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Brefeldin A-inhibited guanine nucleotide-exchange factors BIG1
and BIG2 activate, through their Sec7 domains, ADP ribosyla-
tion factors (Arfs) by accelerating the replacement of Arf-bound
GDP with GTP for initiation of vesicular transport or activation
of specific enzymes that modify important phospholipids. They
are also implicated in regulation of cell polarization and actin
dynamics for directed migration. Reciprocal coimmunoprecipita-
tion of endogenous HeLa cell BIG1 and BIG2 with myosin IIA was
demonstrably independent of Arf guanine nucleotide-exchange
factor activity, because effects of BIG1 and BIG2 depletion were
reversed by overexpression of the cognate BIG molecule C-terminal
sequence that follows the Arf activation site. Selective depletion
of BIG1 or BIG2 enhanced specific phosphorylation of myosin
regulatory light chain (T18/S19) and F-actin content, which impaired
cell migration in Transwell assays. Our data are clear evidence of
these newly recognized functions for BIG1 and BIG2 in transduction
or integration of mechanical signals from integrin adhesions and
myosin IIA-dependent actin dynamics. Thus, by anchoring or scaffold-
ing the assembly, organization, and efficient operation of multi-
molecular myosin phosphatase complexes that include myosin IIA,
protein phosphatase 1δ, and myosin phosphatase-targeting sub-
unit 1, BIG1 and BIG2 serve to integrate diverse biophysical and
biochemical events in cells.

Cell migration requires the coordinated spatiotemporal regu-
lation of actomyosin function for alterations in cell shape

and adhesion. Nonmuscle myosin II (NM II) is critical for reg-
ulation of structural remodeling and migration of nonmuscle
cells. NM II comprises two heavy chains of 230 kDa, two 20-kDa
regulatory light chains (RLCs), and two 17-kDa essential light
chains that assemble into bipolar filaments with actin-stimulated
ATPase activity. The resultant contractility and actin cross-
linking drive assembly of actin filaments that form the actin cy-
toskeleton (1). In mammalian cells, NM II heavy chain proteins
(NMHC) IIA, IIB, and IIC encoded, respectively, by three genes
(Myh9, Myh10, and Myh14), are 60–80% identical. Three hex-
americ isoforms of NM II named NM IIA, IIB, and IIC, with
both shared and unique properties, are designated by NMHC
component, which accounts for their differences, and all function
in events like cell polarization, migration, and adhesion that in-
volve mechano-sensing and motility (2, 3).
Reversible phosphorylation of specific amino acids in the pair

of RLCs and/or the heavy chains alters NM II activity. Without
phosphorylation, NM II folds into a compact structure, in which
one head interacts with the second head of the same molecule.
The tails interact also with the heads to prevent ATP hydrolysis
and thereby filament assembly. Phosphorylation of RLC on T18
and/or S19 disrupts head–head and head–tail interactions and
promotes the formation of contractile actin bundles by enhanc-
ing the actin-activated ATPase of NM II (1). Rho-associated
protein kinase (ROCK) (4), myotonic dystrophy kinase-related
Cdc42-binding kinase (5), and myosin light chain kinase (MLCK)
(6), the kinases most widely implicated in RLC T18 and/or S19
phosphorylation, are controlled by different signaling pathways.
MLCK was activated by Ca2+-calmodulin (6), whereas the small

GTPase RhoA activated ROCK (4). Dephosphorylation of RLC
T18 and/or S19 was catalyzed by myosin phosphatase, a hetero-
trimeric enzyme comprising the 130-kDa myosin phosphatase-
targeting subunit 1 (MYPT1), the 37-kDa catalytic subunit of
protein phosphatase type 1δ (PP1cδ), and a 20-kDa subunit of
unknown function (7). Myosin phosphatase and NM II are asso-
ciated by direct interaction of the latter with both the PP1cδ and
MYPT (8–11). Phosphorylation of MYPT was reported to alter
the interaction of myosin phosphatase with NM II (7, 12) and
myosin phosphatase catalytic activity (7, 13, 14).
Brefeldin A-inhibited guanine nucleotide-exchange proteins

(BIG)1 (∼200 kDa) and BIG2 (∼190 kDa), which were initially
purified together in a ∼670-kDa complex from bovine brain cy-
tosol (15–17), like other members of the Sec7 family of ADP
ribosylation factor (Arf) guanine nucleotide-exchange factors
(GEFs), accelerate replacement of Arf-bound GDP with GTP to
generate active Arf-GTP. Association of Arf-GTP with mem-
branes, along with coat proteins and adaptors from cytosol, ini-
tiates vesicle formation for transport of cargo between Golgi
and plasma membrane (PM) (15, 17–19). Microscopically, BIG1
was seen concentrated at trans-Golgi network, where it partially
overlapped BIG2, which was associated also with recycling
endosomes (19–21). Functions of BIG1 and BIG2 at the trans-
Golgi network were described as redundant (22), although each
protein clearly has specific roles that are not shared with the
other. BIG1 was required for Golgi integrity, correct glycosyla-
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tion of mature integrin β1 (23), and directed migration during
wound healing (24). In contrast, BIG2 was involved in recycling
of internalized transferrin receptors (21) and integrin β1 (25) to
the cell surface, and in regulation of tumor necrosis factor re-
ceptor release in exosome-like vesicles (26). Besides the catalytic
GEF activity of the Sec7 domain, there are additional highly
conserved domains and sequences in BIG1 and BIG2 that remain
functionally less well defined (27). They may act as scaffolds or
platforms for assembly of multimolecular complexes required for

integration of diverse signals that regulate several cellular processes.
Both BIG1 and BIG2 molecules contain A kinase-anchoring pro-
tein sequences in their N-terminal region that bind specific regu-
latory subunits of protein kinase A (PKA) and act as scaffolds
for assembly of multimolecular machines that limit intracellular
PKA-cAMP signaling in time and space (28). PP1γ (29) and
phosphodiesterase 3A (30) that, respectively, dephosphorylate
PKA-modified BIG1 and BIG2 and terminate cAMP signals, have
been identified in complexes with BIG1 and/or BIG2.

Fig. 1. Co-IP of endogenous NMHC IIA with BIG1 and BIG2: co-IP of BIG2 with IIA increased after BIG1 depletion. Samples [5%, Input (In)] of HeLa cell
proteins used for IP (100 μg) and immunoprecipitated proteins were analyzed by Western blotting with indicated antibodies and densitometric quantifi-
cation. (A) Proteins from IP with control IgG (50%) or antibodies against BIG1 (25%) or BIG2 (50%) reacted with antibodies against NMHC IIA, -B, or -C or BIG1
or -2. (B) Proteins (50%) from IP with NMHC IIA (IIA) antibodies or control IgG reacted with BIG1 or -2 or IIA antibodies. (C) Effects of BIG2 siRNA depletion on
IP of BIG1 (25%) or with control IgG (50%). (D) Effects of BIG1 depletion on IP with control IgG or BIG2 antibodies (50%). Data are reported as in C. *P < 0.005
vs. NT. (E) Effects of BIG1 or BIG2 depletion on IP of IIA (25%) or with control IgG (50%). Data are reported as in C, with representative blot on left. *P < 0.01
vs. NT. (F) Diagram of N-terminal-tagged full-length BIG1 and fragment sequences used in plasmids (pCMV-HA vector) plus EGFP-NMHC IIA to cotransfect cells
24 h before preparation of extracts. (G) Samples of extracts before IP (Input) and of proteins from IP (25%) with antibodies against GFP (IIA) or HA (BIG1) were
reacted with tag antibodies on Western blots.
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Depletion of BIG1 or BIG2 was reported to decrease cell
motility as well as actin-based membrane protrusions (24, 25),
although the mechanisms through which these proteins altered
cytoskeleton dynamics remain unclear. Here, we provide evidence
that NM IIA activity in HeLa cells, which is crucial for actin stress
fiber formation, is also influenced by previously unrecognized in-
teractions with the C termini of BIG1 and BIG2, independent of
Arf GEF activity, in complexes that include PP1cδ, and MYPT1.

Results
Interaction of NMHC IIA with BIG1 and BIG2. NMHC IIA was im-
munoprecipitated in multiprotein complexes from HeLa cell
lysates with antibodies against BIG1 or BIG2 and identified via
liquid chromatography MS/MS analysis of tryptic peptides from
the collected proteins. To assess potential interactions of NMHC
IIA with BIG1 and/or BIG2, we analyzed proteins coimmuno-
precipitated from HeLa cells with antibodies against BIG1 or
BIG2 (which often partially coprecipitate the other protein).
Approximately 5% of the total cellular NMHC IIA was among
proteins collected by BIG1 immunoprecipitation (IP), and ca.
1% by BIG2 IP, whereas no NMHC IIB or IIC was detected,
although their presence in the cells was clear (Fig. 1A). IP of
endogenous NMHC IIA also yielded BIG1 and BIG2 (Fig. 1B).
BIG1 and BIG2 interactions with NMHC IIA were further

explored after selective depletion of BIG1 or BIG2 with siRNA.
Although BIG2 depletion did not alter IP of NMHC IIA by BIG1
antibodies (Fig. 1C), IP of BIG2 after BIG1 depletion yielded
approximately twice as much NMHC IIA (Fig. 1D), suggesting
BIG1 priority in competition of the endogenous proteins for in-
teraction with NMHC IIA. IP of NMHC IIA similarly yielded
more than twice as much BIG2 from BIG1-depleted as from
control (nontargeted, NT) cells (Fig. 1E).

To identify regions of the BIG1 molecule that interacted with
NMHC IIA, HeLa cells were cotransfected with constructs en-
coding BIG1 amino acids 1–1849 (F, full-length), 1–885 (N),
698–885 (S), or 886–1849 (C) with N-terminal HA tags (Fig. 1F)
and GFP-NMHC IIA (full-length) 24 h before preparation of
lysates for IP with antibodies against GFP or HA. Neither HA-
BIG1-N nor HA-BIG1-S was among proteins collected by IP of
GFP-NMHC IIA, which did include HA-BIG1-F or HA-BIG1-C
(Fig. 1G, Center). IP of HA-BIG1 or its fragments with HA
antibodies yielded GFP-NMHC IIA only with the BIG1-F and
BIG1-C proteins (Fig. 1G, Right), consistent with the conclu-
sion that NMHC IIA interacted with structural elements in the
C-terminal region of BIG1.

Effects of BIG1 or BIG2 Depletion on RLC Phosphorylation and Actin
Organization. Reversible phosphorylation of RLC T18 and S19
determines MN IIA activity (1, 31). After BIG1 or BIG2 de-
pletion (Fig. 2A), phosphorylation of RLC T18 and S19 was
more than twice that in cells treated with the NT siRNA or ve-
hicle alone. To evaluate specificity of these effects, their re-
versibility by overexpression of the appropriate BIG1 or BIG2
protein was assessed (Fig. 2 B and C) and confirmed participa-
tion of BIG1 and BIG2 in regulation of RLC phosphorylation.
Distributions of phosphorylated RLC in BIG1- or BIG2-

depleted and control cells were compared microscopically (Fig.
2D and Fig. S1). BIG1 or BIG2 siRNA treatment increased
significantly the mean fluorescence intensity of phospho-RLC
(T18/S19) in each cell (Fig. 2D). Linear arrangements of phos-
pho-RLC that colocalized with F-actin were clear in BIG1- or
BIG2-depleted cells (Fig. S1). Because NM II activity is known
to be related to F-actin organization, we looked for effects of
BIG1 or BIG2 depletion on F-actin morphology. Stress fibers
were significantly more prominent after BIG1 or BIG2 depletion

Fig. 2. Endogenous RLC phosphorylation and stress fibers increased after BIG1 or BIG2 depletion. (A) Cells were incubated with vehicle alone (None), or
nontarget (NT), or specific BIG1 or BIG2 siRNA for 72 h before analysis of proteins by Western blotting and densitometric quantification. *P < 0.001 vs. NT.
(B and C) After incubation with BIG1 (B) or BIG2 (C) siRNA as in A, cells were incubated with 4 μg of empty vector (EV) or 1, 2, or 4 μg of full-length HA-BIG1 or
GFP-BIG2 DNA for 24 h before analysis of proteins. Data are presented as in A. *P < 0.001 vs. NT, **P < 0.005 vs. BIG1 siRNA + EV (B); *P < 0.002 vs. NT, **P <
0.005 vs. BIG2 siRNA + EV (C). (D and E) Cells, incubated for 72 h with vehicle (Mock) or with control (NT) or BIG1- or BIG2-specific siRNA were fixed and
reacted with antibodies against phospho-RLC (p-RLC) (D) or NMHC IIA (E) plus Alexa Fluor 594-conjugated phalloidin (F-actin). Mean fluorescence intensity
(arbitrary unit, AU) of phospho-RLC (D) or F-actin (E) in outlined area of each cell (>50 in each population) was measured in pixels by ImageJ software. *P <
0.005 vs. NT. Images of representative cells are in Fig. S1. (F) Samples (5%, In) of cell proteins (100 μg) used for IP or of those collected with control IgG or
antibodies against BIG2 (50%) or BIG1 (50%) were subjected to Western blotting with anti-ROCK1, ROCK2, or MLCK antibodies.
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than in control cells (Fig. 2E), consistent with the effects of BIG1
or BIG2 on RLC phosphorylation.
Because RLC phosphorylation is determined by opposing ac-

tivities of kinase and phosphatases (1), we looked for association
of BIG1 and BIG2 with three known NM II kinases, ROCK1,
ROCK2, and MLCK, none of which was detected after BIG1 or
BIG2 IP (Fig. 2F), providing no evidence of its association with
BIG1 or BIG2.

Effects of BIG1 or BIG2 Depletion on RLC Phosphatase. Endogenous
PP1, reported to be responsible for dephosphorylation of myosin
IIA (7), was among proteins collected by BIG1 and/or BIG2 IP
(Fig. 3A). More notably, however, co-IP of PP1 with NMHC IIA
was significantly decreased after BIG1 or BIG2 depletion (Fig. 3
B and C), consistent with BIG1 and BIG2 influences via PP1 on
levels of RLC phosphorylation.
Mammalian cells contain α, δ (also called β), and γ forms of

PP1c (32, 33). Endogenous PP1γ was identified after IP of BIG1

or BIG2 from microsomal fractions of HepG2 cells (29). Asso-
ciation of different PP1c forms with BIG1 or BIG2 in HeLa cells
was compared, and PP1cδ was among proteins precipitated with
BIG1 or BIG2 antibodies (Fig. 3D). Consistent with the con-
clusion that PP1cδ was the catalytic subunit of the NM II phos-
phatase (34, 35), IP with PP1cδ antibodies also yielded BIG1 and
BIG2 (Fig. 3D). Similar to the findings in Fig. 3 B and C, co-IP
of PP1cδ with NMHC IIA after BIG1 or BIG2 depletion was
significantly less than that after treatment with control siRNA
(Fig. 3 E and F).
Myosin phosphatase is a heterotrimer comprising the catalytic

subunit of protein phosphatase type 1δ (PP1cδ), plus the ∼130-
kDa myosin-binding MYPT1 and a smaller subunit (M20) of
unknown function (9, 34). Phosphatase activity of the holoen-
zyme was reported to be greater than that of the free catalytic
subunit, suggesting that myosin-binding by MYPT1 facilitated
enzyme–substrate interaction (34, 35). Data in Fig. 3F are con-

Fig. 3. Co-IP of endogenous PP1cδ and MYPT1 with NMHC IIA decreased after BIG1 or BIG2 depletion. Samples of total proteins before (5%, In) or from IP
with control IgG or indicated antibodies were analyzed by Western blotting. (A) Proteins from IP of BIG1 (25%) or BIG2 (50%) were analyzed by Western
blotting with antibodies against BIG1, BIG2, or PP1. (B) Proteins (50%) from NMHC IIA IP of extracts of cells incubated 72 h without (None) or with indicated
siRNA were reacted with antibodies against PP1, BIG1, BIG2, NMHC IIA, and GAPDH. (C) Data from three experiments like that in B. *P < 0.01 vs. NT. (D)
Proteins from IP of BIG1 (25%), BIG2 (50%), or PP1cδ (50%) were reacted with antibodies against PP1cδ, BIG1, or BIG2. (E) Cells were incubated for 72 h
without or with siRNA before IP of NMHC IIA from extracts. (F) Data from three experiments like that in E.*P < 0.005 vs. NT. (G) Proteins from IP with control
IgG (50%) or antibodies against BIG1 (25%), BIG2 (50%), or MYPT1 were reacted with antibodies against BIG1, BIG2, or MYPT1. (H) Effect of BIG1 or BIG2
depletion on co-IP of MYPT1 with NMHC IIA. (I) Data from three experiments like that in H. *P < 0.01 vs. NT.
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sistent with the notion that BIG1 and BIG2 could influence an
NMHC IIA–PP1cδ interaction, perhaps involving MYPT1. To
test this possibility, we looked for and found endogenous MYPT1
among proteins precipitated with antibodies against BIG1 or
BIG2, but not control IgG (Fig. 3G). Reciprocal IP with anti-
bodies against MYPT1 also collected BIG1 and BIG2 (Fig.
3G). Co-IP of MYPT1 with NMHC IIA was ca. 50% lower
after BIG1 or BIG2 depletion (Fig. 3 H and I), consistent with
their participation in assembly and/or stabilization of the large
molecular complexes.
Phosphorylations of NM II RLC T18 and S19 enhance as-

sembly and activity of NM II (1). To explore whether levels of
RLC phosphorylation affected amounts of these multimolecular
complexes, three RLC constructs with C-terminal GFP tags, wild-
type RLC, nonphosphorylatable (RLC-T18A/S19A), or phospho-
mimetic (RLC-T18D/S19D), were overexpressed in HeLa cells.
As had been reported (36), cells with RLC-T18D/S19D seemed
to have more NM IIA and RLC in stress fiber-like arrangements
than did those containing wild-type RLC or RLC-T18A/S19A
(Fig. S2A). Associations of BIG1 and BIG2 with NM IIA, PP1cδ,

and MYPT1 increased as the amount of overexpressed RLC-
T18D/S19D, but not RLC-T18A/S19A, increased, consistent with
a dependence on the negative charge conferred by phosphoryla-
tion of T18/S19 (Fig. S2B).

Direct Interaction of BIG1 with NMHC IIA, MYPT1, and PP1cδ. All of
our data suggested the existence of endogenous BIG1, BIG2,
NMHC IIA, MYPT1, PPc1δ, and perhaps additional proteins in
macromolecular complexes. To evaluate possibly direct inter-
actions of individual components, proteins synthesized in vitro
(wheat germ extract) were used. BIG1, full-length or fragments,
and NMHC IIA were synthesized singly and incubated together
before IP. Approximately 2% BIG1-F and -C were found after
IP of NMHC IIA (Fig. 4 A and B). Direct interactions of MYPT1
with NM IIA and PP1cδ had been reported (11). An absence of
evidence that depletion of NM IIA affected co-IP of endogenous
MYPT1 and PP1cδ with BIG1 (Fig. S3A) was consistent with
direct interactions of BIG1 and those two proteins, which was
confirmed by co-IP of ca. 2% in vitro-synthesized HA-BIG1-C
with MYPT1 and PP1cδ (Fig. 4 C–F). Despite >70% sequence

Fig. 4. Direct interactions of in vitro-synthesized full-length BIG1 and its C fragment with NMHC IIA, MYPT1, and PP1cδ. (A and B) BIG1, full-length and three
fragments (BIG1-N, -S, and -C), with N-terminal HA tags and NMHC IIA (pCMV6-XL6-myosin IIA) were synthesized singly in wheat germ extract systems and
incubated together as indicated before IP of NMHC IIA. Samples of in vitro-synthesized proteins before (5%, In) and from IP (50%) with antibodies against
NMHC IIA were reacted with antibodies against (A) BIG1 or (B) HA or NMHC IIA. Arrow indicates BIG1-N, arrowhead BIG1-S, and asterisk BIG1-C. (C and D)
Samples of in vitro-synthesized full-length BIG1 and c-myc-MYPT1 or c-myc-PP1cδ were mixed before IP with antibodies against c-myc and reaction of col-
lected proteins (50%) with indicated antibodies. (E and F) In vitro-synthesized MYPT1 or PP1cδ and HA-tagged fragments of BIG1 were mixed as in B before IP
of c-myc and reaction of collected proteins with antibodies against c-myc (MYPT1 or PP1cδ) or HA (BIG1).
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identity of the two C fragments, no interaction of BIG2-C with
MYPT1 or PP1cδ was detected (Fig. S3 B and C).

Direct Interaction of BIG2 with BIG1 and NMHC IIA, but Not MYPT1 or
PP1cδ. After incubation of in vitro-synthesized BIG2 and NMHC
IIA, BIG2 IP collected approximately 1% of added NMHC IIA
(Fig. 5A). Similarly, ca. 1% BIG2-C fragment was present after
IP of NMHC IIA (Fig. 5B), whereas co-IP of myc-tagged
MYPT1 or PP1cδ with BIG2 was not detected (Fig. 5 C and D).
Because BIG1 apparently interacted directly with MYPT1 and
PP1cδ (Fig. 4), IP of BIG2 was expected to yield MYPT1 and
PP1cδ with the presence of BIG1, as shown in Fig. 5 E and F.
After depletion of endogenous BIG2, co-IP of BIG1 with
MYPT1 and PP1cδ was ∼40% less than that from control cells
(Fig. S4 A and B), suggesting a significant role for BIG2 in this
complex, despite failure to show direct interactions with those
two proteins.
To explore further interactions among RLC and PP1cδ, BIG1,

or BIG2, in vitro-synthesized molecules were used, with associ-
ation of RLC and NMHC IIA as positive control (Fig. S4C).
When BIG1 and BIG2, plus PP1cδ and RLC were synthesized
singly and mixed together before IP, RLC was collected with IP
of PP1cδ (i.e., both BIG1 and BIG2 apparently participated in
the interactions of these proteins with RLC) (Fig. S4 D–F).

Overexpression of BIG1-C or BIG2-C Fragments Reversed Effects of
BIG1 or BIG2 Depletion on Cell Migration and Actin Cytoskeleton.
Because NM IIA is critical in cell motility, roles of BIG1 and
BIG2 in cell movement were evaluated by Transwell migration
assays, and findings were consistent with reports that depletion
of BIG1 or BIG2 interfered with cell migration, albeit in dif-
ferent ways (23–25, 37). Motility of HeLa cells transfected with
BIG1 or BIG2 siRNA was significantly impaired relative to that
of cells transfected with NT siRNA, and overexpression of BIG1
or BIG2, full-length or C fragment, but not N or S fragments,
reversed those effects (Fig. 6A and Fig. S5). Effects on stress
fibers were similar, perhaps reflecting the changes in RLC
phosphorylation (Fig. 6 B and C). Reversal of effects of BIG1 or
BIG2 depletion on co-IP of PP1δ and MYPT1 with NMHC IIA
(Fig. S6 A–D) was associated with dephosphorylation of RLC
(Fig. S6E). Because C fragments effectively replaced the full-
length proteins in these experiments, a dependence on Arf GEF
activity was excluded.

Discussion
NM II action is fundamental in cell migration (1) through reg-
ulation of localized contraction of the actin cytoskeleton, main-
tainence of cell polarity, modulation of cell adhesions, and
retraction of trailing edges. Here we showed that endogenous
NMHC IIA, RLC, MYPT1, and PP1cδ were coimmunoprecipi-
tated from HeLa cells with BIG1 and BIG2. Depletion of BIG1
or BIG2 decreased co-IP of MYPT1 and PP1cδ with NMHC
IIA, enhanced phosphorylation of RLC T18 and S19, and led to
increased content of F-actin fibers that impaired cell movement.
Effects of BIG1 or BIG2 depletion on RLC phosphorylation,
actomyosin filament remodeling, and cell migration were re-
versed, at least in part, by overexpression of BIG1 or BIG2, re-
spectively, or the C-terminal fragments of those molecules that
did not include the catalytic Arf GEF Sec7 domain. On the basis
of these data, we propose a newly recognized role for BIG1 and
BIG2, namely their contributions to critical interactions of myosin
phosphatase and NMHC IIA that modulate NM IIA activity.
Increased RLC phosphorylation could result from reduced

myosin phosphatase amount or activity (7, 38), or elevation of
kinase levels or action (6, 10, 39). BIG1 and BIG2 in HeLa cells
were apparently associated with NMHC IIA, and RLC phos-
phorylation was significantly increased after BIG1 or BIG2 de-
pletion, consistent with a role for BIG1/BIG2 in multimolecular
complex that regulates RLC activity. We found no evidence of
RLC kinase, MLCK, ROCK1, or ROCK2 among proteins pre-
cipitated with BIG1 or BIG2 antibodies. Co-IP of catalytic PP1cδ
with BIG1 or BIG2 was clear, however, and co-IP of PP1cδ or
MYPT1 with NMHC IIA was significantly decreased after BIG1
or BIG2 depletion. It seemed that BIG1 or BIG2 could affect
RLC phosphorylation via interactions with myosin phosphatase
that included PP1cδ and MYPT1. BIG1 or BIG2 depletion re-
duced co-IP of myosin phosphatase with NM IIA, consistent with
loss of the phosphatase from actomyosin filaments (stress fibers),
leading to accumulation of phospho-RLC, but other mechanisms
through which BIG1 or BIG2 depletion might affect the phos-
phatase activity or localization could not be excluded.
In fibroblasts, myosin phosphatase was localized to actin-

myosin stress fibers (40, 41), and MYPT1 association with stress
fibers in HeLa cells suggests a potential role for it in cellular
localization of the heterotrimeric phosphatase. Regulation and
intracellular targeting of myosin phosphatase are, however,
complex and incompletely understood. Myosin phosphatase was
reported also in cytosol and at the PM (40, 42), as was the
presence of MYPT1 at several other intracellular sites. Myosin
phosphatase is known to dephosphorylate several substrates,
including adducin, moesin, tau, MAP, and a transcriptional re-
pressor HDAC7, perhaps reflecting functions in addition to
myosin regulation (7). Our co-IP and other in vitro experiments

Fig. 5. Interaction of in vitro-synthesized BIG2 with BIG1 and NMHC IIA, but
not MYPT1 or PP1cδ. BIG2, full-length (FL) and three fragments (BIG2-N, -S,
and -C) with N-terminal HA tags and other proteins were synthesized singly
in wheat germ extracts and mixed before IP and analyses of collected pro-
teins. (A) After mixing BIG2 and NMHC IIA, samples before (In, 5%) and from
IP with control IgG or anti-BIG2 antibodies (50%) were reacted with anti-
bodies against BIG2 or NMHC IIA. (B) HA-tagged BIG2 fragments were mixed
with NMHC IIA before IP with antibodies against NMHC IIA for analysis of
collected proteins. Arrow indicates BIG2-N, arrowhead BIG2-S, and asterisk
BIG2-C. (C and D) BIG2, MYPT1, and PP1cδ were mixed as indicated before IP
with control IgG or antibodies against BIG2 that failed to collect MYPT1 (C)
or PP1cδ (D). (E) BIG2, c-myc-MYPT1, and HA-BIG1 were mixed before IP with
BIG2 antibodies that collected both MYPT1 and HA-BIG1. (F) IP of BIG2 after
incubation of BIG2, PP1cδ, and BIG1 yielded PP1cδ with BIG2 and BIG1.
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suggested the existence of multimolecular complexes comprising
BIG1, BIG2, NM IIA, MYPT1, and PP1δ (i.e., including both
substrate and phosphatase). In such assemblies, BIG1 might
interact directly with the other four components through its
C-terminal region, serving as the core of a macromolecular
“machine.” By apparently interacting directly with BIG1 and NM
IIA, but not MYPT1 and PP1cδ, BIG2 could contribute to sta-
bilization and/or coordination of function components in a regu-
latory molecular structure based on interactions of BIG1 with
MYPT1 and PP1cδ. Although the mechanistic details of this BIG1
role remain unclear, via interactions with NM IIA and myosin
phosphatase, it might be required, at least in part, for targeting
and action of the enzyme on phospho-RLC or could influence
phosphorylation of MYPT1 and thus phosphatase activity (43–47).
We do not know how BIG1/2 is recruited to or retained at appro-
priate sites, or, in fact, the intracellular location of the complexes

that were immunoprecipitated, but they do seem to be related to
RLC phosphorylation.
In vitro experiments had shown that phosphorylation of RLC

interfered with the assembly of NM II filaments (48). In cells,
bipolar myosin filaments comprising 14–20 molecules can in-
teract with actin filaments in thick bundles to form structures like
stress fibers (1). HeLa cell RLC phosphorylation was signifi-
cantly increased after depletion of BIG1 or BIG2, and the levels
of actin stress fibers were >30% higher than those in control
cells. These findings are consistent with reported promotion and
stabilization of stress fibers by phospho-RLC (49, 50), as well as
the increased HeLa cell stress fibers after silencing MYPT1 (50).
MYPT1 binding to PP1cδ altered conformation of the catalytic
cleft, increasing enzyme activity and specificity (51). MYPT1/
PP1cδ phosphatase activity is itself controlled by phosphorylation
catalyzed by several kinases, e.g., ROCK (52–54). Future work
will be directed toward understanding how the association of

Fig. 6. Overexpression of BIG1-C or BIG2-C reversed effects of BIG1 or BIG2 depletion on cell migration and stress fiber content. (A) After 72-h depletion of
BIG1 or BIG2, cells were incubated for 24 h with EV, or BIG1- or BIG2-full length (F) or indicated fragments, before Transwell migration assays. Cells on
undersides of filters after 4 h at 37 °C were fixed, stained with crystal violet, and counted as described in Materials and Methods. Data are means ± SEM of
values from three experiments. *P < 0.005 vs. NT, **P < 0.01 vs. BIG1 siRNA + EV, ***P < 0.05 vs. BIG2 siRNA + EV. (B) Cells were incubated with vehicle (mock)
or siRNA, either nonspecific (NT) or specific for BIG1 or BIG2, before transfection with indicated N-terminal HA- or GFP-tagged BIG1 or BIG2 constructs. After
24 h, cells were fixed, reacted with antibodies against HA, and stained for F-actin by Alexa Fluor-594-phalloidin before microscopy and imaging. (Scale bar,
10 μm.) (C) Box-blot analysis of integrated phalloidin intensity per cell area for each group (dotted line, mean; box, 25th, 50th, and 75th percentile; whiskers,
maximum and minimum). Data for 40 cells from each of three experiments were analyzed. *P < 0.05, **P < 0.01, ***P < 0.001.
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MYPT1–BIG1–BIG2 serves in the spatiotemporal regulation of
myosin during cell migration.
The relatively recently recognized effect of BIG1 depletion on

directional persistence of cell migration in wound-healing assays
(24), revealed unanticipated functions of BIG1 in regulation of
cell polarization and directed migration. In moving cells, pro-
trusions that direct and drive translocation contain two kinds of
actin-based structures, the lamellipodium and lamellum (55, 56).
NM II in the lamellum controls retrograde actin flow and pro-
motes adhesion maturation, thereby limiting protrusion, sug-
gesting a negative role of NM II in cell migration (57–60). In our
migration assays, HeLa cell motility was significant impaired
after BIG1 and/or BIG2 depletion, perhaps because RLC phos-
phorylation caused cross-linking with actin, and the actin-bundling
function of NM IIA is critical to adhesion maturation (60). Acti-
vation of Arf1, a substrate of BIG1 and BIG2 GEFs, was reported
to affect migration of MDA-MB-231 and HeLa cells (61, 62).
Although effects of BIG1 or BIG2 depletion on HeLa cell mi-
gration might well have been due, at least in part, to interference
withArf activation, we showed that regions of BIG1orBIG2, which
when overexpressed reversed effects, respectively, of BIG1 or
BIG2 depletion, did not include the Arf-activating Sec7 domain.
On the basis of the data presented here, we propose that BIG1,

BIG2, NMHC IIA, MYPT1, and PP1δ contribute to HeLa cell

function via concerted actions in macromolecular machines,
variously assembled and situated to accomplish diverse signaling
and regulatory actions that coordinate and integrate mechanical
events with multiple signaling and metabolic aspects of cell life.
Through one important segment of those interactions, BIG1 and
BIG2 can regulate RLC phosphorylation and abundance of actin
stress fibers by contributing to the interactions of NM IIA and
myosin phosphatase.

Materials and Methods
Sources of antibodies and plasmids are reported in SI Materials and Methods.
Details of IP and procedures for in vitro protein synthesis inWheat Germ Extract
System are also reported in SI Materials and Methods. HeLa cells were grown,
and Transwell assays for analyses of cell migration as well as confocal im-
munofluorescence microscopy experiments were performed as described in
SI Materials and Methods.
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