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ABSTRACT

Background Slit diaphragm is a specialized adhesion junction between the opposing podocytes,
establishing the final filtration barrier to urinary protein loss. At the cytoplasmic insertion site of each
slit diaphragm there is an electron-dense and protein-rich cellular compartment that is essential for
slit diaphragm integrity and signal transduction. Mutations in genes that encode components of this
membrane-less compartment have been associated with glomerular diseases. However, the molecular
mechanism governing formation of compartmentalized slit diaphragm assembly remains elusive.

Methods We systematically investigated the interactions between key components at slit diaphragm, such as
MAGI2, Dendrin, and CD2AP, through a combination of biochemical, biophysical, and cell biologic approaches.

Results We demonstrated that MAGI2, a unique MAGUK family scaffold protein at slit diaphragm, can
autonomously undergo liquid-liquid phase separation. Multivalent interactions among the MAGI2-
Dendrin-CD2AP complex drive the formation of the highly dense slit diaphragm condensates at physi-
ologic conditions. The reconstituted slit diaphragm condensates can effectively recruit Nephrin. A
nephrotic syndrome-associated mutation of MAGI2 interfered with formation of the slit diaphragm
condensates, thus leading to impaired enrichment of Nephrin.

Conclusions Key components at slit diaphragm (e.g., MAGI2 and its complex) can spontaneously undergo
phase separation. The reconstituted slit diaphragm condensates can be enriched in adhesion molecules
and cytoskeletal adaptor proteins. Therefore, the electron-dense slit diaphragm assembly might form via
phase separation of core components of the slit diaphragm in podocytes.
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The glomerular filtration barrier is composed of glo-
merular endothelial cells, the glomerular basement
membrane, and podocytes.' As the final filtration

barrier to urinary protein IOSS, the slit diaphragm is Received November 12, 2020. Accepted March 22, 2021.

a highly specialized cell-cell junction formed by the
neighboring foot processes of podocytes.*” Disrup-
tion of slit diaphragm integrity can lead to various
types of nephrotic syndrome defined by severe pro-
teinuria, hypoalbuminemia, and edema.®’

Nephrin, encoded by NPHSI, maintains the
slit diaphragm structure by forming the specific
homotypic trans-interactions between the adja-
cent podocytes.® Mutations in NPHSI led to the
congenital nephrotic syndrome of the Finnish
type.” Mice lacking NPHSI showed alteration of
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slit diaphragm architecture and died perinatally due to
massive proteinuria.'® In addition to the structural role in
slit diaphragm assembly, Nephrin plays crucial roles in reg-
ulation of actin cytoskeleton dynamics in podocytes. In
developing glomeruli, upon phosphorylation, the cytoplas-
mic tail of Nephrin (Nephrin-CT) binds to adaptor protein
Nck, which in turn, recruits proteins associated with actin
polymerization (e.g., neuronal Wiskott-Aldrich syndrome
protein [N-WASP], actin-related proteins-2/3, etc.), 13
revealing a physiologic signaling pathway between Nephrin
and the actin cytoskeleton in podocytes.'*"

In the mature slit diaphragm, Nephrin is linked to the
cortical actin cytoskeleton via a multiprotein complex
(termed the slit diaphragm complex), which consists of a
variety of scaffold proteins and regulatory proteins, includ-
ing the membrane-associated guanylate kinase (MAGUK)
family proteins (e.g, MAGII, MAGI2, ZO-1, and
CASK),'*'” Podocin,'® CD2AP (also known as FSGS3),"
Dendrin,*® Synaptopodin,®' a-actinin-4,'“** INF2,** etc.
Specifically, Nephrin was reported to bind to MAGI family
MAGUKSs via its intracellular domain.'®**** MAGI2 binds
to Dendrin, whose nuclear translocation has been detected
in human glomerular diseases.”” Dendrin further interacts
with CD2AP, a scaffold protein that directly associates with
the actin cytoskeleton.”® Therefore, the slit diaphragm com-
plex (e.g, MAGI2-Dendrin-CD2AP axis) functions as a
physical linker between slit diaphragm and actin cytoskele-
ton and facilitates the Nephrin signaling; the cytoskeleton,
in turn, stabilizes Nephrin at the slit diaphragm and ensures
the maintenance of the slit diaphragm filter structure.*”*®

Many mutations that occurred within components of the
slit diaphragm complex led to rearrangement of the podo-
cyte cytoskeleton, disruption of the filtration barrier, and
subsequent kidney disease.””° For example, MAGI2 muta-
tions have been identified in patients with steroid-resistant
nephrotic syndrome.’" MAGI2 whole-knockout mice exhib-
ited a complete disruption of slit diaphragm and died of
renal failure.’>** Podocyte-specific MAGI2 knockout mice
displayed morphologic defects of podocyte foot processes,
disappearance of slit diaphragm, and massive albuminuria.>*
In the absence of MAGI2, Dendrin translocated from slit
diaphragm to the nucleus, promoting podocyte apoptosis
and glomerulosclerosis.”* CD2AP mutations are associated
with sporadic nephritic syndrome and FSGS.> CD2AP
knockout mice developed a congenital nephrotic syndrome
with impaired podocyte morphology accompanied by
mesangial cell hyperplasia and extracellular matrix deposi-
tion and died at 6 weeks of age from kidney failure.**>’

Interestingly, biochemical and electron microscopy studies
revealed that the cytoplasmic insertion site of each slit dia-
phragm where the slit diaphragm complex is located is a
detergent-resistant, electron-dense region.”®* These electron
densities contact with the plasma membrane on their one face
and with cortical actin cytoskeleton on the other face. Despite
the critical roles of the slit diaphragm complex in orchestrating
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Significance Statement

Slit diaphragms between podocytes play a critical role in main-
taining the filtration function in kidney. At each slit diaphragm
there is an electron-dense junctional plaque crucial for slit dia-
phragm integrity and podocyte signal transduction. However,
the molecular basis underlying slit diaphragm assembly is not
well understood. Here, we demonstrate that MAGI2, a unique
MAGUK family scaffold protein at slit diaphragm, can autono-
mously undergo liquid-liquid phase separation. Multivalent inter-
actions among the MAGI2-Dendrin-CD2AP complex drive the
formation of the slit diaphragm condensates at physiologic con-
ditions. The reconstituted slit diaphragm condensates can effec-
tively enrich Nephrin. A nephrotic syndrome-associated
mutation of MAGI2 interferes with slit diaphragm condensate
formation, leading to impaired recruitment of Nephrin. There-
fore, the electron-dense slit diaphragm assembly might form via
phase separation of the slit diaphragm complex.

slit diaphragm structure and function, the molecular mecha-
nisms underlying the assembly of the slit diaphragm complex
and electron-dense compartment are not well understood.

In this work, we dissect the interactions of the MAGI2-
Dendrin-CD2AP axis and provide the structural basis gov-
erning the MAGI2-Dendrin interaction. Importantly, we
discover that MAGI2, but not its close paralog MAGII,
undergoes liquid-liquid phase separation (LLPS) both in
vitro and in living cells. Paralog-specific “RQPPxxxDY”
repetitive motifs of MAGI2 are essential for phase separa-
tion. More importantly, MAGI2, Dendrin, and CD2AP
together form the self-organized, densely packed slit dia-
phragm condensates, which could effectively recruit Neph-
rin. A nephrotic syndrome-associated mutation of MAGI2
impairs the formation of the slit diaphragm condensates,
thus leading to defects of Nephrin recruitment.

METHODS

Constructs and Peptides
Mouse MAGII (GenBank: NM_001286784.1), MAGI2 (Gen-
Bank: NM_001170746.1), Dendrin (GenBank: NM_0010137
41.1), and Nephrin (GenBank: NM_019459.2) genes were
amplified from a mouse brain cDNA library. Human CD2AP
(GenBank: NM_012120.3) and MAGI3 (NM_001142782.2)
were provided by Jiahuai Han (Xiamen University, China).
Various fragments of these genes were amplified by standard
PCR method and cloned into pGEX-4T-1, pET32M-3C,
pEGFP-C, pEBFP-C, pTRFP, or pcDNA3.0-FLAG vector.
Mutations were created through site-directed mutagenesis
method and confirmed by DNA sequencing.

All peptides were commercially synthesized by Genscript
(China) with purity >95%.

Protein Expression and Purification
Wild-type or various mutants of MAGI2 and CD2AP were
expressed in BL21(DE3) and Rosetta (DE3) cells,
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respectively, at 20°C for 20 hours induced by 0.4 mM iso-
propyl-B-D-thiogalactoside =~ (IPTG).  Trx-Hiss-tagged
Nephrin-CT was expressed in BL21(DE3) cells at 37°C for
2.5 hours induced by 0.4-0.6 mM IPTG. The Dendrin pro-
tein was expressed in BL21(DE3) cells at 30°C for 4 hours
induced by 0.4 mM IPTG. Other constructs were expressed
in BL21(DE3) cells at 16°C for 20 hours induced by 0.2 mM
IPTG. Hises-tagged and GST-tagged proteins were purified
by Ni*"-NTA agarose affinity chromatography and GSH-
Sepharose affinity chromatography, respectively, followed by
a Superdex-200 26/60 size-exclusion chromatography (SEC)
in the buffer containing 50 mM Tris, pH 8.0, 100 mM NaCl,
1 mM EDTA, 1 mM dithiothreitol (DTT), and protease
inhibitor cocktail. Hiss tag was then removed by addition of
human rhinovirus 3C proteinase at 4°C overnight, followed
by another round of SEC.

Isothermal Titration Calorimetry Assay

Isothermal titration calorimetry assays were carried out to
measure the binding affinity of various interactions. All of
the measurements were performed at 25°C using a MicroCal
iTC200 system (Malvern). Dendrin peptides (the concentra-
tions ranging from 100 to 300 puM) or &-catenin PDZ-
binding motif (PBM) peptide (500 uM) was in the syringe.
MAGI2 WWI1-2 (10 uM), PDZ5 (50 puM), or PDZ5-8RA
(50 uM) was in the cell. All of the samples were in the buffer
containing 50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM
EDTA, and 1 mM DTT. The data were analyzed using the
ORIGIN 7.0 software (MicroCal Software).

Fluorescence Polarization Assay

To determine the binding affinities between the SH3
domains of CD2AP and proline-rich regions (i.e., PRn and
PRc) of Dendrin, the fluorescence polarization assay was
performed on a PerkinElmer LS-55 fluorimeter at 25°C. The
commercially synthesized peptides of PRn and PRc were
labeled with FITC (Invitrogen; Molecular Probe) in the
buffer containing 0.1 M NaHCO; at room temperature for 1
hour and then exchanged into the buffer containing 50 mM
Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT.
The FITC-labeled PRn and PRc peptides were titrated with
the SH3 domains of CD2AP. The Ky value was fitted with
the classic one-site binding model using GraphPad Prism 7.

GST-Pull-Down Assay

Flag-tagged full-length MAGI2 was overexpressed in
HEK293T cells. Cells were harvested and lysed using the ice-
cold cell lysis buffer containing 50 mM HEPES, pH 7.4, 150
mM NaCl, 10% glycerol, 2 mM MgCl,, 1% Triton, and pro-
tease inhibitor cocktail. After centrifugation, the superna-
tants were incubated with 20 pl various wild-type or
mutants of GST-Nephrin fragments preloaded GSH-
Sepharose 4B slurry beads. After extensive washing with the
cell lysis buffer, the captured proteins were eluted by 30 pl
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2X SDS-PAGE loading dye and detected by western blot
using anti-Flag antibody (Sigma-Aldrich; 1:3000, catalog no.
F1804).

Crystallography

For the reconstitution of the MAGI2 WW1-2/Dendrin
PY2-3-Ex (amino acids 222-241) complex, Trx-Hiss—tagged
MAGI2 WW1-2 was copurified with Trx-Hiss-tagged Den-
drin PY2-3-Ex. The Trx-Hisq tag was removed by incuba-
tion with human rhinovirus 3C protease overnight, followed
by another round of SEC.

The best crystals of the complex (approximately 15 mg/
mL) were obtained by the sitting-drop vapor diffusion
method at 16°C in 2.2 M ammonium sulfate, 150 mM
malate, pH 5.1, and 4.0% (vol/vol) 1,2-propanediol. Crystals
were soaked in 4 M ammonium sulfate for cryoprotection.
The x-ray diffraction data were collected at 100 K at the
Shanghai Synchrotron Radiation Facility. The diffraction
data were processed with the HKL3000 package.*' The com-
plex structure was solved by molecular replacement by
PHASER* using the structures of MAGI1-WW1 (Protein
Data Bank [PDBJ: 2YSD) and MAGI1-WW2 (PDB: 2YSE)
as the searching models. The refinement was carried out
using the programs PHENIX*’ and COOT.** The final proc-
essing and refinement statistics of the complex structure are
listed in Supplemental Table 1. All structural diagrams were
prepared using PyMOL.

Fast Protein Liquid Chromatography Coupled with
Static Light Scattering

The molecular weight analysis was carried out by the Agilent
InfinityLab system coupled with a static light scattering
detector (miniDawn; Wyatt) and a differential refractive
index detector (Optilab; Wyatt). One hundred microliters of
CD2AP-CC or CD2AP-CC™™ at the concentration of 100
M was loaded into a Superose 12 10/300 GL column (GE
Healthcare) pre-equilibrated with 50 mM Tris, pH 8.0, 100
mM NaCl, 1 mM EDTA, and 1 mM DTT buffer. Data were
analyzed using ASTRA 6 software (Wyatt).

Protein Labeling with Fluorophore

The proteins for labeling were exchanged into buffer con-
taining 100 mM NaCl, 100 mM NaHCO;, pH 8.3, and 4
mM B-ME using a HiTrap desalting column with the con-
centration of approximately 5 mg/ml. iFluor 405 ester (AAT
Bioquest), Cy3/Cy5 NHS ester (AAT Bioquest), and Alexa
488 NHS ester (Thermo Fisher) were dissolved in DMSO
and were incubated with the protein at room temperate for
1 hour. The label reaction was quenched by the addition of
the buffer containing 50 mM Tris, pH 8.0, 100 mM NaCl, 1
mM EDTA, and 1 mM DTT. The labeled protein was sepa-
rated with a HiTrap desalting column to remove excess dye
into the same buffer. Fluorescence labeling efficiency was
measured by Nanodrop 2000 (Thermo Fisher).

JASN 32: 1946-1960, 2021
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In Vitro Phase Separation Assay

Freshly purified proteins were dissolved in the buffer con-
taining 50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA,
and 1 mM DTT and then centrifuged at 14,000 rpm for 10
minutes at 4°C. Subsequently, all of the samples were placed
on ice before phase separation assay.

For the sedimentation-based assay, proteins or protein
complex mixtures were centrifuged at 14,000 rpm for 5
minutes at room temperature. Samples from the supernatant
and pellet fraction were analyzed by SDS-PAGE. The inten-
sity of each band was quantified by Image] and GraphPad
Prism 7. Each group was repeated three times. Data were
presented as mean * SD. For the microscope-based assay,
each sample (labeled proteins or complex mixtures) was
injected in a chamber described previously for fluorescent
imaging (Leica SP8).

Fluorescence Recovery after Photobleaching Assay
GFP-tagged full-length MAGI2 or CD2AP was expressed in
COS7 cells, which were cultured on glass-bottom dishes
(MatTek) for in vivo fluorescence recovery after photobleach-
ing (FRAP) assay. The FRAP assays were carried out on a
Leica SP8 confocal microscope with a 63X oil objective, and
GFP signal was bleached with a 488-nm laser beam. The ROI
intensity at the time right after the photobleaching was set as
0%, and the prebleaching intensity was normalized to 100%.

Nuclear Magnetic Resonance Spectroscopy

The labeled proteins for nuclear magnetic resonance studies
were concentrated to approximately 0.3 mM in a buffer con-
taining 50 mM NaH,PO,/Na,HPO,, pH 7.0, 50 mM NaCl,
10% D,O (vol/vol), and 1 mM DTT. "H-">N HSQC spectra
were acquired at 25°C on an Agilent 800-MHz spectrometer
(Agilent Technology). Peptide (P1: PKKPPPP) was dissolved
in the same buffer and titrated into the three SH3 domains
of CD2AP with indicated molar ratio.

Cellular Localization Assay

HEK293T cells were plated on glass coverslips and trans-
fected with the indicated plasmids using a Lipofectamine-
2000 Reagent (Invitrogen; Thermo Fisher Scientific). Cells
were cultured in DMEM containing 10% FBS in 5% CO,
before fixation. After transfection for 20 hours, cells were
fixed with 4% paraformaldehyde for 15 minutes at room
temperature. After three times washing with PBS, cells were
mounted on glass slides with Vectashield Mounting Medium
(Axxora) for image acquisition on the Olympus IX71
inverted fluorescent microscope.

Quantification and Statistical Analyses

Statistical parameters, including the definitions and exact
values of n (e.g., the number of experiments), are described
in the figures. For the sedimentation-based assay and the
percentage of cells displaying spherical puncta, all data are
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expressed as mean * SD. Statistical analysis was performed
by GraphPad Prism 7.

RESULTS

MAGI2 Undergoes Phase Separation In Vitro and in
Living Cells

We previously uncovered the structural basis of the specific
interaction between the evolutionarily conserved atypical
PBM of Nephrin and PDZ3 domain of MAGIL.* During
our further study of the interaction between Nephrin and
MAGI2, we came across an interesting discovery that GFP-
MAGI2 forms spherical puncta under fluorescence micros-
copy when expressed in a fibroblast kidney cell line, COS7
cells (Figure 1A). To figure out whether the GFP-MAGI2
puncta are irreversible aggregates or reversible condensed
droplets, we performed the FRAP experiment. The FRAP
assay showed that GFP-MAGI2 signal could be recovered
after photobleaching over a short period of time, suggesting
that GFP-MAGI2 could rapidly exchange between the
puncta and the surrounding dilute cytoplasm (Figure 1, A
and B). We next purified the recombinant full-length
MAGI2 protein and labeled the protein with Alexa 488 fluo-
rophore. Alexa 488-MAGI2 formed spherical droplets in a
concentration-dependent manner under microscopy (Figure
1C). These dispersed droplets could fuse with each other
over time (Figure 1D). To investigate the biophysical prop-
erties of these condensed droplets, we test their ability to
form droplets under different salt concentrations. We found
that the size of the MAGI2 droplets was reduced with ele-
vated salt concentration (Figure 1E). These above features
are characteristic of phase-separated biomolecular conden-
sates,"*™*® suggesting that MAGI2 may autonomously
undergo LLPS in vitro and in living cells.

Molecular Mechanism Governing the Phase Separation
of MAGI2

In general, the biomolecular condensates are driven by mul-
tivalent intra- or intermolecular interactions either between
multidomain scaffold proteins (e.g., tandem SH3 domains
and proline-rich motifs)*’ or between low-complexity
sequences of intrinsically disordered regions (e.g., fused in
sarcoma [FUS]).* MAGI2 belongs to the MAGUK family
protein and contains six PDZ domains, two WW domains,
and a guanylate kinase-like (GK) domain (Figure 2A). To
the best of our knowledge, there are no intra- or intermolec-
ular interactions between these domains; MAGI2 lacks the
intrinsically disordered regions with high disorder tendency
according to the prediction program IUpred.*

To uncover the mechanism governing the phase separa-
tion of MAGI2, we purified various truncation or deletion
forms of MAGI2 and tested their abilities to form the con-
densed droplets. We found that deletion of PDZ0-GK,
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Figure 1. MAGI2 undergoes phase separation in vitro and in living cells. (A) Representative images show that expression of GFP-

MAGI2 in COS7 cells produced many bright and spherical puncta. Representatlve time-lapse FRAP images show that the GFP-
MAGI2 signal within the puncta recovered over a short period of time. Show the enlarged images of MAGI2 droplets selected for
FRAP experiment. Scale bars: 5 pm. (B) Quantitative results for FRAP analysis of GFP-MAGI2 in puncta of COS7 cells. The curve rep-
resented the averaged signals from ten droplets. Time O refers to the time point of the photobleaching pulse. All data are repre-
sented as mean = SD. (C) Fluorescence images showing that purified MAGI2 protein underwent phase separation at indicated con-
centrations. The images were acquired at room temperature with 1% MAGI2 labeled by Alexa 488. The protein labeling ratio and
the imaging conditions were used throughout the study unless otherwise stated. Scale bars: 5 um. (D) Representative images show-
ing that the MAGI2 condensed droplets fused with each other over time. Scale bars: 1 um. (E) Phase separation of MAGI2 in the

presence of different salt conditions. Scale bars: 5 um.

PDZ3, or PDZ5 significantly disrupted phase separation,
whereas deletion of WW1-2, PDZ1, PDZ2, or PDZ4 had no
effect (Figure 2, A and B). A characteristic hallmark of
PDZ0-GK, PDZ3, and PDZ5 domains is that they are all
enriched with arginine (Arg, R) residues (PDZ0-GK: 10R;
PDZ3: 14R; PDZ5: 12R) (Figure 2A). Interestingly, this fea-
ture is highly conserved in MAGI2 from different species
and among three paralogs of MAGI family proteins
(MAGI1-3) (Supplemental Figure 1). We first wanted to
investigate whether reduced arginine content of the
arginine-rich domains in MAGI2 will impair the phase sepa-
ration. We chose to replace eight of 12 arginine residues in
the PDZ5 domain with alanine residues (referred to as
MAGI2PP#5 %4 mutant) (Figure 2A, Supplemental Figure
2). Notably, most of the arginine residues chosen for substi-
tution are located at the loop regions of PDZ5
(Supplemental Figure 2); the PDZ5-8RA mutant displayed a
similar binding ability to 8-catenin PBM peptide as the wild-
type PDZ5 did (Supplemental Figure 2), suggesting that ala-
nine substitution did not change the overall folding of
MAGI2 PDZ5. Intriguingly, MAGI2PPZ5~8R4 Jost its ability
to form phase separation (Figure 2B), implying that the argi-
nine content of the arginine-rich domains of MAGI2 is
indeed critical for its phase separation.

1950 JASN

However, the fact that MAGI1 did not form phase-
separated droplets (see below for detail) led us to speculate
that some paralog-specific regions of MAGI2 other than
these arginine-rich domains may also contribute to the
phase separation. Careful sequence analysis indicated that a
unique loop between PDZ4 and PDZ5 domains of MAGI2,
which comprises several “RQPPxxxDY” repetitive motifs
(referred to as the “DY loop” hereafter), is absent in MAGI1
and MAGI3 (Figure 2C). We replaced all of the tyrosine res-
idues in the DY loop with serine residues (referred to as the
MAGI2Y® mutant) (Figure 2C) and found that the MAGI2YS
mutant failed to form condensed droplets even at the con-
centration above 80 pM (Figure 2B). It is worth noting that
the DY loop is conserved in MAGI2 from human to fish,
whereas Caenorhabditis elegans MAGI lacks the DY loop
(Figure 2C). Consistent with this analysis, zebrafish MAGI2
also formed phase-separated droplets, whereas C. elegans
MAGI did not (Figure 2D). Furthermore, we designed a chi-
meric construct where the DY loop of mouse MAGI2 is
inserted between PDZ4 and PDZ5 domains of mouse
MAGII. Interestingly, the mouse MAGI1_DY chimeric con-
struct gained the ability to form phase separation (Figure
2D), indicating the indispensable role of the DY loop for
phase separation.

JASN 32: 1946-1960, 2021
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Figure 2. Molecular mechanism governing the phase separation of MAGI2. (A) Schematic diagrams showing the domain organiza-
tions of various fragments of MAGI2. The DY loop between PDZ4 and PDZ5 domains is highlighted with an orange box. The arginine
content of each domain is also shown. (B) Phase separation diagram of wild-type (WT) and mutant forms of MAGI2 at indicated con-
centrations. The highlighted orange dots indicate phase separation (phase separation happens at this concentration); the gray dots
indicate that there is no phase separation (phase separation does not happen at this concentration). (C) Sequence alignment of the
DY loop between PDZ4 and PDZ5 domains. Note that mouse MAGI2 contains several “"RQPPxxxDY" repetitive motifs. ¢, C. elegans;
f, zebrafish; h, human; m, mouse. (D) The percentage of cells showing spherical MAGI puncta. All data are expressed as mean * SD
(n=3; number of batches of cultures with 30 cells counted for each batch). (E) Hierarchical organization of the formation of conden-
sates is depicted here as spherical droplets showing that collective interactions between tyrosine residues in the DY loop and argi-
nine residues in PDZ domains of MAGI2 are the major driving force for phase separation.
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Taken together, these results suggested that phase separa-
tion of MAGI2 is governed by multivalent interactions
between the tyrosine residues from the paralog-specific
“RQPPxxxDY” repetitive motifs and the arginine residues
from surfaces of PDZ domains (Figure 2E). This mechanism
resembles the one utilized by FUS protein. However, unlike
FUS phase separation where the arginine residues are from
the low-sequence complexity region,”" the arginine residues
required for MAGI2 phase separation are situated at the
solvent-exposed surfaces of well-folded PDZ domains.
Therefore, when searching for proteins capable of undergo-
ing phase separation, one will need to pay attentions to
arginine-rich motifs not only in the unstructured intrinsic
disorder region(s) but also, in the solvent-exposed surfaces
of folded domain(s).

Notably, a protein-truncating mutation (p.E1178DfsX9)
of MAGI2 (MAGI2™) was identified in patients with
steroid-resistant nephrotic syndrome.>" This mutant pro-
tein is expected to disrupt the PDZ5 domain of MAGI2
(Supplemental Figure 3). Because PDZ5 is required for
MAGI2 phase separation, the MAGI2™® mutant failed to
form phase-separated droplets as expected (Figure 2B).

Biochemical and Structural Characterization of MAGI2-
Dendrin Interaction

We next wanted to know whether MAGI2-mediated slit dia-
phragm complex (e.g., MAGI2-Dendrin-CD2AP) shows the
similar biophysical features as phase-separated MAGI2 does.
MAGI2 interacts with Dendrin in glomeruli, which play an
important role in sequestering Dendrin at the slit dia-
phragm.’* The interaction is mediated by WW1-2 tandem
of MAGI2 and the PPxY motifs of Dendrin (Figure 3A).
Dendrin contains three PPxY motifs (PY1-3) (Figure 3B).
Notably, PY2 and PY3 are connected by only two residues,
whereas PY1 is far away from PY2-3 (Figure 3B). The iso-
thermal titration calorimetry-based assay showed that
MAGI2 WW1-2 binds to PY1 with a dissociation constant
(Kq4) of approximately 4 uM (Figure 3C). In contrast, PY2-3
bound to MAGI2 WW1-2 with an approximately 300-fold
higher affinity than PY1 did (K4~0.013 uM) (Figure 3C).
More interestingly, extension of eight residues following
PY2-3 (referred to as PY2-3-Ex) further enhanced the bind-
ing affinity by approximately four-fold (K4~0.003 uM) (Fig-
ure 3C).

We solved the crystal structure of MAGI2 WW1-2 in
complex with Dendrin PY2-3-Ex at 2.1-A resolution
(Supplemental Table 1). In the complex structure, Dendrin
PY2-3-Ex binds to MAGI2 WW1-2 in an antiparallel
manner, with WW1 bound to PY3 and WW2 bound to
PY2 (Figure 3D). The eight-amino acid Ex fragment con-
tacts with the side of WW1 (Figure 3D). Specifically, P224/
P225 of PY2 and P230/P231 of PY3 form hydrophobic
contacts with Y364/F375 of WW2 and Y318/W329 of
WWT1, respectively (Figure 3D). Y227 of PY2 and Y233 of

1952 JASN

PY3 form hydrogen bonds with H368 of WW2 and H322
of WWI1, respectively. These interaction details represent
the typical PPxY-WW interaction mode.’>*® As expected,
mutation of the three tyrosine residues from PY1-3 to ala-
nine (i.e., Dendrin**) completely disrupted the MAGI2-
Dendrin interaction (Supplemental Figure 4). Notably, the
side chain of H237°°™"™ from the eight-amino acid Ex
fragment forms a hydrogen network with the side chain of
Y318WW! and the main chain of Y233Pendrin (Figure 3D).
Substitution of H237 with alanine in PY2-3-Ex decreased
the binding affinity by approximately four-fold (K4~0.013
uM), revealing the importance of H237P"4" " _pediated
hydrogen bond interactions for the intact MAGI2-Dendrin
interaction.

Interaction between Dendrin and CD2AP

Dendrin was shown to bind directly to CD2AP in the podo-
cytes.”® Moreover, a proline-rich fragment C terminal to the
PPxY motifs of Dendrin (amino acids: RPVPRSRQHLR,
referred to as “PRc”) was shown to bind to the second SH3
domain of CIN85, a close homolog of CD2AP.>* CD2AP
contains three SH3 domains (SH3a-c). We set out to test
the binding of Dendrin PRc to each SH3 domain of CD2AP
using fluorescence spectroscopy. Dendrin PRc bound to
SH3a, SH3b, and SH3c domains of CD2AP with Ky values
of 96, 38, and 878 uM, respectively (Figure 3E). Intriguingly,
we found that another proline-rich sequence preceding the
PPxY motifs of Dendrin (amino acids: QPRPEPRNALR,
referred to as “PRn”) also fits well with the reported consen-
sus motif required for CIN85 SH3 binding™* (Figure 3E). As
expected, Dendrin PRn bound to each SH3 domain of
CD2AP, although the binding affinities were much lower
than those of PRc-SH3 interactions (Figure 3E). In line with
the fact that R(0) is critical for CIN85 SH3-PR motif interac-
tion,”* substitution of the corresponding arginine in PRn
and PRc¢ of Dendrin with Glu (i.e., PRn®* and PRc®F) signif-
icantly impaired their bindings to CD2AP and SH3b, respec-
tively (Supplemental Figure 4).

Multivalent Protein-Protein Interactions Drive the Slit
Diaphragm Condensates Formation

Because both of the PY1 and PY2-3 motifs of Dendrin are
capable of binding to MAGI2 WW1-2, one can envision that
binding of Dendrin to MAGI2 would expand the valency of
the system and thus, promote the phase separation of
MAGI2. Moreover, two PR motifs of Dendrin bind to each
SH3 domain of CD2AP. Therefore, addition of CD2AP into
the MAGI2-Dendrin complex might further expand the
valency and facilitate the slit diaphragm condensates forma-
tion. To test our hypothesis, we wanted to purify full-length
Dendrin and CD2AP proteins and investigate their effects on
MAGI2 phase separation. Although we can get purified full-
length CD2AP protein, we failed to get full-length Dendrin
protein. Instead, we purified a truncated Dendrin protein,
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Figure 3. MAGI2, Dendrin, and CD2AP together form the slit diaphragm condensates. (A) Schematic diagrams showing the domain
organizations of MAGI2, Dendrin, and CD2AP. The interactions among these proteins are indicated by the two-way arrows. (B)
Amino acid sequence of Dendrin 198-241. Three PPxY motifs are colored purple. The fragment used for crystallography study is
highlighted with the yellow-orange box. Residues involved in binding to WW1-2 are annotated below as orange triangles. (C) The
isothermal titration calorimetry curves showing the bindings of WW1-2 to PY1, PY2-3, and PY2-3-Ex. (D) Detailed interface between
WW1-2 and PY2-3-Ex. Hydrogen bonds are shown as black dashed lines. (E) Summary of binding affinities derived from the fluores-
cence polarization—based assays between two PR motifs of Dendrin and three SH3 domains of CD2AP. The consensus SH3-binding
motif (i.e., PxPxxRxxxR) of CIN85 or CD2AP is also shown. (F) Fluorescence images showing that the mixture of MAGI2 and Dendrin
led to phase separation at the indicated concentrations. MAGI2 and Dendrin were labeled with Cy5 and Alexa 488, respectively.
Scale bars: 5 um. (G) Fluorescence images showing that the mixture of MAGI2, Dendrin, and CD2AP at indicated concentrations
resulted in condensed droplets with three components codroplet with each other. MAGI2, Dendrin, and CD2AP were labeled with
Cy5, Alexa 488, and Cy3, respectively. Scale bars: 5 um.
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which includes two PR motifs (for CD2AP binding) and three
PPxY motifs (for MAGI2 binding), as this protein behaves
well and is suitable for phase separation study. For simplicity,
we refer to this protein as Dendrin here.

We found that mixing equal amounts of Cy5-labeled
MAGI2 and Alexa 488-labeled Dendrin led to formation of
the condensed liquid droplets (Figure 3F). Notably, addition
of Dendrin lowered the threshold concentration for MAGI2
to undergo phase separation (Figure 3F, 10 uM versus Fig-
ure 1C, 25 uM). However, Dendrin alone did not form
phase separation even at the concentration of 100 uM (data
not shown). Moreover, RFP-Dendrin colocalized with GFP-
MAGI2 in the spherical puncta when they were coexpressed
in COS7 cells, whereas no puncta were observed in cells that
expressed RFP-Dendrin alone (Supplemental Figure 5).
These data suggested that binding of Dendrin promotes the
phase separation of MAGI2. Addition of CD2AP into the
MAGI2-Dendrin mixture further lowered the threshold con-
centration of phase separation (Figure 3G, 5 uM versus Fig-
ure 3F, 10 uM). It is worth noting that the slit diaphragm
condensates formed by the MAGI2-Dendrin-CD2AP
complex were readily observed at an individual protein
concentration of 5 uM (Figure 3G). As expected, MAGI2-
Dendrin-CD2AP complex can spontaneously form phase-
separated droplets when coexpressed in COS7 cells
(Supplemental Figure 5).

CD2AP Undergoes Liquid-Liquid Phase Transition
During our study of the slit diaphragm condensates, we
found that purified CD2AP protein alone forms condensed
droplets in a concentration-dependent manner (Figure 4A).
GFP-CD2AP was observed to form spherical puncta when
expressed in COS7 cells (Figure 4B). The FRAP assay
showed that GFP-CD2AP signal could be recovered rapidly
after photobleaching (Figure 4C). These data indicated that
CD2AP also undergoes LLPS.

A series of CD2AP constructs was generated to test their
abilities to form droplets in vitro (Figure 4D). Deletion of three
SH3 domains, the coiled coil (CC) domain, or the linker region
abrogated the droplets formation (Figure 4, D and E). Similar
to its homolog CIN85, CD2AP-CC is a trimer in solution
(Supplemental Figure 6). On the basis of the structure of
CIN85-CC,> we designed a two-point mutation of CD2AP-
CC (i.e,, L539K/L625K double mutation; referred to as the
“LK” mutant) capable of converting trimeric CD2AP-CC into
a monomer (Supplemental Figure 6). The CD2AP™ mutant
did not form phase-separated droplets, further confirming that
CC-mediated oligomerization is required for phase separation.
We further deleted the three specific proline-rich motifs (P1-3)
and found that this mutant also lost its phase separation ability
(Figure 4, D and E). We hypothesized that multivalent interac-
tions between P1-3 motifs and SH3a-c domains might be
required for CD2AP phase transition. We chose P1 motif to
titrate with each SH3 domain of CD2AP using a nuclear
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magnetic resonance-based titration assay. Three SH3 domains
all bound specifically to P1 motif (Supplemental Figure 7).
Because P1-3 motifs are highly similar with each other, we
believe that P2 and P3 can both bind to SH3 domains of
CD2AP as well. Thus, we concluded that the CC domain and
the multivalent interactions between the P1-3 motifs and SH3
domains of CD2AP are both required for CD2AP phase sepa-
ration (Figure 4F).

The Slit Diaphragm Condensates Recruit Nephrin

The most pivotal role of the slit diaphragm complex is to
connect Nephrin with cortical actin cytoskeleton in the foot
processes of podocytes, thus maintaining the integrity of
mature slit diaphragm. Nephrin was shown to directly bind
to MAGI2 in glomeruli.'®** Although the conserved PBM
of Nephrin bound weakly to MAGI2,* the entire Nephrin-
CT bound to MAGI2 more robustly (Figure 5, A and B).
Notably, Nephrin-CT without PBM completely lost the
ability to bind to MAGI2 (Figure 5B). These data indicated
that both the PBM of Nephrin and its upstream sequence
are required for the intact MAGI2-Nephrin interaction. A
very recent study has shown that PDZ3-5 domains of
MAGI2 are required for Nephrin binding.*® Further struc-
tural investigation is need to illustrate the interaction detail
in future.

We next wanted to test whether the slit diaphragm scaffold
condensates could incorporate Nephrin-CT. We purified and
labeled the Nephrin-CT with iFluor 405 fluorophore and
mixed it with Cy5-MAGI2, 488-Dendrin, and Cy3-CD2AP.
The resulting four-component mixture underwent LLPS even
at the concentration of 1 uM (Figure 5C, Supplemental
Figure 8), implying that the condensates might form at the
physiologic condition in podocytes. The distribution of four
proteins between the bulk aqueous solutions (the
“supernatant” faction) and the condensed droplets (the
“pellet” fraction) was analyzed by a sedimentation-based assay
described previously.”® At the concentration of 10 uM,
approximately 70% of MAGI2, approximately 80% of
CD2AP, approximately 70% of Dendrin, and approximately
45% of Nephrin-CT proteins were recovered from the con-
densed phase (Figure 5, D and E). However, both the Dendrin**
mutant (defective in formation of the MAGI2-Dendrin com-
plex) and the Dendrin® mutant (defective in formation of
the Dendrin-CD2AP complex) showed impairment in form-
ing the slit diaphragm condensates and reduced Nephrin-
CT recruitment to the condensates (Figure 5, D and E).
Moreover, the nephrotic syndrome-associated mutant of
MAGI2, MAGI2™S, also resulted in reduced Nephrin-CT
recruitment (Figure 5, D and E). Because MAGI2™ dis-
played a similar binding ability to Nephrin-CT as the wild-
type MAGI2 did (Supplemental Figure 9), the reduced
Nephrin-CT recruitment was most likely due to the attenu-
ated slit diaphragm condensates formed by the MAGI2™®
mutant.
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Figure 4. CD2AP forms phase transition in vitro and in living cells. (A) Fluorescence images show that purified CD2AP protein under-
went phase separation at indicated concentrations. Scale bars: 5 um. (B) Representative images show that the expression of GFP-
CD2AP in COS7 cells generated bright and spherical puncta. FRAP experiment shows that the GFP-CD2AP signal within the puncta
recovered over time. Show the enlarged images of CD2AP droplets selected for FRAP experiment. Scale bar: 5 um. (C) Quantitative
results for FRAP analysis of GFP-CD2AP in puncta of COS7 cells. The curve represents the averaged signals from ten droplets. All data
are represented as mean * SD. (D) Schematic diagrams showing the domain organizations of various truncations of CD2AP. The amino
acid sequences of three proline-rich sequences in the linker region (P1-P3) are shown. The interactions between SH3 domains and
proline-rich sequences are indicated with dashed arrows. (E) Phase separation diagram of wild-type (WT) and mutant forms of CD2AP
at indicated concentrations. The highlighted orange dots indicate phase separation; gray dots indicate no phase separation. (F) A
model depicting the mechanism of CD2AP phase separation.
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Figure 5. The slit diaphragm condensates effectively recruit Nephrin. (A) Domain organization of Nephrin. Sequence of Nephrin-
PBM (-LPFELRGHLYV) is shown. CT, cytoplasmic tail. (B) GST—pull-down analysis of the interactions between various fragments of
Nephrin and Flag-tagged full-length MAGI2 expressed in HEK293T cells. (C) Fluorescence images showing that the mixture of
Nephrin-CT, MAGI2, Dendrin, and CD2AP at their individual concentrations of 5 uM or below resulted in condensed droplets with
four components codroplet with each other. Nephrin-CT, MAGI2, Dendrin, and CD2AP were labeled with iFluor 405, Cy5, Alexa
488, and Cy3, respectively. Scale bars: 5 um. (D) Representative SDS-PAGE analysis showing the distributions of wild types (WTs)
and mutants of four components in the supernatant (S) and pellet (P) in sedimentation-based assays. The final concentration of each
protein was 10 uM. (E) Quantification data of (D). Results are expressed as mean * SD from three independent batches of sedimen-
tation experiments. IB; immunoblot; PD, pull down; TM, transmembrane.

DISCUSSION podocytes, although little is known about how these

electron-dense matrixes are assembled. In this work, we dis-
Slit diaphragm is a specialized adhesion junction between  cover that MAGI2, a unique member of the MAGUK family
the adjacent podocytes. The electron-dense areas located at  scaffold proteins highly expressed at slit diaphragm, can
the cytoplasmic insertion sites of each slit diaphragm have  spontaneously undergo LLPS (Figure 1). Driven by the mul-
been observed for over 40 years™ (Figure 6). During the last  tivalent interactions between MAGI2, Dendrin, and CD2AP,
decades, cell biologic and genetic studies have identified a  these proteins could form electron-dense matrix-like slit dia-
variety of components (i.e., the slit diaphragm complex)  phragm condensates. These discoveries suggest that the
enriched in these protein-rich, semiopen compartments in  electron-dense slit diaphragm compartments might form via
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Figure 6. Phase separation-mediated slit diaphragm assembly. Proposed model for slit diaphragm organization mediated by phase
separation of the slit diaphragm complex. The slit diaphragm complex including but not limited to the MAGI2-Dendrin-CD2AP axis
may autonomously form condensed slit diaphragm condensates in the podocytes via LLPS. The shaded gray spheres indicate that
the slit diaphragm condensates could connect slit diaphragm and cortical actin cytoskeleton. GBM, glomerular basement

membrane.

phase separation of core components of the slit diaphragm
complex (e.g., MAGI2, Dendrin, CD2AP, etc.) (Figure 6).
Importantly, the reconstituted slit diaphragm condensates
could effectively recruit Nephrin. Notably, the condensates
composed of Nephrin, MAGI2, Dendrin, and CD2AP could
form at their individual concentration of 1 uM, which is
close to physiologic concentration. In general, binding of
multivalent cognate proteins at the two-dimensional mem-
brane interface has been shown to significantly decrease the
threshold concentration for phase separation, as indicated in
many systems such as the neuronal synapse,”” the immuno-
logic synapse,”® and the tight junction.”® Consider that other
slit diaphragm protein(s) may further expand the valency of
the condensates; it would be reasonable to speculate that the
slit diaphragm condensates may occur at concentrations
even lower than 1 wM. Because CD2AP is a barbed-end cap-
ping protein that stabilizes actin filaments,” the slit dia-
phragm condensates are expected to be linked to cortical
actin cytoskeleton and strengthen the slit diaphragm archi-
tecture in podocytes. Interestingly, a similar mechanism is
also applied for formation of the electron-dense junctional
plaque at the tight junction in epithelial cells. Phase separa-
tion of ZO proteins, which belong to another subfamily of
MAGUK scaffold proteins, drives tight junction forma-
tion.”> Tight junction condensates can be enriched in

JASN 32: 1946-1960, 2021

adhesion receptors, cytoskeletal adaptors, and transcription
factors.”® These data together suggested that the electron-
dense matrixes observed at cell-cell junctions through
transmission electron microscopy may all form via phase
separation of core components in these structures.

MAGI1 and MAGI2 are the two major isoforms of
MAGI family scaffolds in slit diaphragm, and they play
important roles in assembling and maintaining the struc-
tural integrity of slit diaphragm. Mutations of MAGI2 have
recently been identified in patients with congenital nephritic
syndrome.’®! Global and podocyte-specific knockout of
MAGI2 both led to defects in slit diaphragm assembly and
massive albuminuria, and the knockout mice died of kidney
failure.*>** However, the kidneys from the MAGII knockout
mice function normally,*” although the amino acid sequence
and overall domain organization between MAGI1 and
MAGI2 are extremely similar. These data indicate that some
paralog-specific sequences in MAGI2 may be attributed to
its critical roles in podocytes. Here, we demonstrate that
MAGI2 can autonomously undergo phase separation.
Paralog-specific “RQPPxxxDY” repetitive motifs between
PDZ4 and PDZ5 domains of MAGI2 are essential for its
phase separation, which explains why only MAGI2, but not
MAGII, could form phase-separated condensates. We
believe that MAGI2-mediated slit diaphragm condensates
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may play crucial roles in slit diaphragm integrity. Although
investigation of membrane-attached MAGI2-mediated slit
diaphragm condensates in podocytes is still hard to achieve
due to technical limits at this stage, future in vivo work is
definitely needed to demonstrate their critical roles in the
glomerular filtration barrier.

In developing glomeruli, Nephrin was phosphorylated
upon clustering, which resulted in recruitment of Nck and
N-WASP. Interestingly, phosphorylated Nephrin-CT, Nck,
and N-WASP together form highly dense condensates via
phase separation both in three dimensions and on the model
membranes,”>®** uncovering the molecular mechanism of
such Nephrin-dependent signaling in actin polymerization.
After the slit diaphragm is assembled, how then is Nephrin
tightly connected with the cortical cytoskeleton? Our work
provides valuable insights. Nephrin is dephosphorylated as
the glomeruli matured'>' and might be associated tightly
with the cortical actin cytoskeleton via the slit diaphragm
condensates formed by the key components, including but
not limited to MAGI2-Dendrin-CD2AP complex in the slit
diaphragm. In this scenario, two sets of condensates may
function during podocyte development and maintenance.
Future work is required to investigate how these conden-
sates interplay with each other in podocytes. It should be
noted that MAGI2-mediated slit diaphragm condensates
should be regulated in order to orchestrate podocyte plastic-
ity. Post-translational modifications by phosphorylation and
methylation have been shown to regulate phase separation
in many cellular processes.®>®® Because the tyrosine residues
in paralog-specific “RQPPxxxDY” repetitive motifs are cru-
cial for MAGI2 phase separation, phosphorylation at these
tyrosine residues might tune the ability of MAGI2 to form
phase-separated condensates. It should also be noted
that the specific lipid microdomain where Nephrin is
embedded definitely plays a critical role in regulation of
Nephrin-mediated complex assembly in the mature slit
diaphragm.'®®” Although our data showed that membrane-
attached Nephrin-CT did not affect the formation of
MAGI2-meidated condensates (Supplemental Figure 8), it is
still unknown how the lipid microdomain communicates
with the phase separation-mediated membrane-attached
condensates to regulate the slit diaphragm assembly.
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