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Abstract

The actin cytoskeleton is a complex network controlled by a vast array of intricately regulated actin-binding
proteins. Human plastins (PLS1, PLS2, and PLS3) are evolutionary conserved proteins that non-covalently
crosslink actin filaments into tight bundles. Through stabilization of such bundles, plastins contribute, in an
isoform-specific manner, to the formation of kidney and intestinal microvilli, inner ear stereocilia, immune
synapses, endocytic patches, adhesion contacts, and invadosomes of immune and cancer cells. All plastins
comprise an N-terminal Ca2+-binding regulatory headpiece domain followed by two actin-binding domains
(ABD1 and ABD2). Actin bundling occurs due to simultaneous binding of both ABDs to separate actin
filaments. Bundling is negatively regulated by Ca2+, but the mechanism of this inhibition remains unknown. In
this study, we found that the bundling abilities of PLS1 and PLS2 were similarly sensitive to Ca2+ (pCa50
~6.4), whereas PLS3 was less sensitive (pCa50 ~5.9). At the same time, all three isoforms bound to F-actin in
a Ca2+-independent manner, suggesting that binding of only one of the ABDs is inhibited by Ca2+. Using
limited proteolysis and mass spectrometry, we found that in the presence of Ca2+ the EF-hands of human
plastins bound to an immediately adjacent sequence homologous to canonical calmodulin-binding peptides.
Furthermore, our data from differential centrifugation, Förster resonance energy transfer, native electropho-
resis, and chemical crosslinking suggest that Ca2+ does not affect ABD1 but inhibits the ability of ABD2 to
interact with actin. A structural mechanism of signal transmission from Ca2+ to ABD2 through EF-hands
remains to be established.

© 2017 Elsevier Ltd. All rights reserved.
Introduction

The actin cytoskeleton is a complex and ubiquitous
eukaryotic system that encompasses hundreds of
proteins involved in an array of cellular processes
such as cell migration, endocytosis, and cytokinesis
[1,2]. Among the over 150 known actin-binding
proteins that regulate this intricate system is a subset
of actin-bundling proteins responsible for bringing
together multiple actin filaments and non-covalently
crosslinking them into meshes and bundles [3].
Plastins, also known as fimbrins, are a conserved
family of actin-bundling proteins that generate tight
bundles of aligned actin filaments in structures such
er Ltd. All rights reserved.
as immune synapses, adhesion contacts, filopodia,
and microvilli [4–7].
Plastins are conserved throughout eukaryotic life:

yeast and human orthologs share as much as 41%
amino acid sequence identity. Functional con-
servation is also remarkable as two of three human
isoforms can rescue the fimbrin deletion phenotype in
Saccharomyces cerevisiae [8]. In S. cerevisiae,
fimbrin (Sac6p) is found in actin cables and in
endocytic actin patches [9]. Accordingly, loss of
Sac6p leads to aberrant cell morphology as well as
defects in sporulation and endocytosis [8–10]. Simi-
larly, the Schizosaccharomyces pombe fimbrin,
Fim1, is involved in endocytosis, cytokinesis, and
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polarization [11,12]. A recent work has shown that the
only Caenorhabditis elegans plastin, PLST-1, is
essential for polarization and cytokinesis [13]. The
three human plastin isoforms (PLS1, PLS2, and
PLS3) share 74%–80% amino acid identity and are
expressed in a tissue-specific manner [14]. PLS1, or
I-plastin, is primarily expressed in the brush border
intestine and kidney epithelia, where it contributes to
the structure of the microvilli [15,16]. PLS1 is also
expressed in the inner ear epithelium contributing to
the stabilization of other cellular protrusions—the hair
cell mechanosensing stereocilia [17,18]. PLS2, or
L-plastin, is natively expressed in hematopoietic cells
and is critical to many immune cell functions including
formation of the immune synapse,migration, invasion,
and adhesion of hematopoietic cells (neutrophils,
lymphocytes, and macrophages) [5,19–24]. A corre-
lation between PLS2 expression by immune cells and
their high invasive ability is particularly intriguing, as
PLS2 is also ectopically expressed in nearly 70% of
epithelial-derived cancers [25], where it contributes
to metastatic capabilities of the transformed cells
[26–29]. PLS3, or T-plastin, is the most ubiquitous
isoform, expressed in all solid tissues [25]. Being the
most abundant but least specialized isoform, its
cellular role is comparatively less well understood.
PLS3 has been shown to contribute to keratinocyte
migration through regulation of focal adhesion turn-
over and it is linked to both endocytosis and DNA
repair, but its role in these processes has not been
thoroughly investigated [30–33]. Recent work has
also shown PLS3 to be important in the development
of the epidermal basement membrane in mice [34].
The structure of plastins is unique among actin-

bundling proteins. Each plastin consists of an
N-terminal regulatory headpiece domain (HP) and
two tandemactin-binding domains (ABD1 andABD2),
each consisting of two calponin-homology (CH)
domains (Fig. 1) [35]. Simultaneous binding of the
ABDs to two separate actin filaments non-covalently
crosslinks them into a tight bundle with the centers of
nearby filaments separated by ~120 Å [36]. The
necessity of both ABDs for bundling has been
validated by showing that deletion of ABD2 in
human plastin generates a protein that binds but
doesnot bundle actin [37]. Similar results were seen in
fission yeast where each ABD is required for efficient
crosslinking [11].
High-resolution structures of the actin-binding core

(ABD1 and ABD2 only) of plant (Arabidopsis thali-
ana) and yeast (S. pombe) fimbrins indicate that the
ABDs pack in an antiparallel, cupped, orientationwith
non-homologous surfaces exposed to the solvent
[38]. Cryo-electron microscopy (cryo-EM) recon-
struction of ABD2 bound to the filament obtained at
12-Å resolution showed a binding interaction distinct
from that of any other tandem CH actin-binding
domain [39]. The ABD1–actin interaction could
not be reconstructed, however, tentatively due to a
multimodal character of binding [39], suggesting that
the actin-binding properties of plastins' ABDs are not
equivalent.
The N-terminal HP (Fig. 1) is composed of two

EF-hand motifs and a ~40-aa-long linker connecting
them to ABD1. EF-hands are conserved motifs
primarily recognized for their Ca2+-binding capacities
[40]. The role of Ca2+ binding by the EF-hands is well
understood in the context of calmodulin (CaM), which
acts as a ubiquitous Ca2+ sensor in cells and, upon
Ca2+ binding, interactswithaCaM-bindingmotif (CBM)
on target proteins regulating their function [41,42].
Plastins contain both EF-hands and a CBM found as a
part of the linker immediately following the second
EF-hand (Fig. 1) [21,43]. A recent study has shown that
there is a Ca2+-dependent intramolecular interaction
between these domains, which likely conveys theCa2+

signal from the EF-hands to the actin-binding core [43].
Each of the human plastin isoforms is Ca2+-sensitive
and their ability to bundle F-actin is decreased upon
Ca2+ binding [15,44,45]. Plastins from Dictyostelium
discoideum and S. cerevisiae are also Ca2+-sensitive
[46,47]; yet plastins from Tetrahymena, A. thaliana
(Atfim1), and S. pombe (Fim1) were reported to
bundle F-actin independently of Ca2+ [48–50]. The
fact that Ca2+-insensitive plastins still retain the
N-terminal HP suggests that this region continues to
play important structural and/or regulatory roles.
Structures of plant and yeast fimbrin core domains

(ABD1 and ABD2 only), human PLS3 ABD1 domain,
and the human PLS2 HP were solved by X-ray
crystallography or NMR, but the full-length plastin
structure has never been solved and how the HP
interacts with the core is unknown [38,43,51]. There-
fore, it is not understood how a signal from Ca2+

binding is conveyed to the ABDs, and binding of which
of the ABDs to actin is regulated by Ca2+. These and
other questions were addressed in this study, where
we compared Ca2+ sensitivity of the three human
plastin isoforms and confirmed that the bundling, but
not binding, ability of each isoform is inhibited byCa2+

.
We found that the bundling capacities of PLS1 and
PLS2 are similarly sensitive to physiological concen-
trations of Ca2+ (pCa50 ~6.4), whereas PLS3 is
notably less sensitive (pCa50 ~5.9). Finally, using
PLS3 and PLS2 plastins and their mutants, we
demonstrated that ABD1 is a primary Ca2+-
independent F-actin-binding site, while ABD2 is the
domain regulated in response to Ca2+.
Results

N-terminal peptide preceding EF-hands domain
is dispensable for actin binding and bundling

The canonical EF-hands domain of human plas-
tins is preceded by a short, 7- to 10-aa N-terminal
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Fig. 1. Domain structure of plastins. Schematic diagrams depict plastin constructs created and used in this study.
Numbers represent amino acid residue number in the corresponding protein sequence. Motif and domain designations:
N1,2,3, N-terminal 7–10-aa sequences of PLS1, PLS2, and PLS3, respectively; EF, EF-hands motifs; CBM,
calmodulin-binding motif; Linker, a flexible linker separating the CBM and ABD1; CH, calponin-homology domains;
ABD, actin-binding domains; HP, N-terminal regulatory headpiece.
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peptide poorly conserved across the isoforms
(Fig. 1). A tentative role of the peptide in plastins'
function is implied from a reported activation of PLS2
upon phosphorylation of Ser5 both in vitro and in vivo
[7,52–54]. On the other hand, neither PLS3 or PLS1
are known to be phosphorylated nor do they require
phosphorylation for their activity. To evaluate the role
of the N-terminal peptide in the function of PLS2, we
created the following derivatives: a phosphorylation
mimic S5D mutant, a construct lacking the
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N-terminal 7 aa (ΔN-PLS2), and a mutant with the
PLS2 N-terminal peptide replaced by its counterpart
from PLS3 (N3-PLS2; Fig. 1). Since all our con-
structs were expressed with N-terminal 6xHis-tags,
the tags were removed by tobacco etch virus
protease (TEV protease) with only a single glycine
residue left in the remaining constructs. Figure S1
demonstrates that none of the modifications sub-
stantially affected the ability of PLS2 to bundle actin
in vitro. Since the removal of the 6xHis-tags had only
relatively minor effect on the activity of the constructs
(Fig. S1) but required 3-h-long incubation at room
temperature affecting overall protein stability and
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Human plastins' F-actin bundling activity is
inhibited by calcium

To date, the effects of Ca2+ on the activity of all three
human isoforms of plastins have not been carefully
evaluated in a side-by-side comparison. To address
this shortcoming, each of the full-length plastin
constructs was tested for Ca2+ regulation using
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plastin (Fig. 2). Note that under these conditions, only
large filament bundles are brought to the pellet, while
individual filaments and soluble proteins remain in the
supernatant. All plastins were similarly efficient at
bundling F-actin when present at sub-stoichiometric
ratios in the absence of Ca2+, but this ability was
dramatically reduced in the presence of 0.5 mM Ca2+

when notable bundling was observed only at 10-fold
higher concentrations of plastins (Fig. 2).

Plastin 3 is less sensitive to calcium than
plastins 1 and 2

To evaluate the sensitivity of plastin isoforms to
Ca2+ and elucidate the similarities and differences in
the regulation of the isoforms, we monitored the
Ca2+-induced disassembly of plastin/F-actin bundles
by following a decrease in the intensity of scattered
light. Using logistic fitting, we found that both PLS1
and PLS2-S5D showed similar sensitivity to Ca2+

(pCa50 6.39 ± 0.03 and 6.34 ± 0.03, respectively),
whereas PLS3was less sensitive (pCa50 5.85 ± 0.03;
Fig. 3). Predictably, PLS3-core, a mutant lacking the
Ca2+-binding EF-hands (Fig. 1), retained its ability to
support actin bundles both at high and low concen-
trations of Ca2+ (Fig. 3).

The EF-hands domain of human plastins binds
to the CBM in a calcium-dependent manner

A short sequence highly homologous to conserved
CBM has been reported in the linker region between
the EF-hands and ABD1 [21,43]. Given that EF-hands
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effect of Ca2+ on susceptibility of the CBM to limited
proteolysis. Given that CBM is enriched in basic
residues, among several proteases tested, trypsin
provided themost convincingdata indicating that rapid
cleavage at the CBM is strongly inhibited upon the
addition of saturating concentrations of Ca2+ (Fig. 4a).
This protection was observed for all three human
plastin isoforms (Fig. S2). The site(s) of the protected
cleavage of an N-terminal construct (PLS3-HP) was
identified by peptide mass analysis by MALDI-TOF
mass spectrometry (Fig. 4b, c). Such prominent
protection of the CBM linker region in the presence
of Ca2+ agrees with a recent finding that EF-hands
bind to the linker in a Ca2+-dependent manner [43],
and thus elucidates the first in the chain of the events
leading to inhibition of the bundling activity of plastins.
A bee venom peptide melittin has been recently
shown to affect this interaction [43]; however, our data
do not confirm this finding in the context of the
wild-type PLS3 construct (Fig. S2e), likely due to a
higher affinity of the in-cis EF-hands and CBM as
compared to that of in-trans EF-hands and melittin.

F-actin binding by all three plastins is unaffected
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between these possibilities, we used high-speed
(300,000g) co-sedimentation assays, where bound
plastin is pelleted together with actin filaments and
f

t

f

higher-order structures, while actin monomers and
unbound plastins remain in the supernatant. Because
plastins have a tendency to aggregate at high
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concentrations (above ~30 μM) and thus to pellet
independently of actin, we kept plastin concentration
low and constant (5 μM) while titrating with increasing
concentrations of F-actin (Fig. 5). Although such
experimental design does not allow for the assess-
ment of binding stoichiometry, it enables affinity
evaluation. Interestingly, all three wild-type plastin
isoforms and the PLS2-S5Dmutant bound to F-actin
with similar affinities, which were virtually unaffected
by 1 mM Ca2+ (Fig. 5e). This result implies that one
PLS1 PLS3 
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focused on PLS3 and generated two truncation
mutants lacking ABD2: a construct containing only
ABD1 (ABD1; Fig. 6a) and a construct devoid of
ABD2, but containing intact N-terminal HP and ABD1
(HP–ABD1; Fig. 6b). We found that the ABD1
construct bound to F-actin in a Ca2+-independent
manner with the affinity similar to that of wild-type
PLS3 (Figs. 5e and 6a, g). As for the HP–ABD1
construct, the analysis was complicated due to its
molecular weight being similar to that of actin, resulting
in overlapping bands on a SDS-polyacrylamide gel
and making the quantification impossible. To cir-
cumvent this obstacle, we artificially increased the
molecular weight of actin at the stage preceding
SDS-PAGE analysis by covalently crosslinking it into
oligomeric species with an actin-specific toxin ACD
produced as one of the domains of MARTX toxin by
Aeromonas hydrophila (Fig. 6c) [55,56]. Because the
crosslinking was conducted after separation of pel-
leted and unpelleted fractions, it had no influence on
the outcome of the experiment. In the presence of
Ca2+, about half of the HP–ABD1 population lost the
ability to interact with actin (Fig. 6b inset), but the
remaining population bound to F-actin with the affinity
similar to that of full-length PLS3 (Figs. 5e and 6b, g).
Such split in functionality cannot be accounted for by
incomplete saturation of Ca2+-binding sites as the
concentration of Ca2+ exceeded that required for
saturation by nearly 0.7 mM. Interestingly, removal of
Ca2+ via addition of ethylene glycol bis(β-aminoethyl
ether) N,N,N′N′-tetraacetic acid (EGTA) to the super-
natants of the Ca2+-containing samples restored
actin-binding properties of the remaining HP–ABD1
(Fig. 6c). A possible explanation to the observed
behavior is a formation of nonfunctional soluble
oligomers of HP–ABD1 in the presence of Ca2+ due
to overall lower stability of the truncated constructs of
PLS3. Indeed, CaCl2 decreased the amount of the
major HP–ABD1 band observed by native gel
electrophoresis from 86.5% to 67.6% by shifting it to
the oligomeric species of lower electrophoretic mobil-
ity (Fig. 6d). Our attempts to produce isolated PLS3
ABD2 failed as the protein could not be detected upon
expression (likely due to a rapid degradation), while an
Fig. 6. Binding and bundling properties of PLS3 constructs
(a) and PLS3-HP–ABD1 (b) truncation mutants was assesse
squares) and presence (open circles) of 1 mM free Ca2+. T
incapable of binding actin. Raw binding data are shown in
normalization of the Ca2+ data to the binding saturation point us
actin and HP–ABD1 bands on SDS gels, actin was crosslinke
upon their separation from supernatants (see Materials and M
EGTA restored its ability to bind actin (c). (d) Native gel ana
weight oligomeric species of HP–ABD1 construct formed in the
point mutant of PLS3 KK545/547EE (closed squares and circle
squares and circles) in the presence of EGTA (squares) or Ca2

Fig. 2d. (g) Kd values were determined by fitting the data to the
from three independent experiments. Error bars represent stan
hypothesis Student's t test.
maltose-binding protein (MBP)–ABD2 (a fusion con-
struct withMBP) could be expressed at a low level, but
resulted in prompt degradation upon purification, and
particularly, upon proteolytic removal of the MBP by
TEV protease.
To circumvent the issues of instability caused by

the domain separation, we decided to compromise
the interaction of ABD2 with F-actin while preserving
the overall integrity of the protein. To this end, we
employed site-directed mutagenesis to switch
charges of two conserved residues in PLS3 ABD2
identical to those found at the binding interface of
PLS2 ABD2 with actin [39]. The resulting PLS3
KK545/547EE mutant was unable to bundle F-actin
(Fig. 6e), indicating that the goal of weakening ABD2
affinity to actin was achieved. At the same time, the
KK545/547EE mutant bound F-actin with Kd similar
to that of wild-type PLS3 (Figs. 5e and 6f, g). If ABD1
were the domain whose binding to actin is inhibited
by Ca2+, we would expect this mutant to have a
reduced affinity in the presence of Ca2+. Instead, we
found that binding of the ABD2-inactivated mutant
was unaffected by Ca2+, similar to wild-type PLS3
(Figs. 5c and 6f). This, together with their nearly
identical affinities for actin (Figs. 5e and 6g), suggests
that ABD2 is likely to be the domain whose binding to
actin is primarily inhibited by Ca2+-bound EF-hands.
Since binding interfaces of ABD1 with F-actin are
unknown, our attempts to generate ABD1 mutants
with compromised binding to actin were not success-
ful and produced either fully functional proteins (when
few mutations were introduced) or nonfunctional
proteins with high propensity to precipitation (with
multiple charge switch mutations on surface-exposed
residues).

The N-terminal HP directly interacts with ABD2
independent of calcium

Next, we tested the hypothesis that the Ca2+-
dependent inhibition of ABD2 by EF-hands can
be mediated via direct interaction between these
domains. Given that the ABD2 construct of PLS3
could not be obtained, we focused on the ABD2 of
with impaired or deleted ABD2. Binding of PLS3–ABD1
d by high-speed co-sedimentation in the absence (closed
he addition of Ca2+ rendered a population of HP–ABD1
panel b (inset), whereas the main panel (b) represents
ed for the Kd assessment. To prevent the overlap between
d to oligomers by ACD toxin added to the pellet fractions
ethods) (c). This effect was reversible as the addition of

lysis shows accumulation of low-mobility, high-molecular-
presence of Ca2+. Bundling (e) and binding (f) abilities of a
s) were compared to those of wild-type PLS3 protein (open
+ (circles). Wild-type PLS3 data are the same as shown in
binding isotherm equation. Each data point is the average
dard deviations. p Values were determined using statistical



Kd ( M) 

PLS3  
ABD1 

PLS3  
HP-ABD1 

PLS3  
KK/EE 

EGTA 3.07 ± 1.23 4.54 ± 0.91 2.96 ± 1.07 

Calcium 2.05 ± 0.57 4.30 ± 3.02 3.30 ± 1.53 

p-value 0.429 0.923 0.838 

(a) (b) 
F

ra
ct

io
n 

P
LS

3-
A

B
D

1 
B

ou
nd

 

[Actin], µM

EGTA 
Calcium 

PLS3-ABD1 

(c) 

(g) 

F
ra

ct
io

n 
B

un
dl

ed
 A

ct
in

 

[PLS3], µM

PLS3-WT and PLS3-KK545/547EE 

WT - EGTA 
WT - Calcium 
KK/EE - EGTA 
KK/EE - Calcium 

(e) 

F
ra

ct
io

n 
P

LS
3 

B
ou

nd
 

[Actin], µM

EGTA 
Calcium 

PLS3-KK545/547EE (f) 

F
ra

ct
io

n 
P

LS
3-

H
P

-A
B

D
1 

B
ou

nd
 

[Actin], µM

EGTA 
Calcium 

PLS3-HP-ABD1 

[Actin], µM

PLS3-HP-ABD1 

F
ra

ct
io

n 
P

LS
3-

H
P

-A
B

D
1 

B
ou

nd
 

EGTA      Calcium (d) 

A
ct

in
 

O
lig

om
er

s 
 

S1    P1    S2   P2    S2    P2 

ACD- 

HP-ABD1- 

Initial rxn
Calcium 

S1+Actin S1+Actin 
 +EGTA 

-HP-ABD1 

Oligomeric
HP-ABD1 

CH1 CH2 CBM EF1 EF2 N3 CH1 CH2 

Fig. 6 (legend on previous page)

2498 Ca2+ regulation of actin bundling by plastins
PLS2, as the two domains share 83% amino acid
identity. In three independent experiments, native
gel electrophoresis showed the appearance of a
complex between the domains (Fig. S3), but the
result was not highly reproducible likely owing to a
relatively low affinity of the domains. Therefore, to
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capture the tentative low-affinity transient interac-
tions, we utilized non-specific covalent crosslinking
by glutaraldehyde. Independent of the presence of
Ca2+, glutaraldehyde crosslinked the PLS3-HP and
PLS2-ABD2 into a new band, which was not present
with either protein alone (Fig. 7a). The presence of
ABD2 in this band was confirmed by using fluores-
cein maleimide (FM)-labeled PLS-ABD2 construct
(Fig. 7a). Interestingly, PLS3-HP can also be cross-
linkled to PLS2-ABD1 or PLS3-ABD1 (Fig. 7b, c);
however, the resulted band was less intense likely
reflecting even lower affinity of the fragments to each
other in agreement with no detectable interaction
between the fragments in electrophoresis under
native conditions (Fig. S3).

Förster resonance energy transfer (FRET)
experiments point to ABD1 as the primary,
calcium-independent actin-binding site

We utilized FRET to further clarify the role of ABD1
and ABD2 domains in Ca2+-dependent regulation of
plastins. If ABD1 were the Ca2+-independent do-
main, we would expect it to be in close proximity to
actin regardless of the presence of Ca2+. To test
this, we fluorescently labeled PLS3 at ABD2 or
ABD1 at the positions expected to be in close
proximity to the actin filament [39]. To this end, a
Cys-null (CN) PLS3 construct with all native Cys
residues mutated to Ala (PLS3-CN; Fig. 1) has been
tested and confirmed to retain its ability to bind and
bundle F-actin (Fig. S4). Using this construct as a
template, we created several single cysteine mu-
(a) PLS3-HP 

PLS2-ABD2 

Coomassie FM fluorescence 

ABD2 ABD2 
+ PLS3-HP 
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Fig. 7. Interaction of the N-terminal headpiece with acti
PLS2-ABD2 (a) and PLS2-ABD1 or PLS3-ABD1 (b) in the abs
crosslinked by glutaraldehyde (GA). Crosslinking reactions
Coomassie Brilliant Blue, or (in case of FM-labeled PLS2-ABD
Arrowheads denote a new band resulting from the GA-crosslin
tants by introducing mutations near the known
actin-binding site of ABD2 (S540C) and into several
surface areas of ABD1 (A221C, A310C, and A356C)
with an idea that at least one of them would be in
proximity to the actin-binding surfaceof ABD1 (Fig. 8a).
Out of these three, the A310C mutant generated the
highest FRET efficiency under conditions of bundling
and therefore was used in the following studies. For
FRET experiments, actin was labeled at C374 with
tetramethylrhodamine maleimide (TMR) to serve as a
FRET acceptor and polymerized in the presence of
phalloidin to stabilize otherwise unstable TMR–actin
filaments [57]. Plastinmutants were labeledwith FMas
a FRET donor (Fig. 8).
Both fluorescein-labeled A310C and S540C PLS3

mutants retained the ability to bundle TMR-labeled
actin (Fig. S4), albeit less efficiently than wild-type
PLS3 (Fig. 2d, e) or PLS3-CN (Fig. S4b, c). This
reduced bundling ability was possibly a cumulative
outcome of the mutations and the presence of the
fluorescent probe on plastins and actin and may also
reflect aging of plastins due to longer processing
time required for labeling. Also, similarly to their
background protein PLS3-CN, both mutants dem-
onstrated a reduced sensitivity to Ca2+, likely owing
to a desensitizing C33A mutation in the first EF-hand
of the Ca2+-binding region (Fig. 1).
If ABD2 were the Ca2+-independent domain,

fluorescein at ABD2 S540C would be quenched by
99.0% due to energy transfer given the cryo-EM-
derived distance to actin's C374 of 25.7 Å [39] and the
Förster distance R0 of the donor/acceptor pair of 55 Å
[58]. However, under all the conditions tested, the
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spheres) guided based on a homology model of a full-length PLS3 (Phyre.2 [78]) superimposed with the cryo-EM
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labeled with TMR at C374 were used for FRET studies. (b) FRET efficiency was calculated from a decrease in
fluorescence of a donor (i.e., FMmoiety on PLS3) in the presence of the acceptor (TMR–actin; solid line) as compared to a
donor and unlabeled actin (dotted line). (c) FRET efficiencies between fluorophores at actin's C374 and C310 on ABD1 or
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model suggesting that the ABD1 (in green) of PLS3 is the primary binding site to actin in the presence and absence of
Ca2+. Red and green stars represent TMR and FM probes on actin and plastin's ABDs, respectively. (e) Findings of the
present study are summarized in the following model: (i) tentatively, the N-terminal headpiece of plastin is associated with
its ABD2 domain in the presence and absence of Ca2+; (ii) Ca2+ binding by EF-hands leads to their interaction with the
CBM; (iii) this interaction is conveyed to a decreased ability of ABD2 to bind actin filaments and, consequently, the
diminished ability of the full-length plastin to bundle F-actin; and (iv) the association of the primary plastin's actin-binding
domain, ABD1, with actin filament is Ca2+-independent.
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probe at the ABD1 A310C was closer to actin as
followed from a greater FRET efficiency as compared
to that between ABD2 S540C and actin (Fig. 8c, d).
This difference was particularly notable under binding/
non-bundling conditions (i.e., when only one of the
domains is bound to actin) achieved at low ratios of
PLS3 to actin (Fig. 8c). These results suggest that
ABD1 is the primary, Ca2+-independent domain in
close proximity to the filament, when PLS3 is bound
but not engaged in bundling.
Under bundling conditions (i.e., at a sufficiently

high concentration of PLS3), there was a notable
(from 41% to 61%) increase in FRET from ABD2
(Fig. 8c). The increase, however, is not to the degree
theoretically predicted for complete binding of ABD2
to the filament under these conditions (99.0%) [39].
Simple calculations suggest that only a small fraction
of ABD2 (~20%) contributes to bundling under these
conditions. Under both bundling and non-bundling
conditions, there was a consistent decrease in FRET
between ABD2 and actin upon addition of Ca2+;
however, despite its consistency, this difference did
not reach statistical significance through triplicate
repetitions likely reflecting overall lower sensitivity
to Ca2+ of all PLS3 mutants with the C33A mutation
(Fig. S4).
Discussion

In this study, we carried out a biochemical analysis
to establish similarities and differences in the effects
of Ca2+ on all three human plastin isoforms and
addressed the role of individual actin-binding do-
mains in the mechanisms of Ca2+-dependent
inhibition of actin bundling. We show that bundling
of F-actin by all three isoforms is inhibited upon the
addition of Ca2+, and that PLS1 and PLS2 are
similarly sensitive to Ca2+, whereas PLS3 is less
sensitive. Furthermore, each isoform is able to bind
F-actin in a Ca2+-independent manner, implying that
binding of only one of the ABDs to F-actin is
inhibited. The data obtained by several biochemical
and biophysical experimental approaches using
point and deletion mutants of PLS3 suggest that
ABD2 is the domain whose binding to actin is
inhibited by Ca2+, while ABD1 remains bound to
actin even in the presence of Ca2+.
The role of Ca2+ in regulation of F-actin bundling

by human plastins has been recognized for decades
[15,44,45], but all three isoforms have never been
compared in a single study. Given substantial
differences in experimental procedures utilized by
various groups, such comparison is essential for
establishing isoform-specific functional variations.
We found that the bundling, but not binding, activity
of all three isoforms is similarly inhibited by Ca2+.
This is not entirely predictable given that the
N-terminal domains of human plastins are the least
similar regions (61% identity between isoforms 1 and
2, and 65% identity between isoforms 1 and 3 and
isoforms 2 and 3) as compared to the more
conserved actin-binding core (ABD1–ABD2) do-
mains (77%, 78%, and 83% identity between
isoforms 1 and 2, 1 and 3, and 2 and 3, respectively).
This difference is evolutionary consistent as the
core regions of human PLS2 share 42% and 44%
identity with those of S. cerevisiae and S. pombe
fimbrins, respectively; whereas the N-terminal do-
mains of these proteins share only 20% and 28%
identity.
Despite relatively poor conservation, the

N-terminal domains are found in all known plas-
tins/fimbrins, even in the proteins that are known to
be insensitive to Ca2+ (e.g., S. pombe and A.
thaliana fimbrins) [48,49]. This likely suggests that
the N-terminal "headpiece in all plastin orthologs
carries conserved function(s) not necessarily corre-
lated with their Ca2+-binding abilities. Regulation is
likely to be the primary conserved function, albeit in
several cases, the Ca2+-dependent regulation may
be replaced by some other regulation mechanisms
(e.g., post-translational modifications). Other con-
served functions of the N-terminal domain may
include structural integration of the ABD domains
and/or even actin-binding activities. Both possibili-
ties may account for a recent finding that the
PLS2-core (ABD1–ABD2 without the N-terminal
HP) fails to promote bundling of actin filaments,
while the addition of the CBM and the 23-aa linker
connecting it to ABD1 rescues this ability [43].
Whether this effect is due to direct binding of the
linker to actin or is mediated via its interaction with
the core region is not currently clear. The latter
supposition is indirectly supported by our data that
the N-terminal headpiece interacts with ABD2 and to
a lesser degree with ABD1 and thus may contribute
to the stability and function of the full-length protein
(Fig. 7).
Several N-terminal amino acids preceding the

EF-hands domain have been implicated in function-
ing of at least PLS2, as phosphorylation of its Ser5
improved PLS2 association with F-actin in cells and
potentiated invasiveness of human cancer cells in
mice xenograft models, while the S5E substitution
promoted F-actin binding and bundling in vitro [7].
Surprisingly, we did not observe a notable increase
in bundling ability of the PLS2 phosphomimetic
mutant S5D (Fig. S1). It is possible that the observed
discrepancy stems from an aspartic residue substi-
tution (S5D) in this study versus glutamic residues
(S5E) used in an older work [7], or some other
unaccounted factors. Interestingly, the N-terminal
peptides of both PLS1 and PLS3 naturally carry
acidic residues at the position 2 (PLS1) or positions 2
and 3 (PLS3), which can tentatively cause effects
similar to those achieved by phosphorylation of
PLS2 at Ser5. However, substitution of the PLS2
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N-terminal peptide with that of PLS3 did not affect
the bundling activity of the resulted mutant (Fig. S1). It
is conceivable, therefore, that full manifestation of the
effects of Ser5 phosphorylation requires additional
components (e.g., other protein partners) present in a
complex content of the cellular environment.
While this manuscript was in preparation, an NMR

study was published demonstrating that Ca2+-
induced conformational changes in the EF-hands
of PLS2 promote their direct interaction with a
predicted CBM located in the linker immediately
proximal to EF-hands [43]. Phosphomimetic S5E
substitution had no influence on this interaction [43].
Our data fully support this finding by showing that
Ca2+ causes strong protection of the CBM from
proteolysis in all three human plastins (Figs. 4 and
S2). However, we did not confirm that a bee venom
peptide melittin can affect this interaction in the
context of the wild-type PLS3 construct (Fig. S2e),
suggesting that the affinity of melittin for EF-hands is
insufficient to overcome its interaction with CBM
when both regions are present in cis.
Despite this interesting finding, the mechanism of

signal transduction from the EF-hands/CBM region to
actin-binding domains remains unknown in the
absence of a high-resolution structure of a full-length
plastin. It has been hypothesized [47] and partially
supported by a low-resolution EM-reconstruction
study [36] that ABD1 is the domain that becomes
occluded in the presence of Ca2+, but the hypothesis
has never been challenged biochemically. Therefore,
we addressed this question by several independent
approaches. Although we indeed observed partial
inhibition of the ABD1 interaction with actin (Fig. 6b), it
occurred only in the context of a truncated mutant,
whose compromised integrity and oligomerization in
the presence of Ca2+ may have accounted for the
observed inhibition (Fig. 6c, d). On the other hand,
FRET, bundling, native electrophoresis, and glutaral-
dehyde crosslinking experiments confidently pointed
on ABD2 as the domain, whose binding to actin is
primarily inhibited by Ca2+. Particularly, we found that
(i) the ABD1 is closer to actin in the presence of Ca2+

(Fig. 8c, d), (ii) plastin with a compromised ABD2–
actin interface fails to bundle but binds to actin with
the affinity indistinguishable of that of isolated ABD1
(Fig. 6e), and (iii) the isolated HP binds to an isolated
ABD2 domain (Fig. 7a). Cumulatively, these data
strongly suggest that human plastins bind to actin
primarily via their ABD1 domain regardless of the
presence of Ca2+, while the ABD2 is turned on only
upon Ca2+ dissociation from the EF-hands (Fig. 8e).
Recently, a crosstalk between the regulatory domain
and the CH2 subdomain of ABD1 has been proposed
to dictate a morphology of the formed bundle by
affecting relative orientation of ABD1 and ABD2
domains [59]. Our results neither directly support nor
contradict this finding. Our glutaraldehyde crosslink-
ing experiments showing interaction of the headpiece
with ABD2 and to a lesser degree ABD1 suggest that
the N-terminal headpiece may be positioned close to
the ABD1/2 interface and thus be involved in
regulation of different aspects of plastin's structure
and function.
Our data also indirectly favor a hypothesis that ABD1

is not only the Ca2+-independent, but also the primary
site, whose binding to actin precedes binding of ABD2.
This hypothesis has been initially proposed by Lebart
and coauthors [60] and was largely based on a higher
affinity to actin of PLS2 ABD1 (0.34 μM) as compared
to ABD2 (2.6 μM) measured by ELISA. We obtained
order of magnitude lower affinities for all our plastins to
actin, which may be tentatively explained by a use of
unmodified proteins and co-sedimentation experi-
ments, which are more reliable than ELISA
for quantitative analysis. At the same time, similar
affinities for actin between ABD1 and full-length PLS2
observed in the former study are independently con-
firmed by us for PLS3 (Figs. 5c, e, and 6a, b, f, g),
suggesting that this property may be shared by at least
human plastins. In this context, the lowFRETefficiency
between ABD2 and actin filaments is understandable
as ABD2 would only be interacting with filaments at
crosslinking sites, that is, as rarely as every 13.5 actin
subunits (7.4%saturation) in two aligned filaments [36],
while ABD1 could be boundat any actin subunit. This is
because the proper orientation of two filaments is
achieved in a full twist of the helix. A higher density for
ABD2 binding under such scenario can be achieved in
hexagonal bundles as seen in plastin-mediated bun-
dles inmicrovilli. However, evenunder theseconditions
(three crosslinks every 13.5 actin subunits), there is
22.2% saturation of ABD2 active plastin molecules
participating in the bundles, which is in close agree-
ment with the observed ~20% raise in FRET efficiency
between ABD2 and actin seen between bundling and
binding conditions (Fig. 8c).
The ability of human plastins to bind F-actin in the

presence of Ca2+ as well as their selectivity toward
actin isoforms is a controversial issue [37,44,45,59,61].
Under our experimental conditions, full-length recom-
binant constructs of all three isoforms of human
plastins bound to skeletal α-actin with remarkably
similar Ca2+-independent affinities (Fig. 5e). Interest-
ingly, at least for PLS3, the affinity of the full-length
protein replicated well that of the ABD1 domain
suggesting its leading role in binding (Fig. 6g). It can
be envisioned that the ability to stay attached to the
filament might be essential for a transient, Ca2+-
induced increase in plasticity of actin bundles within
microvilli and stereocilia and a prompt recovery of the
bundle integrity upon Ca2+ removal. Besides, plastins
are traditionally considered to be bundling proteins, but
some of their activities, particularly those that involve
cooperation and competition with other actin-binding
proteins, may go beyond Ca2+-dependent regulation
of the actin cytoskeleton. Thus, several works in recent
years have shown that the interplay between plastins
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and other actin-binding proteins is critical for cellular
structures and functions. In S. pombe, the antagonistic
balance between tropomyosin (Cdc8) and cofilin
(Adf1) ononehandandplastin (Fim1) and tropomyosin
(Cdc8) on another is essential for proper actin
dynamics in endocytosis and cytokinesis [62,63].
Also, a balance between several actin-bundling
proteins including plastins is critical to maintaining
proper cellular structures such as invadopodia, filopo-
dia, and microvilli [64–66]. Some of these events of
cooperation and competition may not require bundling
(i.e., may persist in the presence of Ca2+), as in one
study, the PLS3-HP–ABD1 construct was sufficient to
regulate cofilin-mediated actin disassembly in mam-
malian cell lysate in vitro [37].
Our finding that human PLS1 and PLS2 exhibit a

4-fold higher sensitivity to Ca2+ (pCa50 ~6.4, i.e.,
~0.4 μM of Ca2+) than PLS3 (pCa50 ~5.9, i.e.,
~1.6 μM of Ca2+) may have intriguing implications.
It is interesting to compare these data with a previous
study on isolated EF-hands motifs, which reported
that both sites of PLS2 EF-hands have similar affinity
to Ca2+ (~1.3 μM), whereas EF-hands of PLS3 have
one high and one low-affinity binding sites (~0.4 and
10.6 μM, respectively) [67]. Given that PLS2 with its
intermediate Ca2+ affinity sites is more responsive to
Ca2+ than PLS3, which has one site with higher and
another with substantially lower affinity, it appears that
Ca2+ binding to both PLS3 sites is required to
manifest the full inhibition. However, it is important to
recognize that our experiments did not directly assess
the affinity of the plastins' EF-hands for Ca2+. Instead,
wemeasured amore complex phenomenon of bundle
dissociation, which is also a function of actin and
plastin concentrations, their mutual affinities in the
Ca2+-free and Ca2+-bound states, and a critical den-
sity of plastin bridges that is sufficient and necessary
to hold filaments in the bundles. It is tempting to
speculate that a higher sensitivity for Ca2+ is one of
the key features differentiating PLS1, which is specific
for microvilli and stereocilia, from a more ubiquitous
PLS3 isoform, which is a major plastin isoform in
developing stereocilia, but which is completely re-
placed by PLS1 upon maturation [68]. Indeed, Ca2+

homeostasis plays an important role in dynamic
maintenance of microvilli, where PLS1 is a candidate
for one of the major Ca2+-responsive and Ca2+-
buffering elements tuning the sensitivity of stereocilia
to sound waves [69–71]. A properly balanced Ca2+-
sensitivity of PLS1 should be essential for both
activities. On a similar note, overexpression of the
less sensitive PLS3 was linked to an increase in
length and width of microvilli in kidney polarized
epithelial cells, while expression of the similarly
sensitive PLS2 did not [72]. Similarly, a higher Ca2+

sensitivity of PLS2, as compared to PLS3, may
contribute to its roles in actin-dependent activities of
highly motile immune cells and invasive epithelial
cancers [19,26–29,65].
To summarize, the data presented here suggest a
mechanism by which Ca2+ binding to the N-terminal
EF-hands domain leads to its interactionwith theCBM
in the flexible linker connecting the EF-hands and the
ABD1 (Fig. 8e). This interaction is conveyed to a
decreased ability of ABD2 to bind actin filaments and,
consequently, the diminished ability of the full-length
plastin to bundle F-actin. The primary plastin's
actin-binding domain, ABD1, stays bound to actin
filament regardless of Ca2+ concentrations. While we
have demonstrated that the headpiece directly inter-
acts with ABD2, future studies should address
whether ABD2 is inhibited via direct occlusion of its
actin-binding site by the EF-hands/CBM region or
through an indirect, allosteric mechanism.
Materials and Methods

Protein expression and purification

Actin was prepared from rabbit skeletal muscle
acetone powder (Pel-Freeze Biologicals) or chicken
skeletal muscle acetone powder [prepared in house
from flash-frozen chicken breasts (Trader Joe's)]
as previously described [73]. Actin was stored up
to 2 weeks on ice in G-buffer [5 mM Tris–HCl
(pH 8.0), 0.2 mM CaCl2, 0.2 mM ATP, 5 mM
β-mercaptoethanol]. All plastin constructs were
cloned as N-terminally 6xHis-tagged proteins into
pColdI vector (Clontech) modified to include a TEV
protease recognition site downstream the 6xHis-tag.
Cloning and site-directed mutagenesis were conduct-
ed using the In-FusionCloning kit (Clontech). Proteins
were expressed in either BL21-Gold(DE3)pLysS
Escherichia coli or BL21-CodonPlus(DE3)pLysS
E. coli (Agilent Technologies) grown in nutrient-rich
bacterial growth medium [1.25% tryptone, 2.5% yeast
extract, 125 mM NaCl, 0.4% glycerol, 50 mM Tris–
HCl (pH 8.2)]. After reaching an OD600 of 1–1.2, the
cells were cooled to 15 °C on ice and expression was
induced by the addition of 1 mM IPTG, after which the
cells were grown at 15 °C for 15–20 h. All constructs
were purified by immobilized metal affinity chroma-
tography on Talon resin (Clontech), eluted in buffer
containing 50 mM Hepes (pH 7.4), 300 mM NaCl,
0.1 mM PMSF, 2 mM benzamidine–HCl, and
250 mM imidazole. Proteins requiring further purifica-
tion were passed over a HiPrep 26/60 Sephacryl
S-200 HR size exclusion column (GE Healthcare)
using a buffer containing 50 mM Hepes (pH 7.2),
100 mMKCl, 2 mMDTT, and 0.1 mMPMSF. Purified
constructs were dialyzed against PLS buffer (10 mM
Hepes, 30 mM KCl, 2 mM MgCl2, 0.5 mM EGTA,
2 mM DTT, and 0.1 mM PMSF). Plastin constructs
were flash-frozen in liquid nitrogen and stored at
−80 °C. Proteolytic removal of the N-terminal 6xHis-
tagwas accomplished by the addition of 6xHis-tagged
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TEV protease at 1:20 mol ratio to plastin constructs
followed by 3-h incubation at 25 °C and the removal
of the enzyme by immobilized metal affinity chroma-
tography. The removal of the tag had only mild effect
on the bundling abilities of all three isoforms (Fig. S1),
but was deleterious for protein stability and there-
fore was not generally applied to the rest of the
experiments.

Actin bundling and binding sedimentation assays

Ca2+ in the nucleotide cleft of G-actin was switched
to Mg2+ by adding MgCl2 and EGTA to 0.1 mM and
0.5 mM, respectively, and incubating on ice for 10 min.
The Mg2+–G-actin was then polymerized by supple-
menting MgCl2 to 2 mM, KCl to 30 mM, and Hepes
(pH 7.0) to 10 mM, and incubating at room tempera-
ture for 30 min. For actin-bundling assays, actin was
used at a final concentration of 5 μM; and each plastin,
from0.5 to 10 μM.When required,CaCl2wasadded to
0.5 mM free Ca2+ concentration (calculated using
online resource†). For actin-binding reactions, plastins
were used at a final concentration of 5 μM; and actin,
from 1 to 50 μM. Calcium reactions contained Ca2+ at
a final free concentration of 1 mM. Reaction mixtures
were incubated overnight at 4 °C followed by 1 h at
room temperature. Bundling reactions were spun at
25 °C and 17,000g for 15 min. Binding reactions were
spun at 25 °C and 300,000g for 30 min. Supernatants
and pellets were carefully separated and analyzed on
SDS-polyacrylamide gel, stained with Coomassie
Brilliant Blue, and quantified using ImageJ software
[74,75]. To quantify bundling efficiency, data were fit to
the Hill equation:

% Actin Bundled ¼ PLS½ �n
K A

n þ PLS½ �n ;

where n is the Hill coefficient and KA
n is the con-

centration of plastin at 50% actin bundled.
Kd values were determined by fitting the experi-

mental data to the binding isotherm equation:

Fraction PLS Bound

¼
P þ Aþ K d−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P þ Aþ K dð Þ2−4PA

q

2P
;

where P is the concentration of plastin and A is the
concentration of F-actin.

Light scattering assays

Light scattering for evaluating Ca2+ sensitivity of
plastins was measured at 90° to the incident light
using a FluroMax-3 spectrofluorometer (Jobin Yvon
Horiba), with excitation and emission wavelengths set
to 330 nm. Polymerized actin (5 μM) was incubated
with 1 μM plastin for 1 h at room temperature before
measurement. After 1 min of initial measurements,
CaCl2 was added at small increments and light
scattering was measured for 30 s at 10-s intervals.
Buffer composition and calculation of free Ca2+ ion
concentrations were as described above for actin--
bundling experiments. The three measurements for
each concentration were averaged and normalized
from 0 to 100% bundled actin. The pCa50 values were
determined by logistic fitting using Origin software
(OriginLab).

HP–ABD1/actin-binding sedimentation assays

Binding assays were set up as described above.
To circumvent the overlapping actin and HP–ABD1
bands on SDS-gel due to their similar molecular
masses, after incubation and sedimentation, pellets
were soaked in G-buffer containing gelsolin segment
1 (GS1; 1.2:1 M ratio to total actin) to assist in
depolymerization of actin filaments and sequestering
G-actin. ACD toxin (purified as described [55]) was
added at 1:50 M ratio to actin and incubated at room
temperature for 30 min before a second 1:50 addition
to ensure complete crosslinking of the actin mono-
mers and therefore shift their mobility above the HP–
ABD1 band on the gel (Fig. 6c). To assess binding
capabilities of the fraction of HP–ABD1 remaining in
the supernatant (S1) after the initial centrifugation
with F-actin, S1 was supplemented with either 1 mM
EGTA or 1 mM CaCl2 and F-actin was added to a
concentration of 25 μM. Reactions were thereafter
treated as above including the use of ACD.

Limited trypsinolysis and mass spectrometry

Plastins were diluted to 0.5 mg/mL in cleavage
buffer [10 mM Hepes (pH 7.5), 150 mM NaCl] sup-
plemented with either EGTA or CaCl2 (2 mM final
concentration). Cleavage was initiated by the addition
of trypsin to a final concentration of 2.5 μg/mL,
allowed to proceed at 30 °C, and halted at given
time points by adding equal volumes of 2× reducing
SDS-PAGE sample buffer supplemented with 1 mM
PMSF. When indicated, melittin (GenScript) was
added to PLS3 at 2:1 M ratio. Mass spectrometry
was performed as described [76]. Briefly, peptide
masses were confirmed by MALDI-TOF-MS (Bruker
Daltonics Microflex) using flexControl 3.3 and flex-
Analysis 3.3 software. HCCA was used for the matrix,
and PeptideCalibrationStandard II (Bruker) was used
for calibration. All expected masses are reported as
the mass average.

Glutaraldehyde crosslinking assays

Plastin constructs were combined at 10 μM in
20 mM Hepes (pH 7.5) and either 2 mM EGTA or
2 mM CaCl2 and incubated for 1 h at 4 °C. Glutar-
aldhyde was added to a final concentration of
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10 mM, and the reactions were incubated at 37 °C
for 5 min. Crosslinking was terminated by the
addition of 90 mM Tris–HCl (pH 7.5) before adding
equal volume of 2× reducing SDS-PAGE sample
buffer.

Native PAGE protein–protein interaction assays

PLS2 ABD1 and ABD2 constructs at 10 μM and
PLS3 HP at 20 μM were combined in PLS buffer
containing either EGTA or CaCl2 at 2 mM and
incubated for 1 h at 4 °C. The reactions were run
on non-SDS polyacrylamide gels, cast with the
addition of either EGTA or CaCl2, at 4 °C for 2.5 h
and otherwise standard conditions except in the
absence of SDS.

Labeling proteins with fluorescent probes

To label plastin constructs with FM and actin with
TMR, proteins were incubated for 1 h on ice in the
presence of 10 mM DTT. Reducing agent was
removed by a repeated passing through a NAP5
desalting column (GE Healthcare) equilibrated with
G-buffer lacking β-mercaptoethanol. Fluorescent
probe was added at 1.5-M excess to protein and
incubated overnight on ice. At this point, labeled
plastins were passed through a NAP5 column
equilibrated with G-buffer to remove excess probe.
To enrich TMR-labeled non-polymerizable actin [77],
polymerization was initiated as described above and
polymerized actin was separated from the labeled
actin by centrifugation at 300,000g for 30 min at
4 °C. Excess probe was removed from the resulting
supernatant by passing it through NAP5 column
equilibrated with G-buffer.

FRET experiments

All solutions were degassed prior to the experi-
ment. Actin was polymerized as described above,
except that filaments of TMR–actin were stabilized
by 1.2-M excess of phalloidin, which does not affect
PLS–actin interactions [45]. TMR–actin (FRET
acceptor) was added to a final concentration of
5 μM and FM–PLS3 constructs (FRET donors) were
added at 1 μM for “non-bundling” and 5 μM for
“bundling” conditions, and reactions were incubated
at room temperature for 1 h prior to measurement.
Unlabeled phalloidin-stabilized actin was used for
“donor only” controls to account for potential
changes in donor fluorescence upon interaction
with actin. Fluorescence emission spectra were
measured using FluroMax-3 spectrofluorometer
(Jobin Yvon Horiba), with excitation wavelength set
to 470 nm. Fluorescence intensities were corrected
for the amount of plastin bound to actin as measured
by co-sedimentation at high or low speed to assess
the extent of binding and bundling as described
above. FRET efficiency (ηFRET) was calculated by
donor quenching and normalized to the bound
fraction of plastins using the following equation:

ηFRET ¼ 1−
IDA
ID

;

where IDA is the intensity of bound donor (FM–PLS)
in the presence of acceptor (TMR–actin) and ID is the
intensity of bound donor in the absence of acceptor
but presence of unlabeled actin. Fluorescence from
free plastin (calculated from pelleting experiments)
was assumed to not contribute to FRET and there-
fore was subtracted from both IDA and ID values used
in the equation. Predicted ηFRET for the FM-S540C
and TMR–actin pair was calculated by aligning PLS3
(structure modeled using the Phyre2 Web portal
[78]) to PLS2 ABD2 bound to F-actin (3BYH; [39])
and measuring the distance between the α-carbons
of PLS3 S540 and actin C374. The measured dis-
tance was used in the following equation to predict
ηFRET:

ηFRET ¼ R0
6

R0
6 þ r 6

;

where R0 is the Förster radius of the donor/acceptor
pair of (55 Å [58]) and r is the measured distance
between PLS3 Ser540 and actin Cys374 (25.7 Å).
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