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The Myo1c motor functions as a cargo transporter supporting various cellular events, including vesicular trafficking, cell migra-
tion, and stereociliary movements of hair cells. Although its partial crystal structures were recently described, the structural de-
tails of its interaction with cargo proteins remain unknown. This study presents the first structural demonstration of a cargo
protein, Neph1, attached to Myo1c, providing novel insights into the role of Myo1c in intracellular movements of this critical slit
diaphragm protein. Using small angle X-ray scattering studies, models of predominant solution conformation of unliganded
full-length Myo1c and Myo1c bound to Neph1 were constructed. The resulting structures show an extended S-shaped Myo1c
with Neph1 attached to its C-terminal tail. Importantly, binding of Neph1 did not induce a significant shape change in Myo1c,
indicating this as a spontaneous process or event. Analysis of interaction surfaces led to the identification of a critical residue in
Neph1 involved in binding to Myo1c. Indeed, a point mutant from this site abolished interaction between Neph1 and Myo1c
when tested in the in vitro and in live-cell binding assays. Live-cell imaging, including fluorescence recovery after photobleach-
ing, provided further support for the role of Myo1c in intracellular vesicular movement of Neph1 and its turnover at the
membrane.

Podocytes are the critical components of the glomerular filtra-
tion assembly whose dysfunction leads to progressive loss of

renal function (1, 2). The morphological and structural analysis of
podocytes suggests that the podocyte foot processes which sur-
round glomerular capillaries are membrane protrusions sup-
ported by parallel F-actin bundles (3, 4). This actin network en-
ables the podocytes to perform a host of biological functions,
including motility and maintaining the permeability barrier “slit
diaphragm.” Study of various glomerular disease models shows a
severely disorganized actin network that is associated with loss of
podocyte function and alterations in the podocyte morphology, a
process commonly known as podocyte effacement (5–7). Podo-
cyte effacement and the loss of slit diaphragm have been the sub-
jects of intense investigation in recent years, which has led to the
identification of several proteins that play a role in maintaining
podocyte structure and function (1, 8). Proteins, including Neph1
and nephrin, have been shown to contribute toward the backbone
of this structure, thus maintaining the integrity of the slit dia-
phragm (2, 9, 10). Localization of these proteins at the podocyte
cell membrane is significantly altered in many glomerular disor-
ders, which is commonly associated with the loss of glomerular
filtration function (11–14). Recent evidence suggests that the traf-
ficking of slit diaphragm proteins, including nephrin and Neph1,
might be a critical determinant in the reorganization of podocyte
cell membrane that restores the glomerular filtration function
during recovery from various glomerular diseases (12–15). How-
ever, little is known about the mechanisms that mediate their in-
tracellular movement in podocytes. Our previous studies suggest
that Myo1c may regulate the dynamic movement of Neph1, which
is essential for podocyte health and defines Neph1 as a cargo for
Myo1c.

A recent study by Nabet et al. identified a subset of mRNA
transcripts encoding various myosins that were remarkably en-

riched in glomerular podocytes (16). This report described the
existence of both conventional nonmuscle (Myh10 and Myh9)
and unconventional (Myo6, Myo1e, Myo18a, Myo5a, Myo1b,
and Myo1d) myosins in podocytes (16). Analysis of the slit dia-
phragm proteome further confirmed the presence of these and
additional myosins, including Myo1c (17). The presence of all
these various myosins in podocytes suggests that their motor
functions play a significant role in the maintenance of podocyte
morphology and the slit diaphragm. Among all these myosins,
only the mutations in Myh9 and Myo1e genes have been shown to
associate with genetic forms of glomerular diseases (18–21). How-
ever, we are now beginning to understand the significance of my-
osins in podocyte biology, and models are currently being devel-
oped in various laboratories (including ours) to further establish
the role of myosins in maintaining the glomerular filtration func-
tion.

Myo1c belongs to the myosin I family of the motor proteins
that are ubiquitously expressed in eukaryotic cells (22). The my-
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osin I family motor proteins, including Myo1c, are enriched in
membrane structures and localize to filopodia, lamellipodia, ruf-
fles, and the leading edges of migrating cells, in addition to their
cytoplasmic distribution (22, 23), and are therefore involved in a
variety of cellular functions, including maintenance of cortical
tension and related functions, such as cell motility and trafficking
(16, 24–26). In podocytes, we demonstrated a similar pattern for
Myo1c with partial Neph1 colocalization at the cell periphery. Our
results have also shown that Myo1c colocalizes with nephrin and
Neph1 in the lipid rafts (15), and a recent report demonstrates an
active role for Myo1c in the recycling of lipid rafts that controls cell
spreading and migration (27). This further suggests that Myo1c
may participate in the recycling events of nephrin and Neph1
trafficking. Podocytes in cell culture do not recapitulate the in vivo
foot processes; instead, they form dynamic structures such as la-
mellipodia, membrane ruffles, and long filopodium-like struc-
tures that extend from one cell to the other (15, 23). All these
structures are sites of active actin dynamics involving multiple
cytoskeletal elements that together help regulate cell migration
and/or differentiation (2, 28–30). Since Myo1c is localized in these
structures, it is likely that it is involved in the development of
podocytes. Indeed, our recent findings suggesting that loss of
Myo1c in a zebrafish model system induces proteinuria and podo-
cyte effacement (31) further support an active role for Myo1c in
podocyte biology.

Structurally, all the known myosin I family motors are com-
posed of an N-terminal head or motor domain that contains ATP
and actin binding sites, a neck domain that consists of one or more
calmodulin binding IQ motifs, and the C-terminal variable tail
that binds its cargo and provides specificity to myosins (24). Re-
cently, crystal structures of the Myo1c head domain bound to
calmodulin (32, 33) and the Myo1c tail bound to calmodulin (34)
were reported. Although these studies provided significant insight
into the conformation of Myo1c, they analyzed only partial
Myo1c structures. Although the C-terminal domain of Myo1c is
the designated cargo binding domain, it is interesting that not all
proteins that bind Myo1c interact with this domain. The GTPase
RalA, calcium-binding protein, and phosphoprotein regulator 14-
3-3 have been shown to interact with the regulatory neck region of
Myo1c (35, 36). In this report, we describe solution scattering-
based structures of the full-length Myo1c and its complex with the
cytoplasmic domain (CD) of Neph1. We used structural and bio-
chemical methods to analyze the structural complex of Myo1c and
Neph1. We further utilized live-cell imaging to highlight the phys-
iological role of this interaction in regulating the intracellular dy-
namic movements of Neph1.

MATERIALS AND METHODS
Antibodies and reagents. Myo1c monoclonal purified antibody (Ab) and
polyclonal purified antibody to Neph1 have been previously described
(15). Other antibodies, including green fluorescent protein-horseradish
peroxidase (GFP-HRP) antibody (Miltenyi Biotec, USA), monoclonal
His antibody (Santa Cruz; catalogue no. 8036), and monoclonal Flag
antibody (Sigma; catalogue no. F3165), were commercially procured.
The cell transfection reagent Lipofectamine 2000 was purchased from
Invitrogen (catalogue no. 11668-019). All chemical reagents were com-
mercially obtained from Sigma and Calbiochem.

Plasmids and cell light markers. Mammalian expression plasmids
encoding GFP-tagged Myo1c-FL (full length), the Myo1c tail without the
IQ domain, and the Myo1c tail with the 3IQ domain were obtained as
described previously (14, 15). The Myo1c head construct was generated

by PCR-based cloning at EcoRI and SalI sites in the pEGFP-N1 vector
(Clontech). Cerulean fluorescence protein (CFP)-tagged mammalian
constructs of Neph1, such as CFP-Neph1-wt (wild type), CFP-Neph1-
(�)PDZ, CFP-Neph1-Y637/638F, CFP-Neph1-Y638F, CFP-Neph1-
Y716/719F, CFP-Neph1-K761A, and CFP-Neph1-Y762A, were con-
structed commercially (by Top Gene Technologies, Inc.). Constructs
mCherry Neph1-wt and the K761A mutant were constructed in pBABE
Puro retroviral vector using standard PCR cloning strategies as described
previously (37). Cell light markers for early endosome-GFP (catalogue no.
C10586), late endosome-GFP (catalogue no. C10588), Golgi complex-
GFP (catalogue no. C10592), and lysosome (catalogue no. C10507) were
purchased from Thermo Fisher.

Cell culture. COS7 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum (FBS; Invitrogen)
and 200 U/ml of penicillin and streptomycin (Invitrogen). RPMI 1640-
based medium supplemented with 10% FBS (Invitrogen), 2 g/liter of so-
dium bicarbonate (NaHCO3), insulin-transferrin-selenium (38) supple-
ment (Sigma-Aldrich), and 200 U/ml of penicillin and streptomycin
(Invitrogen) was used to culture the human podocytes (14, 15). Lipo-
fectamine 2000 (Invitrogen) was used to perform transfection according
to the manufacturer’s protocol. Transfected podocytes were grown in 2.5
�g/ml of puromycin-containing RPMI medium for the selection of stable
transfectants. Stable mCherry Neph1-wt- and K761A mutant-expressing
podocytes were generated using the retroviruses produced by Phoenix
cells. Details for the procedure of producing retrovirus and transfecting
podocytes to generate a stable cell line have been described previously
(15).

Recombinant proteins and peptides. Proteins, including glutathion
S-transferase (GST)—Neph1 cytoplasmic domain (CD), His-Neph1-
CD-wt, His-Neph1-CD-R750E, His-Neph1-CD-(�)PDZ, His-Neph1-
CD-K761A, and His-Neph1-CD-Y762A, were expressed and purified
from Escherichia coli BL21 cells (Stratagene). Details of the expression and
purification protocol have been described previously (39). Expression and
purification of His-ZO1-PDZ1 protein have also been described previ-
ously (14, 39). Recombinant proteins Flag-Myo1c-FL and GFP-His-
Myo1c-tail were produced in a baculovirus expression system as described
previously (40, 41). Two peptides, ERTPYEAYDPIGKYATATRF and YE
KFNSHPFPGAAGYPTYRL, derived from the K761 region of Neph1 and
the region of Neph1 not involved in Myo1c binding, respectively, were
synthesized chemically using standard 9-fluorenylmethoxy carbonyl
(Fmoc) solid-phase chemistry, and 2-chloro trityl resin was used as a solid
support (PTI peptide synthesizer). Postsynthesis, the peptides were
cleaved using a cocktail of trifluoroacetic acid (TFA) and scavengers and
were purified to homogeneity using high-performance liquid chromatog-
raphy (HPLC) (C18 semiprep and analytical columns attached to a Waters
system). Identities of the purified peptides were confirmed by matrix-
assisted laser desorption ionization–time of flight mass spectrometry
(MALDI-TOF MS) (Voyager).

Biacore surface plasmon resonance (SPR) assay. A real-time binding
experiment was performed with a Biacore 3000 instrument (Biacore AB).
Flag-Myo1c-FL was immobilized on a CM5 chip cell, and the instrument
was programmed to perform a series of binding assays with increasing
concentrations of His-Neph1-CD-wt. Surface regeneration and complete
dissociation between two proteins were achieved by using 2 M NaCl.
BIAevaluation software (version 3.2; GE Healthcare) was used for the
analysis of sensorgrams and the evaluation of kinetic constants (associa-
tion constant [Ka], dissociation constant [Kd], and equilibrium dissocia-
tion constant [KD]) between Myo1c and Neph1.

SAXS data acquisition and analyses. The SAXS intensity profiles were
collected at the X9 beam line (National Synchrotron Light Source,
Brookhaven National Laboratory, NY). Images were acquired on Pilatus
detectors and processed as described earlier (39). For each experiment,
120 �l of protein solutions (unliganded Myo1c, its fragments, Neph1-CD,
and their mixtures) and their matched buffers were exposed to X rays in a
quartz capillary flow cell. Using programmable liquid handling robotics at
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the X9 beam line, the collection of entire SAXS data described in this
report was carried out in triplicate and averaged during processing. To
calibrate the beam intensity at zero angles and estimate the actual concen-
tration of protein samples, the SAXS data sets were collected under iden-
tical conditions on hen egg lysozyme and recombinant human gelsolin
with predetermined concentrations. Data processing provided the scat-
tering intensity (I) as a function of momentum transfer vector, Q (Q �
[4�sin�]/�), where � and � are the wavelengths of the X ray and the
scattering angle, respectively. Kratky plots [I(Q)Q2 versus Q] were made
from the measured SAXS data to interpret the globular nature of protein
molecules and their complexes in solution. The Guinier approximation of
the low-Q region was carried out using PRIMUSQT software from the
ATSAS 2.6 suite of programs (42) and presuming globular and rod-like
scattering shape and provided the radius of gyration (RG) and radius of
cross-section (RC) (17) of the predominant shape of protein molecules,
respectively. Using the relationship between RG and RC (equation 1), we
estimated the persistence length (L) of the molecules:

L � �12�RG
2 � RC

2��1⁄2 (1)

Additionally, using GNOM45 program (43), we carried out indirect Fou-
rier transformation of the SAXS data (Q range: 0.008 to 0.25 Å�1) to
obtain probability of finding various pairwise vectors arising from the
scattering shape of the protein molecules in solution. The pair distribu-
tion function [P(r)] curve estimation was done presuming zero probabil-
ity of finding a pairwise vector of length equal to 0 Å and equal to the
maximum linear dimension (Dmax) of the molecule. This analysis also
provided an estimate of the RG and scattering intensity at zero scattering
angles (I0). I0 values are directly proportional to square of the mass of the
scattering species in solution, and thus, with the use of standard samples,
we could estimate the concentration of unliganded proteins and the ex-
tent of formation of their complexes in mixtures.

Shape reconstruction. To visualize the three-dimensional shape of
unliganded Myo1c, the head and tail regions of Myo1c, and Myo1c/
Neph1-CD complex, using measured SAXS data profiles and computed
P(r) profiles, 10 independent models of each were generated using the
DAMMINIF program, aligned using the SUPREF program, averaged us-
ing the DAMAVER program, and, finally, minimized using the DAMMIN
program (42). This procedure provided a dummy atom model of the
predominant scattering shape of the proteins and their complexes in so-
lution. To compare the shape of the SAXS-based model with other com-
plementary information, a structural model of full-length Myo1c was
generated bound to three calmodulins on its IQ domain. In brief, the
SWISS-MODEL server was used to stitch together the individual crystal
structures of the Myo1c head (Protein Data Bank [PDB] code 4BYF) and
tail (PDB code 4R8G) regions, both in complex with calmodulin (32, 34,
44). The two structures had common IQ domains which were used for
relative referencing of the other domains’ coordinates. The coordinates of
calmodulin bound to IQ domain was used from one of the structures. The
structural model of Myo1c bound to three calmodulins was overlaid with
the SAXS-based model of same protein by computationally aligning their
inertial axes using the SUPCOMB program (45). The open-source prod-
uct Pymol version 1.1 was used for graphical analysis and figure genera-
tion. The structure of His-Neph1-CD (39) was employed for docking on
the composite model of Myo1c (39). Docking of His-Neph1-CD on
Myo1c was done using the ZDOCK server, and the model of the 1:1
complex was considered based on agreement with the shape profile of the
SAXS data-based envelope shape of the complex (46).

Immunoprecipitation and immunoblotting. Detailed procedures
for immunoprecipitation and immunoblotting experiments have been
explained previously (10, 32, 47). Briefly, wild-type Neph1 and its mu-
tants were cotransfected with wild-type Myo1c and its mutants in COS7
cells using Lipofectamine 2000 transfection reagent. Forty-eight hours
posttransfection, the cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer (phosphate-buffered 0.9% NaCl [PBS] containing 0.1%
SDS, 1% Nonidet P-40, and 0.5% sodium deoxycholate). The lysate was
subjected to immunoprecipitation using Neph1 or Flag antibodies. The

immunoprecipitated complexes were separated by SDS-PAGE and ana-
lyzed by Western blotting using the desired antibodies.

Pulldown. The recombinant proteins—His-Neph1-CD, the Neph1-CD
mutants (including His-Neph1-CD-R750A, His-Neph1-CD-K761A, His-
Neph1-CD-Y762A, and His-Neph1-CD-PDZ), and His-ZO1-PDZ1—were
expressed and purified in Escherichia coli BL21 cells (Stratagene) as de-
scribed previously (39). Recombinant proteins Flag-Myo1c-FL and GFP-
His-Myo1c-tail were separately mixed with 5 �g of each Neph1 fusion
protein, and the His-Neph1-CD/Myo1c complexes were pulled down us-
ing Neph1 antibody bound to protein G-agarose. After washing of the
agarose beads with PBS containing 0.1% Tween 20, the protein complexes
were eluted with SDS sample buffer and resolved by SDS-PAGE prior to
immunoblotting with the GFP-HRP, Myo1c, Flag, and His antibodies.
Competitive binding of Myo1c and ZO1 with Neph1 was investigated by
mixing His-Neph1-CD protein with either Myo1c protein (Flag-
Myo1c-FL or GFP-His-Myo1c-tail) in the presence or absence of His-
ZO1-PDZ protein. The complexes were pulled down with Neph1 anti-
body and immunoblotted with Flag or Myo1c antibodies to determine
whether Myo1c competes with ZO1 for binding Neph1.

Dot blot experiment. A peptide representing the K761 region of
Neph1 with the sequence ERTPYEAYDPIGKYATATRF (748 to 768) was
synthesized. Another peptide derived from a different Neph1 region (718
to 738) that was not involved in binding was used a negative control. The
test and control peptides were spot blotted onto a polyvinylidene difluo-
ride (PVDF) membrane along with purified GST-Neph1-CD and His-
Neph1-CD proteins as positive controls. The membrane was incubated
with 5 �g of either Flag-Myo1c-FL or GFP-His-Myo1c-tail purified pro-
teins for about 5 h in 2% skim milk (in 1� PBS) and then immunoblotted
with Myo1c antibody.

FRAP. Podocyte cells stably expressing mCherry-Neph1-wt or the
K761A mutant were mixed with GFP alone in a ratio of 1:3 and plated on
8-chamber dishes (Nunc; catalogue no. 155409). The primary reason for
mixing the two cell lines was to obtain a heterogenous population of cells
in which mCherry-Neph1-expressing cells are adjacent to GFP-expressing
cells. For fluorescence recovery after photobleaching (FRAP) analysis, it is
necessary to determine which cell contributes toward the protein dynam-
ics that is being studied. Therefore, the cells grown in this fashion ensured
that only the mCherry-Neph1-expressing cell contributed to the junc-
tional Neph1. Thus, we drew the region of interest (ROI) at the junction of
mCherry-Neph1- and GFP-expressing cells to ensure that only one
mCherry-Neph1-expressing cell contributed to the ROI. The ROI was
photobleached and the fluorescence recovery within the photobleached
region was monitored at subsequent time intervals of 10 s. A Zeiss confo-
cal microscope equipped with Volocity acquisition software was used.
Eight different images were collected, and quantitative analysis was per-
formed.

Live-cell microscopy and cellular distribution of Neph1-containing
vesicles. mCherry-Neph1-wt and the K761A mutant were plated on
35-mm glass-bottom cell culture plates, and the movement of Neph1-
containing vesicles was analyzed using live-imaging microscopy. Images
were captured for 2 min with 10-s intervals using Zeiss confocal micros-
copy with Volocity acquisition software. The displacement of Neph1-
containing vesicles was plotted against time. The distribution of Neph1
containing vesicles into various subcellular compartments was analyzed
using cell light reagent markers of early endosome, late endosome, Golgi
complex, and lysosome. Confocal microscopy was performed, and colo-
calization was analyzed using ImageJ software from single-plane images.
Each experiment was repeated at least three times. In each experiment, 2
million cells were plated on each coverslip and 8 or more cells were ana-
lyzed for quantification and statistical analysis The values are expressed in
terms of Pearson’s correlation coefficient (r).

RESULTS

Our previous findings (15) and results from our Biacore study
(Fig. 1) demonstrated that Myo1c forms a high-affinity complex
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with Neph1. To further understand the mechanism through
which Myo1c interacts with Neph1 and participates in podocyte
maintenance, we investigated the molecular details of this inter-
action using structural and biochemical approaches.

SPR analysis of Neph1 and Myo1c interaction. Flag-
Myo1c-FL was immobilized on a CM5 chip cell 2 at 826 RU. Cell
1 was used as a negative control with no protein bound to the chip.
His-Neph1-CD protein at concentrations of 1.0, 0.5, and 0.25 �M
was passed over the chip for 3 min and allowed to dissociate for
about 4 min, and then complete dissociation of His-Neph1-CD
was achieved by injection of 2 M NaCl. Analysis of the difference
between binding sensorgrams of cells 1 and 2 was performed using
Biacore BIAevaluation software and the 1:1 Langmuir model. The
analyte binding capacity of the surface (Rmax) for the analysis was
110 RU, and the X2 was 1.25. The calculated binding parameters
for Myo1c and Neph1 binding were an affinity constant (KD) of
1.1 � 10�8 M (11 nM) and rate constants of 5.59 � 104 (1/Ms) (Ka

[association]) and 6.11 � 10�4 (1/s) (Kd [dissociation]) (Fig. 1).
SAXS-based solution shape analysis of the unliganded

Myo1c (and Neph1). In order to gain structural insight into
Myo1c and its interaction with Neph1-CD, we acquired SAXS
data for unliganded full-length Myo1c (Myo1c-FL; residues 1 to
1028), the head (residues 1 to 766, with the IQ domain), and the
tail (residues 698 to 1028, with the IQ domain) (Fig. 2A). It is
pertinent to mention here that the protein Myo1c-FL and its head

FIG 1 SPR analysis. Sensorgrams for various concentrations of His-
Neph1-CD binding to immobilized Flag-Myo1c-FL are shown. Results are
expressed as a differential response (in response units [RU]) versus time. Flag-
Myo1c-FL was immobilized on a CM5 chip at 826 RU, and His-Neph1-CD
protein at concentrations of 1.0, 0.5, and 0.25 �M was passed over the chip for
3 min and allowed to dissociate for about 4 min. Analysis of the difference
between binding sensorgrams of the test and control (without protein) was
performed using Biacore BIAevaluation software using a 1:1 Langmuir model.
The calculated affinity constant (KD) for Myo1c-Neph1 interaction was 1.1 �
10�8 M (11 nM).

FIG 2 SAXS data of unliganded protein samples. (A) (Left) SAXS intensity profiles acquired from the solutions of Myo1c-FL and its head and tail domains are
presented. The inset shows linear fit to the Guinier region of the measured data sets. (Right) The P(r) curves computed for Myo1c-FL and its head and tail
domains demonstrate the frequency distribution of interatomic vectors in the predominant scattering species. The inset shows the Kratky plots of the data sets.
(B) Scattering shape of the proteins restored from dummy atom modeling using the SAXS data as a reference. The envelope shape (represented as mesh) of the
predominant shape computed for full-length Myo1c and its head and tail domains is shown. Crystal structures of the head, tail, and full-length Myo1c
(reconstructed by joining head and tail regions) with bound calmodulins (represented as surface) were overlaid by automated alignment of inertial axes with
SAXS models. The structure of Myo1c is represented in red, while three calmodulins are represented in green, blue, and cyan.
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and tail domains used in this study were purified in the presence of
three calmodulin molecules that remained bound to their IQ re-
gions during our SAXS data collection (47). The scattering inten-
sity profiles from the protein components were plotted in log-
versus-log mode and indicated lack of aggregation in the samples
(Fig. 2A, left). Also, linearity of the data in the Guinier plot for
globular particles confirmed the monodisperse nature of the sam-
ples during data collection (Fig. 2A, left inset). The single peak-
like profiles of Kratky plots of the Myo1c head and tail portions
and the two peaks for the full-length protein indicated single-
domain and two-domain globular scattering shapes for these pro-
teins in solution (Fig. 2A, right inset). Further, indirect Fourier
transformation of the SAXS data (Q range: 0.008 to 0.25 Å�1)
provided the Dmax and RG for Myo1c-FL and its head and tail
domains to be 220, 152, and 157 Å and 76.9 	 1.1, 49.1 	 0.7, and
49.7 	 0.5 Å, respectively (Fig. 2A, right; Table 1). The two peak
profile of the computed P(r) curve for full-length Myo1c sup-
ported the idea that the unliganded protein adopts a solution
shape which can be characterized as two lobes or domains con-
nected by a nonflexible linker. Importantly, the two-peak profiles
were distinctly absent in the P(r) curves calculated for the head
and tail domains, indicating that these two domains represent the
two lobes in full-length Myo1c. I0 values from SAXS data on stan-
dard protein solutions acquired under identical conditions were
estimated to calibrate beam intensity, and comparison of esti-
mated I0 values from the solutions of (calmodulin-bound) full-
length Myo1c and its head and tail domains suggested that the
actual concentrations of full-length Myo1c and its head and tail
domains were 3, 1.7, and 2.1 mg/ml, respectively. In addition to
these Myo1c constructs, SAXS data were also acquired from the
solutions of unliganded Neph1-CD-wt and its mutants [Neph1-
CD-K761A, -Y762A, -R750A, and -(�)PDZ] under identical con-

ditions. The data analyses revealed that the shape parameters for
Neph1-CD protein and its mutants were similar to those in our
previously published report (39). Briefly, we reconfirmed that
Neph1-CD and its mutants were globular and monodispersed in
solution, with an RG and Dmax of 21.1 	 0.2 and 70˚, respectively.
Further analysis of the data confirmed that as reported previously
(39), these point mutants did not induce substantial alterations in
the global shape of mutant Neph1 compared to the wild type.

To visualize the predominant solution shape of the unliganded
Myo1c-FL and its head and tail domains, 10 independent dummy
residue models were generated presuming uniform scattering
density and were averaged as described in Materials and Methods
(Fig. 2B). As expected from the P(r) curve, the model of the full-
length Myo1c resembled a bilobal extended S-shaped curve, while
the models for the head and tail domains indicated bilobal and
curved shapes, respectively. For each system, 10 models were gen-
erated and compared with each other by calculating normalized
spatial disposition (NSD) relative to one reference model. NSD
values for the Myo1c head, tail, and full-length protein were
0.494 	 0.009, 0.523 	 0.014, and 0.637 	 0.031, respectively.
Rejecting any model which had NSD values greater than twice the
standard deviation (SD), 10, 9, and 9 models were considered for
the head, tail, and full-length protein, respectively. Their inertial
axes were aligned and averaged, followed by one round of further
minimization using the DAMMIN program. The resultant
dummy residue models for the head, tail, and full-length protein
showed 
2 values of 2.436, 2.191, and 1.751, with their respective
experimental SAXS data profile. Recently described crystal struc-
tures of the Myo1c head group with the IQ domain bound to
calmodulins (PDB code 4BYF) and the tail group with the IQ
group bound to calmodulins (PDB code 4R8G) were used for
comparison with the SAXS data-based models of Myo1c (32, 34).
Further, as described in Materials and Methods, a composite
structural model of Myo1c bound to three calmodulins was gen-
erated using available crystal structures of the head and tail
groups. Interestingly, automated alignment of the inertial axes of
the crystal structures of head and tail groups and the model of
full-length Myo1c with their respective global shape models
solved using SAXS data showed similarity in three dimensions
(Fig. 2B).

SAXS data-based insight into Myo1c/Neph1-CD complex.
Following the confirmation of the actual concentration of pro-
teins, 1:1 molar mixtures of Myo1c-FL and Neph1-CD (and its
mutants) were prepared for SAXS data collection (Fig. 3A). An
increase in the scattered intensity units (as Q¡0) compared to
that observed for unliganded Myo1c supported the binding of
Myo1c with Neph1-CD available in the mixture (Fig. 3A). The
peak-like profile of the Kratky plot supported a globular shape for
the complexes of Myo1c and Neph1-CD (data not shown). A lin-
ear fit to the Guinier region indicated that the predominant shape
of the Myo1c/Neph1-CD complex could be characterized by an
RG of 84.3 Å. In close correlation, the P(r) curve computed an RG

of 76.9 	 1.1 Å and a Dmax of 280 	 0.1 Å for predominant
scattering species in the mixture. Importantly, the I0 value com-
puted from P(r) analysis suggested almost complete (�96%)
binding between the Myo1c and Neph1-CD molecules in the mix-
ture (Fig. 3B; Table 2). Since I0 values are proportional to the
square of the mass of predominant scattering species, and know-
ing the precise concentrations of protein used for preparing mix-
tures, we estimated that for the complexes of Myo1c and Neph1

TABLE 1 Shape parameters deduced from the SAXS data analysis of
proteins and their complexes

Protein
Mass
(kDa)

Indirect Fourier
transformation

Actual
concn
(mg/ml)

Dmax

(Å)
RG

(Å)
I0

(AU)

Standard proteins
Lysozyme 14.2 44 14.2 20 1a

Gelsolin 82 100 30.2 115 1a

Unliganded Myo1c
Full length 168.6 220 59 712 3
Myo1c-head 88.8 152 49.05 215 1.7
Myo1c-tail 37.7 157 49.7 112 2.1

Unliganded Neph1-CD
and its mutants

Neph1-CD 35.0 70 21.5 120 2.4
Neph1-(�)PDZ1 34.7 70 21.1 74 1.5
Neph1-R750A 35.0 70 21.2 101 2.1
Neph1-K761A 35.0 70 21.3 96 1.9
Neph1-Y762A 35.0 70 21.4 62 1.2

a The values for lysozyme and gelsolin were estimated based on a concentration series of
these proteins with predetermined concentrations (for lysozyme, 3 to 5.7 mg/ml, and
for gelsolin, 2 to 6 mg/ml) and extrapolated for 1 mg/ml. Based on these standards, the
I0 value for 1 kDa of protein at a concentration of 1 mg/ml would be 1.4 AU, and this
was used to estimate protein concentrations.
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(and its point mutants), I0 values close to 530 AU and 370 AU will
represent scattering from a system with 100% and no binding
between available proteins. (Below, we demonstrate a correlation
between SAXS-based observations and pulldown experiments.).

The three-dimensional shape reflecting predominant solution
shape of the Myo1c and Neph1-CD binary complex was obtained
by averaging 10 independent dummy atom models restored using
measured SAXS data as reference (Fig. 4). The NSD value for the
10 models was 0.615 	 0.118 and 9 models could be averaged,
with a final 
2 value of 1.364 between the resultant model of com-
plex versus the experimental SAXS data. By manually aligning the
larger head group of the Myo1c in the unliganded and Neph1-
bound shape, we clearly observed additional volume at one end of
the complex which could easily accommodate one Neph1CD
molecule. On the basis of the two rotated views presented in
Fig. 4A, and considering the shape profile of the unliganded
Myo1c, it appeared that this additional volume was very likely
near the tail group. The SAXS data-based envelope shape of the
complex was used to perceive which epitopes of Neph1CD inter-
act with the tail group, and therefore, the structural model of
Neph1CD (reported earlier) was docked on the structural model
of Myo1c containing the atomic details. Of the lowest 10 docking
poses, 4 poses showed that Neph1-CD interacts with the tail re-
gion, while the other 2 interacted close to the IQ domain and the
remaining 4 preferred a position close to the head region of
Myo1c. In Fig. 4B, the six poses (four with the tail and two with the
IQ domain) are shown. The SAXS data-based model of the com-

plex clearly ruled out interactions with the IQ domain. Consider-
ing the increased length of the complex and the shape profile, we
concluded that poses shown in the magenta box in Fig. 4B (right
side of panel) agreed most with the SAXS-based modeling results.
Between the two poses which closely resembled each other, we
considered the one which had lower energy in the docking exper-
iment (Fig. 5). This selected model of the Myo1c/Neph1-CD com-
plex suggested that the Neph1-CD molecule interacts primarily
with the tail region close to the C-terminal end of Myo1c, thus
reducing the probability of interaction at alternate sites (Fig. 5).
The detailed analysis of our model suggested that the C-terminal
THV motif of Neph1-CD may not be in direct contact with
Myo1c, but its orientation in the complex should occlude its bind-
ing with ZO1-PDZ1 (39). Further analysis revealed that residue
K761 in Neph1-CD was in direct contact with the tail region of
Myo1c; if true, this would suggest that mutating the K761 residue
may lead to loss of Neph1-CD binding with Myo1c. To validate
the structural model of the Myo1c/Neph1-CD complex, various
Neph1 mutants were constructed [His-Neph1-CD-K761A, His-
Neph1-CD-Y762A, His-Neph1-CD-R750A, and His-Neph1-CD-
(�)PDZ], and their ability to interact with Myo1c-FL was inves-
tigated by mixing them in the desired molar ratios and subjecting
them to SAXS analysis (Table 2). Data analyses indicated that
point mutation of Lys-761 to alanine completely abrogated the
formation of complex (an I0 value close to 370 AU clearly sup-
ported 0% binding of the mixed proteins under experimental con-
ditions). In contrast, mutating Tyr-762 and Arg-750 to alanine or
deletion of the THV motif provided I0 values close to 530 AU,
suggesting the molecular mass of the scattering species to be close
to be 200 kDa for these mixtures. In other words, data supported
almost complete binding of these mutants with Myo1c-FL (Table
2). Overall, our SAXS data analysis showed that Lys-761 in
Neph1-CD is critical for Myo1c interaction with Neph1-CD.

Neph1 interacts with the C-terminal region of Myo1c. To
further validate the structural models of Myo1c and its complex
with Neph1, and better define the interacting regions in Myo1c
and Neph1, we evaluated the interaction between Myo1c and
Neph1 in live cells and under in vitro conditions. Therefore, vari-
ous Myo1c constructs, including GFP-Myo1c-FL and its deletion
mutants representing the C-terminal tail (GFP-Myo1c-tail) and
the head region (GFP-Myo1c-head), were coexpressed with Flag-
Neph1-wt in COS7 cells and the immunoprecipitated Neph1
complex was analyzed for the presence of Myo1c. Additionally,
based on the structural data (Fig. 6A), site-specific mutant Neph1
(Neph1-K761A) was also constructed and subjected to the bind-
ing assay in a similar fashion. As shown in Fig. 6A, Neph1 inter-
acted with GFP-Myo1c-FL and GFP-Myo1c-tail with or without

TABLE 2 Shape parameters and extent of binding deduced from the
SAXS data analysis of Myo1c (9.1 �M) with Neph1 and Neph1 mutants

Protein in
complex with
Myo1c

Molar ratio
of Myo1c
to protein

Dmax

(Å)
RG

(Å) I0

Calculated
I0

Extent of
binding
(%)

Neph1-CD 1:1.13 280 76.9 523 532 96
Neph1-(�)PDZ1 1:1.14 275 75 525 533 97
Neph1-R750A 1:1.12 265 71.7 520 529 94
Neph1-K761A 1:1.12 225 59.7 371 529 �0
Neph1-Y762A 1:1.12 267 68.1 522 529 95
None (buffer) 183 62.8 355 356

FIG 3 SAXS data of the Myo1c-Neph1 complex. (A) SAXS intensity profiles
from unliganded Myo1c (diluted to same molar concentration) and an �1:1
molar mixture of Myo1c with different Neph1-CD. The Guinier analysis of the
data sets presuming globular scattering shape is shown in the inset. (B) P(r)
computed from the indirect Fourier transformation of the data sets.
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the IQ domain, whereas GFP-Myo1c-head failed to interact with
Neph1 (Fig. 6B). A reciprocal experiment was performed in which
various Neph1 mutants, including the phosphorylation site mu-
tants (CFP-Neph1-Y637/638 and -Y716/719), the deletion mu-
tant CFP-Neph1-(�)PDZ (without the PDZ binding domain),
and the CFP-Neph1-K761 mutant (predicted from the SAXS
analysis), were coexpressed with GFP-Myo1c-FL in COS7 cells
and tested for binding to Myo1c. As shown in Fig. 6C, all Neph1
mutants except CFP-Neph1-Y761A interacted with Myo1c. Col-
lectively, these results provided biochemical validation for the
SAXS-based global shape data suggesting that Neph1 interacts
with the C-terminal domain of Myo1c and that residue K761 in
Neph1 is involved in this interaction.

To further determine if these residues are directly involved in
this interaction, an in vitro pulldown experiment was performed
using purified proteins. Recombinantly produced His-tagged
Neph1 (His-Neph1-CD-wt) and its mutants, including His-
Neph1 CD-R750E, His-Neph1-CD-(�)PDZ, His-Neph1-CD
K761A, and His-Neph1-CD-Y762A, were mixed with the purified
Flag-Myo1c-FL protein produced in baculovirus, and the pull-

down was performed using Neph1 antibody. Consistent with the
binding experiments with COS7 cells and SAXS analysis, the in-
teraction between Myo1c and Neph1 was completely abolished
when the lysine at position 761 was mutated to alanine in
Neph1 (Fig. 6D). Additionally, a peptide derived from this region
(Fig. 6E) also displayed affinity toward Flag-Myo1c-FL and GFP-
Myo1c-tail in a dot blot assay. Further, direct binding of Myo1c
tail region with Neph1 was evaluated in an in vitro binding assay in
which purified recombinant Flag-Myo1c-FL or GFP-His-Myo1c
tail was mixed with purified His-Neph1-CD-wt and the pulldown
was performed using Neph1 antibody (Fig. 6F). The results pre-
sented in Fig. 6F provide further evidence that Neph1 interacts
directly with the Myo1c tail. Collectively, the live-cell and in vitro
results suggest that the interaction between Neph1 and Myo1c is
mediated through the C-terminal domain of Myo1c and that res-
idue K761 of Neph1 is directly involved in this interaction. Over-
all, these results are entirely consistent with our SAXS and molec-
ular modeling analyses, providing a molecular overview of the
Neph1 and Myo1c interaction.

Myo1c competes with ZO1 for binding to Neph1. Molecular

FIG 4 SAXS data-based shape of the Myo1c-Neph1 complex. (A) Scattering shape of Myo1c-Neph1 complex restored from dummy atom modeling using the
SAXS data (I); manual alignment of full-length Myo1c (salmon) on the complex shows an additional volume at the tail region (II and III). (B) The six
lowest-energy docking poses of Myo1c-Neph1 complex (I and II); alignment of docking models on SAXS models clearly ruled out two possible docking models
(X), and the remaining four could be the more probable structural models of the Myo1c-Neph1 complex (III). The lowest-energy model (�) was used for further
interaction analysis (IV).
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modeling analysis of the Neph1-CD and Myo1c complex suggests
that when Neph1 docks at the C-terminal region of Myo1c, its
PDZ binding site (the last three amino acids, i.e., THV), which is
normally exposed, remains buried and thus cannot interact with
ZO1 (39). To validate this observation, a competitive-binding exper-
iment was performed in which recombinant Flag-Myo1c-FL was
mixed with His-Neph1-CD-wt protein in the presence or absence of
purified His-ZO1-PDZ1 protein and Neph1 was immunoprecipi-
tated using Neph1 antibody. Immunoprecipitation analysis of the
Neph1 complex suggests that binding between Neph1 and Myo1c
was significantly reduced in the presence of ZO1 (Fig. 7A). Similar
results were obtained when the Myo1c tail was substituted in this
assay (Fig. 7B). Input purified protein samples are shown in Fig. 7C.
These competitive-binding experiments further confirm the conclu-
sions derived from our SAXS and molecular modeling analysis indi-
cating that Neph1 interacts with Myo1c in a fashion such that its ZO1
binding site becomes inaccessible.

Loss of Myo1c binding reduces the turnover rate of Neph1 at
the podocyte cell membrane. Myo1c is known to function as an
adaptation motor by regulating the dynamic movement of stereo-
ciliary tip links—structures analogous to the slit diaphragm (48).
This led us to believe that Myo1c may affect the dynamic move-
ment of Neph1 at the membrane. Thus, to investigate whether loss
of Myo1c binding influences the turnover of Neph1 at the podo-
cyte cell membrane, cultured podocytes stably transfected with

mCherry-Neph1-wt and mCherry-Neph1-K761A were analyzed
by fluorescence recovery after photobleaching (FRAP). Since
Neph1 is localized at the cell-cell junctions, it is likely that cells on
either side of the junction can contribute toward the turnover of
Neph1 at the membrane. Therefore, mCherry-Neph1-expressing
cells were cocultured with GFP-expressing cells (Fig. 8A, left im-
age) and the cellular density was carefully selected and monitored
to ensure that only one particular cell (that is photobleached)
contributes toward the Neph1 turnover at the membrane. A re-
gion of interest at the cell junction indicated in Fig. 8A was selected
and photobleached. The recovery of Neph1 in the photobleached
region was recorded over a period of 5 min. The FRAP analysis sug-
gested a high turnover rate for Neph1-wt with 50% fluorescence
recovery (n � 3 experiments) at the membrane, within 3 min of
recovery time (Fig. 8A, top row; see also Movie S1A in the supple-
mental material), whereas the Myo1c-binding Neph1-K761A mu-
tant displayed �10% (n � 3 experiments) recovery under similar
conditions (Fig. 8A, bottom row; see also Movie S1B in the supple-
mental material). Notably, the observed mobile fraction for
Neph1-wt was close to 80%, whereas for the Neph1 K761A mutant, it
was only 20% (Fig. 8B and C). Collectively, these results suggest that
interaction with Myo1c plays a role in maintaining the turnover rate
for Neph1 at the podocyte cell membrane.

Loss of Myo1c binding does not affect distribution of Neph1
into endocytic vesicles but affects their movement. During this

FIG 5 Structural model of the Myo1c/Neph1-CD complex. (A) Myo1c and Neph1-CD proteins are depicted in red and magenta surface representation. The
three calmodulins bound to the IQ domain of Myo1c are shown in green, blue, and cyan surface representation mode. The residues K761 and THV (PDZ-binding
residues) in Neph1-CD are present in interaction interface. (B) The binding site for ZO1-PDZ1 (yellow) in Neph1-CD (magenta ribbon) is occluded when
Neph1-CD interacts with Myo1c.

Arif et al.

1646 mcb.asm.org June 2016 Volume 36 Number 11Molecular and Cellular Biology

http://mcb.asm.org


study, an interesting observation was made. In a confluent mono-
layer of podocyte cells, the majority of Neph1 was localized at the
cell-cell junctions and at the membrane, as noted previously (Fig.
9 and reference 37), while in a subconfluent state, the majority of
Neph1 was present in vesicles that were highly motile and distrib-
uted throughout the cytoplasm (Fig. 9). This prompted us to an-
alyze the nature of these vesicles and their intracellular move-
ments. To confirm the identity of these vesicles, podocytes stably
expressing either mCherry-Neph1-wt or mCherry-Neph1-K761A
were costained with markers of early and late endosomes and the
Golgi complex. Live-cell analysis of the stained cells with different
markers showed that the majority of Neph1 was present in the late
endosomes (Fig. 10). A further quantitative analysis showed that

the majority of mCherry-Neph1 vesicles (�83%) costained with
the late endosome marker, while the early endosomes and Golgi
markers stained only 23% and 20% mCherry-Neph1 vesicles, re-
spectively (Fig. 10). More importantly, significant motility was
noted only in the late endosomes (see Movies S2A and B in the
supplemental material), while early endosomes were largely
immotile. Further comparison of mCherry-Neph1-wt with
mCherry-Neph1-K761A vesicles suggested a similar pattern of
distribution (Fig. 10).

Since Myo1c has been shown to mediate the intracellular
movement of Glut4 vesicles in adipocytes (49), we wanted to
know if loss of Myo1c binding affects the movement of Neph1
vesicles in podocytes. Therefore, we recorded the vesicular move-

FIG 6 Neph1 interacts with the IQ domains and C-terminal region of Myo1c. (A and B) COS7 cells were cotransfected with Flag-Neph1-wt and various Myo1c
constructs, including GFP-Myo1c-FL, GFP-Myo1c-tail (with no IQ domain), GFP-Myo1c (3IQ domain), and GFP-Myo1c (head), and immunoprecipitated (IP)
with Neph1 antibody. Immune complexes were evaluated for binding with Myo1c by Western blotting (WB) with GFP-HRP. Neph1 interacted with GFP-
Myo1c-FL and GFP-Myo1c tail with or without the IQ domains but not with the GFP-Myo1c head. (C) In a reciprocal experiment, Neph1 mutants, including
the phosphorylation site mutants (CFP-Neph1-Y637/638 and -Y716/719) and the deletion mutant CFP-Neph1-(�)PDZ (without the PDZ binding domain) and
the CFP-Neph1-K761 mutant, were cotransfected with GFP-Myo1c-FL in COS7 cells and tested for binding to Myo1c. All the Neph1 mutants interacted with
Myo1c except CFP-Neph1-Y761A. (D) The recombinant His-tagged Neph1 (His-Neph1 CD-wt) and its mutants, including His-Neph1-CD-R750E, His-Neph1-
CD-(�)PDZ, His-Neph1-CD-K761A, and His-Neph1-CD-Y762A, were separately mixed with the purified Flag-Myo1c-FL protein produced in baculovirus,
and pulldown was performed using Neph1 antibody. Western blot analysis using Myo1c antibody showed loss of interaction with Myo1c in the His-Neph1-
CD-K761A mutant. (E) A peptide binding experiment showed that similar to purified His-Neph1-CD-wt and GST-Neph1-CD-wt, the peptide containing the
K761 region had strong affinity toward Flag-Myo1c-FL and GFP-Myo1c-tail. IB, immunoblotting. (F) Recombinant proteins His-Neph1-CD-wt and either
Flag-Myo1c-FL or GFP-His-Myo1c-tail were mixed and pulled down with Neph1 antibody. Western blotting using myo1c antibody was performed to evaluate
binding of Neph1 with the Myo1c tail region.
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ments of mCherry-Neph1-wt and mCherry-Neph1-K761A vesi-
cles using time-lapse live-imaging microscopy, and the data were
analyzed using Volocity image acquisition software. Representa-
tive images of Neph1-containing vesicles were plotted with dis-

placement (micrometers, y axis) versus time (seconds, x axis)
(Fig. 11A and B). As shown in Fig. 11, the mCherry-Neph1-wt
vesicles were highly motile and showed a displacement of around 10
�m in podocytes, whereas the motility of vesicles containing the

FIG 7 Myo1c competes with ZO1 for binding with Neph1. (A and B) Competitive-binding experiment in which recombinant Flag-Myo1c-FL was mixed with
His-Neph1-CD-wt protein in the presence or absence of purified His-ZO1-PDZ1 protein and Neph1 was immunoprecipitated using Neph1 antibody. Immu-
noprecipitation analysis of the Neph1 complex suggests that binding between Neph1 and Myo1c was significantly reduced in the presence of ZO1. Similar results
were obtained when GFP-His-Myo1c-tail was substituted in this assay (B). (C) Purified protein samples used for binding experiments in panels A and B.

FIG 8 The turnover rate of Neph1 at the podocyte cell membrane is decreased upon loss of Myo1c binding. (A) The turnover rate of Neph1 at the podocyte cell
membrane was analyzed in cultured podocytes stably transfected with mCherry-Neph1-wt and mCherry-Neph1-K761A by fluorescence recovery after photobleaching
(FRAP). A region of interest (ROI) at the cell junction was selected and photobleached. The recovery of Neph1 at the photobleached region was recorded over a period
of 5 min. Arrows indicate the localization of mCherry-Neph1-wt at the cell-cell junctions. (B) The FRAP analysis suggests a high turnover rate for Neph1-wt with 50%
fluorescence recovery (n � 3 experiments) at the membrane within 3 min of recovery time, whereas the Myo1c-binding Neph1-K761A mutant displayed �10% (n �
3 experiments) recovery under similar conditions. (C) The observed mobile fraction for mCherry-Neph1-wt was about 80%, compared to 20% for the Neph1-K761A
mutant. Data are presented as means 	 SEM.
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Neph1 mutant (K761A) was significantly attenuated (P � 0.001)
(Fig. 11C and D; see also Movie S3A and B in the supplemental
material). Collectively, these results indicate that Myo1c plays a
role in the intracellular movement of Neph1 and may participate
in Neph1 trafficking.

DISCUSSION

Although many cargo proteins, including actin, Nemo, Rictor,
and the transporter protein Glut4, are known to interact with
Myo1c (49–51), none of these interactions have been structurally
defined. While this study was being conducted, two reports de-
scribing the structures of the Myo1c motor with the first IQ do-
main and Myo1c tail bound to calmodulin using X-ray crystallog-
raphy were published (32–34). The Myo1c structure presented in
these studies provided insight into the regulation of calmodulin
binding through Ca2� and binding to 14-3-3 (32, 33). However,
we were interested in determining the structure of Myo1c that is en-
gaged in transporting a cargo protein. In this report, we describe the
full-length solution-based structure of Myo1c and its complex with
Neph1 that highlights the molecular mechanism through which
Myo1c participates in the intracellular movement of Neph1.

SAXS data-based results presented in this report show an ex-
tended S-shaped structure for full-length Myo1c in solution
which compares well with the portions of the crystal structures of
Myo1c known to date (32, 34). The composite model of Myo1c

(with three calmodulins bound) nicely fitted with the SAXS data-
based model and was in overall agreement with the head and tail
structures that were separately studied by X-ray crystallography
(32, 33). To the best of our knowledge, this is the first model of the
full-length Myo1c.

Podocytes, along with their specialized junctions, the slit dia-
phragm, form core components of the glomerular filtration sys-
tem (1, 29, 52). Over the past decade many proteins, including
Neph1, have been described that specifically localize at these junc-
tions and regulate podocyte structure and function and thus glo-
merular filtration function (1, 10, 12). However, the mechanisms
through which Neph1 participates in the maintenance of podo-
cyte function remain unknown. Our previous studies have
shown that the activation of Neph1 cytoplasmic domain
through an extracellular ligand generates signaling cues that
induce reorganization of the actin cytoskeleton (14, 15). Re-
cent analysis of the glomerular diseases and in vitro models of
glomerular diseases have shown a dynamic shift in the localiza-
tion of the slit diaphragm proteins, including nephrin, Neph1,
and podocin, from the podocyte cell membrane to cell cyto-
plasm (11–15). Understanding the mechanisms that regulate
these intracellular movements of slit diaphragm proteins is
critical in developing therapeutic alternatives for the preven-
tion of glomerular disorders. This study is an attempt to pro-

FIG 9 Neph1 intracellular distribution changes with cellular confluency. Untransfected podocytes and mCherry-Neph1-wt-expressing podocytes were cultured
at very low confluence (�20%) to full confluence levels (100%) and analyzed by immunofluorescence microscopy for endogenous Neph1 and mCherry Neph1
localization at different stages of confluence. The localization of mCherry Neph1 (top) changed in a fashion similar to endogenous Neph1 (bottom) from mostly
intracellular at low confluence to cell-cell junctions at high confluence. Arrowheads indicate the localization of mCherry-Neph1-wt at the cell-cell junctions.
Scale bars represent 10 �m.
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vide mechanistic insights into the intracellular movements of
Neph1 that are driven by Myo1c.

We previously defined the solution-based structure of Neph1
cytoplasmic domain and its complex with the first PDZ domain of
ZO1 using SWAXS (39). To gain insight into the molecular details
of Neph1-Myo1c interaction, a similar approach was used in
which solution-based structures of purified Myo1c and its com-
plex with the cytoplasmic domain of Neph1 were studied. The
combined approach of SAXS data analysis and molecular model-
ing revealed a comprehensive three-dimensional overview of this
interaction, in which Neph1 is bound as cargo at the extreme
C-terminal end of Myo1c. Moreover, the structural analysis sug-
gests that there are no binding-induced changes in the complex,
indicating that the interaction between Neph1 and Myo1c is a
spontaneous event. At this point it is difficult to speculate what
initiates the formation of this motor cargo complex and under
what conditions the cargo is released from the motor. Neverthe-
less, this is the first study that provides structural information

about the interaction of a cargo protein with Myo1c. Although
many other proteins, including RalA, calcium-binding protein 1,
and 14-3-3 (phosphoprotein regulator), are known to interact
with the regulatory domain of Myo1c (35, 36), the structural de-
tails and the significance of these interactions are not clear.

Unlike X-ray crystallography, SAXS does not provide molecu-
lar details of atomic-level resolution of the residues involved in
Neph1-Myo1c interaction. However, the recent significant ad-
vancements in the field of structure reconstruction from scatter-
ing data allowed us to identify interacting residues and other
structural details with reliable certainty. Indeed, the residue K761
in Neph1 predicted from molecular modeling analysis was vali-
dated through the live-cell and in vitro biochemical experiments
performed with mammalian cells and using recombinant purified
proteins, respectively. Although it has been described that Neph1
interacts with both ZO1 and Myo1c (14, 15, 39), the structural
data presented in this study further highlight the inability of
Neph1 to simultaneously interact with ZO1 and Myo1c (Fig. 7B).

FIG 10 Loss of Myo1c binding does not influence distribution of Neph1 into various subcellular compartments. To confirm the identity of Neph1-containing
vesicles, podocytes stably expressing either mCherry-Neph1-wt or mCherry-Neph1-K761A were colabeled with markers of the early endosome, late endosome,
Golgi complex, and lysosome using cell light reagents. Live-cell imaging was performed using confocal microscopy, and deconvoluted images were constructed
and are presented (A). Single-plane images were used for analyzing colocalization of Neph1-wt and Neph1-K761A with the early endosome, late endosome, Golgi
complex, and lysosome using ImageJ software. (B) Pearson’s correlation coefficients are presented as means 	 SEM. Scale bars represent 10 �m.
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Indeed, the first PDZ domain of ZO1 competed for binding with
Neph1 in an in vitro Neph1-Myo1c binding assay (Fig. 7). This
further suggests that either Neph1 interacts with ZO1 and Myo1c
in separate cellular compartments or that these complexes exist
under different cellular conditions. Since we have previously
shown that the Neph1 and ZO1 complex is primarily localized at
cell-cell junctions (14), it is likely that Neph1 interacts with Myo1c
within the cytoplasmic region, where it may be involved in the
intracellular movement of Neph1. While the Neph1 and ZO1
complex was shown to establish the integrity of podocyte cell
junctions during recovery from injury (14, 53), this study high-
lights the role of Neph1 binding to Myo1c in the intracellular
dynamic movement of Neph1, which is supported by our live-cell
imaging studies. Additional studies may be needed to further de-
lineate the exact functional significance of these associations.
Since colocalization of Myo1c and Neph1 was primarily visualized
at the podocyte cell membrane (15), we hypothesized that Myo1c
plays a role in the membrane dynamics of Neph1. Indeed, the
results from FRAP experiments further support this hypothesis.
Based on these results, it is tempting to speculate that Myo1c may
be involved in multiple cellular events in podocytes, which may
include intracellular movement of Neph1 and cross-linking
Neph1 with the actin cytoskeleton (Fig. 8). Whether there is a
directional movement of Neph1 mediated by Myo1c that translo-
cates Neph1 from cytoplasm to the membrane and either the
cargo is released at this point or Myo1c tethers Neph1 at the mem-
brane (in a fashion similar to Glut4) (36, 49) may require further
investigation. With the tools developed in this study, we are now
in a position to investigate this further.

The slit diaphragm is uniquely situated at the distal end of a

podocyte, away from the cell body, where it connects the tertiary
foot processes of two different podocytes. This implies that pro-
teins, like Neph1, that are the critical backbone of this structure
must employ transport mechanisms that mediate the movement
of this protein from the podocyte cell body to tertiary processes
(anterograde transport), where it contributes to the formation of
slit diaphragm. Additionally, in the event of a glomerular injury
the protein complexes at the slit diaphragm are disassembled (14,
15), which may result in the retrograde transport of Neph1 toward
the podocyte cell body. Understanding the trafficking mecha-
nisms that mediate such intracellular movements of Neph1 is crit-
ical in developing therapeutic alternatives for restoring renal
function in various glomerular disorders. In this study, we demon-
strated that intracellular dynamic movement of Neph1 requires bind-
ing to Myo1c. Since Myo1c tightly associates with actin (23, 54, 55)
and Neph1 activation is involved in actin reorganization (14, 56), it is
likely that Myo1c serves as a linker between Neph1 and the actin
cytoskeleton. How this linkage affects Neph1 dynamics at the mem-
brane, especially since Myo1c also has been shown to function as a
tethering protein (57), remains to be investigated.

To further study the cellular dynamics of Neph1, the kinetics of
diffusion of Neph1 and its Myo1c binding mutant at the mem-
brane was studied using FRAP in live cultured podocytes. The
Neph1 mutant that did not interact with Myo1c demonstrated
slower membrane dynamics, and its intracellular mobility was
also significantly decreased. The high turnover rate of Neph1 at
the membrane compared to that of its mutant suggests that Neph1
interaction with Myo1c may play a key role in the intracellular
movement of Neph1. Whether this intracellular movement is re-
lated to the trafficking of Neph1 that involves specific cellular

FIG 11 Neph1 vesicular movement requires its interaction with Myo1c. (A and B) mCherry-Neph1-wt and the K761A mutant were plated on a glass-bottom cell
culture plate, and the movement of Neph1-containing vesicles was analyzed using time-lapse live imaging. The vesicular movement was plotted as displacement
(micrometers, y axis) versus time (seconds, x axis). (C and D) The displacement (micrometers) and velocity (micrometers per second) of mCherry-Neph1-
K761A vesicles were significantly decreased compared to those of mCherry-Neph1-wt (P � 0.001). Data are presented as means 	 SEM.
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processes, such as endocytosis or exocytosis, will require further
investigation. Moreover, how this movement affects physiological
function of podocytes needs to be explored further. A recent re-
port suggests that the velocity of Glut4 vesicles contributed by
Myo1c is 0.3 to 0.4 �m/s (57), which is quite comparable to the
velocities reported in this study (�0.5 �m/s) (Fig. 11) for Neph1
vesicles. Although we demonstrate that Myo1c interaction plays a
crucial role in Neph1 vesicular movement, the possibility that
other factors contribute to the movements of Neph1-containing
vesicles cannot be ruled out. However, our analysis of the
Myo1c-binding Neph1 mutant whose mobility was signifi-
cantly impaired provides sufficient evidence that the intracel-
lular movements of Neph1 in large part are mediated by
Myo1c. It is important to note that both Neph1 and Myo1c
localize in lipid rafts that house several signaling and adapter
proteins that regularly traffic between cell membrane and pe-
rinuclear storage compartments. Interestingly, the levels of
lipid rafts at the cell surface are regulated in a Myo1c-depen-
dent fashion in which Myo1c facilitates the delivery of raft-
enriched cargo to the cell surface (27). Since Myo1c also inter-
acts with another slit diaphragm protein, nephrin, this further
implies that Myo1c plays a major role in trafficking of slit dia-
phragm proteins that are generally localized in lipid rafts.

Although the exact function of Neph1 at the podocyte cell
membrane is unclear, its role in the podocyte development is sup-
ported from the studies with Drosophila and Caenorhabditis el-
egans models in which it has been shown to be involved in axonal
guidance and synapse development, respectively (58, 59). Since
Myo1c also localizes to the actin-rich periphery and plasma mem-
brane and has been shown to be involved in regulating dynamic
cellular processes, including vesicle trafficking, cell migration, cell
spreading, and membrane tension (15, 23, 27, 55, 60), it is likely
that the interaction between Neph1 and Myo1c contributes toward
the regulation of Neph1 signaling and trafficking. Although our study
using a zebrafish model system demonstrated that Myo1c plays a
critical role in maintaining renal function (31), it did not provide a
specific function for Myo1c in podocytes. We are currently in the
process of developing a podocyte-specific Myo1c knockout mouse
model that may provide answers to some of these questions.
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