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Abstract
The PHB-domain protein podocin maintains the renal filtration barrier and its mutation is an important cause of hereditary
nephrotic syndrome. Podocin and its Caenorhabditis elegans orthologue MEC-2 have emerged as key components of
mechanosensitive membrane protein signalling complexes. Whereas podocin resides at a specialized cell junction at the
podocyte slit diaphragm,MEC-2 is found in neurons required for touch sensitivity. Here, we show that the ubiquitin ligase Ubr4
is a key component of the podocin interactome purified both from cultured podocytes and native glomeruli. It colocalizes with
podocin and regulates its stability. In C. elegans, this process is conserved. Here, Ubr4 is responsible for the degradation of
mislocalized MEC-2multimers. Ubiquitylomic analysis of mouse glomeruli revealed that podocin is ubiquitylated at two lysine
residues. These sites were Ubr4-dependent and were conserved across species. Molecular dynamics simulations revealed that
ubiquitylation of one site, K301, do not only target podocin/MEC-2 for proteasomal degradation, butmayalso affect stability and
disassembly of the multimeric complex. We suggest that Ubr4 is a key regulator of podocyte foot process proteostasis.

Introduction
Mutations in the kidney-expressed PHB-domain protein podocin
are a major cause of renal failure in childhood (1,2). The mem-
brane protein podocin is specifically expressed in podocytes,

the visceral epithelial cells of the kidney. Podocytes are post-
mitotic, highly arborized cells that maintain the kidney filtration
barrier (3). Recent studies have demonstrated that podocin
and its orthologue MEC-2 in Caenorhabditis elegans are part of
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high-molecular-weight multi-protein complexes at the plasma
membrane that contain ion channels, transmembrane signalling
proteins, lipid-modifying proteins as well as signalling adapters
(4). Thesemulti-protein complexes aremechanosensitive,mech-
anical strain is transmitted into channel opening of associated
ion channels (5–7). To serve as mechanoreceptors, these multi-
protein complexes must be expressed at very specific locations,
the slit diaphragm of podocytes in the case of podocin and
touch channel punctae in mechanosensitive neurons in the
case of MEC-2. Podocin/MEC-2 multimerize and bind cholesterol
of the plasma membrane to form megadalton protein–lipid
supercomplexes required as platforms for the assembly of the
signalling complexes (5).

Mutation of genes often leads to misfolded proteins and
affects stability. The ubiquitin–proteasome pathway is one of
the major pathways of protein degradation. This system relies
on recruitment of one of the >500 E3 ubiquitin ligases to their
target proteins and often occurs in a tightly controlled manner
at specific subcellular localizations (8,9). An alternative degrad-
ation pathway, in particular important for membrane proteins,
is the lysosomal-dependent pathways. For only a few proteins
mutated in human disease, the molecular control of degradation
is elucidated. The aim of this study was to unravel the mechan-
ism of podocin degradation. To this end, we identified the N-re-
cognin Ubr4 as podocin interacting protein. We show that Ubr4
ubiquitylates podocin/MEC-2 to counteract expression of mistar-
geted protein multimers. Surprisingly, degradation is deter-
mined by ubiquitylation of two specific lysine residues in the
PHB domain of the proteins by influencing protein folding and
complex stability.

Results
To identify the ubiquitin ligase complex responsible for control-
ling podocin stability, FLAG-tagged podocinwas stably expressed
in podocyte cell lines and precipitated to analyse the podocin in-
teractome by a label-free liquid chromatography–mass spec-
trometry (LC-MS/MS) approach (10,11). Among >2000 identified
and 1651 quantified proteins, 36 proteins passed stringent criter-
ions for being significant interactors, among these podocin and
the known podocin interactors Neph1 and Fat1 (Fig. 1A). The in-
teractome also contained several signalling receptors, among
these podocin and Notch2, TGF-β receptor 2 and Igf1-receptor.
All interactors are listed in Table 1, they showed an enrichment
of GO-terms associated with signalling and receptor activity
(Fig. 1B). The quantitative MS approach revealed Ubr4 as the
only annotated E3-ubiquitin ligase connected to the complex.
Stoichiometry analysis (12) showed that Ubr4 is a low-abundant
binding partner (Supplementary Material, Fig. S1). To further val-
idate the interactions endogenous podocinwas precipitated from
native glomerular protein lysates using a podocin C-terminus-di-
rected antibody (Fig. 1C). Similarly, the complex again contained
the known podocin interactors Neph1 (Gene name: Kirrel) and
Nephrin (Nphs1), and also the ubiquitin ligase Ubr4 (Fig 1C,
Table 2). A comparison of the interactomes confirmed that the
known interactorNeph1 andUbr4 are core components of the po-
docin multi-protein complex (Fig. 1D). Interacting proteins in
both systems were mainly membrane proteins and were func-
tionally related to vesicle trafficking.

We next assessed the distribution of Ubr4 in podocytes. Inter-
estingly, Ubr4was localized at the slit diaphragmas demonstrated

Figure 1.Discovery of the podocin interactome andUbr4 as a key interactor of podocin. (A) Analysis of the interactome of podocin expressed in podocytes. Podocytes were

lysed, and FLAG-tagged podocin was pulled down using anti-FLAG antibody. The pull-down was analysed by MS/MS, and compared with a control pull-down. The

negative decadic logarithm of the P-value (−logP) of the LFQ intensities is plotted against the log2-fold change between podocin pull-down and control pull-down. The

proteins beyond the line are significant interactors (FDR = 0.2, s0 = 1). Ubr4 is a significant interactor. (B) Overrepresented GO-MF terms in the interacting proteins when

compared with non-interacting proteins. Overrepresentation was analysed using a Fisher exact test (FDR < 0.05). GO-MF analysis of the podocin interactome revealed a

strong association with signalling molecules. (C) Analysis of the podocin interactome purified fromnative glomeruli. Glomeruli from onemousewere lysed, and podocin

was purified using an anti-podocin antibody. The pull-downwas analysed byMS/MS and comparedwith a control (anti-V5) pull-down. The negative decadic logarithm of

the P-value (−log P) of the LFQ intensities is plotted against the log2-fold change between podocin pull-down and control pull-down. Ubr4 was identified as a significant

interactor. (D) Venn diagram comparing of significant interactors from glomeruli and cultured podocytes. Ubr4 and the known interactor Neph1 (Kirrel) are core

components of the podocin interactome.
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by immunogold localization in native podocytes in murine kid-
neys suggesting a role directly at the sites of the podocin protein
complexes (Fig. 2A, left panel). It was also found in vesicular
structures and the cytoplasm (Fig. 2A, right panel). In glomerular
outgrowth cultures containing primary podocytes [positive for
the podocyte-specific nuclear protein WT-1], we found that
Ubr4 not only localized to the cell body, but also to the leading
edge of migrating podocytes (Fig 2B). These results could be con-
firmed in established cell culture systems. In podocyte cell lines
transduced with FLAG-podocin, the identical cell line used for
initial discovery of Ubr4, we also found a colocalization of Ubr4
and podocin (Fig. 2C).

To investigatewhether the E3 ubiquitin ligase Ubr4may regu-
late podocin protein levels, we generated stable UBR4 knock-
down human podocyte cell lines by expression of shRNAs.
These cells showed a significant down-regulation of UBR4 protein
as well as mRNA (Fig. 3A and B). Analysis of the endogenous

protein levels revealed that endogenous podocin protein levels
were increased in the cell lines depleted of UBR4 while the level
of podocin mRNA was not affected by the UBR4 shRNAs (Fig. 3A
andB). Consistentwith a role of UBR4 in regulating podocin abun-
dance, knock-down of UBR4 also enhanced podocin protein sta-
bility when protein synthesis was blocked using cycloheximide
(CHX) (Fig. 3C). Immunolocalization of endogenously expressed
podocin confirmed association with membrane ruffle-like struc-
tures and leading edges in wild-type (WT) podocytes (Supple-
mentary Material, Fig. S2). Podocin was not found in these
structures in the Ubr4 knock-down cell lines [membrane ruffling
could not be observed in Ubr4 knock-down cell lines as previous-
ly described (13)]. We, thus, hypothesized that Ubr4 may also
counteract expression of mistargeted protein multimers.

To assess the role of Ubr4 in targeting podocin multi-protein
complexes in vivo, we used the C. elegans system as a model.
The podocin-associated slit-diaphragm multi-protein complex

Table 1. The table indicates proteins determined to be interactors of FLAG-tagged podocin expressed in podocytes

Gene
names

Uniprot Protein names t-test difference
[log2 (LFQ FLAG podocin IP/LFQ
control IP)]

−Log
P-values

Nphs2 Q91X05 Podocin 11.42 4.27
Tgfbr2 Q62312 TGF-β receptor type-2 7.11 3.31
C1qbp Q8R5L1 Complement component 1 Q subcomponent-binding protein,

mitochondrial
6.78 5.27

Ifitm3 Q9CQW9 Interferon-induced transmembrane protein 3 5.62 2.30
Epha2 Q03145 Ephrin type-A receptor 2 5.34 2.26
Notch2 G5E8J0 Neurogenic locus notch homolog protein 2 5.01 2.29
Ptprf A2A8L5 Receptor-type tyrosine-protein phosphatase F 4.41 4.03
Axl Q6PE80 Tyrosine-protein kinase receptor UFO 4.38 2.19
Irgm1 Q60766 Immunity-related GTPase family M protein 1 4.03 1.30
H2-K1 P01901 H-2 class I histocompatibility antigen, K-B-α chain 4.01 1.48
Kirrel Q80W68 Kin of IRRE-like protein 1 3.97 2.01
Steap2 Q8BWB6 Metalloreductase STEAP2 3.71 1.84
Plxnb2 B2RXS4 Plexin-B2 3.56 1.59
Myof Q69ZN7 Myoferlin 3.49 1.64
Ptprk P35822 Receptor-type tyrosine-protein phosphatase kappa 3.48 2.03
Tfrc Q62351 Transferrin receptor protein 1 3.39 1.98
Atp2a2 O55143 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 3.37 3.14
H2-Q8 P14430 H-2 class I histocompatibility antigen, Q8-α chain 3.26 1.43
Unc5b Q8K1S3 Netrin receptor UNC5B 3.19 1.45
Lbr Q3U9G9 Lamin-B receptor 3.13 4.39
Dnajb6 O54946 DnaJ homolog subfamily B member 6 3.00 1.50
Slc25a4 P48962 ADP/ATP translocase 1 2.99 2.03
Igf1r E9QNX9 Tyrosine-protein kinase receptor 2.93 2.04
Tmem176b Q9R1Q6 Transmembrane protein 176B 2.90 2.02
Arf4 P61750 ADP-ribosylation factor 4 2.88 2.04
Erbb2 P70424 Receptor tyrosine-protein kinase erbB-2 2.86 1.85
Slc20a1 Q61609 Sodium-dependent phosphate transporter 1 2.83 1.79
Bag2 Q91YN9 BAG family molecular chaperone regulator 2 2.82 2.30
Fat1 F2Z4A3 2.62 2.45
Atp5c1 Q8C2Q8 ATP synthase subunit-γ 2.54 1.73
Ubr4 A2AN08 E3 ubiquitin-protein ligase UBR4 2.52 3.89
Slc25a5 P51881 ADP/ATP translocase 2 2.50 2.19
Slc25a24 Q8BMD8 Calcium-binding mitochondrial carrier protein SCaMC-1 2.38 2.65
Rps18 P62270 40S ribosomal protein S18 2.33 2.21
Erlin2 Q8BFZ9 Erlin-2 2.13 3.03
Rps3 P62908 40S ribosomal protein S3 1.97 2.73

Podocinwas purified using antibodies recognizing the anti-FLAG epitope. Protein LFQ in podocin pull-downswas comparedwith a control pull-down.N = 4 (control IP) or 5

(FLAG IP) independent biological and technical replicates.
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is conserved in evolution and required for touch sensitivity in C.
elegans (5). The podocin orthologue in C. elegans is MEC-2 that,
similarly to podocin, orchestrates amechanosensitivemulti-pro-
tein complex, in this case required for touch activation of touch-
sensitive neurons. As shown for podocin, MEC-2 also interacted
with Ubr4 (Fig. 4A, Supplementary Material, Fig. S3). C44E4.1 is
the putative nematode orthologue of Ubr4 (Fig. 4B). Knock-
down of C44E4.1 (ubr-4) using RNAi in aworm system that allows
efficient knock-down of neuronal proteins in vivo resulted in a
significant increase of MEC-2 abundance (Fig. 4C). Next, an ubr-
4 knock-out worm (tm3968) containing a deletion and frameshift
in the fourth intron of C44E4.1 was analysed. Again, MEC-2 abun-
dance was increased (Fig. 4D). MEC-2 mRNA was not affected in
both systems (Supplementary Material, Fig. S4), suggesting a
posttranslational mechanism. MEC-2 multi-protein supercom-
plexes can be visualized as touch channel punctae using immu-
nostaining. We performed immunofluorescence analyses using
MEC-2 antibodies in WT and ubr-4 knock-down and mutant
worms and quantified the number of MEC-2-positive punctae
along a large number of axons (Fig. 4E). Interestingly, these
analyses revealed that the number of MEC-2 punctae was signifi-
cantly increased in both ubr-4 mutant and knock-down worms
without affecting the punctae size (Fig. 4F and G) whereas

touch sensitivity was not affected (Fig. 4H). These data indicated
that ubr-4 regulates protein expression and degradation of
redundant MEC-2 multimers.

Next, we aimed for the identification of Ubr4-dependent ubi-
quitylation sites in vivo. Here, we used an anti-K-ε-Gly-Gly rem-
nant antibody to enrich for ubiquitylated peptides after tryptic
digestions (15–17). We freshly isolated glomeruli from mice and
utilized this technique to identify endogenously ubiquitylated
sites (15). We discovered 714 endogenous ubiquitylation sites
within the glomerular sample, among these many important
glomerular proteins such as Neph1 (Kirrel), actinin-4 (Actn4)
and synaptopodin (Synpo) (Fig. 5A). Results of these analyses
are deposited in a kidney systems biology repository (https
://helixweb.nih.gov/ESBL/Database/GloUR/) and some features
of the data set are highlighted in Supplementary Material, Figure
S5. Consistent with a previous deep-mapping ubiquitylomic
study (17), we found endogenous podocin ubiquitylation at the
lysines K301 and K370 (Fig. 5B). No other podocin ubiquitylation
sites have been described in large-scale studies at this point.
Bioinformatic strategies have recently been developed to
pinpoint specific areas within protein domains to prioritize the
importance of post-translational modifications (18). The method
calculates enrichment over random of collected MS/MS evidence

Table 2. The table indicates proteins determined to be interactors of podocin expressed native glomeruli

Gene
names

Uniprot Protein names t-test difference
[log2 (LFQ podocin IP/LFQ
control IP)]

−Log
P-values

Vapa Q9WV55 Vesicle-associated membrane protein-associated protein A 5.39 2.47
Ppa2 D3Z636 Inorganic pyrophosphatase 2, mitochondrial 5.25 3.03
Sept9 A2A6U3 Septin-9 5.14 5.68
Dctn2 Q99KJ8 Dynactin subunit 2 4.74 3.82
Nphs2 Q91X05 Podocin 4.61 3.14
Ubr4 A2AN08 E3 ubiquitin-protein ligase UBR4 4.26 5.79
Cbx3 Q9DCC5 Chromobox protein homolog 3 4.03 3.14
C1qbp Q8R5L1 Complement component 1 Q subcomponent-binding protein,

mitochondrial
3.90 1.12

Bicd2 Q921C5 Protein bicaudal D homolog 2 3.87 1.90
Dctn3 Q9Z0Y1 Dynactin subunit 3 3.32 2.06
Lbr Q3U9G9 Lamin-B receptor 3.17 3.87
Nek9 Q8K1R7 Serine/threonine-protein kinase Nek9 3.13 3.16
Vac14 Q80WQ2 Protein VAC14 homolog 2.88 1.69
Pkd2 O35245 Polycystin-2 2.86 1.39
Gstz1 Q9WVL0 Maleylacetoacetate isomerase 2.79 1.39
Ppa1 Q9D819 Inorganic pyrophosphatase 2.73 1.90
Itm2b O89051 Integral membrane protein 2B 2.69 3.17
Akap1 O08715 A-kinase anchor protein 1, mitochondrial 2.64 2.17
Nphs1 Q9QZS7 Nephrin 2.40 3.55
Ndufa4 Q62425 NADH dehydrogenase [ubiquinone] 1-α subcomplex subunit 4 2.30 2.53
Tubb2b Q9CWF2 Tubulin β-2B chain 2.30 1.74
Slc25a12 Q8BH59 Calcium-binding mitochondrial carrier protein Aralar1 2.29 4.89
Kirrel Q80W68 Kin of IRRE-like protein 1 2.15 1.55
Tufm Q8BFR5 Elongation factor Tu, mitochondrial 2.14 2.62
Slc25a10 Q9QZD8 Mitochondrial dicarboxylate carrier 2.07 2.82
Rhpn1 E9Q7Q7 Rhophilin-1 1.99 1.93
Sept11 Q8C1B7 Septin-11 1.89 3.77
Dld O08749 Dihydrolipoyl dehydrogenase, mitochondrial 1.80 2.58
Atp5o Q9DB20 ATP synthase subunit O, mitochondrial 1.74 2.43
Kank2 Q8BX02 KN motif and ankyrin repeat domain-containing protein 2 1.69 2.45
Slc25a13 Q9QXX4 Calcium-binding mitochondrial carrier protein Aralar2 1.63 2.59

Podocin was purified using antibodies recognizing the podocin C-terminus. Protein LFQ in podocin pull-downs was compared with a control IP; n = 4 independent

biological and technical replicates.
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of an ubiquitylation site within a certain domain across numer-
ous species (18). We performed such an enrichment analysis
for the PHB domain (spanning from residues 125–301, according
to the PFAM database). We found that ubiquitylation evidence
clustered significantly at the C-terminal part of the PHB domain

in close vicinity to the discovered ubiquitylation site K301
(Fig. 5B).

We assumed that Ubr4 might be involved in ubiquitylating
podocin at the residues K301 and/or K370. To test this hypoth-
esis, we used an independent approach expressing podocin and

Figure 2.Ubr4 localizes to the slit diaphragmand leading edges of podocytes. (A) Immunogold labelling ofUbr4 innativemouse glomeruli. Therewaspositive immunogold

signal for Ubr4 at the slit diaphragm spanning between two cell processes. The right picture demonstrates a podocyte cell body with positive immunogold labelling in

cytoplasma vesicles, multi-vesicular bodies and ER. (B) Immunostaining of Ubr4 in a glomerular outgrowth culture. The Ubr4 signal was detected at leading edges of

podocytes. (C) Immunostaining of Ubr4 and F.Podocin in cultured mouse podocytes revealed an overlap in both undifferentiated (33°C) and differentiated (37°C)

podocytes. Nuclei were counterstained with DAPI. An overlap is marked by white staining in the merged channel. Scale bars indicate 20 µm.
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Ubr4 in HEK293T cells followed by protein denaturation, podo-
cin immunoprecipitation, tryptic digestion and LC-MS/MS to
detect ubiquitylation sites of podocin (Fig. 6A). The intensity
(MS1) of the peptide containing the K-ε-Gly-Gly-site was nor-
malized by the total intensity of all peptides belonging to the
protein. At baseline conditions, K301 and K370 were already
the most predominant ubiquitin remnants discovered on
podocin confirming the in vivo findings (Fig. 6A). Moreover,
most of the ubiquitylation sites localized to the PHB domain.
Ubr4 coexpression specifically increased the ubiquitylation at
the podocin K301 site, and this increase was in part mediated
by increased K48 and K63 ubiquitylation (Supplementary
Material, Fig. S6A). Immunoblot analysis confirmed the in-
crease, since K48-dependent ubiquitylation was increased
in the presence of Ubr4. This was again partially dependent
on the K301 and K370 sites (Supplementary Material, Fig. S6B).

Given the known promiscuity of ubiquitylation processes,
we asked whether there was a biophysical explanation for
this strongly site-specific ubiquitylation. In fact, it has been
postulated that attachment of ubiquitin chains may cause
local defolding of the protein around the ubiquitylation site,
and a strong defolding is favourable for the degradation of a
protein (19–21). We postulated that ubiquitylation would be
particularly important for such a compact structural domain
as the PHB domain. This effect is dependent on the localiza-
tion of the ubiquitylation site and can be predicted using an
in silico molecular dynamics technology capable of predicting
folding effects using both quantum mechanics and classical
physics (19). This technology allows to investigate alterations
in podocin conformation (2,22). To this end, we performed
replica exchange molecular dynamics simulations with ubi-
quitylation at every potential ubiquitylation site (Supplemen-
tary Material, Figs S7 and S8). The root-mean-square deviation
(RMSD) of atomic positions was measured at the core of the
PHB domain in response to attaching a monoubiquitin (1u)
or a K48-linked polyubiquitylation chain (4u) at each available
lysine residue (Fig. 6B and C, Supplementary Material, Figs.
S7–S12). These analyses revealed that the K301–4u (K48
linked) podocin protein was among the most easily to unfold
(together with polyubiquitylated K241, K261), suggesting
that K301 ubiquitylation may not only cause degradation,
but specifically affect unfolding of the podocin monomeric
proteins. Thus, evolutionary analyses, proteomics and in silico

experiments predict a high importance of the site K301 when
compared with the other sites within the PHB domain
(Fig. 6D).

If this hypothesis was true, mutation of the specific lysine
residues should affect protein stability. Therefore, we next in-
vestigated whether abolishing these sites was in fact sufficient
to induce stability. Assays using CHX to block protein transla-
tion revealed that protein stability of the K301R or K301R/
K370R mutant was significantly increased when compared
with the WT podocin protein (Fig. 7A). We also generated
stable podocyte cell lines expressing FLAG-tagged WT or
K301R–K370R form of the protein. We found that in this sys-
tem, both proteasomal and lysosomal inhibition significantly
decreased podocin WT degradation (Supplementary Material,
Fig. S13). When analysing the mutated protein, we found that
the WT protein was less stable (Fig. 7B), and we confirmed
this finding with a pulsed-SILAC approach. We subjected
both differentiated podocyte cell cultures to medium-contain-
ing isotopic labelled arginine (13C6

15N4; Arg-10) and lysine
(13C6

15N2; Lys-8) (Fig. 7C). Consistently, we observed less in-
corporation of heavy isotopes when both lysines were mutated
to arginine. We also analysed whether the mutated podocin
would localize differently in transiently transfected HeLa
cells. A strong preference of the overexpressed mutated pro-
tein to form large, LAMP1-positive aggregates were observed
(Fig. 7D). Moreover, a colocalization was already observed
with a K301R mutation (Fig. 7D). Taken together, these data
suggest that ubiquitylation of specific lysine residues may re-
present an important principle in proteostasis of podocin/
MEC-2 protein supercomplexes.

Discussion
The unique morphology of the podocyte slit diaphragm
requires a tightly regulated local protein homeostasis. Ubiqui-
tylation plays a major role in turnover of slit-diaphragm
proteins, including podocin (23–25). In this manuscript, we dis-
cover and functionally characterize the molecular correlates of
the podocin protein degradation mechanism. Podocin stability
was largely dependent on Ubr4 (Figs 1, 3, 4 and 6). Ubr4 is an E3
ubiquitin ligase that was initially discovered as an N-recognin
(13,26). It might also function as an adaptor for other E3
ubiquitin ligases (27). Very recent studies revealed that Ubr4 is

Figure 3. The effect of Ubr4 knock-down on cultured human podocytes expressing podocin. (A) mRNA expression of Ubr4 and podocin was measured using quantitative

RT-PCR. A non-targeting (NT) shRNA served as control. n = 5 replicates, P < 0.05. (B) Protein expression of podocin was increased in Ubr4 knock-down cells. Whole-cell

lysates were analysed using immunoblotting for podocin. N = 5 replicates, P < 0.01 in a two-tailed t-test. (C) Pulse chase assay with CHX incubation. Podocytes were

incubated using CHX (c = 100 ng/ml) for the indicated time periods. Whole-cell protein lysates were analysed using immunoblotting and membranes were probed with

an anti-podocin antibody. Stability of podocin was increased in Ubr4 knock-down cells. n = 5 replicates. Asterisk indicates significance (P < 0.05) in a two-tailed t-test.

All error bars in this figure represent SEM.
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Figure 4.The effect ofmutation or knock-downof theUbr4C. elegans orthologue, C44E4.1 (ubr-4), on theC. elegans podocin orthologue,MEC-2. (A) AnC-terminal truncation

of Ubr4 interacts withMEC-2. FLAG-tagged Ubr4 truncation (containing the last 800 amino acids of humanUbr4), and V5-taggedMEC-2 were transfected in HEK293T cells.

FLAG-tagged Fyn served as a control protein. Proteinswere immunoprecipitated using an anti-FLAG pull-down lysateswere separated using SDS–PAGE. Blotswere probed

with V5 and FLAG antibody. (B) Identification of the Ubr4 orthologue in C. elegans as C44E4.1, now termed ubr-4. A strain carrying amutated allele (tm3968) was utilized for

further studies. (C) The effect of knock-down of ubr-4 (RNAi) onMEC-2 abundance in nematodewhen comparedwith control RNAi [empty vector (eV)]. MEC-2 abundance

was measured using immunoblotting and densitometry (n = 5 and P < 0.01 in a two-tailed t-test). (D) The effect of ubr-4 mutation (tm3968) on MEC-2 abundance when

compared with wild-type (N2) worms. MEC-2 abundance was measured using immunoblotting (n = 5 and P < 0.01 in a two-tailed t-test). (E) Immunostaining of MEC-2

in ubr-4 mutant and knock-down worms. The left panel shows MEC-2-positive punctae in C. elegans heads. The right panel demonstrates thresholding analysis to

quantify MEC-2-positive punctae. (F, G) Quantification of patch number and patch size. The number of quantified worm images (three independent grownups) is given

in brackets. (H) Touch response of worms lacking ubr-4. Reaction of worms in response to 10 gentle touches wasmeasured. No effect on touch sensitivity was found. The

mutant CB1515 (Mec-10) served as a touch-hyposensitive control (14).
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Figure 5. Ubiquitylomic analysis of native glomeruli. (A) Cartoon of Neph1 (Kirrel), Actn4 and Synpo proteins. Among > 600 ubiquitylation sites, ubiquitylation sites on

Neph1, Actn4 and Synpowere discovered. The numbers indicate the lysine residues. (B) Proteomic discovery of the podocin ubiquitylation sites K301 andK370 (asterisk) in

native glomeruli. The cartoon depictsmembranemodel of podocin. The podocin ubiquitylation site K301 localizes at the distal part of the PHB domain (spanning residues

125–301 according to PFAM). The distal part of the PHB domain is significantly enriched for ubiquitylation sites based on mass spectrometric evidence (***P = 0.0006).

Figure 6. Ubr4 ubiquitylates podocin at K301 to unfold the protein. (A) Analysis of the ubiquitylation of expressed podocin in the presence (black columns) and absence

(white columns) of overexpressedUbr4 by proteomics (n = 5 experiments). Cellswere incubatedwithMG132 (10 µ, 1 h). Podocinwas purifiedusing an anti-FLAGantibody,

and immunoprecipitateswere analysed using LC-MS/MS. Ubiquitylation sites of podocinwere identified asK-ε-Gly-Gly ubiquitin remnant peptides.MS1 intensities of site

containing ubiquitylation sites were normalized against total protein intensity (based on quantification of 47 unique peptides). The majority of all ubiquitylation sites

reside within the PHB domain. Error bars indicate SEM. (B) The model of the podocin PHB domain with an attached monoubiquitylation chain at the residue K301.

K301 corresponds to K142. The PHB domain (grey) was modelled using the crystal structure template PDB 3bk6, the ubiquitin residue (cyan) was based on PDB 1ubq.

(C) Melting curve of podocin ubiquitylation in the presence or absence of a K48-linked ubiquitin chain (4U) as determined by replica exchange molecular dynamics

simulation. (D) Melting point determination of mono- and polyubiquitylated podocin by second derivative measurements. The melting points of each ubiquitylated

proteoform are presented for the monoubiquitylated (1U spline, closed circles) and the polyubiquitylated (4U spline, open triangles) form of each proteoform. The

residues K241, K261 and K301 (when attached to a mono- or polyubiquitylated residue) unfold the protein more easily when compared with ubiquitylation at other

sites. See Supplementary Material, Figs. S8–S12 for further details of molecular dynamics simulation.
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essential for proteasomal, autophagosomal and lysosomal
degradation of several cytoplasmatic and membrane proteins
(27–30). It is also required for membrane ruffling and actin
cytoskeleton organization (13). Ubr4 is recruited to tyrosine
phosphorylated EGF receptor (31). Receptor tyrosine kinase
environments are largely similar to the slit-diaphragm protein
complex, which is orchestrated by tyrosine phosphorylation of
Fn3 domain-containing proteins (32,33). In addition, Ubr4 has

been implicated in various functions including localization
and turnover of membrane channels in neurons or axon
guidance (27,34). Knock-out of this protein in mice causes an
embryonically lethal phenotype, mainly via disruption of vas-
cular development and yolk sack defects (29). Interestingly,
when reducing or ablating this multi-functional protein in
the model organism C. elegans, we found a viable and normally
developing worm with increased MEC-2 abundance (without

Figure 7. The Ubr4-dependent residues regulate podocin stability. (A) Measurement of podocin protein stability when expressed in HEK293T cells. Cells were incubated

with CHX (c = 100 ng/ml) for the indicated periods. Densitometry quantification of WT and mutant (K301R and K370R) podocin are depicted as logarithmic ratios (n = 5;

P < 0.01 in a two-tailed t-test). (B) Measurement of podocin protein stably expressed in podocyte cell lines. Podocytes were incubated with CHX for the indicated periods of

time ratios (n = 5; P < 0.01 in a two-tailed t-test). Podocin expressionwas analysed using immunoblotting for FLAG. (C) Pulse labelling of podocyteswithmediumcontaining

heavy isotope labelled amino acids. PodocinWTandmutant (K301R/K370R)was purifiedusing an anti-FLAG antibody. Incorporation of heavy isotope labelled amino acids

into podocin WT and mutant was measured. Each symbol represents a separate replicate of SILAC ratio quantification per protein. P = 0.05 in a two-tailed t-test. The

following 10 peptides were analysed across the experiment: AASESLR, APAATATVVDVDEVR, ARPDAGAER, DMFIMEIDAVCYYR, LGHLLPGR, LPAGLQHSLAVEAEAQR,

MAAEILSGTPAAVQLR, SLTEILLER, VALDAVTCIWGIK and VVQEYER. (D) Localization of FLAG-tagged podocin and podocin mutant forms in HeLa cells. Podocin and

podocin mutants were transfected in HeLa cells. Podocin was stained using an anti-FLAG antibody. Nuclei were counterstained with DAPI. Podocin with K301R and

K301R–K370R substitution colocalized with cotransfected Lamp1, a lysosome marker. Altered podocin localization was independent of co-transfection of Lamp1 (data

not shown).
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affecting RNA levels). In both worm strains, the number of
neuronal, MEC-2-positive touch punctae was increased. If
the Ubr4 orthologue was only involved in the mere protein
degradation, we would have expected more intensely stained
or maybe larger punctae. However, the in vivo data in the
model organism C. elegans suggested that Ubr4 is responsible
for the turnover of excessive or mistargeted membrane pro-
teins and that this process is closely linked to subcellular
localization.

Podocin was found to be ubiquitylated on the conserved re-
sidues K301 and K370 in this and another large-scale ubiquity-
lomic study (17). These residues are also the predominant
ubiquitylation sites when this protein is expressed in cell cul-
ture systems (Fig. 6A), and Ubr4 even increases its ubiquityla-
tion further. When we induced point mutations in these
residues, we saw an effect on subcellular localization and pro-
tein degradation, indicating that these specific residues are of
importance for the stability and potentially localization of the
protein. Computational biophysical analysis using replica ex-
change molecular dynamics simulations for the PHB domain
with ubiquitylation at every potential ubiquitylation site re-
vealed that K301 mono- and polyubiquitylation specifically af-
fects podocin stability by allowing unfolding of the domain
(Fig. 6B–D). These data clearly indicated that K301 ubiquityla-
tion may not only cause degradation, but specifically affects
unfolding of the podocin monomeric proteins. Podocin and
all PHB domain proteins form large megadalton complexes
mediated by the PHB domain (5,22). Therefore, it is important
to realize that only some parts of the PHB domain may be not
accessible to ubiquitylation [e.g. K268 is a predicted part of the
PHB–PHB interaction surface (35)]. These data support the con-
cept that ubiquitylation has site-dependent effects. Taken
together, this study identified important components and bio-
physical principles of the podocin/MEC-2 protein degradation
machinery, revealing tight control both on a subcellular and
on a molecular level. Now, future studies should elucidate if
the podocin protein degradation mechanism pointed out
here is altered in pathophysiological conditions. To this end,
knock-in mouse models of podocin mutant forms, and indu-
cible, podocyte-specific knock-out models of Ubr4 could be
analysed.

This study has two ancillary findings. First, this study pro-
vides an initial draft of the podocin interactome—both native
and in cell culture (Fig. 1). It is strongly dominated by mem-
brane proteins, and interacts with signalling receptors such
as Notch, Tgfbr2 and Igf-receptor, all of which are of extraor-
dinary importance for podocyte function and survival (36–38).
It will be interesting to test whether podocin provides an opti-
mal signalling environment for these proteins and if its muta-
tion alters the signal transduction pathways of these three
receptors. In native glomeruli, podocin also interacts with its
known slit-diaphragm partners, such as Nephrin and Neph1.
Intriguingly, Kank2, a gene mutated in focal segemental glom-
erular sclerosis (FSGS) in humans (39), had high affinity to po-
docin in this analysis. Secondly, this study provides an initial
analysis of native ubiquitylation sites on glomerular proteins
(Fig. 4). These identifications include one ubiquitylation site
on the slit-diaphragm protein Neph1 (Kirrel) and one on the
ACTN4 protein, a protein mutated and degraded in forms of
hereditary FSGS (40,41). It will be important to elucidate the
functional consequences of these and other recently discov-
ered post-translational modifications in vivo (42), and to dissect
their interplay. These data may also help to elucidate specific
protein degradation pathways of proteins which may be first

molecular targets for rescuing decay of proteins in renal genetic
disease.

Concise Methods
Cell culture

HEK293T cells weremaintained at 37° in DMEM and 10% fetal bo-
vine serum (Sigma). HeLa cells were maintained at 37° in DMEM
and 10% serum. Murine podocytes (line obtained from Dr Stuart
Shankland, Seattle) were cultivated on Collagen-I-coated dishes
at 33° as previously described (43,44). Human podocytes (45)
(line obtained from Dr Moin Salem, Bristol) were cultivated in
the presence of 10% serum and 1 × insulin–transferrin–selenium
supplement (Sigma). To allow for differentiation, both podocyte
cell lines were cultivated at 37° (10 days). The cell lines are char-
acterized in the respective references and are standard podocyte
cell culture models. All of the cell lines were tested mycoplasma
negative during this study. No cell-line cross-contamination
was reported in the respective databases. Glomerular outgrowth
cultures containing native podocytes were generated by plating
decapsulated glomeruli on Collagen-I-coated dishes and growing
for 7–10 days until the appearance of star-shaped cells with
extensions as described previously (46).

Isolation of murine glomeruli

All animal studies were approved by the responsible local and
federal committees according to the German Tierschutzgesetz
(LANUV, NRW). Murine glomeruli were isolated using the mag-
netic bead perfusion technique (47). The kidneys of 8-week
male Bl6Nmicewere perfusedwith 1 ml of Hanks buffered saline
solution (HBSS) containing 200 µl of tosyl-activated magnetic
beads (Invitrogen). Then, glomeruli were digested as previously
described (48) and subjected to sieving (100 µm mesh size).
Glomeruli were extracted using a magnet, washed with ice-cold
HBSS buffer and purity was verified microscopically (>97%
glomeruli). Then, the pellet was suspended either in modified
RIPA buffer for IP analysis or in 8  urea buffer for analysis of
ubiquitin remnants. After homogenization using a glass
homogenizer, the sample was centrifuged at 16 000g for 20 min
and the supernatant was subjected to tryptic digestion or
immunoprecipitation.

Interactome analysis

For interactome analysis, we used a protocol previously devel-
oped for endogenous immunoprecipitations (10,11). Briefly,
cells or tissue lysates were homogenized in modified RIPA buffer
(1% IGPal, 150 m NaCl, 0.25% sodium deoxycholate and 50 m

Tris) supplemented with 1 × protease inhibitor mix with EDTA
(Roche). Next, lysates were centrifuged for 10 min at 16 000g.
800–1000 µl of glomerular lysates was incubated with primary
antibody (anti-Podocin, Sigma, 1:200) for 30 min and subsequent-
ly with 100 µl micro-Protein G beads (Miltenyi). For control IPs,
the same amounts of lysates were incubated in parallel with an
anti-V5 polyclonal rabbit antibody (Sigma). For purifying of stably
expressed FLAG epitopes, lysates were directly incubated with
anti-DYKDDDDKmicro-beads (Miltenyi). A cell line stably expres-
sing GFP served as control for the same incubation with anti-
DYKDDDDK micro-beads. Lysates incubated with micro-beads
(and antibodies) were then subjected to magnetic column purifi-
cation. Three washes were performed using wash buffer 1 (con-
taining 50 m Tris, 150 m NaCl, 5% glycerol and 1% IgPal).
Next, columns were washed five times with wash buffer 2
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(containing 50 m Tris, 150 m NaCl). Then, columns were sub-
jected to in-column tryptic digestion containing 7.5 m ammo-
nium bicarbonate, 2  urea, 1 m DTT and 5 ng/ml Trypsin.
Then, digests were eluted using two times 50 µl of elution buffer
1 containing 2  urea, 7.5 mAmbic, and 4 m IAA. Digests were
incubated over night at room temperature with mild shaking in
the dark. Samples were stage-tipped the next day as previously
described (49).

Electron microscopy

Mice were deeply anesthetized with sodium pentobarbital and
transcardially perfused using 4% paraformaldehyde and 0.05%
glutaraldehyde in 0.1  PB. The kidneys were removed and
post-fixed in the same fixative (overnight at 4°C). After post-
fixation, tissue blocks were washed in 0.1  PB, afterwards
horizontal vibratome sections (50 µm) of the kidney were cut.
For pre-embedding immunogold labelling vibratome sections
were first incubated with anti-ubr4 antibody (1:50 or 1:100,
overnight. at 4°C) followed by nanogold-coupled secondary anti-
body (1:100, overnight. at 4°C, Nanoprobes, USA). Finally, silver
enhancement was performed for 8 min on ice (HQsilver, Nanop-
robes, USA). After treatment with OsO4 (0.5% for 30 min), the
sections were stained with uranyl acetate (1 in 70% ethanol for
30 min), dehydrated andflat-embedded in epoxy resin (Durcupan
ACM, Fluka, Sigma-Aldrich, Gillingham, UK). 40 nm ultrathin
sections were cut and analysed using an 80 kV Zeiss Leo trans-
mission electron microscope.

Immunoprecipitation

Immunoprecipitation was performed as previously described
(11). Briefly, HEK293T cells were harvested using IP buffer [1% Tri-
ton X-100, 20 m Tris–HCl (pH 7.5), 50 m NaCl, 50 m NaF,
15 m Na4P2O7, 2 mM Na3VO4 and protease inhibitors]. After
15 min of incubation on ice, lysates were centrifuged (20 000×g,
15 min, 4°C). The supernatant was used for further procedures.
Fifty microlitres of the supernatant were kept as the ‘lysate’
and boiled with 1 × Laemmli buffer, and the remaining

supernatant was incubated at 4°C with anti-FLAG-agarose
beads (M2, Sigma) for 1 h. The beads were washed five times
extensively with 1 ml of IP buffer and proteins were eluted by
boiling in 2 × Laemmli buffer. Lysates and immunoprecipitated
samples were subjected to immunoblot.

Plasmids, transfection and transduction

pRK5-HA-Ubiquitin-K48 andWTwas a gift fromTedDawson [Ad-
dgene plasmid #17605, Plasmid #17608)] (50). The full-lengthUbr4
expression construct was kindly provided by Dr Yong-Tae Kwon
(Pittsburgh), and the Ubr4(D) construct, containing an C-terminal
truncation of the Ubr4 (pRK7) was obtained from Dr Zhang
(Fudan University, Shanghai). Lamp1-mCherry fusion protein
was obtained from Astrid Schauss (University Cologne). Con-
structs cloned into a pcDNA 6 Vector (5 µg, F.Podocin) or into a
pcDNA 3 Vector (10 µg, full-length Ubr4.V5, HA.Ubiquitin) were
transfected using the Calcium phosphate method. GFP served
as a transfection control in a separate dish.

For generation of stable podocyte cell lines overexpressing po-
docin, lentiviral gene transfer was utilized. The vector utilized for
this was F.Podocin cloned into pLenti6.3. For knock-down stud-
ies, two commercial high-titre virus stocks of lentivirus expres-
sing Ubr4 shRNAs (Sigma) were used. After incubation with
virus for 48 h, the cells were incubated in virus-free medium for
24 h and then selected using puromycin or blasticidin according
to the resistance casettte of the transduced vector for 48–96 h or
all control cells died.

Quickchange mutagenesis was performed to introduce indi-
cated point mutations into podocin. The following primer se-
quences were used for mutagenesis:

K301R
FP: GCTGCAGAAGGGGAAAGGGCTGCTTCAGAGTCCC
RP: GGGACTCTGAAGCAGCCCTTTCCCCTTCTGCAGC
K370R
FP: CCCAAGTTCCTCCAGACCAGTTGAACC
RP: GGTTCAACTGGTCTGGAGGAACTTGGG

Primary antibodies

Target Type Species Company Cat. No. Application Dilution

Ubr4 Polyclonal Rabbit Abcam ab86738 Electron microscopy 1:50, 1:100
Immunofluorescence 1:400
Immunoblot 1:500

Ubr4 Polyclonal Rabbit Abcam ab114109 Immunofluorescence 1:400
Podocin Polyclonal Rabbit Sigma P0372 Immunoprecipitation 1:200

Immunoblot 1:2000
Immunofluorescence 1:400

WT1 Monoclonal Mouse Santa Cruz sc-7385 Immunofluorescence 1:400
Polyclonal Goat Santa Cruz sc-15421 Immunofluorescence 1:400

Flag Polyclonal Rabbit Sigma F7425 Immunoblot 1:2000
Monoclonal Mouse Sigma F3165 Immunofluorescence 1:400

Immunoblot 1:2000
V5 Monoclonal Mouse Serotec mca1360 Immunoblot 1:10000
Mec-2 Polyclonal Rabbit gift from Martin Chalfie Immunofluorescence 1:200

Immunoblot 1:200
HA-tag Polyclonal Rabbit Covance PRB-101P Immunoblot 1:500
Tubulin Monoclonal Mouse Sigma T0198 Immunoblot 1:1000
Actin Monoclonal Mouse Millipore MAB1501R Immunoblot 1:1000
14-3-3 Polyclonal Rabbit Santa Cruz sc-629 Immunoblot 1:1000
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Secondary antibodies and other dyes

Antibody Company Cat. No. Application Dilution

Goat anti-rabbit, HRP coupled Cayman 10004301 Immunoblot, ECL 1:25 000
Goat anti-mouse, HRP coupled Cayman 10004302 Immunoblot, ECL 1:25 000
Donkey anti-rabbit, IRDye® 680RD Licor 926-68073 Immunoblot, Licor 1:25 000
Donkey anti-mouse 800 IRDye® 800 RD Licor 926-32280 Immunoblot, Licor 1:25 000
Donkey anti-rabbit, Cy3 Jackson ImmunoResearch 711-165-152 Immunofluorescence 1:400
Donkey anti-rabbit, A488 Jackson ImmunoResearch 711-546-152 Immunofluorescence 1:400
Donkey anti-mouse Cy 3 Jackson ImmunoResearch 715-165-150 Immunofluorescence 1:400
Donkey anti-mouse A488 Jackson ImmunoResearch 715-545-150 Immunofluorescence 1:400
Donkey anti-goat A488 Jackson ImmunoResearch 705-545-003 Immunofluorescence 1:400
Alexa flour 568 phalloidin Invitrogen A12380 Immunofluorescence 1:400
Alexa flour 488 phalloidin Invitrogen A12379 Immunofluorescence 1:400
Phalloidin, 647 Dyomics 647P1-33 Immunofluorescence 1:400
DAPI Invitrogen D1306 Immunofluorescence 1:10 000
Nanogold goat anti-rabbit Nanoprobes #2004 Electron microscopy 1:100

Immunoblot

Lysates were run on a 6–10% sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS–PAGE) and blotted
onto a PVDF membrane. Blots were either developed using fluor-
escence-based detection of proteins (Licor Odyssey developer) or
using enhanced chemoluminiscence (Fusion developer). For
fluorescence-based detection, samples were blotted ‘semi-dry’
on a PVDF low-fluorescence membrane, blocked with one-time
Rothiblock (Roth) and incubated in antibody diluted in PBST.
Secondary antibodies (Licor) were directed anti-rabbit (wave-
length, 680 nm) or mouse (wavelength, 800 nm). For chemolumi-
niscence-based detection, membranes were blocked using 5%
bovine serum albumin and incubated with antibody in TBST.
For detecting full-length Ubr4, a 6% SDS–PAGE was used and
the transfer was performed overnight in a tank blot at 4°.Western
blots were densitometrically quantified using the image studio
lite version 4.0 (Licor) for fluorescence-based protein detection,
and imageJ/FiJi for chemoluminiscence-based detection as previ-
ously described (22).

For every experiment and biological replicates, the same
western blotmethod/developmentmethod/quantificationmeth-
od was used.

Detection of podocin ubiquitylation in cell culture
by MS and western blot

Transfected HEK293T cells were lysed in 2% SDS, 50 m Tris, pH
= 8 and subjected to boiling for 10 min. Next, lysates were diluted
using a dilution buffer (10 m Tris–HCl, pH 8.0, 150 m NaCl,
2 m EDTA, 1% Triton) to a final concentration of <0.1% SDS.
Then, lysates were subjected to centrifugation (16 000g, 10 min),
and the supernatant was subjected to immunoprecipitation
using M2-FLAG beads (Sigma). After 1.5 h, beads were washed
three times with 1 ml of ubiquitylation wash buffer (10 m

Tris–HCl, pH 8.0, 1 M NaCl, 1 m EDTA, 1% NP-40) and were
then eluted using two times Laemmli buffer.

For the detection of ubiquitylation residues by MS, lysates
were incubated with 50 µl of Miltenyi µbeads followed by mag-
netic µMacs column purification (Miltenyi). Then, columns
were washed one time with dilution buffer, two times with ubi-
quitylation wash buffer and five times with 150 m NaCl,
50 m Tris. Then, bound proteins were subjected to tryptic

digestion by in column digestion as described in the ‘Interactome
analysis’ section. Then peptides were stage-tipped and subjected
to LC-MS/MS analysis.

Immunofluorescence

Immunofluorescence analysis of PFA-fixed cells was performed
as previously described (51). MEC-2 staining on Day 1 adult her-
maphrodites was performed using a modified Finney–Ruvkun
protocol (52). Worms were prepared for antibody staining as de-
scribed previously (53). Strains were then incubated with a rabbit
antibody detecting the N-terminus of MEC-2 (kind gift of Profes-
sor Martin Chalfie; dilution 1:200 in antibody buffer). Several
washing steps were followed by incubation with a Cy3-labelled
secondary antibody (Jackson Immunoresearch, West Grove, PA,
USA) (1:400 dilution in antibody buffer). After extensive washing
thewormswere subsequently counterstainedwithDAPI (Invitro-
gen) and mounted on slides with Prolong Gold Antifade Reagent
(Invitrogen). Images were captured with an Axiovision micro-
scope with apotome function enabled using a water immersion
objective. The Axiovision software was used to record (all from
Carl Zeiss MicroImaging GmbH). zvi images were further pro-
cessed using the ImageJ/Fiji software version 1.46 (NIH) (54,55)
and the ‘magic montage’ macro. Appropriate negative controls
were performed.

Worm strains

All strains were grown and maintained according to standard
methods on OP50-containing NGM agar plates 17. Following
worm strains were used: WT N2 and CB1515 received from CGC,
which is funded by NIH Office of Research Infrastructure Pro-
grams (P40OD010440) and the strain containing the tm3968 allele
received from Mitani lab, Japan.

Caenorhabditis elegans RNAi feeding experiment

RNAi experiments were performed as described by Fire et al.
(56,57). RNAi clones for C44E4.1 or empty vectorwere used as con-
tained in the library established by Julie Ahringer (58). All clones
usedwere confirmed by sequencing. TwentyWTN2 L4 hermaph-
rodites were placed on 6 cmNGMplateswith ampicillin and IPTG
spotted with HT115 bacteria expressing RNAi clone of interest.
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Day 1 adult F1 progeny of these hermaphrodites were examined.
Each n represents a biologically independent, separated group.

Caenorhabditis elegans touch assay

Day 1 adult hermaphrodites were tested for gentle-touch re-
sponse as described by Chalfie and Sulston (59). Each animal
was touched 10 times by a thin hair at the anterior part of the
body. Stopping or backward movements were scored and
shown as touch response out of 10 touches. The datawere gener-
ated in three independent experiments using ≥10 worms each
time for each data point. Statistical evaluation was done using
a one-way analysis of variance (ANOVA), and a threshold P < 0.01
was considered significant.

Worm lysates for immunoblot analysis

Of note, 100 Day 1 adult hermaphrodites were picked in 50 ul of
M9 buffer followed by sonication for three times for 10 s on ice
with 10 s breaks using a Branson digital signifier (Danbury, CT,
USA) at 10% amplitude. Two times Laemmli buffer was added
to the worm lysate and samples were heated at 95°C for 10 min.
Lysates were analysed by immunoblot.

Quantification of Mec-2 signal

Fiji/ImageJ (54,55) was used to count Mec-2-positive punctae
along axons. The pictures were analysed in their native, zvi for-
mat without adjustment of contrast. First, suitable axon regions
were marked manually. This linear region was extended to a
width of 1.9 µm (20 pixel) and after background subtraction
(ImageJ rolling ball/sliding paraboloid algorithm) and threshold-
ing (ImageJ MaxEntropy algorithm) Mec-2-positive spots within
this region were counted. This analysis was performed in a
blind fashion.

qPCR of mRNA expression in cell culture and C. elegans

RNA from Day 1 adult hermaphrodites (C. elegans) was prepared
by phenol extraction using Qiagen RNeasy kit. RNA was reverse
transcribed using the SuperScript III First-Strand Synthesis Sys-
tem (Life Technologies, Carlsbad, CA, USA). Ten nanograms of
cDNAwere used per PCR reaction. Real-time PCR was performed
using the Taqman Universal Master Mix (Life Technologies). The
Data Assist software package version 3.01 (Life Technologies) was
used for data analysis. P-values were calculated using a two-
tailed Student’s t-test. The following primer pairs and probes
were used for qPCR analysis:

tba-1:
Forward primer: GAT CTC TGC TGA CAA GGC TTA C
Reverse primer: TGG ATC GCA CTT CAC CAT TT
Probe: /56-FAM/ATC ACC AAC /ZEN/AGT TGC TTC GAG

CCA /3IABkFQ/
rpl-32:
Forward primer: CGT CCT TCC AAA CGG ATA CA
Reverse primer: AGA CTC CAT GTC CGA TCT CT
Probe: /56-FAM/CCA AAA TGT /ZEN/TAA GGA TTT GGA CAT

GCT CC/3IABkFQ/
mec-2:
Forward primer: GGT AGT GCA AGA GTA CGA AAG AG
Reverse primer: GAC AAT GAA GAA TAT ACC TGG TCC T
Probe: /56-FAM/ATC TTC CGA /ZEN/CTT GGT CGC CTG

ATG /3IABkFQ/

For cell culture studies, RNA was prepared by harvesting cells in
Qiazol, (Qiagen), and RNA was subsequently using phenol-
chloroform preparation. One millilitre trizol was mixed with
200 µl chloroform followed by 15min centrifugation at 4000 rpm.
The aqueous phase was removed. 1.5 × volume isopropanol was
added, and the mixed sample was incubated at RT for 10 min.
After additional centrifugation step, the RNA pellet was briefly
dried on air and was dissolved with water. Quality was checked
by measuring absorption in a nanodrop (Thermo Scientific) and
reverse transcription was performed using the superscript III kit
as described above. qPCR was performed using SYBR Green mas-
termixes, 50 ng of cDNA and published and validated primers for
podocin, actin and UBR4.

The primer sequences were:

UBR4:
Forward primer: TGGACAAGCAATCAGCAGTTCT
Reverse primer: GCACCCAGCAATTGGAAATT

NPHS2 (Podocin):
Forward primer: gct gcc gtt cag ctt cga
Reverse primer: taa aac cac agt gga agg ctt ct

ActB:
Forward primer: ggacttcgagcaagagatgg
Reverse primer: agcactgtgttggcgtacag

Enrichment for peptides with ubiquitin remnants

Ubiquitin remnant peptides were isolated as previously de-
scribed with some modifications (15). After tryptic digestion, 3–
4 mg of peptide samples were desalted using SepPak columns
and were fractionated using a basic reverse phase column
(XBridge BEH300 C18 3.5 μm 4.6 × 250 Column, Waters). Then,
samples were pooled non-contiguously according to a previously
described scheme (15). Ubiquitylated peptides were pulled down
using the PTM-scan ubiquitin remnant antibody (10 µl slurry so-
lution/fraction, Cell Signalling) exactly as previously described
(15). In alternative experiments, 2 mg of peptides were directly
subjected to immunoprecipitation using the PTM-scan ubiquitin
remnant antibody (10 µl slurry solution). After acidic elution of
the peptides, stage-tip (49) clean-up was performed.

Pulse labelling of differentiated podocytes

Podocytes expressing podocin WT, podocin K301R–K370R were
seeded at the same density and were differentiated at 37° for 10
days and serum starved for 24 h. The medium was washed of
and the cells were switched to a medium containing exclusively
heavy isotope-labelled arginine (13C6

15N4; Arg-10) and lysine
(13C6; Lys-6) (Thermo) for 24 h. Proteins were purified using a
FLAG magnetic column and subjected to in column-digestion
and LC-MS/MS analysis.

Liquid chromatography–mass spectrometry/mass
spectrometry

Peptide separation was carried out using nLC coupled to a Q Ex-
active Plus tandem mass spectrometer (Thermo Scientific). An
in-house packed 50 cm columnwith 1.7 μmC18 beads (Dr Maisch
GmbH)was utilizedwithin a columnoven. A binary buffer system
consisting of solution A: 0.1% formic acid and B: 80% acetonitrile,
0.1% formic acid was used. Linear gradients from 7 to 38% B in 60–
240 minwere appliedwith a following increase to 80% B for 5 min
and a re-equilibration to 5% B. Peptides were sprayed into a
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quadrupole–orbitrap-based mass spectrometer, the Q Exactive
plus (60). MS1 spectra were acquired using 1E6 as an AGC target.
Themaximal injection timewas 20 ms and resolution was 70 000
resolution (mass range, 200–1200 mz−1). MS/MS spectra of the top
10most intense peakswere obtained byhigher-energy collisional
dissociation fragmentation. Resolution for MS/MS spectra was
set to 35 000 at 200 mz−1, AGC target to 5E5, max injection time
to 120 ms and the isolation window to 1.3 Th.

Bioinformatic analysis

Samples were processed using MaxQuant V 1.5.0.1 (61) using de-
fault settings with experiment-specific modifications. For ana-
lysis of lysine ubiquitylation, K-ε-Gly-Gly was put as a variable
modification for samples enriched for peptides with ubiquitin
remnants. For analysis of the SILAC-pulsed podocytes, arginine
(+10) and lysine (+6) were added as second multiplicity label.
Match between run was enabled. iBAQ was calculated for all IP
samples. The MaxQuant label-free quantification (LFQ) was en-
abled for all samples (62). Perseus (v. 1.4.0.1 and v. 1.5.2.4) (63)
was used for further analysis. To correct for multiple testing, an
approach similar to SAM was utilized (64). Enriched GO-terms
within the interactors where determined using a Fisher exact
test (FDR = 0.05). The GO terms were cleared for redundant anno-
tations using the ReViGo software with default options (65). Cy-
toscape was utilized for network visualization (66). The IP data
sets were analysed as previously described (11). Complex stoichi-
ometry was calculated based on iBAQ parameters as previously
described (11,12). Enrichment for PTMs within the PHB domain
was performed using the PTMfunc database as previously
described (18,22).

Visualization, modelling and molecular dynamics
simulations

The podocin (Uniprot Q91X05) with a sequence:
MDSRARSSSREAHGRSSRSSSRDDKKAKAGRGSRGRARPDAGA

ERQSTGRTATRGEPRAPAATATVVDVDEVRGPGEEGTEVVALLESER
PEEGIKPSGLGACEWLLVLASLIFIIMTFPFSIWFCIKVVQEYERVIIFRL
GHLLPGRAKGPGLFFFLPCLDTYHKVDLRLQTLEIPFHEVVTKDMFIM
EIDAVCYYRMENASLLLSSLAHVSKAIQFLVQTTMKRLLAHRSLTEIL
LERKSIAQDVKVALDAVTCIWGIKVERTEIKDVRLPAGLQHSLAVEA
EAQRQAKVRVIAAEGEKAASESLRMAAEILSGTPAAVQLRYLHTLQS
LSTEKPATVVLPLPFDMLSLLSSPGNRAQGSINYPSSSKPVEPLNPKK
KDSPML was homology modelled with SWISS-MODEL (67–69).
Residues 160–328 structure was modelled with the template
PDB 3bk6 chain A. There are 10 lysine residues in this segment.
By numbering starting from residue 160 as 1, these 10 lysines
are: 7, 25, 55, 66, 82, 89, 102, 109, 132 and 142, which correspond
to residues 166, 184, 214, 225, 241, 248, 261, 268, 291 and 301 in
mouse podocin. The ubiquitin structure was based on PDB
1ubq. The k48-pUb, ubiquitin-chain tetramer, the structure was
based on PDB 2o6v. The monomer ubiquitin or the tetramer ubi-
quitinwas linked to a specific lysine side chain through the C-ter-
minal glycine, as seen in Supplementary Material, Figures S7 and
S8. To examine the stability of podocin under various types of
ubiquitylation, we performed replica-exchange simulations (70)
at eight temperatures, 300 K, 327 K, 356 K, 389 K, 424 K, 462 K,
504 K and 550 K. Replica-exchange simulations maintain distri-
bution balance between different temperatures and can produce
temperature-dependent conformational change more reliably.
The CHARMM force field (71) is used to calculate interaction ener-
gies. The SCPISM solvation model (72) is used to describe solvent
effect. CHARMM (73) is used for the replica-exchange simulations.

We use the RMSD of the core part of podocin, residues 10–110, as
related to the initial structure to measure the conformational
change during the replica-exchange simulations. The initial
structures are shown in Supplementary Material, Figures S7
and S8, respectively. The results are shown in Supplementary
Material, Figures S9 and S10 for mono (U)—and poly-(4U) ubiqui-
tylations. To objectively describe the conformational changing
behaviour, we define a melting point as the temperature where
the second derivative of the RMSD curve has the first maximum.
Supplementary Material, Figures S11 and S12 show the second
derivatives of the curves shown in Supplementary Material,
Figures S9 and S10, respectively. As can be seen, K301U has
lower or same melting point than most other mono-ubiquityla-
tion species, and K301U4 has lower melting point than most of
other K48-poly-ubiquitylation species.

Statistics

Statistical analysis was performed using one-way ANOVA, Wil-
coxon ranked test, and two-tailed paired or unpaired t-test
where appropriate and as indicated in the figure legends. Each
n is an independent, biological and technical replicate (per-
formed on another day). The only exception was the quantitative
analysis of the immunofluorescence signal in C. elegans, where
worms (n as indicated) from three different grownupswere quan-
tified in a blindmanner. Statistical analysis was performed using
the Perseus software, Graph pad (Prism) suite or Microsoft Excel.
A P-value of <0.05 was considered significant unless indicated.
Correction for multiple testing was performed as indicated in
the ‘bioinformatics’ section. No means to predetermine sample
size were utilized. The number of replicates, however, followed
the common practice and replicates in the field (4–5 replicates
for label-free proteomic analyses, 5–6 biological replicates for
quantitative measurements of RNA and protein expression).
Variance was estimated to be similar between the experimental
group. No quantitative data were excluded, unless the following
criteria were met: IF data—positive staining in the negative con-
trol. Western blotdata—no specific staining or high-background
signal. MS data—insufficient ESI spray conditions or dropping
MS performance.

Supplementary Material
Supplementary Material is available at HMG online.
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