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Abstract

Cadmium is a toxic metal that produces oxidative stress and has been shown to disrupt the actin cytoskeleton in rat renal
mesangial cells (RMC). In a survey of proteins that might undergo Cd**-dependent disulfide crosslinking, we identified the
adenylyl cyclase-associated protein, CAP1, as undergoing a dimerization in response to Cd>* (5-40 uM) that was sensitive
to disulfide reducing agents, was reproduced by the disulfide crosslinking agent diamide, and was shown by site-directed
mutagenesis to involve the Cys?” residue of the protein. Reactive oxygen species are not involved in the thiol oxidation, and
glutathione modulates background levels of dimer. CAP1 is known to enhance cofilin’s F-actin severing activity through
binding to F-actin and cofilin. F-actin sedimentation and GST-cofilin pulldown studies of CAP1 demonstrated enrichment of
the CAP1 dimer’s association with cofilin, and in the cofilin—F-actin pellet, suggesting that Cd**-induced dimer increases the
formation of a CAP1—cofilin—F-actin complex. Both siRNA-based silencing of CAP1 and overexpression of a CAP1 mutant
lacking Cys? (and therefore, incapable of dimerization in response to Cd>") increased RMC viability and provided some
protection of F-actin structures against Cd>*. It is concluded that Cd** brings about disruption of the RMC cytoskeleton in
part through formation of a CAP1 dimer that increases recruitment of cofilin to F-actin filaments.
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Introduction

Cadmium is a toxic metal with no essential function in
higher organisms. It is found throughout the environment,
and bioaccumulates in humans causing nephrotoxicity, the
development of some cancers, and, at higher levels, func-
tional compromise of a variety of organs (Nordberg 2009;
Thévenod and Lee 2013, 2015; Xiao et al. 2009). The molec-
ular mechanisms of Cd’s toxicity are multiple, and include
inhibition of a number of enzymes because of its affinity
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for thiol groups, as well as mimicry by Cd** of Ca®* ion
that disrupts protein structure and function (Choong et al.
2014; Thévenod 2009). These mechanisms lead to interfer-
ence with mitochondrial function (Liu et al. 2009), inhibi-
tion of DNA repair (Beyersmann and Hechtenberg 1997;
Hartwig 1994), aberrant activation of kinase signaling path-
ways (Shima et al. 2000; Thévenod 2009; Thévenod and Lee
2015; Xiao et al. 2009), and initiation of pathways of both
programmed cell death and cell survival (Xiao et al. 2009).
Although Cd** does not redox cycle at oxidation-reduction
potentials accessible under biological conditions, it does
impose oxidative stress on cells (Liu et al. 2009) through
various mechanisms, including inhibition of enzymes and
binding to thiol-containing peptides involved in antioxidant
defenses.

Cadmium disrupts the F-actin cytoskeleton in rat renal
mesangial cells (RMC) (Wang et al. 1996; Wang and Tem-
pleton 1996). This effect is mediated in part by gelsolin
translocation (Apostolova et al. 2006; Liu and Templeton
2013), and is a downstream event facilitating Cd**-induced
programmed cell death. Disruption of actin filaments is par-
tially protective against Cd**-induced apoptotic death, and
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inhibition of CaMK-II and p38 kinase, mitochondrial stabi-
lization, and the antioxidant N-acetylcysteine all prevent dis-
ruption of the cytoskeleton, and all protect against apoptosis
(Liu and Templeton 2010). Exposure of RMC to Cd** causes
loss of vinculin and FAK from focal contacts, concomitant
with cytoskeletal disruption. Inhibition of CaMK-II abro-
gates these effects of Cd**, and decreases the migration of
FAK-phosphoTyr®? to a membrane-associated compartment
where it is otherwise sequestered from focal adhesions in a
Cd?*-dependent manner. In particular, actin filaments have
exposed thiol groups, and reversible glutathionylation on
Cys*’* may have a regulatory function (Dalle-Donne et al.
2003); we showed that reversible glutathionylation of actin
occurs in RMC exposed to Cd**, and appears to be more
dependent on reduced glutathione and glutaredoxin activity
than upon levels of reactive oxygen species (ROS) (Choong
et al. 2013b).

The adenylyl cyclase-associated protein (CAP) was first
identified as a component of the yeast adenylyl cyclase com-
plex (Field et al. 1990); it facilitates activation of adenylyl
cyclase by Ras (Shima et al. 2000) and modulates dynamics
of the actin cytoskeleton (Chaudhry et al. 2013). Although
CAP does not regulate cAMP in animal cells (Freeman
and Field 2000), it is conserved in all eukaryotic organ-
isms, including plants and animals (Hubberstey and Mot-
tillo 2002) and has a conserved function regulating actin
dynamics (Jansen et al. 2014). There are two mammalian
isoforms, CAP1 and CAP2; CAP1 is expressed in most cells
and tissues, whereas CAP2 expression is more restricted,
although at least one isoform is expressed in nearly all cells
(Peche et al. 2007).

Actin dynamics refers to an ongoing process in which
actin filaments (F-actin) are continually growing by addition
of globular actin (G-actin) monomers at the ‘barbed’ or ‘+’
end of the polymer in an energy-dependent process, while
depolymerization is occurring from the opposite ‘pointed’
or ‘=’ end. This process, called ‘treadmilling’, can maintain
a constant polymer length, but also allows a tipping of the
polymerization/depolymerization equilibrium to affect rapid
changes in cell shape and motility. A large number of pro-
teins, many of them Ca’>*-dependent (Lee and Dominguez
2010; Olson and Nordheim 2010; Vandekerchove 1993) are
involved in influencing kinetically the various processes of
filament capping, severing, nucleation, and monomer seques-
tration (Furukawa et al. 2003; Pope et al. 1995), that together
determine the net rate of growth or dissolution of the fila-
ments. CAP proteins bind and sequester G-actin through
their C-terminus (Gerst et al. 1991). However, CAP1 also
interacts with the protein cofilin, an actin-depolymerizing
factor, through its N-terminus, and thereby facilitates F-actin
turnover (Moriyama and Yahara 2002; Quintero-Monzon
et al. 2009). Indeed, both N- and C-terminus domains, as
well as a central proline-rich domain, appear to be involved
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in actin dynamics through interactions with both cofilin and
F- and G-actin species (Ono 2013b; Zhou et al. 2014). While
the consequences of CAP1 modification are not completely
clear [for instance, although knock-down of CAP1 leads to
an expected increase in F-actin, it also increased cell motility
and invasion (Zhou et al. 2014)], evidence points to effects
mediated through interactions with cofilin and focal adhe-
sion kinase (FAK) (Zhou et al. 2014).

We report here that Cd>* induces a thiol/disulfide depend-
ent dimerization of the CAP1 protein in mammalian cells
that appears to be independent of ROS levels, but reveals a
natural propensity of this protein to dimerize under condi-
tions of oxidative stress, and notably in the presence of Cd**.
Formation of the dimer is associated with increased binding
to F-actin and cofilin, and greater recruitment of cofilin to
F-actin in the presence of Cd**. Mutation of Cys*’ preven-
tion dimerization and protects the actin cytoskeleton against
disruption by Cd>* in RMC. Thus, we identified a new role
for CAP1 as a redox sensor.

Materials and methods
Materials

Fetal bovine serum (FBS), RPMI-1640 and DMEM (4.5 g/l
glucose) culture media were purchased from Wisent Bio-
center (Quebec, Canada). Cadmium chloride (CdCl,),
diamide, thiazolyl blue tetrazolium bromide (MTT), pro-
tease inhibitors (aproprotinin, leupeptin, pepstatin and phe-
nylmethylsulfonyl fluoride (PMSF)), butylated hydroxy-
anisole (BHA) and the inhibitor of y-glutamylcysteinyl
synthetase, buthionine sulfoximine (BSO) were obtained
from Sigma—Aldrich (St. Louis, MO). Fluorescent probes
2',7'-dichlorodihydrofluorescein diacetate (H,DCF-DA)
and rhodamine-conjugated phalloidin were from Molecu-
lar Probes (Burlington, ON, Canada) and 4',6-diamidino-
2-phenylindole (DAPI) was acquired from Vector Labo-
ratories (Burlington, ON). Mouse monoclonal anti-CAP1
(WHO0010487) and anti-p-actin (A1978) antibodies were
purchased from Sigma—Aldrich. Anti-cofilin (Ab134963)
was from abcam (Cambridge, MA). Anti-His antibody (H-3
sc-8036) for Western blotting was purchased from Santa
Cruz (Dallas, TX). Anti-His antibody (A00186) for immu-
nofluorescent staining was purchased from GenScript (Pis-
cataway, NJ). Anti-secondary Alexa fluor 488-conjugated
goat anti-mouse antibody (A11001) was acquired from Life
Technologies (Danvers, MA). HRP-conjugated anti-mouse
and anti-rabbit secondary antibodies were purchased from
Cell Signaling Technology (Danvers, MA). The enhanced
chemiluminescent substrate was from PerkinElmer (Wood-
bridge, ON, Canada) and Ni%* -nitrilotriactate agarose beads
were from Qiagen (Mississauga, ON, Canada). Glutathione
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Sepharsoe 4B beads for purification of recombinant glu-
tathione-S-transferase (GST)-tagged cofilin were from GE
Healthcare Life Sciences (Mississauga, ON, Canada). Trans-
fection reagents were Lipofectamine RNAIMAX (Life Tech-
nologies, Burlington, ON, Canada) and PolyJet DNA trans-
fection reagent (SignaGen Laboratories, Rockville, MD).

Cell culture

Rat mesangial cell (RMC) cultures were established as pre-
viously described (Wang and Templeton 1998). Cells were
grown in RPMI-1640 medium with 10% FBS in a humidified
atmosphere of 5% CO, at 37 °C and used between passages
7 and 15. Overnight cultures were rendered quiescent in
PRMI-1640 with 0.2% FBS for 48 h. Cells were treated with
various concentration of CdCl, for 6 h (except in time course
studies) or diamide for 45 min in serum-free (SF) medium.
In some experiments, cells were pre-treated with 100 uM
BHA for 1 h in SF medium or 50 uM BSO in starvation
medium for 16 h to decrease glutathione, followed by treat-
ment with CdCl, alone or co-treated with BHA for 6 h in SF
medium. Viability of cells was determined using an MTT
assay (Liu and Templeton 2008). HEK293 or HEK293T
cells were grown in 10% FBS in DMEM with 4.5 g/1 glucose
in a humidified atmosphere of 5% CO, at 37 °C. HEK293T
was used for recombinant CAP1 expression and purification.

SDS-PAGE and diagonal electrophoresis

The total cell lysate was prepared by washing cells three
times with ice-cold PBS and lysing in buffer containing
50 mM Tris-HCIL, pH 7.5, with 150 mM NaCl, 5 mM EGTA,
2 mM EDTA, 1% Triton X-100 and 100 mM maleimide with
protease inhibitors. Lysates were then sonicated three times
for 5 s each and centrifuged at 10,000xg for 15 min.

One-dimensional non-reducing SDS-PAGE was carried
out by omitting reducing agents DTT or 2-mercaptoethanol
from the lysis buffer and Laemmli loading buffer. In some
experiments, samples with incubated with 10 mM DTT
or 5% 2-mercaptoethanol for 30 min at room temperature
before SDS—-PAGE to confirm the presence of disulfide
bonds.

Diagonal electrophoresis was carried out as described
(Liu et al. 2014). Fifty ug of total lysate was separated with
0.75 mm-thick 8% SDS-PAGE gels without reducing agents.
The whole lane containing the separated proteins was cut
and incubated with loading buffer containing 50 mM DTT at
room temperature for 1 h. The gel slice was rotated 90° and
laid onto a 1.5 mm-thick 8% gels and sealed with 1% aga-
rose. In some experiments, the gels were silver-stained, and
protein spots run off diagonal and to the left of the slop (pro-
tein with intermolecular disulfide-formation) were excised
for identification by LC-MS as described before (Liu and

Templeton 2013). Some of the gels were transferred and
blotted with anti-CAP1 antibody.

Purification of recombinant CAP1

Mouse recombinant CAP1 (rCAP1) was purified from tran-
siently transfected HEK293T cells with pcDNA4-His-CAP1
using Ni* -nitrilotrcactate agarose beads. Briefly, HEK293T
cells were lysed in buffer containing 50 mM NaH,PO,, pH
8.0, with 250 mM NacCl, 10 mM imidazole, 0.05% Tween-
20, and protease inhibitors. After sonication for 3 15 s with
10 s cooling intervals, cell lysates were cleared by centrifu-
gation at 16,000xg for 15 min. The supernatant was rotated
in 50% Ni-nitrilotriacetate agarose beads overnight at 4 °C.
The beads were washed with Ni-NTA binding buffer with up
to 100 mM imidazole. rCAP1 was eluted with binding buffer
containing 300 mM imidazole. In some experiments, rCAP1
was incubated with 10 mM DTT or 0.05 mM diamide at
room temperature for 30 min before SDS—PAGE.

Intracellular reactive oxygen species (ROS)
measurements

After CdCl, treatment, cells were washed with SF media
and incubated with 5 uM H,DCF-DA for 1 h at 37 °C. Then
cells were trypsinized, washed, and resuspended in 300 ul
PBS. Intracellular ROS were measured by the DCF fluores-
cence in an Epics Elite flow cytometer (Beckman Coulter,
Fullerton, CA). Alternatively (Fig. 6b), RMC (1 x 10* cells)
were seeded into 96-well plates, grown overnight, and then
starved in RPMI-1640 with 0.2% FBS for 48 h. Cells were
then washed and incubated with 100 uM H,DCF-DA for
40 min in serum-free medium, washed again, and treated
with the indicated concentrations of metals for 6 h. DCF was
measured at excitation 485 nm and emission 535 nm with a
SpectraMax i3 fluorescent plate reader (Molecular Devices,
Sunnyvale, CA).

siRNA experiments

RMC (3.5% 10> cells) were seeded into 60 mm plates
and grown overnight. 10 nM of siCAP1 (cat#4390843-
s133854, sequences as below) or scrambled negative control
(cat#4390843) was purchased from Life Technologies (Burl-
ington, ON, Canada) and transfected into RMC using 6 ul
of Lipofectamine RNAiIMAX (Life Technologies) for 24 h
as recommended by the manufacturer. Cells were washed
and changed to growth media for an additional 24 h, then
starved in 0.2% FBS medium for 24 h followed by 6 h Cd
treatment in SF medium. CAP1 siRNA was designed based
on the rat CAP1 mRNA sequence (NM_022383) and the
sequences were:
Sense: CAAUAGUAGGGAUGUCAAALt
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Antisense: UUUGACAUCCCUACUAUUGat

Measurement of F-actin/G-actin ratio

F-actin and G-actin fractionation was performed according
to (Zhang et al. 2013), with minor modification. Cells on
100 mm plates were washed with ice-cold PBS prior to
lysis with 1 ml LAS buffer (50 mM PIPES pH 6.9, 50 mM
NaCl, 5 mM MgCl,, 5 mM EGTA, 5% v/v Glycerol, 1%
Triton-X100, 1 mM ATP) supplemented with protease
inhibitors and 100 mM maleimide. Cell lysate was homog-
enized with a 25G syringe and centrifuged at 2000xg for
5 min to pellet the cell debris, then further centrifuged at
100,000xg for 1 h (Beckman-Coulter, TLA100.1 rotor) at
4 °C. The supernatant containing G-actin was collected
and the pellet containing F-actin was suspended in dena-
turing buffer (50 mM Tris-HCI, pH 7.5, with 1% SDS and
5 mM EDTA). Proportional volumes of supernatant and
pellet were resolved on SDS-PAGE and blotted with anti-
actin antibody. The ratio of F-actin to G-actin was ana-
lyzed using densitometry and Image J software.

Construction of CAP1 mutants and pcDNA4-His
CAP1 plasmid transfection

Point mutants of mouse CAP1 with each of the six cysteine
residues mutated to alanine were generated by site-specific
mutagenesis and confirmed by DNA sequencing. HEK293
(8 x 10° cells) were seeded into each well of 6-well plates
and grown overnight. Plasmids (1 ug) were transfected into
HEK?293 using 2 pl of PolyJet DNA transfection reagent
for 24 h according to the manufacturer’s protocol. Cells
were washed and changed to fresh growth media for an
additional 24 h. Then cells were treated with CdCl, for 6 h
in SF medium, or with 1 mM diamide for 1 h in growth
medium. RMC (3.75 x 10° cells) were seeded in 6-well
plates and transfected with 2 pg of plasmid. After 48 h
transfection, RMC were starved in 0.2% FBS for 24 h and
treated for 6 h with CdCl, in SF medium.

Western blotting

An equal amount of protein was separated by SDS-PAGE
and transferred to nitrocellulose for immunoblotting.
Antibody dilutions were as follows: Anti-CAP1 (1:4000),
anti-p-actin (1:15,000), anti-cofilin (1:2500), and anti-His
(1:4000). Enhanced chemiluminescent substrate was used
for signal detection. Band density was quantified using
Image J software (NIH, Bethesda, MD).
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Immunofluorescence Microscopy

Cells were seeded on 12 mm cover-slips, grown overnight
and starved for 48 h in 0.2% FBS in RPMI-1640. After treat-
ment with CdCl,, cells were washed with ice-cold PBS, fixed
with 4% paraformaldehyde for 15 min, and permeabilized
with 100 mM PIPES, pH 6.9, containing 0.5% Triton X-100
lysis buffer, | mM EGTA, and 4% polyethylene glycol 8000
for 5 min. Permeabilized cells were blocked in 5% BSA/PBS
and incubated overnight with Anti-His antibody (0.1 pg/ml)
at 4 °C. Cells were washed 3 times with 0.2% BSA/PBS fol-
lowed by incubation with thodamine-phalloidin (1:100) and
Alexa fluor 488-conjugated secondary antibody (1:1000) for
1 h at room temperature. Coverslips were mounted on glass
slides with mounting medium containing DAPI to stain the
nuclei. Appropriate primary antibody and secondary anti-
body controls were performed, confirming the specificity of
the antibody interactions. Images were taken using a Nikon
fluorescent microscope.

GST-cofilin pull-down CAP1 assay

Human GST-cofilin in a pGEX4T-2 plasmid was used for
GST-cofilin pull-down as described previously (Zhang et al.
2013), with modifications. In brief, recombinant GST-cofilin
was purified from E. coli BL21 with 1 mM IPTG induc-
tion for 4 h at 37 °C. Pelleted bacteria from 350 ml LB
culture was lysed and sonicated in buffer containing 20 mM
Tris-HCI, pH 8.0, with 200 mM NaCl, 1 mM EDTA, 1 mM
DTT, 0.5% Triton X-100 and protease inhibitors. After cen-
trifuging at 16,000xg for 30 min, the cleared lysate was
incubated with rotation in 500 ul pre-washed glutathione-
Sepharose 4B slurry for 2 h at 4 °C. The beads were washed
with buffer containing 20 mM Tris-HCI, pH 8.0, with
500 mM NaCl, 1 mM EDTA, and protease inhibitors, with-
out DTT. Finally, the GST-cofilin beads were resuspended
in PBS buffer with protease inhibitors until use. The purity
of GST-cofilin was checked by Coomassie Blue staining and
GST Western blotting. RMC lysate (200-250 g total pro-
tein) in 50 mM Tris-HCI, pH 7.5, with 150 mM NaCl, 5 mM
EGTA, 2 mM EDTA, 1% Triton X-100, 100 mM maleimide
and protease inhibitors was rotated with 10 ul GST-cofilin
beads (approximately equal to 10 pg GST-cofilin) for 2 h at
4 °C. The beads were washed three times with lysis buffer,
resolved on SDS-PAGE without DTT, and blotted with
CAP1 antibody to detect the co-precipitated CAP1. The ratio
of CAP1 dimer to monomer in Cd-treated samples was quan-
tified with NIH ImageJ.

Statistical analyses

Values combined from three or more experiments are
expressed as mean + SD. Multiple comparisons are



Archives of Toxicology (2018) 92:1049-1064

1053

made, analysis is by one-way ANOVA followed by the
Tukey—Kramer multiple comparison post hoc test, or by
Dunnett’s test against a specified control treatment. Analy-
ses were performed with Prism Software (GraphPad, San
Diego, CA).

Results
Cd** initiates CAP1 disulfide crosslinking
To obtain an overview of the thiol-dependent post-transla-

tion modifications caused by Cd we used sequential two-
dimensional non-reducing/reducing SDS—PAGE (diagonal
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Fig. 1 Identification of CAP1 as a disulfide-crosslinked protein in
Cd-treated cells. a Two-dimensional electrophoresis of cell extracts
of mesangial cells held in serum-free (SF) conditions for 6 h or
treated with 10 uM CdCl, under the same conditions. The gels are
silver stained. Bulk proteins lie on the diagonal. Arrows indicate a
spot migrating vertically off-diagonal after reduction, present in the
Cd-treated cells that is absent in SF control. b Western blot for CAP1
of gels similar to those shown in a. The major spot is on-diagonal,
and the circled off-diagonal spot in the Cd-treated sample corre-

electrophoresis) (Brennan et al. 2004) of extracts from rat
RMCs treated with 10 uM CdCl, for 6 h. An off-diagonal
left-shifted spot representing disulfide crosslinking in the
Cd-treated cells and absent in control cells (Fig. 1a) was
excised and subjected to LC-MS/MS, which identified the
spot as containing CAP1. Western blotting of the diagonal
electrophoretic gel (Fig. 1b) confirmed the shift of a CAP1
spot. Non-reducing SDS PAGE and Western blotting with
anti-CAP1 antibody (Fig. 1c) confirmed the dose-depend-
ent occurrence of a new CAP1 species in extracts of Cd-
treated cells. This species has an apparent molecular mass
of approximately double the CAP1 monomer [117 kDa
calculated from Fig. 2b vs. 56 kDa calculated for the
monomer (expected, 52 kDa)]. It was eliminated by DTT
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sponds to the spot indicated by the arrow in a). The circled spot was
excised and analyzed by mass spectrometry (see text). ¢ Western blot
of CAP1 in extracts of cells treated with increasing concentrations of
CdCl,, without (left side) or with (right side) dithiothreitol treatment,
as indicated. A Western blot of p-actin is shown as a loading con-
trol. d The histogram to the right of the gel shows the intensity of the
upper band from the -DTT cells (mean+SD, n=3). Values signifi-
cantly different from the [Cd] =0 control calculated by ANOVA with
Dunnett’s post hoc test are indicated (*p <0.05; **p <0.001)
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Fig.2 Time course of CAP1 crosslinking and reversal. a Quiescent
RMC cultures were treated with 10 uM CdCl, for the indicated times.
A representative Western blot of CAP1, and of p-actin on the same
gel as a loading control, is shown. The average intensity (mean +SD,
n=4) of the dimer band (taking the value at 6 h as 100%) is shown in
the histogram. Significant increases above the serum-free (SF) con-
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(Fig. 1c), and was also f-mercaptoethanol-sensitive (data
not shown), consistent with a disulfide crosslinked CAP1
dimer. A time course of dimer formation in the presence of
10 uM CdCl, shows a rapid onset time-dependent increase
in dimer that is highly significant by 1 h and continues
to increase until at least 6 h in the continued presence of
Cd** (Fig. 2a). We examined reversibility by removing the
Cd>*. Cells treated with 20 uM CdCl, showed a substantial
increase in CAP1 dimer by 30 min of exposure (Fig. 2b);
when CdCl, was removed after 3 h, dimer declined back
to basal levels by 4 h (Fig. 2c).

His-tagged recombinant CAP1 (rCAP1) was isolated
from HEK cells transfected with a plasmid coding mouse
CAPI. It gave rise to discrete bands at about 117 and
56 kDa on non-reducing SDS PAGE, when the thiol-
blocker maleimide was omitted from the lysis buffer.
The 117 kDa band was DTT-sensitive (Fig. 3a). Mass
spectrometric analysis of both excised bands of rCAP1
showed only CAP1 with some actin present, without sig-
nificant levels of any other proteins, consistent with CAP1
crosslinking. The presence of actin as a contaminant in the
bands is not surprising because CAP1 is an actin-mono-
mer binding protein that co-purifies with abundant actin
(Moriyama and Yahara 2002). Western blotting of rCAP1
confirms that both bands are recognized by an anti-His
antibody (Fig. 3b). The intensity of the 117 kDa band was
further increased by the disulfide bond-inducing reagent,
diamide (Fig. 3b). A similar DTT-sensitive band was
also observed in extracts of cells treated with diamide for
45 min in vivo (Fig. 3c¢).

A B

Mr (kDa)
130 -

100 =
70—

50 =

DTT + -
Diamide - -

Fig. 3 Disulfide crosslinking of recombinant CAP1. a Silver stained
gels of recombinant CAP1 protein under non-reducing condition
(—DTT) or after treatment with dithiothreitol (+ DTT). Arrows indi-
cate the positions of monomeric (lower) and putative dimeric (upper)
proteins. b Western blot with anti-CAP1 antibody of recombinant
CAPI protein, showing a higher M, band in the absence of DTT in
native protein and after treatment with diamide. Note that differ-

+

CAP1 dimerization and Cd**oxidative stress

Possible mechanisms of a Cd>*-dependent increase in
disulfide crosslinking include ROS-dependent thiol oxida-
tion from increased ROS accumulation, decreased disulfide
reduction capacity (e.g., decreased glutathione), or direct
catalysis of disulfide formation via Cd-bridged thiols.

At a concentration of 5 pM, a 6-h treatment with Ccd*
decreased the basal level of ROS compared to control cells
held in serum-free medium. However, at higher concentra-
tions, ROS levels increased in a dose-dependent manner,
significantly exceeding control values at 20 uM CdCl,
(Fig. 4a). The antioxidant BHA significantly decreased basal
ROS levels, and abrogated the Cd**-dependent increase in
ROS (Fig. 4b). However, BHA treatment did not decrease
basal levels of CAP1 dimer, and had no effect on dimer for-
mation even at higher concentrations (20 and 40 uM) of
Cd** (Fig. 5). We examined FeCl,, FeSO,, and CuSO, (all
at 100—-800 uM) to assess the effects of other metal ions
potentially increasing ROS (Fig. 6). Viability data for these
various metal ion treatments show toxicity only at the higher
concentrations (Supplementary material Fig. 1). Ferric ion,
which we previously showed to increase ROS in RMC start-
ing at 100 uM (Liu and Templeton 2015), did not induce
dimer formation up to 800 pM, nor did either ferric ammo-
nium citrate (not shown), ferric chloride (FeCl,), or ferrous
sulfate (FeSO,) (Fig. 6a). Only at the highest concentration
of 800 uM did another redox-active metal species, CuSO,,
produce dimer. All Fe and Cu compounds showed increases
in ROS at 100 uM and higher, with the highest levels associ-
ated with CuSO, (Fig. 6b).
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0 0050102505 1 0
[Diamide] (mM)

05 1

ent M, markers are used on this gel, and because of better linearity
the M, values reported in the text (56 and 117 kDa) were calculated
from this marker set. ¢ Western blot of CAP1 in cell extracts after
treatment with increasing concentrations of diamide. The upper band
(putative dimer) appears above 0.1 mM diamide, at the expense of the
monomeric protein, and is sensitive to DTT (three rightmost lanes)
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Fig. 5 Effect of Cd and ROS on levels of CAP1 dimer. a Western blot
C 300 - with anti-CAP1 antibody of cell extracts from mesangial cell cultures
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Fig.4 ROS production in mesangial cells. Total ROS levels in cell lysates
were measured by DCF fluorescence in cells treated in serum-free con-
ditions with the indicated concentrations of CdCl, for 6 h. Values are
mean+ SD and the mean value in cells without treatment (Cd or BHA)
is taken as 100%. a Effect of increasing Cd concentrations on ROS levels.
Significant differences from the Cd-free control are indicated (¥*p <0.05;
*#p<0.01; ***p<0.001). Values are from 5 separate experiments. b
Cells were unexposed or exposed to 20 or 40 uM CdCl, in serum-free
conditions with or without a 1 h pretreatment with 100 pM BHA. Sig-
nificant decreases with BHA at each Cd concentration are indicated
(*p<0.05; **p<0.01; ***¥p <0.001). Values are from 3 separate experi-
ments. ¢ Time course of ROS production by RMC treated with 20 uM
CdCl, in serum-free medium. Significant increases in ROS from #=0 are
indicated [*p <0.05; **p <0.01; (n=3)]
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treated with 0, 20 or 40 uM CdCl, for 6 h, with or without a 1-h pre-
treatment with BHA. b The histogram shows the mean+SD of the
intensity of the dimer band indicated in a, from 4 separate experi-
ments. Although the amount of CAP1 dimer increases with increas-
ing Cd** concentration, there is no significant effect of BHA at any
specific concentration

Cells were pre-treated with 50 uM BSO for 16 hin 0.2%
FBS, which maintains RMC viability while depleting them
of glutathione (Chin and Templeton 1993), and were sub-
sequently exposed to CdCl, in serum-free medium in the
absence of BSO (because it may bind Cd**). Without BSO
pre-treatment, the expected dose-dependent increase in
CAPI1 dimer was seen with Cd** exposure (Fig. 7). How-
ever, in BSO-treated cells, dimer was much more prominent
at the lowest concentration (5 uM) of CdCl,, and the inten-
sity of the dimer band began to diminish at higher concentra-
tions. Whereas Cd** did not affect CAP1 monomer levels
in control cells, even as dimer increased, in BSO-treated
cells monomer levels declined with increasing Cd** con-
centration. A higher molecular mass species of anti-CAP1-
reactive protein that became apparent only at the higher con-
centrations of Cd*" in control cells was already prominent
at 5-10 uM Cd** in the BSO-treated cells (uppermost arrow
in Fig. 7). This may represent higher polymer forms such
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Fig.6 Effects of other redox-active metals on CAP1 dimerization.
Quiescent RMC cultures were treated with the indicated concen-
trations of metal ion [M] as either ferric chloride, ferrous sulfate,
cuprous sulfate, or cadmium chloride for 6 h. a A western blot of a
typical experiment is shown. The CAP1 dimer (below 130 kDa) is
prominent in the Cd-treated cells, and at the highest concentration
(800 uM) of Cu(Il). b ROS levels are shown as a percent of cells held
in serum-free medium not supplemented with any metal ion (lane
1). All values are at 6 h and differ from the metal-free control by
ANOVA with Dunnett’s post hoc test [*p <0.05; **p <0.01; (n=4)]

as tetramer (see “Discussion”) or crosslinking with actin,
but this was not investigated further. This suggests that glu-
tathione plays a role in the monomer—dimer equilibrium and
suppresses the formation of more highly crosslinked states.

Cytoskeletal structure following CAP1 silencing

To determine if CAP1 might play a role in Cd-induced
F-actin disruption, CAP1 expression was suppressed by
transfection with CAP1 siRNA. The knock-down was effi-
cient and affected both monomer and Cd-dependent dimer
formation (Fig. 8a, b). In both scrambled-sequence trans-
fected and silenced cells, treatment with CdCl, showed a
decrease in viability at 20 uM and above at 6 h, although in
silenced cells the relative decrease in viability was less than
in control cells (Table 1).

CAPI-silenced cells showed more prominent actin stress
fibers than control cells transfected with a scrambled RNA
sequence control (Fig. 8c, d). Twenty pM CdCl,, a concen-
tration that causes a significant increase in both ROS lev-
els and BSO-sensitive CAP1 dimer formation (see above),
resulted in a marked disruption of F-actin structure in con-
trol cells (Fig. 8e). This was prevented by CAP1 silencing

(Fig. 8f), suggesting that CAP1 is involved in F-actin disrup-
tion by Cd**. The absolute F-actin:G-actin ratio measured
by ultracentrifugation declined significantly from approxi-
mately 0.9 in scrambled-control transfected cells to 0.6 in
silenced cells (Table 2), although CAP1 knockdown caused
a smaller decrease in the F:G ratio after Cd** treatment.
Thus, more F-actin filaments are lost in the control cells after
Cd>* exposure, consistent with greater retention of cytoskel-
etal structure in silenced cells.

Cofilin binding

The supernatants and the F-actin pellets of the ultracen-
trifugation studies both contained CAP1 (Fig. 9a). In the
scrambled control cytosol, CAP1 was predominantly in the
supernatant, but also apparent in the F-actin fraction. When
control cells were treated with CdCl,, a prominent monomer
band was observed in the supernatant, but dimer was also
discernible in the F-actin pellet. Dimer was enriched in the
pellet, the dimer:monomer ratio being (172 +20) % of that
in the supernatant (p <0.05, n=3). With CAP1 silencing,
neither monomer nor dimer was detected in the pellet, with
or without Cd**. Cofilin was detected in the control pel-
lets (Fig. 9a), and was significantly increased in the F-actin
fraction with Cd** treatment (Fig. 9b). With silencing,
the amount of cofilin associated with F-actin was greatly
decreased and was unresponsive to Cd**.

An endogenous CAP1-cofilin interaction is too weak to
demonstrate by co-immunoprecipitation (Zhang et al. 2013),
so we used an in vitro recombinant GST-cofilin pull-down
assay to examine whether CAP1 indeed played a role in the
occurrence of cofilin in the F-actin fraction. GST-cofilin pre-
cipitated CAP1 monomer from lysates of serum-free control
cells, and both monomer and dimer from Cd**-treated sam-
ples (Fig. 10 lanes i,ii). Neither GST-cofilin beads without
cell lysate nor glutathione Sepharose beads without conju-
gated GST-cofilin pulled down CAP1 (Fig. 10 lanes iii, iv),
and served as negative controls. The dimer was enriched in
the pull-down of Cd**-treated cells, with a dimer:monomer
ratio in pull-down being (220 + 100) % of that in the total
lysate (p <0.05, n=06).

Dimerization of mutants

Site-directed mutagenesis was used to replace in turn each
of the six Cys residues (cysteines 29, 92, 355, 374, 415
and 426) of mouse CAP1 with Ala, to attempt to produce a
mutant(s) incapable of DTT-sensitive, Cd-induced dimeriza-
tion. Each mutant was then expressed in HEK293 cells that
were subsequently treated for 1 h with 0.5 mM diamide. His-
tagged protein at 117 kDa, attributed to a CAP1 dimer, was
observed in all preparations except the C29A-transfected
cells (Fig. 11a), indicating a propensity of this protein to
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Fig.7 Effect of the glutathione synthesis inhibitor, BSO, on CAP1
levels. A typical Westerm blot of CAP1 is shown after treatment of
cultures with increasing amounts of CdCl, in serum-free conditions
for 6 h, either without BSO (left side) or following 16 h pretreatment
with BSO (right side). Arrows indicate the lower monomer band,
intermediate dimer band, and a higher M, band (uppermost arrow)
discussed in the text. Blotting with anti-p-actin antibody on the

form multiple cross-linked species, but confirming that
Cys?’ is involved in Cd**-specific dimerization. Higher
molecular mass bands were observed in all preparations,
reminiscent of the uppermost band indicated in Fig. 7, and
a higher mass band is observed in diamide-treated human
cells that lack the Cys>’-dependent disulfide bond that forms
in the presence of Cd** (Supplementary Fig. 2). Upon treat-
ment with CdCl,, the CAP1 dimer band could be detected
in the C92A, C355A, C374A, C415A and C426A mutants,
although a clear dose dependence was not apparent, further
supporting that Cys?’ is responsible for Cd-induced CAP1
dimerization (Fig. 11b). Increasing the Cd concentration to
40 uM and the exposure time to 24 h in C29A-transfected
HEK?293 cells still did not result in the appearance of dimer
(Supplementary Fig. 3).

Effects on mesangial cells of transfection
with CAP1-C29A

Rat mesangial cells were transfected with wt-CAP1
and mutant CAP1-C29A. Anti-His Western blotting
(Fig. 12a) confirmed transfection with both constructs.
Cadmium-induced dimer formation was apparent in wt
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same gel is included as a loading control. The histograms show the
mean+ SD (n=06) of intensities of the monomer and dimer bands, all
normalized to the intensity of the monomer band without Cd or BSO
treatment, taken as 100%. Significant differences against the no-added
Cd samples, of the same band within the same treatment group, are
indicated (*p <0.05; **p <0.01; ***p <0.001)

CAPI-transfected cells, but not those transfected with C29A.
Some wt-transfected cells (Fig. 12b) were smaller and had
less prominent stress fibers, compared to non-transfected
cells and C29A-expressing cells (Fig. 12c). An MTT assay
showed C29A-transfected cells were more viable [(115+7)
%, p<0.01, n=3] than wt-transfected cells. [C29A
(1.07+0.03) vs. wt (0.93 +0.04), p < 0.01, n=3]. Cadmium
treatment caused wt-transfected cells (Fig. 12d) to lose stress
fibers and collapse, while C29A-transfected cells maintained
some cell shape and stress fiber content (Fig. 12e), although
an MTT assay did not show any significant difference in
viability between Cd-treated cells transfected with wt-CAP1
or CAP1-C29A. These data suggest that wt-CAP1 promotes
actin depolymerization through dimer formation, while the
C29A mutant lacking the ability to form dimer is less effi-
cient at promoting actin disassembly.

Discussion

Redox sensing by proteins is a critical way in which cells can
respond to their environment, not only by initiating protec-
tive mechanisms under conditions of oxidative stress, but
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Fig.8 Silencing of mesangial
cell CAP1 expression. a West-
ern blot of CAP1 expression

in extracts from cells trans-
fected with a scrambled RNA
sequence and subsequently
exposed to increasing concen-
trations of CdCl, for 6 h in
serum-free medium. The posi-
tions of the monomer and dimer
bands are indicated (arrows).

A blot of f-actin is included as
a loading control. b As in A,
except the cells were transfected
with a CAP1 siRNA sequence.
c—f Cells stained for with rhoda-
mine-conjugated phalloidin for
F-actin (red) and DAPI (blue)
nuclear stain. ¢ Cells transfected
with scrambled RNA sequence.
d Cells transfected with siRNA
sequence. e Cells transfected
with scrambled RNA sequence
and subsequently exposed to
CdCl, (20 uM, 6 h). f Cells
transfected with siRNA
sequence and subsequently
exposed to CdCl, (20 uM, 6 h)

Table 1 Effect of CAP1
silencing on RMC viability

A

dimer

CAP1 scrambled

e - ..

monomer—p « @0 80

CAP1 siRNA

B

peaciii e——ordrar@d GDWED W~

5 10 20 40
[Cd] (uM)

0 5 10 20 40

C--D
E--F

[Cd*] (M) SC (%) p vs [Cd]=0(SC) siRNA (%) pvs[Cd]=0(si) p,SCvs.
(Dunnett) (Dunnett) siRNA
(Tukey)
0 99.9+7.2 - 100+2.8 - -
10 109+2.5 NS 107+6.0 NS NS
20 50.6+6.8 <0.01 70.7+1.8 <0.01 <0.001
40 31.3+3.2 <0.01 51.9+43 <0.01 <0.001

RMC were transfected with either a scrambled-sequence control plasmid (SC) or an siRNA targeting
CAPI1, as described in “Materials and methods”. Cells were then treated with the indicated concentration
of CdCl, for 6 h in serum-free medium and viability was measured by the MTT assay. The results are
mean+SD from quadruplicate wells at each condition, in a single experiment, taking the absorbance of
the Cd-free control as 100% in each data set. In the 3rd and 5th columns, Dunnett’s post hoc test is used
to compare the value obtained at each [Cd>*] to the value at [Cd**]=0. The last column shows the results
of the Tukey post hoc test on the full dataset, comparing scrambled control to silenced cells at the same

[Cd**]

NS not significant (p > 0.05)
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Table 2 Ratio of filamentous actin to monomeric actin concentration
in transfected RMC

[Cd] (uM) SCF:G siRNA F:G D, siRNA vs. SC
0 0.87+£0.06 0.62+0.02 <0.001
20 0.52+0.03 0.44+0.03 NS

RMC were transfected with either a scrambled-sequence control plas-
mid (SC) or an siRNA targeting CAP1, as described in Materials and
Methods, and then maintained in Cd-free conditions or treated for 6 h
with 20 uM CdCl,. The results are mean+SD from 4 independent
experiments and significance is calculated by the Tukey post hoc test
on the full data set

NS not significant (p > 0.05)

also by harnessing prooxidant events for physiological sign-
aling. Wang et al. (2012) have defined redox sensing based
on oxidation of protein thiols and the subsequent conforma-
tional changes. The multifunctional protein CAP1 partici-
pates in energy metabolism and signal transduction in yeast,
and plays a role in coordinating actin cytoskeletal dynamics
in higher organisms and in yeast, but it is not known how it
may respond to environmental stress. The observations that
Cd, and treatment with the thiol oxidant diamide, induce
intermolecular disulfide bond formation in CAP1, suggest
that it may function as a redox sensor, and we present evi-
dence that Cd-induced disulfide bond formation is linked
to diminished stress fiber formation. The appearance of the
dimer by 30 min of Cd** exposure, followed by its reversal
within 3—4 h of Cd** removal, is consistent with a functional
response.

Cadmium increases ROS levels in RMC, probably
through several mechanisms, including depletion of anti-
oxidant defenses, displacement of Fenton-active metals
such as Cu?* from other sites, inhibition of enzymes of
mitochondrial electron transport (Templeton and Liu 2010;
Thévenod 2009), and direct effects on mitochondrial func-
tion (L6pez et al. 2006). Longer exposures are associated
with induction of y-glutamylcysteinyl synthase (leading to
increased glutathione levels), catalase and metallothionein
that may eventually mitigate these increases (Chin and Tem-
pleton 1993; Liu et al. 2009; Oh and Lim 2006). However,
increased ROS levels alone do not seem to account for CAP1
crosslinking, as suppression of ROS with the antioxidant
BHA had no inhibitory effect on either basal levels of the
crosslinked species, or on those induced by Cd**, even at
higher concentrations of cadmium where ROS levels were
maximal. Nor did the other redox active metals, Fe>* and
Cu?*, produce the dimer, except at the highest concentration
of Cu®*. If Cd?* cross-bridging of the thiols is involved in
the crosslinking process, this might be explained by a similar
mechanism for Cu®*. For instance, Cu®* at high concentra-
tions can replace Cd*" in the thiol-bridging Cd**-binding
sites on metallothionein (Freisinger and Vasak 2012; Funk
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Fig.9 CAPI and cofilin localization in F-actin pellets after CAP1
silencing. Ultracentrifugation was used to separate RMC lysates into
supernatant (S) fractions containing G-actin and pellets (P) contain-
ing F-actin, as described in "Materials and methods". a A repre-
sentative Western blot of CAP1 (upper blot) shows the presence of
monomer in the supernatant, and to a lesser extent in the pellet, in
cells treated with a CAP1 scrambled sequence. After CdCl, treat-
ment (20 uM, 6 h), dimer appears in both S and P fractions. With
silencing of CAP1, monomer and dimer are lost from the pellet,
although some residual monomer and dimer remain in the superna-
tant. Dimer:monomer ratio in the pellets, reported in the text, were
from longer exposures of the same CAPI gels. The middle blot
shows native cofilin present in both S and P fractions of the CAP1
scrambled-sequence controls, with or without CdCl, treatment. After
silencing, cofilin is lost from the pellet, and not restored by Cd>*
treatment. The lower blot shows B-actin; the F:G actin ratio reported
in Table 2 is calculated from such blots. All exposures are from the
same gel. b Histogram showing the intensity of the cofilin band in the
F-actin pellets of the transfectants, with or without Cd>* treatment,
from three independent experiments. The value in the P fraction of
scrambled-sequence transfectants without Cd** treatment (‘control’)
is taken as 100%. ** above ‘control’, p<0.01. * below ‘control’,
p<0.05

et al. 1987). Inhibition of glutathione synthesis, on the other
hand, increases the extent of crosslinking, suggesting a role
of reduced glutathione in maintaining basal levels of CAP1
monomer, as is to be expected if this protein indeed acts as
a disulfide-dependent redox sensor. Although the exchange-
able level of Cd** in the cytosol is buffered in the 1-2 pM
range (Wang et al. 1996) and glutathione concentrations are
in the mM region, Cd** can modulate glutathione levels by
inducing oxidative stress and affecting enzymes involved in
glutathione synthesis and redox cycling (Choong et al. 2014;
Liu et al. 2009). When glutathione synthesis was inhibited,
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Fig. 10 Pulldown of CAPl1 by GST-cofilin from lysates of

Cd**-treated cells. Blot a shows the presence of CAP1 in the total
lysate, with monomer and dimer bands indicated. Blot b shows CAP1
pulled down from these lysates by GST-cofilin. Blot ¢ shows GST-
cofilin in the same pulldowns as b. The labels under ¢ apply to all
blots. Lane i—Lysates from control cells, pulldown performed with
GST-cofilin-conjugated beads. Lane ii—Lysates from cells treated
with 20 uM Cd**, 6 h, pulldown performed with GST-cofilin-con-
jugated beads. iii—No cell lysate; GST-cofilin-conjugated beads in
buffer alone. iv—Lysate of Cd**-treated cells, pulldown procedure
performed with glutathione Sepharose beads not conjugated with
GST-cofilin
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Fig. 11 Transfection of HEK cells with cysteine-mutated CAP1 pro-
teins. a HEK293 cells were transfected with constructs coding wild
type CAP1 (wt) or CAP1 in which each of the conserved Cys resi-
dues at positions 29, 92, 355, 374, 415, or 426 had been replaced in
turn with alanine. Electrophoresis of total extracts from cells treated
with diamide, or not, was performed and the gels were blotted with
antibodies against His tag or pf-actin. The positions of the monomeric
and 117 kDa dimeric CAP1 are shown. b Cells transfected as in a
were exposed to 0, 10 or 20 uM CdCl, for 6 h in serum-free condi-
tions. Western blots show the presence of dimer under all conditions
of Cd treatment except in the C29A mutant transfectants
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Fig. 12 Effects of Cd on mesangial cells transfected with CAP1
constructs. a Mesangial cells were transfected with an empty vec-
tor or vectors containing either His-tagged wt CAP1 or CAP1 C29A
mutant. An anti-His Western blot is shown of extracts from cells
treated with increasing amounts of Cd. Monomeric CAPI1 expres-
sion is evident in all wt and C29A transfectants, whereas the upper
dimeric band(s) appears only in the wt-transfected cells. A blot of
f-actin is included as a loading control. b—e Rhodamine-conjugated
phalloidin (red), anti-His (green), and DAPI (blue) staining of trans-
fected cells. b Cells transfected with wt CAP1. The arrow shows a
shrunken His-positive cell. ¢ Cells transfected with the C29A mutant
construct. d Cells transfected with wt CAP1 and exposed to 10 uM
CdCl, in serum-free conditions for 6 h. e Cells transfected with C29A
mutant CAP1 and exposed to 10 uM CdCl, in serum-free conditions
for6 h

higher concentrations of Cd** produced higher mass species
of CAP-1 at the expense of dimer, indicating that glutathione
may play a role in preserving, rather than disrupting,
Cd?*-induced dimer under normal circumstances. Interest-
ingly, silencing CAP1 increased ROS levels in response to
40 uM Cd [(355 +44)% of Cd-free levels in CAP1-silenced
cells vs. (203 +£40)% in unsilenced, p <0.01], suggest-
ing CAPI itself may contribute to mechanisms protective
against Cd-induced ROS.

CAPI is a cytoskeletal protein that functions as an actin
disassembly factor and regulates actin dynamics through its
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interactions with actin and cofilin. The C-terminal domain
of CAPI1 recycles cofilin and ADP-actin monomers; the
N-terminal domain assembles into a hexamer, binds F-actin
and enhances cofilin-mediated severing of filaments (Jansen
et al. 2014). CAP1 can dimerize or oligomerize with or with-
out the presence of actin (Ono 2013a). A coiled-coil region
and helical folded domain in the N-terminal, and a dimeriza-
tion motif in the C-terminal are involved in these self-asso-
ciations (Ono 2013a). Mutations in these three regions dis-
rupt oligomerization and impair the CAP1/cofilin-mediated
severing activity (Ono 2013a; Yu et al. 1999). However, no
data show this dimerization or oligomerization to be thiol-
dependent. Although we were unable to identify by mass
spectrometry the precise Cys residue(s) involved in the puta-
tive dimerization observed in the present study, site-directed
mutagenesis identifies Cys® as the single residue required,
suggesting preferential homodimerization at this site.

Our data show that Cd** does not change the expression
level of CAP1 protein, suggesting Cd-induced actin depo-
lymerization may rather be through CAP1 dimer formation.
Actin filaments in RMC transfected with the C29A mutant
(lacking the ability to form Cd-dependent dimer) show less
disruption compared with wt-CAP1-transfected cells (see
Results section v). Covalent disulfide formation may stabi-
lize the CAP1 hexamer required for cofilin-mediated sever-
ing activity. On prolonged treatment, or with mutation of
Cys%, there is evidence of higher mass bands, also sensitive
to disulfide reduction, that suggest other sites of crosslink-
ing, or involvement of other partners, such as actin.

CAPI functions as an actin disassembly promoting factor
through interaction with F-actin and cofilin. The association
of CAP1 with F-actin has been shown by an in vitro F-actin
co-sedimentation assay (Jansen et al. 2014; Normoyle and
Brieher 2012), and the association of an N-terminal CAP1
peptide with actin filaments has been shown by electron
microscopy (Jansen et al. 2014). The binding of CAP1
induces an F-actin conformational change that enhances
cofilin-mediated actin severing (Jansen et al. 2014). Here
we observed increased enrichment of the Cd-induced CAP1
disulfide-crosslinked dimer in the sedimented F-actin frac-
tion, as well as an increased association of the dimer with
cofilin. Thus, it would be expected that formation of the
dimer would favor actin depolymerization and contribute
to Cd-induced actin disruption, and several observations
support this view. Silencing CAP1 improves RMC viabil-
ity after Cd*" treatment, and affords some protection of
the cortical actin and stress fiber structure against Cd*.
Furthermore, in cells overexpressing a Cys* mutant that
is incapable of forming dimer, viability was improved and
the cytoskeletal structure appeared more resistant to Cd*",
although no improvement in viability was found following
Cd** treatment. Together, these observations indicate that
Cd**-induced CAPI1 dimerization through Cys>’ enhances
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CAPI1 binding to cofilin and F-actin and decreases F-actin
stability.

Cadmium leads to cytoskeletal disruption in RMC, and
several mechanisms have been put forward that may account
for this effect. Cd** has selective effects on actin polymeri-
zation in both mesangial and smooth muscle cells that are
independent of Ca** (Wang et al. 1996; Wang and Temple-
ton 1996). CaMK-II is one of numerous kinases activated
by Cd** (Liu and Templeton 2007), and its & isoform also
translocates and binds to the RMC cytoskeleton upon Cd>*
treatment (Liu and Templeton 2013); inhibition of CaMK-II
protects against Cd-induced cytoskeletal disruption, but the
targets of CaMK-II in Cd-dependent cytoskeletal dynam-
ics are unknown. Cadmium causes translocation of the
F-actin severing protein, gelsolin, to the cytoskeletal frac-
tion (Apostolova et al. 2006), accompanied by production
of a 50 kDa gelsolin cleavage fragment that is dependent
on phosphorylation of CaMK-II (Liu and Templeton 2013).
Cadmium also depletes focal contacts of vinculin and focal
adhesion kinase (FAK), and loss of these F-actin anchors
also appears to facilitate F-actin destabilization (Choong
et al. 2013a). Again, CaMK-II is involved; Cd** and CaMK-
II are implicated in phosphorylation of FAK released from
focal adhesions, and in its sequestration in a separate mem-
brane compartment. While each of these effects are generally
ROS-independent, low concentrations of Cd* (<2 uM) lead
to activation of glutaredoxin, with increased stabilization of
actin, an effect that is lost at higher Cd** concentrations that
increase ROS levels (Choong et al. 2013b). We may now
include the possibility that Cd>* affects the RMC cytoskele-
ton by interaction with CAP1 functioning as a redox-sensing
protein, thus influencing CAP1’s involvement in cofilin/actin
dynamics, as well as suppressing a role of CAP1 in modulat-
ing ROS levels, further revealing the complexity of effects
of Cd*" on the cytoskeleton.

While most CAP1 Cys residues are conserved among
animal species, Cys>’ seems somewhat unique to rat and
mouse, but lacking in Drosophila and frog. Notably, despite
96% sequence identity with rat CAP1, the human protein
lacks Cys® while conserving the remaining five cysteines.
Consistent with this, we also found Cd**-induced disulfide
crosslinking in mouse NIH3T3 cells, but not in two human
cell lines, HEK1 and HeLa (Supplementary Fig. 2). How-
ever, diamide did induce higher mass bands on CAP1 West-
ern blots seen in human cell extracts (Supplementary Fig. 2),
suggesting it can access other cysteines that Cd** does not,
in human CAP1, to promote disulfide-dependent crosslink-
ing. Lu et al. (2015) found through disulfide proteome analy-
sis that human CAP1 forms putative disulfide bonds between
Cys>’> and Cys*!¢ after treatment of HUVEC with vascular
endothelial-derived growth factor. The evolutionary signifi-
cance of the absence of the rodent Cys?’ in other species is
unclear. As dimerization at this site favors actin disassembly
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and decreased viability, and the mutation C29A is partially
protective, the absence of Cys* in the human protein may
be advantageous in protecting the cytoskeleton against cer-
tain kinds of stresses. Alternatively, other Cys residues may
substitute for Cys® in fulfilling a redox-sensing function in
human cells. These hypotheses remain to be tested, but the
present results do establish that Cd>* induces a functional
dimerization of CAP1 by crosslinking through Cys®.
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