immunobiology 214, 554–561 (2009).
19. P. Paracuellos, D. C. Briggs, F. Carafoli, T. Lon�car, E. Hohenester, Insights into collagen uptake by

C-type mannose receptors from the crystal structure of Endo180 domains 1-4. Structure 23,
2133–2142 (2015).

20. B. S. Gully et al., The cryo-EM structure of the endocytic receptor DEC-205. J. Biol. Chem. 296,
100127 (2021).

21. L. Kjøller et al., uPARAP/endo180 directs lysosomal delivery and degradation of collagen IV.
Exp. Cell Res. 293, 106–116 (2004).

22. T. I. Prigozy et al., The mannose receptor delivers lipoglycan antigens to endosomes for
presentation to T cells by CD1b molecules. Immunity 6, 187–197 (1997).

23. R. E. Shrimpton et al., CD205 (DEC-205): A recognition receptor for apoptotic and necrotic self.
Mol. Immunol. 46, 1229–1239 (2009).

24. D. B. Tesar, E. J. Cheung, P. J. Bjorkman, The chicken yolk sac IgY receptor, a mammalian mannose
receptor family member, transcytoses IgY across polarized epithelial cells.Mol. Biol. Cell 19,
1587–1593 (2008).

25. R. L. Tressler, T. F. Roth, IgG receptors on the embryonic chick yolk sac. J. Biol. Chem. 262,
15406–15412 (1987).

26. D. Wienke, J. R. MacFadyen, C. M. Isacke, Identification and characterization of the endocytic
transmembrane glycoprotein Endo180 as a novel collagen receptor.Mol. Biol. Cell 14, 3592–3604
(2003).

27. Y. Dong, L. Cao, H. Tang, X. Shi, Y. He, Structure of human m-type phospholipase A2 receptor
revealed by cryo-electron microscopy. J. Mol. Biol. 429, 3825–3835 (2017).

28. B. Yu, Z. Hu, D. Kong, C. Cheng, Y. He, Crystal structure of the CTLD7 domain of human M-type
phospholipase A2 receptor. J. Struct. Biol. 207, 295–300 (2019).

29. J. F. Howard, Jr. et al.; ADAPT Investigator Study Group, Safety, efficacy, and tolerability of
efgartigimod in patients with generalised myasthenia gravis (ADAPT): A multicentre, randomised,
placebo-controlled, phase 3 trial. Lancet Neurol. 20, 526–536 (2021).

30. P. Khare et al., Selective depletion of radiolabeled HER2-specific antibody for contrast
improvement during PET.MAbs 13, 1976705 (2021).

31. M. Beyer et al., Combinatorial synthesis of peptide arrays onto a microchip. Science 318, 1888
(2007).

32. U. Reineke, M. Schutkowski, Epitope mapping protocols. Preface.Methods Mol. Biol. 524, v–vi
(2009).

33. G. E. Crooks, G. Hon, J. M. Chandonia, S. E. Brenner, WebLogo: A sequence logo generator.
Genome Res. 14, 1188–1190 (2004).

34. T. D. Schneider, R. M. Stephens, Sequence logos: A new way to display consensus sequences.
Nucleic Acids Res. 18, 6097–6100 (1990).

35. M. Basham et al., Data Analysis WorkbeNch (DAWN). J. Synchrotron Radiat. 22, 853–858 (2015).
36. A. Panjkovich, D. I. Svergun, CHROMIXS: Automatic and interactive analysis of chromatography-

coupled small-angle X-ray scattering data. Bioinformatics 34, 1944–1946 (2018).
37. M. V. Petoukhov, D. I. Svergun, Ambiguity assessment of small-angle scattering curves from

monodisperse systems. Acta Crystallogr. D Biol. Crystallogr. 71, 1051–1058 (2015).
38. D. Svergun, C. Barberato, M. H. J. Koch, CRYSOL – a Program to Evaluate X-ray Solution

Scattering of Biological Macromolecules from Atomic Coordinates. J. Appl. Crystallogr. 28,
768–773 (1995).

39. M. B€ohm et al., Glycosciences.DB: An annotated data collection linking glycomics and proteomics
data (2018 update). Nucleic Acids Res. 47, D1195–D1201 (2019).

40. T. Bepler et al., Positive-unlabeled convolutional neural networks for particle picking in cryo-
electron micrographs. Nat. Methods 16, 1153–1160 (2019).

41. L. Zimmermann et al., A completely reimplemented MPI Bioinformatics Toolkit with a new HHpred
server at its core. J. Mol. Biol. 430, 2237–2243 (2018).

42. T. Terwilliger, Docking a model into a cryo-EM map with dock_in_map. https://phenix-online.org/
documentation/reference/dock_in_map.html. Accessed 7 May 2022.

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

44. P. V. Afonine et al., Real-space refinement in PHENIX for cryo-EM and crystallography.
Acta Crystallogr. D Struct. Biol. 74, 531–544 (2018).

45. T. I. Croll, ISOLDE: A physically realistic environment for model building into low-resolution
electron-density maps. Acta Crystallogr. D Struct. Biol. 74, 519–530 (2018).

46. M. Fresquet et al., Data from “Structure of PLA2R reveals presentation of the dominant
membranous nephropathy epitope and an immunogenic patch.” Protein Data Bank. http://www.
rcsb.org/pdb/explore/explore.do?structureId=7QSR. Deposited 25 January 2022.

47. M. Fresquet et al., Data from “Structure of PLA2R reveals presentation of the dominant membranous
nephropathy epitope and an immunogenic patch.” Electron Microscopy Data Bank. http://www.ebi.ac.
uk/pdbe-srv/emsearch/atlas/14077_summary.html. Deposited 14 January 2022.

PNAS 2022 Vol. 119 No. 29 e2202209119 https://doi.org/10.1073/pnas.2202209119 9 of 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 T
H

E
 F

R
A

N
C

IS
 C

R
IC

K
 I

N
ST

IT
U

T
E

 o
n 

Ju
ly

 1
3,

 2
02

2 
fr

om
 I

P 
ad

dr
es

s 
21

2.
21

9.
94

.1
38

.

https://phenix-online.org/documentation/reference/dock_in_map.html
https://phenix-online.org/documentation/reference/dock_in_map.html
http://www.rcsb.org/pdb/explore/explore.do?structureId=7QSR
http://www.rcsb.org/pdb/explore/explore.do?structureId=7QSR
http://www.ebi.ac.uk/pdbe-srv/emsearch/atlas/14077_summary.html
http://www.ebi.ac.uk/pdbe-srv/emsearch/atlas/14077_summary.html

	s3F1
	s3F2
	s3G3
	s3G4
	s3G5

