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During cell division, the mechanisms by which myosin II is
recruited to the contractile ring are not fully understood. Much
recent work has focused on amodel in which spatially restricted
denovo filament assembly occurs at the cell equator via localized
myosin II regulatory light chain (RLC) phosphorylation, stimu-
lated by the RhoA-activating centralspindlin complex. Here, we
show that a recombinant myosin IIA protein that assembles
constitutively and is incapable of binding RLC still displays
strong localization to the furrow in mammalian cells. Further-
more, thisRLC-deficientmyosin II efficiently drives cytokinesis,
demonstrating that centralspindlin-based RLC phosphoryla-
tion is not necessary formyosin II localizationduring furrowing.
Myosin II truncation analysis further reveals two distinct myo-
sin II tail properties that contribute to furrow localization: a
central tail domain mediating cortical furrow binding to heter-
ologous binding partners and a carboxyl-terminal region
mediating co-assembly with existing furrow myosin IIA or IIB
filaments.

Non-muscle myosin II, through its interaction with F-actin,
is believed to be the dominant force-producing machinery uti-
lized to separate daughter cells during cell division. Following
anaphase onset, myosin II is recruited to the equatorial cortex
where it assembles into the contractile ring. Despite much
recent progress, the exact mechanism by which myosin II is
recruited to and retained in the contractile ring in the proper
spatio-temporal manner remains unclear.
Myosin II is a member of the myosin superfamily that binds

F-actin and hydrolyzes ATP to produce force. Amonomer con-
sists of twomyosin heavy chains (“MHCs”),3 two essential light
chains (“ELCs”), and two regulatory light chains (“RLCs”) (see
Fig. 1A). TheMHCconsists of an amino-terminal globular head
domain often referred to as the “motor” domain. It is responsi-
ble for F-actin binding and ATP binding and hydrolysis. One

RLC and one ELC associate with each MHC via two IQ motifs
on a neck region linking the head and tail domain. The remain-
der of the MHC forms a continuous �-helix that interacts with
another MHC rod to create a coiled-coil-mediated dimer. At
the extreme C terminus, mammalian non-muscle myosin II
molecules contain an �30 residue “non-helical tailpiece.”
Many phosphorylation sites have been identified on both the
RLC and the MHC (1–4). The best characterized of these
sites is Thr-18/Ser-19 on the RLC, which, when phosphory-
lated, has been shown to activate myosin II by increasing the
affinity of MHC for F-actin, consequently increasing the
ATPase activity (5, 6). Phosphorylation of these sites is also
able to convert myosin II from a folded 10 S “inactive” mon-
omer into the extended 6 S monomer that readily forms
filaments (7).
Mammalian genomes contain three genes encoding non-

muscle myosin II heavy chain isoforms, mhc IIA, IIB, and IIC.
MHC IIA and IIB are widely expressed in many tissues and cell
lines, whereas IIC is expressed with a more limited distribution
(8). In mice, gene knockouts ofmhc IIA and IIB result in differ-
ing phenotypes that are only partially rescued by the other iso-
form, suggesting that both isoform-specific and overlapping
roles exist (9). Previous reports have suggested that myosin IIA
and IIB isoforms are capable of co-assembling into mixed or
heterotypic filaments (10, 11). However, there is also evidence
showing that myosin II isoforms have different subcellular
localization in non-mitotic cells, supportinga model in which
homotypic filaments are the dominant filamentous structure in
live cells (12, 13).Whether myosin IIA and IIB can co-assemble
in the contractile ring of dividing cells is not known.
The dominant model for furrow localization of myosin II

during cell division hypothesizes spatially restricted equatorial
activation and filament assembly via phosphorylation of the
RLC on Thr-18/Ser-19. The most prominent upstream signal-
ing pathway implicated in this furrow recruitment model is the
centralspindlin pathway. In this pathway, the kinesin-6 protein
MKLP1 anchors MgcRacGAP and a RhoGEF (ECT2) to the
spindle midzone (14). This in turn locally activates RhoA, lead-
ing to activation of Rho kinase and/or citron kinase, both of
which have been shown capable of phosphorylating RLC (15–
18). Centralspindlin-based signals clearly contribute to myosin
II-cytokinesis functions. However, whether these signals con-
tribute to initial myosin II binding/recruitment, to myosin II
contractile activation, or to both, is unresolved.
Another recent study reported that GFP-tagged RLC con-

structs with alanine substitutions at the activating Thr-18/
Ser-19 sites were still able to localize to the furrow of dividing
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HeLa cells, suggesting that RLC phosphorylation is not
required for myosin equatorial localization (19). However, in
that study, it was not clear how much endogenous wild type
RLC was present; thus this result may represent a tracer
amount of the T18A/S19A mutant RLC passively co-assem-
bling with a larger pool of endogenous RLC-phosphorylated
myosin II.
Another proposed model for myosin recruitment to the

equatorial region of a dividing cell is cortical flow. In thismodel,
supported by observations in both Dictyostelium and mamma-
lian cells, myosin filaments move along the cortex and into the
furrow in a motor-dependent manner (20–22). However,
recent studies using total internal reflection fluorescence imag-
ing in normal rat kidney cells revealed no detectable myosin II
cortical flow (23), raising uncertainty as towhether cortical flow
is an importantmechanism formyosin recruitment inmamma-
lian cells.
In this study, we provide the first evidence that mammalian

myosin II can localize to the furrow of dividing cells independ-
ent of the regulatory light chain. These studies demonstrate
that both robust myosin II recruitment to the furrow and effi-
cient cell division can be achieved without spatially localized
centralspindlin-mediated RLC phosphorylation. We conclude
that other mechanisms such as cortical flow (22, 24) and/or
equatorialmyosin II binding partners (25, 26)must be sufficient
for myosin II recruitment and cell furrowing in mammalian
cells. Furthermore, we show that a headless myosin construct
can localize to the contractile ring, supporting amodel inwhich
actin binding andATPase activity are not required formyosin II
recruitment. We also provide novel evidence that MHC iso-
forms are capable of co-assembling in the contractile ring.

EXPERIMENTAL PROCEDURES

DNAMutagenesis—Amino acid numbering is based onGen-
BankTM accession number NM_002473. The plasmids pEGFP-
C3-NMHC-IIA, pCMV-EGFP-NMHC-IIA�IQ2, and pCMV-
EGFP-NMHC-IIA�ACD were described previously (27). All
remaining MHC truncations were constructed using PCR
methods, and all DNA segments subjected to PCR were
sequenced to confirm the absence of PCR-generated errors.
The plasmid pEGFP-C3-NMHC-IIA-�Head was constructed
using a PCR product consisting of residue 775 through the
EcoRI site at residue 1339, with an engineered 5�-HindIII site.
This product was then ligated into pEGFP-C3-NMHC-IIA fol-
lowing removal of the HindIII-EcoRI segment. The plasmid
p-EGFP-C3-NMHC-IIA-Rod was constructed in the same
manner but begins with residue 1251. The remaining MHC
truncations (GFP-IIA-T1, T-2, and T-3) were engineered with
5�-HindIII and 3�-KpnI restriction sites. Thesewere ligated into
pEGFP-C3-NMHC-IIA following digestion with HindIII and
KpnI to remove the full-length MHC IIA.
Cell Culture and Transfection—HeLa (human cervical can-

cer) cells were purchased from Clontech and maintained in
minimal essential medium (Invitrogen) supplemented to 10%
fetal bovine serum, 1% L-glutamine, and 1% penicillin/strepto-
mycin. COS-7 (African green monkey kidney fibroblast-like)
cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented to 10% fetal bovine serum, 1% L-glutamine, and

1% penicillin/streptomycin. Cells were maintained at 37 °C, 5%
CO2. All transfections were carried out using the Lonza Group
Amaxa Nucleofector system with the following conditions
(solution, program):HeLa cells (R, I-13), COS-7 cells (R,W-01),
and COS-7 cells during siRNA (V, A24).
Immunofluorescence—Cells were fixed in 1� PBS supple-

mented to 2 mM MgCl2, 2 mM EGTA, and 4% formaldehyde.
Cells were then permeabilized in 1� PBS containing 0.5% Tri-
ton X-100. Samples were blocked in 1� PBS with 3% fetal
bovine serum and 0.1%Tween for 20min. Primary and second-
ary antibody, phalloidin, and DAPI incubations were per-
formed in blocking buffer for 1 h at room temperature. The
following antibody/stain concentrations were used: NMHC-
IIA 1:500 (Sigma, M8064), NMHC-IIB 1:500 (Sigma, M7939),
Alexa Fluor-568 phalloidin (Molecular Probes) for staining of
actin and 1 �g/ml DAPI for staining of DNA (Invitrogen). All
images are single confocal sections taken on confocal micro-
scopeswith Plan-Apochromat 63�/1.4NAoil objectives. Some
images were acquired on a Zeiss LSM 510, and some were
acquired on a Leica TCS-SP2.
Flow Cytometry to Assess Multinucleation—For immunohis-

tochemistry and flow cytometry, siRNA was performed as fol-
lows. COS-7 cells were transfected with 200 pmol of MHC IIA
or MHC IIB siRNA oligonucleotide (Dharmacon Smart Pool)
and 5 �g of the indicated plasmid using the Lonza Group
Amaxa Nucleofector system (solution V, program A24). These
cells were plated and incubated at 37 °C for 72 h. Cells were
collected using trypsin, and an equal number of cells for each
transfection were successively pelleted and resuspended in
medium containing 0.25% formaldehyde for 10 min at 37 °C,
cold 90%methanol in 1� PBS for 20min at�20 °C, 1� PBS for
1 min at 4 °C (2�), and 1� PBS containing 40 �g/ml RNase at
37 °C for 20 min and then 4 °C for 10 min. An equal volume of
1� PBS with propidium iodide was then added for a final pro-
pidium iodide concentration of 50�g/ml, whichwas allowed to
equilibrate for 1 h prior to analysis. Data were analyzed using
ModFit.
Quantitation of Furrow Intensity—Z-series of early anaphase

HeLa cells were acquired using a Leica TCS-SP2 with a Plan
Apochromat 63�/1.4 NA oil objective. Images were collected
with identical, subsaturating settings. Step size was set to 0.5
�m. The middle of the cell was defined as the slice with the
largest pole to pole distance, and this slice was used for analysis.
Line scans through the equatorial region were collected using
the NIH ImageJ software. Line width was set to 15 pixels. Line
“plot profiles” were exported from ImageJ. Data were analyzed
and graphed as box plots using SigmaPlot.

RESULTS

RLC-independent Localization of Myosin to the Furrow—To
determine whether RLC-phosphorylation-based de novo fila-
ment assembly in the furrow zone is the dominant mechanism
of myosin localization to the equatorial region of dividing cells,
we have used a GFP-tagged MHC IIA construct with a deleted
RLC binding site (GFP-IIA-�IQ2; Fig. 1, A and B). This con-
struct, previously shown to be incapable of binding RLC when
expressed in HeLa cells, displays severe overassembly in live
cells (27), and based on previous studies, is predicted to have
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constitutive motor activity (28). However, given that this myo-
sin II construct has no associated RLC, the centralspindlin
model that furrow-specific localized RLC phosphorylation
drives contractile ring assembly would predict that this con-
struct should not localize to the cytokinetic furrow.
Surprisingly,GFP-IIA-�IQ2wasable to localize to the furrowof

dividing HeLa cells with similar robustness as GFP-tagged wild-
type MHC IIA (GFP-IIA; Fig. 1C). Quantitative line scan analysis
confirmed that GFP-IIA-�IQ2 is recruited to the furrow to a sim-
ilar level as wild-type GFP-IIA (Fig. 2). This result suggests that in
mammalian cells, myosin II furrow recruitment can occur inde-
pendently of centralspindlin-based myosin II phosphorylation.
However, the GFP-IIA-�IQ2 construct is likely capable of co-as-
sembling into filaments with the endogenous MHC IIA that is
present inHeLa cells, allowing the possibility that the endogenous
MHC IIA is recruiting the GFP-IIA-�IQ2 into the furrow. To
eliminate this possibility, we used COS-7 cells, which predomi-
nantly express MHC IIB with no detectable MHC IIA (supple-
mental Fig. S1) and only trace levels of MHC IIC expression (29).
Similar to the results in HeLa cells, both wild-type GFP-IIA and
GFP-IIA-�IQ2 were capable of localizing to the furrow in COS-7
(Fig. 1D). This is not an isoform-specific property as GFP-IIB-
�IQ2was able to localize to the furrow of dividingHeLa cells that
express no endogenous MHC IIB (data not shown). This result
demonstrates that localized activation of filament assembly, via
furrow-restricted centralspindlin-driven RLC phosphorylation, is
unnecessary for myosin II recruitment to the furrow.
GFP-IIA �IQ2 Localizes to the Furrow upon Depletion of

Endogenous MHC IIB—Because it is unclear whether or not
myosin II isoforms can co-assemble into heterotypic filaments
(i.e.mixed filaments containing myosin IIA and myosin IIB), it
remained a possibility that the myosin IIB present in COS-7

cells was responsible for the furrow
localization of the GFP-IIA-�IQ2.
To determine whether the GFP-
IIA-�IQ2was being recruited to the
equatorial region via co-assembly
with endogenous myosin IIB, we
used siRNA to suppress MHC IIB
expression in COS-7 cells, in con-
junction with transfection of GFP-
MHC-IIA-�IQ2. Upon depletion of
MHC IIB (�87% knockdown; sup-
plemental Fig. S2), GFP-IIA-�IQ2 is
still able to localize to the equatorial
region of dividing cells (Fig. 3A).
These data argue that GFP-IIA-
�IQ2 can be recruited to the furrow
independently of any association
with the endogenous MHC IIB.
GFP-IIA and GFP-IIA-�IQ2 Res-

cue Multinucleation upon MHC IIB
siRNA—In agreement with previ-
ous reports (29), we found that
knockdown of MHC IIB in COS-7
cells causes a multinucleation phe-
notype and that expression of GFP-
IIA is able to rescue that phenotype

(Fig. 3,B andC). To determinewhether amyosin II lacking RLC
could also rescue this multinucleation phenotype, we trans-
fected MHC IIB siRNA together with the GFP-IIA-�IQ2 con-
struct. GFP-positive cells were then analyzed for nucleation
state using flow cytometry. Interestingly, GFP-IIA-�IQ2 was
able to rescue the multinucleation phenotype nearly as well as
wild-type GFP-IIA (Fig. 3C), indicating that this construct is
not only recruited to the furrow but is also capable of driving
efficient cell division.
Myosin IIA Can Bind to the Cortical Cytokinetic Furrow via

Two Distinct Mechanisms—One possibility for the localization
of GFP-IIA-�IQ2 in the absence of endogenous myosin is
through an association with actin via its actin binding site,
located in the amino-terminal globular motor or head domain.
Recent studies in HeLa cells examined localization behavior of
a truncated mammalian MHC IIA construct that lacked
approximately one-half of the head domain (30). Although that
construct clearly co-assembled with and disrupted stress fibers
during interphase, during cell division, it formed dramatic
punctate aggregates that did not localize to the furrow.To avoid
possible aggregation effects and to assess whether the head is
needed for furrow localization, we constructed GFP-MHC
truncations that removed the entire head domain (GFP-IIA-
�Head; this construct retains the ELC and RLC binding sites of
the neck) or that removed both the entire head and the entire
neck domains (GFP-IIA-Rod; Fig. 4A). Both of these constructs
were capable of furrow localization in dividing COS-7 cells
(Fig. 4B).
To determinewhether theGFP-IIA-Rod could localize to the

furrow independent of endogenous myosin, COS-7 cells were
transfected with the GFP-IIA-Rod together with MHC IIB
siRNA. These cells became noticeably multinucleate (Fig. 4C,

FIGURE 1. RLC-independent localization of myosin to furrow in HeLa and COS-7 cells. A, diagram of myosin
IIA. GFP was conjugated to the amino terminus of the MHC. B, diagram of GFP-IIA constructs. GFP-IIA-�IQ2
removes the RLC binding site known as the IQ2 motif. C and D, at 72 h after transfection, HeLa (C) or COS-7 (D)
cells expressing GFP-IIA (top row) or GFP-IIA-�IQ2 in early anaphase (middle row) or late anaphase (lower row)
were fixed and stained with phalloidin-568 (red) for actin and DAPI (blue) for DNA. The images in the right
column are merges of actin, DNA, and GFP channels.
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lower panels). However, in these samples, GFP-IIA-Rod still
localized reproducibly with actin in cortical regions between
separated chromosomes of anaphase cells, where one would
predict spindle-based contractile ring assembly signals to oper-

ate (Fig. 4C, arrows). However, this
localization was not as dramatic or
uniform as when endogenous myo-
sin II is present (compare Fig. 4B
and 4C), suggesting the possibility
that some of the GFP-IIA-Rod
recruitment in normal COS-7 fur-
rows was mediated through hetero-
typic filament assembly with MHC
IIB. These results demonstrate that
the full-length myosin IIA tail binds
to the cleavage furrow cortex even
when endogenous myosin II is
depleted.
To determine whether the multi-

nucleation level induced upon
expression of GFP-IIA-Rod with
MHC IIB siRNA was similar to the
multinucleation seen upon expres-
sion ofGFPwithMHC IIB siRNAor
whether the GFP-IIA-Rod is capa-
ble of any rescue, we again used flow
cytometry to analyze nucleation
state. Expression of GFP-IIA-Rod
did not rescue the multinucleation
phenotype, and in fact, appeared to
augment it (Fig. 3C). This supports
previous reports using blebbistatin,
a specific inhibitor of myosin II
ATPase, showing that myosin II
ATPase activity is necessary for
cleavage furrow ingression and
cytokinesis in HeLa cells (31).
To furthermap the tail domain(s)

that mediate cortical furrow bind-
ing, we expressed a truncated tail
fragment that extends from a region
just upstream of the previously
mapped in vitro assembly-compe-
tent domain (ACD) (32, 33) through
the non-helical tailpiece (termed
GFP-IIA-T1; Fig. 5A). As shown in
Fig. 5B, GFP-IIA-T1 shows enrich-
ment at the furrow, although its
recruitment appears to be reduced
when compared with the full-length
rod. Further truncation of this
region of the tail, from either the
carboxyl-terminal or the amino-ter-
minal ends (GFP-IIA-T2 and GFP-
IIA-T3, respectively), completely
abrogated enrichment at the equa-
torial region (Figs. 2 and 5,A and B).
This behavior suggested that GFP-

IIA-T1 might be localizing to the furrow via a co-assembly-
based mechanism.
To determine whether GFP-IIA-T1 localization at the fur-

row was through co-assembly with the endogenous MHC IIB,

FIGURE 2. GFP-IIA-�IQ2 localizes to furrow efficiently in HeLa cells. A, HeLa cells were transfected with the
indicated plasmid. Z-stacks of early anaphase cells were collected. The middle slice, defined as the slice with the
largest pole-to-pole distance, was used for analysis. A 15-pixel-wide line was drawn through the equatorial
region (shown as white boxes in panel A). B, the line scans were converted to plot profiles. C, for each furrow
analyzed, the mean furrow signal and mean cytoplasmic signal were calculated. The box plot shows the ratio of
furrow signal to cytoplasmic signal for 12 furrows per construct. The ends of the boxes define the 25th and 75th
percentile, with a line at the median and error bars defining the 10th and 90th percentiles. Dark circles indicate
the maximum and minimum. In panel A, asterisks indicate the approximate position of spindle poles.
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we again used siRNA to depleteMHC IIB while simultaneously
expressing GFP-IIA-T1. Upon siRNA of MHC IIB, we were
unable to find any cells in anaphase with GFP-IIA-T1 localiza-

tion or enrichment in the equatorial region (Fig. 5C, lower pan-
els), supporting the model that GFP-IIA-T1 recruitment is
mediated through a co-assembly with the endogenous MHC

FIGURE 3. GFP-IIA and GFP-IIA-�IQ2 localize to the furrow and rescue multinucleation in MHC IIB siRNA-treated COS-7 cells. A, COS-7 cells were
transfected with MHC IIA siRNA without plasmid (MHC IIA siRNA was used as a negative control; these cells do not express MHC IIA) or with MHC IIB siRNA
together with plasmids expressing GFP, GFP-IIA, or GFP-IIA-�IQ. At 72 h after transfection, cells were fixed and stained for F-actin (red) and for DNA (blue) and
immunostained for MHC IIB (magenta). MHC IIB images for each construct were collected using identical acquisition settings. The images in the right column
are merges of actin, DNA, MHC IIB, and GFP channels. Arrows and arrowheads indicate the enrichment of GFP-IIA constructs and actin, respectively, in furrow
zones. Ab, antibody. B, COS-7 cells were transfected with the MHC IIA (top) or MHC IIB (bottom) siRNA. The panels shown are merged images of bright field and DAPI
(white) images acquired at 72 h. C, COS-7 cells were not transfected or were transfected with MHC IIA siRNA or with MHC IIB siRNA and the indicated plasmid. Cells were
fixed 72 h after transfection, stained for DNA content using propidium iodide, and analyzed using flow cytometry. The numbers above each graph represent the
percentage of the total population possessing a DNA content of less than 4n (left number), 4n (center number), or greater than 4n (right number).
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IIB. Thus sequences in and adjacent to the ACD of myosin IIA
can drive co-assembly with endogenous myosin IIB in the fur-
row (Fig. 5), but additional sequences in the central domain of
myosin IIA can drive localization to the furrow cortex even in
the absence of endogenous myosin IIA or IIB (Fig. 4).

DISCUSSION

Multiple recent studies have revealed a conserved signaling
pathway involving the centralspindlin complex (MKLP1,
MgcRacGAP, ECT2) that activates effectors involved in con-
tractile ring assembly (34, 35). Recent work from Oegema and

colleagues (36) has shown the Cae-
norhabditis elegans homolog of
MgcRacGAP, CYK-4, to have addi-
tional roles besides the previously
known function of anchoring ECT2
to MKLP1. CYK-4 was shown to be
critical for the inactivation of Rac in
the central spindle to prevent acti-
vation of the Arp2/3 complex,
which could theoretically lead to
disarrayed actin cytoskeleton in the
contractile ring (36). Another
downstream effector of the central-
spindlin complex is RhoA, which is
activated through the GEF activity
of ECT2 (37). RhoA is known to
activate the formin mDia2, leading
to nucleation of parallel actin fila-
ments at the furrow (34, 38). It has
been proposed that the centralspin-
dlin complex acts synergistically
with anillin to stabilize RhoA at the
cleavage furrow (25). In this model,
both RhoA-containing complexes
then facilitate localized activation of
Rho kinase and citron kinase, lead-
ing to localized phosphorylation of
the RLC to promote myosin II acti-
vation and assembly (14, 15, 18).
The studies presented here demon-
strate that robust myosin II recruit-
ment to the furrow can be achieved
without spatially localized central-
spindlin-mediated RLC phospho-
rylation. Clearly other recruitment
pathways such as cortical flow (22,
24) and/or equatorial myosin II
binding partners (25, 26) are suffi-
cient for myosin II recruitment and
cell furrowing in mammalian cells.
Our data argue that in mammalian
cells, the centralspindlin complex
may be critical for activating these
other recruitment pathways and
that, in fact, this alternative role for
centralspindlinmay bemore impor-
tant than any possible role in driv-

ing localized RLC phosphorylation. It is important to note
that many of these conclusions are derived from work with a
constitutively active myosin II (GFP-IIA-�IQ2). Without
direct disruption of the centralspindlin complex, we cannot
rule out its involvement in furrow recruitment of normal
myosin II, whether it is through RLC-dependent or -inde-
pendent mechanisms.
Based on previous work in Dictyostelium (28), we hypothe-

sized that the GFP-IIA-�IQ2 construct would be constitutively
active. Our rescue data support this hypothesis (Fig. 3C),
although the rescue does not appear to be complete. This dif-

FIGURE 4. Headless myosin IIA can localize to the furrow in COS-7. A, diagram of GFP-IIA-�Head and GFP-
IIA-Rod constructs with their corresponding residues. B and C, at 72 h after transfection, COS-7 cells expressing
GFP-IIA-�Head, or GFP-IIA-Rod or COS-7 cells transfected with MHC IIA siRNA or with MHC IIB siRNA together
with GFP-IIA-Rod were fixed and stained for F-actin (red) and for DNA (blue). The samples in panel C were also
immunostained for MHC IIB to identify cells that received the siRNA. The images in the right column are merges
of all other channels in the panel. Arrows and arrowheads indicate the enrichment of GFP-IIA-Rod and actin,
respectively, in furrow zones.

FIGURE 5. The carboxyl terminus of MHC IIA can localize to the furrow in an MHC IIB-dependent manner.
A, diagram of GFP-MHC-IIA truncation constructs and their corresponding residues. The ACD is shown in gray.
B, COS-7 cells were transfected with GFP-IIA-T1, -T2, or -T3. At 72 h after transfection, cells were fixed and
stained for DNA (blue) and immunostained for MHC IIB (red). C, COS-7 cells were transfected with MHC IIA siRNA
or with MHC IIB siRNA and plasmid encoding construct GFP-IIA-T1. At 72 h after transfection, cells were fixed
and stained for F-actin (red) and for DNA (blue) and immunostained for MHC IIB (magenta). Arrowheads indicate
the enrichment of actin in furrow zones.
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ference in rescue between full-length GFP-IIA and GFP-IIA-
�IQ2 does not appear to be due to a difference in expression as
both express at similar levels (data not shown). One possibility
is that removal of the IQ2 region from mammalian myosin II
does not result in the same level of constitutive activity as was
previously shown in Dictyostelium. Another possibility is that
IQ2 removal eliminates RLC phosphorylation and dephospho-
rylation, thereby drastically decreasing myosin assembly turn-
over in the contractile ring. Previous studies in Dictyostelium
have shown that constitutive myosin II overassembly can lead
to an elevated failure rate in completion of cytokinesis (39).
Further studies will be required to elucidate these possibilities.
This is the first report inmammalian cells of headlessmyosin

localizing to the furrow independent of endogenous myosin II.
This observation is intriguing and consistent with previous
reports demonstrating rod localization to the furrow in lower
eukaryotes such asDictyostelium and fission yeast (40, 41). Pre-
vious reports have suggested that actin is required formyosin II
association with the cortex (21) and that myosin II is required
for the cortical flow of actin (23). Therefore, because these rod
constructs are presumed not to bind actin, it is unlikely that
they are localizing via cortical flow.Myosin IIA rod recruitment
requires the presence of the amino-terminal region of the rod
(compare GFP-IIA-Rod (Fig. 4C) with GFP-IIA-T1 (Fig. 5C)),
suggesting that cortical furrow proteins bind this central
domain of MHC IIA to facilitate recruitment to the furrow.
Two interesting candidates that may mediate this binding are
septins (26) and anillin, which is known to stabilize myosin in
the contractile ring (25).
Finally, we show that the carboxyl-terminal region of MHC

IIA that contains theACD is able to localize to the furrow in the
presence of MHC IIB but not when MHC IIB expression is
suppressed using siRNA. This result promotes two interesting
observations. The first is the possibility of a positive feedback
mechanism for myosin localization to the furrow in which
equatorial myosin II filaments can further recruit myosin mol-
ecules in anACD-dependentmanner. The second is thatmyosin
IIA and IIB are capable of co-assembling into heterotypic fila-
ments during cell division. In summary, the behavior of our myo-
sin IIA truncations reveals two distinct modes by which the myo-
sin IIA tail can bind to the furrow cortex. Constructs containing
the central domain bind the furrow cortex independent of endog-
enous myosin IIA or IIB, and the myosin IIA ACD can bind
through a mechanism requiring the presence of the IIB isoform,
indicating heterotypic filament assembly. We suggest that these
independent anchoring mechanisms operate synergistically to
facilitate myosin II filament accumulation in the furrow.
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