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Fission yeast myosin Myo2 is down-regulated in actin
affinity by light chain phosphorylation
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Studies in fission yeast Schizosaccharomyces pombe have provided
the basis for the most advanced models of the dynamics of the
cytokinetic contractile ring. Myo2, a class-ll myosin, is the major
source of tension in the contractile ring, but how Myo2 is anchored
and regulated to produce force is poorly understood. To enable more
detailed biochemical/biophysical studies, Myo2 was expressed in the
baculovirus/Sf9 insect cell system with its two native light chains,
Rlc1 and Cdc4. Milligram yields of soluble, unphosphorylated
Myo2 were obtained that exhibited high actin-activated ATPase ac-
tivity and in vitro actin filament motility. The fission yeast specific
chaperone Rng3 was thus not required for expression or activity. In
contrast to nonmuscle myosins from animal cells that require phos-
phorylation of the regulatory light chain for activation, phosphory-
lation of Rlc1 markedly reduced the affinity of Myo2 for actin.
Another unusual feature of Myo2 was that, unlike class-Il myosins,
which generally form bipolar filamentous structures, Myo2 showed
no inclination to self-assemble at approximately physiological salt
concentrations, as analyzed by sedimentation velocity ultracentrifu-
gation. This lack of assembly supports the hypothesis that clusters of
Myo2 depend on interactions at the cell cortex in structural units
called nodes for force production during cytokinesis.
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nimals, amoebas, and fungi undergo cytokinesis through the

formation of a cleavage furrow, which is guided by tension
generated by an actomyosin contractile ring. Relatively little is
known about the physical interactions and juxtaposition of proteins
in the contractile ring in animal cells (1, 2). However, pioneering
classical and molecular genetics of the haploid fission yeast
Schizosaccharomyces pombe have made it a well-established model
organism for understanding how contractile rings assemble and
undergo constriction. Elucidation of the inventory, timing, con-
centrations, and genetic interactions of cytokinesis proteins in the
fission yeast contractile ring has led to computational models that
account for many dynamic aspects of the contractile ring (2). To
expand upon these models, better knowledge of the biophysical
properties of the proteins involved is needed. How Myo2, the
essential class-IT myosin in fission yeast, is regulated and functions
in the contractile ring represents a major gap in our understanding
of the forces contributing to contractile ring dynamics.

Myo2 powers contractile ring assembly by the coalescence of
precursor nodes that are modular units of the ring (3-5). The
compaction of the ring has been proposed to occur by a “search,
capture, pull, and release” mechanism, where Myo2, incorporated
into nodes, pulls on actin filaments from neighboring nodes, thereby
bringing the nodes together to form a contractile ring (6-8). The
region that localizes Myo2 to nodes has been mapped to ~150 to
300 aa at the carboxyl (C) terminus of Myo2 (9, 10). The binding
partners of this region of Myo2 in the nodes are not established, but
IQGAP Rng2 and anillin-like Mid1 have been implicated, based on
localization dependency and immunoprecipitation experiments (4,
11). Unlike the two other myosins in the contractile ring (Myp2, an
uncharacterized class-II myosin, and Myo51, an unusual single-
headed class-V myosin) (12), Myo2 localization to the division site
does not depend on actin filaments (11, 13, 14). Although Myo2’s
interactions with other node proteins are unresolved at the molec-
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ular level, a plausible model for Myo2 function is that it forms
clusters by being stably anchored to nodes.

Rng3, a Unc45/Crol/She4 (UCS) family protein, has been sug-
gested to activate Myo2 during cytokinesis (15). UCS proteins are
chaperones that work with heat shock protein Hsp90 to fold newly
synthesized myosin (16, 17). Consequently, Rng3 and the Hsp90
Swol are required for cytokinesis in fission yeast (18, 19). Rng3-
defective, mg3-65 fission yeast strains exhibit failed contractile ring
assembly at high temperature (37 °C), which is consistent with a
loss of Myo2 function (18). GFP-tagged Rng3 is enriched ~70-fold
in the contractile ring in myo2-E1 mutant cells (18, 20). Yeast with
the myo2-E1 allele harbor a mutation near the nucleotide binding
pocket of the Myo2 motor domain, G345R, resulting in a total loss
of motility and severely reduced ATPase (15, 21). Myo2-E1 protein
is also more sensitive to limited proteolysis than WT (21), which
suggests that unfolded Myo2-E1 recruits Rng3 to the ring. Addi-
tionally, the myo2-EI rmg3-65 double-mutant strains exhibit syn-
thetically lethal cytokinesis defects (18). These findings are
consistent with the role of fission yeast Rng3 as a conserved
member of the UCS protein family that folds myosins. The hy-
pothesis that Rng3 functions as an activator comes from the first
study to isolate Myo2 from fission yeast, where it was observed that
purified Myo2 did not bind actin filaments in motility assays unless
Rng3 was added (15). Later studies, however, found that Rng3 did
not affect ATPase rates, and enhanced Myo2 motility only at low
myosin concentrations (22), but it was not clear why this occurs.
Here, we offer an explanation for why Rng3 appeared to stimulate
actin gliding in motility assays.

It is generally believed that Myo2 functions similarly to animal
and amoeba class-II myosins. Class-II myosins are composed of two
globular head domains that bind to actin and hydrolyze ATP, and a
rod-like, o-helical coiled-coil tail that assembles the molecules into
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Fig. 1. Unphosphorylated Myo2 has motor activity. (A) SDS gels of Myo2 heavy
chain (HC) coexpressed with its native light chains, Rlc1 (RLC) and Cdc4 (ELC) in
the baculovirus/insect cell expression system. Lane 1, molecular mass standards;
lane 2, N-FLAG-Myo2; lane 3, Myo2-C-Biotin-C-FLAG; lane 4, N-FLAG-Myo2-C-
Biotin. Asterisks (*) indicate breakdown products of the myosin tail. (B) Sedi-
mentation velocity of Myo2 by analytical ultracentrifugation. Conditions were as
follows: 20 °C, 10 mM imidazole, pH 7.0, 0.5 M KCl, 5 mM MgCl,, 1 mM EGTA,
1 mM DTT. OD, optical density; S, Svedberg. (C) SDS gel double-stained with
phosphoprotein stain and then Coomassie to stain for total protein. The RLC of
expressed N-FLAG-Myo2-C-Biotin has the same level of staining as the unphos-
phorylated smooth muscle myosin standard. (D) Rates of steady-state ATPase of
Myo2 at various actin concentrations. Circles, squares, and triangles represent
independent preparations of N-FLAG-Myo2-C-Biotin. Conditions were as follows:
30 °C, 10 mM imidazole, pH 7.0, 50 mM Nacl, 1 mM MgCl,, 1 mM ATP, and 2 mM
DTT. () In vitro motility assays. (Left) A maximum projection image of a repre-
sentative field (128 pm x 128 um x 50 s) (Movie S1) showing trails of gliding
actin filaments. (Right) Speeds of actin filament movement (n, number of
moving filaments) from 11 experimental repeats with four independent
preparations of Myo2 (all three tag variations). Error, + SD.

bipolar filaments. Molecules typically consist of two ~1,500- to
2,000-aa heavy chains (HC), and two each of the essential light
chains (ELC) and regulatory light chains (RLC). In animal cells, the
nonmuscle myosins form minifilaments of ~30 molecules and
~300 nm in length (23) whereas the muscle thick filaments are
1.6 pm long and contain about 300 molecules. The ability of myosin-
II to assemble is ancient and conserved in amoebozoans, such as
Acanthamoeba castellanii and Dictyostelium discoideum, that form
myosin filaments of variable size by unique rod-rod interactions (24,
25). In animal cells, smooth muscle and nonmuscle class-II myosins

Pollard et al.

are activated by RLC phosphorylation. When the RLC is unphos-
phorylated, these myosins form inactive, folded 10S monomers that
are autoinhibited by head-head interactions (26-30). Phosphoryla-
tion of the RLC is necessary for smooth and nonmuscle myosins to
unfold into active 6S monomers that self-assemble into filaments at
physiological salt conditions (23, 27). It is unclear how Myo2 is
regulated by RLC phosphorylation, or whether it assembles into
filaments, because the yields of Myo2 from fission yeast have been
insufficient to fully explore these mechanisms in vitro. Our study
takes advantage of the baculovirus/Sf9 insect cell expression system
to obtain milligram yields of Myo2 for molecular characterization.
Using recombinant Myo2, we examined the effects of RLC phos-
phorylation on enzymatic activity and motility, as well as the pro-
pensity for Myo2 to self-assemble, to address the question of how
Myo2 produces force in the contractile ring.

Results

Myo2 Is Active Without Phosphorylation and Rng3. It was anticipated
that Myo2 folding in the baculovirus/Sf9 insect cell system might
require the coexpression of a species-specific chaperone, like certain
unconventional myosins (31, 32), because animals and fission yeast
are separated by 1 billion years of evolution (2). When Myo2 was
coexpressed with its native light chains Cdc4 (ELC) and Rlcl
(RLC), it was not necessary to coexpress the native chaperone,
Rng3, to obtain soluble Myo2 (Fig. 14). Sedimentation velocity in
the analytical ultracentrifuge showed symmetrical 7S peaks for two
constructs (Fig. 1B), indicating that Myo2 is monodispersed. The 7S
value corresponds to extended monomers, based on the well-
documented animal and amoeba class-II myosins, which sediment
at 6S to 8S as extended monomers. Phosphoprotein staining
revealed that the RLC of the recombinant Myo2 was unphos-
phorylated (Fig. 1C). Despite lacking RLC phosphorylation,
recombinant Myo2 exhibited ATPase activity with a V. of ~2.3 st
(Fig. 1D), which is comparable with the rates (0.8 to 3.5 s7)
obtained with Myo2 purified from fission yeast in previous studies
(15, 22, 33, 34). Unphosphorylated Myo2 was also capable of sliding
actin filaments in motility assays, with average rates of 0.7 um/s at
30 °C (Fig. 1E and Movie S1).

In earlier work, when Myo2 was isolated from fission yeast, it was
observed that Rng3 activated motility when the Myo2 concentra-
tion was low and no methylcellulose was present in the assay (15,
22). Because a minimum number of myosin heads are required for
motility, a plausible explanation for activation is that Rng3, when
bound nonspecifically to the nitrocellulose-coated coverslip, may
have tethered actin down to the surface to bind myosin. We per-
formed cosedimentation assays to assess whether Rng3 binds to
actin in low salt, similar to the motility assay conditions. A small
portion of Rng3 pelleted with the actin (Fig. 24), indicating a weak
interaction. We next examined whether Rng3 binds to actin in the
motility assay. To assay relative actin binding, methylcellulose, a
viscosity enhancer, was omitted to allow the actin to diffuse freely
away from the coverslip surface (35). When Myo2 alone was ap-
plied to the chamber at 50 pg/mL, robust motility was observed,
with an average speed of ~(0.7 pm/s; however, no filament binding
or motility was seen when the Myo2 concentration was reduced to
16 pg/mL (Fig. 2B and Movie S2). Recapitulating the results of
previous studies (15), the addition of Rng3 to the coverslip together
with 16 pg/mL Myo2 restored motility (Fig. 2B and Movie S2).
Furthermore, Rng3 by itself was observed to bind actin filaments
near the coverslip surface (Fig. 2B and Movie S2). The addition of
purified Rng3 to myosin specifically attached to a neutravidin-
coated coverslip by a C-terminal biotin tag did not have a signifi-
cant effect on the motility. Together, these data indicate that
Rng3 binds only to actin and has no interaction with Myo2. Be-
cause we found Myo?2 to be fully active (Figs. 1 D and E and 2B),
the question remains whether Rng3'’s interaction with actin is rel-
evant in a cellular context.
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Fig. 2. Rng3 promotes motility in vitro by binding actin filaments non-
specifically. (A) SDS gel showing totals (T), supernatants (S), and pellets (P) from a
cosedimentation assay in which 700 nM Rng3 and 75 pM actin were pelleted at
400,000 x g for 20 min in 25 mM imidazole, pH 7.4, 46 mM KCl, 23 mM Nadl,
1 mM EGTA, 4 mM MgCl,, and 2 mM DTT. Rng3 does not pellet in the absence of
actin. (B) Panels showing maximum projections of representative fields (128 pm x
128 pm x 50 s) (Movie S2) and average speeds (blue) of motility in 50 mM KCl
assay buffer performed in the absence of methylcellulose, to allow diffusion of
actin away from the coverslip surface. Rng3 and Myo2 (N-FLAG-C-Biotin) were
adhered nonspecifically to nitrocellulose-coated flow cells (15). Motility assay
conditions were as follows: 30 °C, 25 mM imidazole, pH 7.4, 50 mM KCl, 1 mM
EGTA, 4 mM MgCl,, 10 mM DTT, and 1 mM ATP. Error, + SD.

RLC Phosphorylation by PAK Lowers Actomyosin Affinity. Studies in
the fission yeast system by Loo and Balasubramanian (36) provided
evidence both in vitro and in vivo that fission yeast p21/Cdc42-
activated kinase (PAKg, Pak1/Shk1/Orb2, can phosphorylate WT
RLC but not RLC*™**** in which S35 and S36 were mutated to
Ala. Serines 35 and 36 of fission yeast RLC are homologous to Thr-
18 and Ser-19 of the smooth/nonmuscle RLC in mammals (Fig. 3).
However, it is unknown how phosphorylation by PAK affects
Myo2’s enzymatic and motor activity. To examine the effects of
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RLC phosphorylation on Myo2, we phosphorylated the RLC in
vitro using purified fission yeast PAK expressed in Escherichia coli
(Fig. 44). Phosphorylation correlated with a single band shift on
charge-separation gels (Fig. 4B), indicating that the expressed PAK
phosphorylates a single serine.

Myo2 RLC phosphorylation was associated with an approxi-
mately twofold increase in actin-activated ATPase Vi,.x and an
approximately fourfold increase in K, (Fig. 54), which was signif-
icantly different (P < 0.0001) from unphosphorylated Myo2. The
addition of tropomyosin (Tpm) to actin increased the Myo2
ATPase activity approximately twofold as shown previously (33, 34),
but eliminated the effect of phosphorylation (P = 0.31) (Fig. 54).
Additionally, we examined the effects of phosphorylation on actin
motility. To ensure equal availability of heads, Myo2 was attached
to neutravidin-coated flow cells through the C-terminal biotin tag.
Unphosphorylated Myo2 moved actin filaments at 0.74 + 0.11 pm/s
whereas phosphorylated Myo2 had a significantly lower average
speed of 0.34 + 0.18 um/s (P < 0.0001) (Fig. 5B). Similar to the
ATPase result, Tpm eliminated the effect of phosphorylation in the
motility assay, which led to average speeds of ~0.4 pm/s (P = 0.04).

Tpm enhances actomyosin affinity in muscle, fission yeast, and
other nonmuscle systems (33, 37, 38). To examine the effects of
phosphorylation and Tpm on actomyosin affinity, we conducted a
series of motility assays designed to reduce actin binding in-
crementally by removing methylcellulose and increasing the salt
concentration. Without methylcellulose, phosphorylated Myo2
bound 25-fold fewer filaments per field (P = 0.01) on average
compared with unphosphorylated Myo2 in 50 mM KCI (Fig. 64 and
Movie S3). Tpm addition increased actin binding by Myo2 and
resulted in no significant difference in the number of filaments
bound between phosphorylated and unphosphorylated Myo2 (P =
0.3) (Fig. 64 and Movie S3). In 150 mM KCl, neither phosphory-
lated nor unphosphorylated Myo2 exhibited motility without meth-
ylcellulose (Fig. 6B and Movie S4). Tpm restored motility in
150 mM KCI for both phosphorylated and unphosphorylated Myo2;
however, unphosphorylated Myo2 bound three- to fourfold more
filaments (P < 0.0001) (Fig. 6B and Movie S4). Increasing the KCl
to 200 mM reduced actin binding by phosphorylated Myo2 to nearly
zero whereas unphosphorylated Myo?2 still exhibited robust motility
(Fig. 6C and Movie S5). These data show that phosphorylation of
the RLC reduces the affinity of Myo2 for actin in the presence of
Tpm at approximately physiological salt concentrations.

Myo2 Does Not Readily Assemble into Filaments. The rod-like tail
domain is a canonical feature of class-II myosins that dictates self-
assembly. Based on domain analysis, Myo2 is similar to other class-
II myosins, except that the a-helical coiled-coil tail domain contains
nine prolines distributed throughout its length (Fig. 74). Despite
the presence of prolines, which disrupt coiled coils, Myo2 has a rod-
like tail and two heads (Fig. 7B). However, the coiled-coil proba-
bility distribution of the Myo2 tail is highly disrupted, compared
with the tails of other class-II myosins that self-assemble (Fig. 7C)
(39). The disrupted coiled coil of the rod is a unique feature of
fungal class-II myosins that differentiates their functions and lo-
calizations in the cell (4042). We examined whether Myo2 can self-
assemble at various ionic strengths under conditions where other
class-II myosins assemble, especially human nonmuscle myosin-II
isoforms at 150 mM KCl (23) and Acanthamoeba myosin-II be-
tween 100 and 150 mM KCI (43). For all conditions tested by an-
alytical ultracentrifugation, the fission yeast myosin formed a single
7S species (Fig. 7D), corresponding to a two-headed monomer.
Myo2 was soluble even at 100 mM KCI; however, approximately
half of the material precipitated at 50 mM KCl. Characterization of
the precipitate by electron microscopy will be needed to determine
whether Myo2 has the potential to form any bipolar filamentous
structures. Despite Myo2’s partial insolubility at 50 mM KCl, we did
not observe any faster sedimenting intermediate species (Fig. 7D).
Importantly, fission yeast Myo2 is completely soluble at the
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Fig. 3. The RLC of Myo2 has a homologous phosphorylation site. Multiple sequence alignment (N termini shown) using CLUSAL Omega (1.2.1). Sequence
GenBank ID (GI) numbers are as follows: (S. pombe) 5824202, (S. cerevisiae) 151942958, (A. castellanii) 228753, (D. discoideum) 167833, (C. elegans)
351059042, (Gallus gallus) 45384118, (Homo sapiens) 205829213, 1025812257. The numbers above and to the right of the sequences are amino acid numbers,
starting with the N-terminal Met as 1. The boxed area highlights the conserved phosphorylation sites, which are shown in red in S. pombe.

approximately physiological ionic strength of 150 mM KCl, sug-
gesting that Myo2 does not form filaments like class-II myosins
that are expressed in animals and amoebas.

Discussion

To better understand the mechanism of cytokinesis, we investi-
gated the function and regulation of Myo2, the myosin that is es-
sential for cytokinesis in the well-established fission yeast model.
Here, we examined the molecular properties of recombinant
Myo2, which lacked RLC phosphorylation and did not require the
yeast chaperone Rng3 for expression. Myo2 was fully active despite
being unphosphorylated. Motility assays revealed that phosphory-
lation of the Myo2 RLC by p21/Cdc42-activated kinase (PAK)
resulted in a significantly reduced affinity for actin and actin-Tpm.
Moreover, hydrodynamic measurements indicated that Myo2 lacks
self-assembly properties conserved with most class II myosins. Our
findings underscore that Myo2 is an atypical class-II myosin in
terms of molecular function and regulation, despite its conserved
biological role during cytokinesis.

A Lack of Assembly Suggests Myo2 Clusters in Nodes. Myo2 functions
to make precursor nodes condense into a contractile ring that
constricts during cytokinesis (Fig. 84). Given that Myo2 expression
levels remain constant throughout the cell cycle (20), how Myo2 is
regulated during cytokinesis has been a basic question (15, 33). To
maintain prolonged association with actin, a functional unit of
Myo2 in the contractile ring is expected to consist of at least
10 molecules because Myo2, like other class-II myosins, spends
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Fig. 4. Fission yeast PAK phosphorylates one site on the RLC of Myo2. (4) SDS
gel of (lane 1) molecular mass markers and (lane 2) purified recombinant fission
yeast PAK. (B) Phosphorylated RLC migrates faster than unphosphorylated RLC
on a 10% charge separation gel. (Right) The two bands, phosphorylated and
unphosphorylated RLC, that occur when phosphorylation is incomplete.
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only a small proportion of its ATPase cycle in strong-binding states:
i.e., it has a low duty ratio. Duty ratio estimates (44) derived from
our ATPase and motility data are consistent with Stark et al. (33),
ranging from 4 to 10%, in the presence of Tpm. Without the ability
to form oligomers, Myo2 therefore needs to be assembled into
clusters through the association of the Myo2 tail with IQGAP
(Rng2) and/or other proteins of the contractile ring nodes (Fig.
8B). Recent superresolution fluorescence microscopy of live fission
yeast showed that the C terminus of the Myo2 tail is distributed
with an average distance of ~40 nm from the plasma membrane,
which is similar to the distribution of Rng2 (45). Myo2 heads oc-
cupy a broader distribution than the tails, with an average distance
of ~100 nm away from the plasma membrane (45). This evidence
suggests that Myo2 is arranged in polar clusters at the plasma
membrane, unlike animal nonmuscle myosins that show a bipolar
head-tail-head pattern by superresolution microscopy because of
their assembly into bipolar minifilaments (46). Another difference
is that the bipolar minifilaments in animal cells appear to expand
into ordered contractile units in the contractile ring during cyto-
kinesis (47). The in vivo superresolution light microscopy data re-
vealing that Myo?2 is localized to the plasma membrane in polarized
clusters (45), together with our in vitro data showing that Myo2
lacks the propensity to self-assemble, are strong evidence that
Myo2 is assembled through node binding rather than by rod-
rod associations.

Substantial evidence suggests that the C-terminal 134 aa of
Myo2 are a recruitment domain (9, 10), which might directly in-
teract with IQGAP (4, 11). This domain begins at a junction in the
rod where six prolines disrupt the a-helix (Fig. 7 4 and B). A
similar proline-rich recruitment domain occurs in the center of the
rod of the budding yeast (Saccharomyces cerevisiae) class-I1 myosin
ScMyol, which relies on IQGAP (Iqgl) for localization during
constriction (41). Like Myo2, ScMyol localizes before actin at the
division site (the bud-neck). Early localization of ScMyol depends
on an additional domain in the rod that binds to a septin-binding
protein Bni5 (41) whereas fission yeast Myo2 depends on IQGAP
during both assembly and constriction (4, 11). Thus, fungal class-II
myosins seem to be adapted to associate with other proteins
through the rod. A common theme in fungal cytokinesis is the
formation of a cell wall-based septum on the extracellular interface
of the cleavage furrow (Fig. 8). The clustering of myosin-II in
protein complexes at the plasma membrane represents an efficient
means for fungi to mechanically couple the contractile ring to the
regulation and dynamics of transmembrane glucan synthases that
build the cell wall (48, 49).

Myo2 Does Not Require Rng3 for Activity. Our findings show that the

chaperone Rng3 is not needed for Myo2 motor activity. Active
recombinant Myo2 was obtained without coexpression of Rng3
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Fig. 5. Effects of RLC phosphorylation on ATPase activity and motility.
(A) Steady-state ATPase of unphosphorylated (blue) or phosphorylated (red)
Myo2 in the absence or presence of tropomyosin (Tpm). Circles and squares
represent independent preparations of N-FLAG-Myo2-C-Biotin. Diamonds rep-
resent N-FLAG-Myo2. Conditions were as follows: 30 °C, 10 mM imidazole,
pH 7.0, 50 mM NacCl, 1 mM MgCl,, 1 mM ATP, and 2 mM DTT. Tpm was added
at a 2:1 Actin-Tpm molar ratio. (B) In vitro motility speeds of unphosphorylated
or phosphorylated Myo2, in the absence or presence of Tpm. Speeds represent
motility data from two experimental repeats conducted in parallel with two
independent preparations of N-FLAG-Myo2-C-Biotin (n, number of moving fil-
aments). To ensure that all heads were available for interaction with actin,
Myo2 was attached to neutravidin-coated coverslips by a biotin tag at its C
terminus. Conditions were as follows: 30 °C, 0.5% methylcellulose, 25 mM im-
idazole, pH 7.4, 50 mM KCl, 4 mM MgCl,, 1 mM EGTA, 1 mM ATP, and 10 mM
DTT. When indicated, Tpm was added to a final concentration of 2 uM.

(Fig. 1). Therefore, the insect homolog of Rng3, Unc45, must be
sufficient to chaperone Myo?2 into its native conformation. Our
data suggest that Rng3 binds actin in the motility assay, which
could be misinterpreted as increased actomyosin binding (Fig. 2B).
Because we found that recombinant Myo2 is fully active, the
tethering effect of Rng3 when bound nonspecifically to the cov-
erslip could be an in vitro artifact. In general, the cellular role of
UCS proteins as actin tethers has not been suggested in any other
studies whereas there is substantial evidence for the involvement of
UCS proteins in the unfolding response and protein turnover (50—
52). UCS family proteins are widely known to be chaperones that
assist in the folding of myosin (53). Evidence suggests that Rng3 is
an essential chaperone for myosin in fission yeast (21) and is re-
quired for cytokinesis (18). The hypothesis that Rng3 activates
motility stemmed, in part, from the observation that low concen-
trations (~60 molecules) of Rng3 localize to the contractile ring in
WT cells (15, 20). However, given the low abundance of Rng3 at
the contractile ring, it is possible that a subpopulation of Myo2 can
sometimes bring Rng3 along during the process of folding as
Myo?2 is incorporated into nodes since motor function is not re-
quired for the division site recruitment of Myo2 (9, 10, 18).

RLC Phosphorylation Decreases the Interaction of Myo2 with Actin in

Force Generation. We showed that Myo?2 is active when the RLC is
unphosphorylated, unlike vertebrate nonmuscle myosins (Fig. 1).
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Fig. 6. RLC phosphorylation reduces the number of Myo2 heads bound to
actin filaments. Panels show maximum projections of representative fields
(128 pm x 128 pm x 50 s) at different KCl concentrations (A-C). Phos-
phorylated Myo2 is shown on the Left (red) and unphosphorylated is
shown on the Right (blue). Average speeds per condition are shown below.
(Bar graphs) Numbers of motile filaments (n) identified by the analysis
software (61) are shown as averages of multiple fields (N, number of
fields). Myo2 was attached to neutravidin-coated coverslips through the
C-terminal biotin tag. Conditions were as follows: 30 °C, 25 mM imidazole,
pH 7.4, KCl as indicated, 4 mM MgCl,, 1 mM EGTA, 1 mM ATP, and 10 mM
DTT. No methylcellulose was used to allow the diffusion of actin away
from the surface. When indicated, Tom was added to a final concentration
of 2 uM. Data are from two independent preparations of Myo2 (N-FLAG-C-
Biotin). Error, + SD.
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Our results indicate that RLC phosphorylation leads to weaker
actin binding, which is consistent with in vivo studies showing that RLC
phosphorylation delays cytokinesis (36). Loo and Balasubramanian
(36) reported that a nonphosphorylatable RLC (S35A/S36A) in
fission yeast resulted in premature constriction, which sometimes
led to aneuploidies. In fission yeast, the PAK kinase Pak1/Shk1/
Orb2 colocalizes maximally with Myo2 in the contractile ring after
coalescence and before constriction while the contractile ring is in
the maturation (or dwell) phase (36). During the maturation phase,
RLC phosphorylation by Pakl may serve to slow node dynam-
ics by reducing force production by Myo2, which permits sufficient
time to allow chromosome segregation to occur before cytokinesis.
In contrast to our findings, an earlier study (54) using Myo2 purified
from fission yeast reported that the RLC (S35A/S36A) mutant
had fourfold slower motility than the WT and phosphomimetic
RLC (S35D/S36D) while ATPase rates were unaffected. The
implication from this study was that phosphorylation enhanced
the motility speed of Myo2, leading to increased rates of con-
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tractile ring constriction, in contradiction to the results we obtained
with the native Ser in an unphosphorylated or phosphorylated
state.

Tpm strongly enhances the affinity of Myo2 for actin, which
reduced any effect of phosphorylation in motility and ATPase as-
says. Tpm has been shown to prolong the strong-binding states of
budding yeast myosin-V, ScMyo2 (55), and has been suggested to
do the same for fission yeast Myo2 (33). The unusually broad
distribution of speeds in the motility assay for phosphorylated
Myo2 in 50 mM KCl in the absence of Tpm (Fig. 5B) reflects the
low affinity of phosphorylated Myo2 for actin, which leads to a
range of submaximal speeds. This result is consistent with the low
affinity of phosphorylated Myo2 for actin that was elucidated from
experiments performed in the absence of methylcellulose, which
allows weakly bound actin to diffuse away (Fig. 64). The addition
of Tpm enhances the affinity of Myo2 for actin, irrespective of the
state of phosphorylation. Nonetheless, as the salt concentration
was raised to more physiological levels (>150 mM KCl), little or no
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Fig. 8. Myo2 activation by recruitment into nodes. (A) Diagram of fission
yeast cytokinesis. RLC phosphorylation by PAK could delay contractile ring
constriction (36) by reducing actomyosin affinity (this study). (B) Clustering by
the node anchors Myo2 for force production in the contractile ring (45).

binding of phosphorylated Myo2 occurred, even in the presence of
tropomyosin, which is always bound to actin in the contractile ring.
Unlike nonmuscle myosins in animal cells, where phosphorylation
is required for activity, phosphorylation of Myo2 in fission yeast
serves to down-regulate the interaction between myosin and actin.
One unusual feature of fission yeast RLC is an extended N ter-
minus that is distinct from RLCs of other species (Fig. 3) and may
contribute to its unique regulatory properties. The structural basis
by which RLC phosphorylation affects myosin function is not well-
understood, but interactions between the RLC N terminus and the
ELC may play a role (56). Although we have focused exclusively on
the RLC in Myo2, other sites for posttranslational modification
and interaction with binding partners may offer further clues to the
mechanism of cytokinesis in fission yeast.

Materials and Methods

Expression and Purification of Myo2 and Rng3. The coding sequence of the
Myo2 heavy chain (HC) was cloned into the Sf9/baculovirus expression system
vectors pAcSG2 (BD Biosciences) and pFastBac-1 (Thermo Fisher Scientific). The
light chains (LCs), Cdc4 and Ric1, were cloned into pAcUWS51, a dual-promoter
vector that drives expression of both LCs (BD Biosciences). The HC-coding se-
quence was linked at either the N or the C terminus by a FLAG tag (DYKDDDDK)
to facilitate purification by affinity chromatography. Certain constructs addi-
tionally linked the HC-coding sequence to a C-terminal biotin tag (57) for at-
tachment to streptavidin-coated surfaces. C-terminally FLAG-tagged Myo2
constructs copurified with a significant amount of tail breakdown product,
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which was identified by mass spectrometry (Fig. 1A). 579 cells were coinfected
with recombinant baculovirus coding for the HC and LC constructs. After 72 h at
27 °C, the cells were harvested by centrifugation at 5,000 x g for 10 min at 4 °C.
The cells were resuspended in ice-cold lysis buffer A [300 mM Nacl, 10 mM im-
idazole, pH 7.4, 5 mM MgCl,, and 1 mM ethylene glycol tetraacetic acid (EGTA)]
supplemented with 2 mM DTT, 7% wt/vol sucrose, 0.5 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF) (Fisher), 5 pg/mL leupeptin
(Acros Organics), 0.5 mM phenylmethylsulfonyl fluoride (PMSF) (MP Biomedical),
0.5 mM No-tosyl-t-lysine chloromethyl ketone hydrochloride (TLCK) (Sigma-
Aldrich), 0.4 mg/mL benzamidine (Sigma), and protease inhibitor mixture
(P8340; Sigma), and lysed by sonication on an ice bath. Two mM MgATP was
added, and cell debris was pelleted by centrifugation at 250,000 x g for 20 min
at 4 °C. The clarified supernatant was batch-incubated with FLAG-affinity resin
(Sigma) for 1 h at 4 °C. The resin was packed into a column and washed with lysis
buffer before elution with 100 pg/mL FLAG peptide (Sigma) in lysis buffer A. The
pooled elution fractions were concentrated by Amicon-Ultra filtration (EMD
Millipore) and dialyzed at 4 °C against storage buffer [300 mM NacCl, 10 mM
imidazole, pH 7.4, 1 mM EGTA, 1 mM NaN3z, 50% glycerol (volivol)] with 2 mM
DTT and 1 pg/mL leupeptin for storage at —20 °C. Rng3 with a C-terminal FLAG
tag was expressed in the Sf9-baculovirus system and purified in the same way.
Average yields of Myo2 and Rng3 were ~1 mg per billion cells.

Purification of Other Proteins. The p21/Cdc42-activated kinase (PAK), Pak 1/Shk 1/
Orb2, coding sequence was cloned into the pET19 (EMD Millipore) vector up-
stream of a C-terminal FLAG tag sequence. Pak1 expression in Rosetta (DE3)
E. coli (EMD Millipore) grown to ODggo 0.8 to 1.0 in Luria-Bertani (LB) broth was
induced with 1 mM isopropyl p-b-1-thiogalactopyranoside (IPTG) (Sigma) for
18 h at room temperature. After the induction, cells were pelleted by centri-
fugation at 5,000 x g for 20 min. Cells were lysed by sonication on ice in lysis
buffer A supplemented with 2 mM DTT, 7% sucrose, 10 mM Na pyrophosphate,
10 mM NaF, 0.5 mM AEBSF (Fisher), 5 pg/mL leupeptin (Acros), 0.5 mM PMSF
(MP), and 5 mM benzamidine (Sigma). Following lysis, the lysate was clarified,
and FLAG-affinity chromatography was performed as outlined above. The full-
length Pak1 used in this study was found to have a canonical N-terminal
autoinhibitory domain (58), which partially suppressed its kinase activity.

Chicken skeletal actin was purified according to Spudich and Watt (59). To
purify Tpm, bacterial expression construct pET3a (EMD Millipore) containing
the coding sequence of fission yeast Cdc8 with N-terminal Ala-Ser (acetylation
mimic) was transformed into BL21-DE3 E. coli (EMD Millipore). Transformed
bacteria were grown in LB to ODggo 0.8 to 1.0 and induced with 0.4 mM IPTG
for 5 h at 25 °C. Cells were harvested by centrifugation and suspended in ice-
cold lysis buffer B (20 mM imidazole, pH 7.5, 10 mM NacCl, and 2 mM EDTA)
supplemented with 1 mM DTT, 1 pg/mL leupeptin, 0.5 mM PMSF, and 0.4 mg/mL
benzamidine and lysed by sonication on ice. Cell debris was pelleted by cen-
trifugation at 30,000 x g for 15 min at 4 °C. The supernatants were boiled for
5 min while stirring and cooled to 25 °C, and then denatured proteins were
pelleted by centrifugation at 30,000 x g for 15 min at 4 °C. Tpm was precipitated
by adjusting the pH of the supernatant to its isoelectric focusing point (pH 4.6),
pelleted at 30,000 x g for 15 min at 4 °C, and dissolved by gentle agitation
overnight at 4 °C in lysis buffer B supplemented with 1 mM DTT and 1 pg/mL
leupeptin. The dissolved Tpm was dialyzed against Tpm buffer (50 mM Nacl,
10 mM imidazole, pH 7.5, and 1 mM DTT).

RLC Phosphorylation. Myo2 was phosphorylated by adding a 0.3 molar ratio of
PAK in kinase buffer (150 mM Nadcl, 10 mM imidazole, pH 7.4, 5 mM MgCl,,
1 mM EGTA, 1 mM NaNs, and 2 mM DTT) with 5 mM MgATP, and incubating at
30 °C for 1 h. The control underwent the same treatment, but without Pak1. To
evaluate phosphorylation levels, SDS/PAGE gels were stained with Pro Q Di-
amond Phosphoprotein Gel stain (Invitrogen) according to online protocol.
Alternatively, samples were dissolved in 7.5 M urea and run on 40% glycerol
gels (60) to resolve the RLC based on charge. The light chains of unphos-
phorylated smooth muscle myosin, or phosphorylated with myosin light chain
kinase (MLCK) (60), were used as standards to determine the level of phos-
phorylation by Pro Q fluorescence intensity. Preliminary mass spectrometry
analysis of the RLC detected phosphorylated serines 35 and 36; however, this
analysis did not identify which site. For ATPase and motility assays, the RLC was
100% phosphorylated.

In Vitro Motility. To remove ATP-insensitive heads, Myo2 was centrifuged for
20 min at 400,000 x g in the presence of twofold excess F-actin and 2 mM
MgATP in myosin buffer (10 mM imidazole, pH 7.4, 0.3 M NacCl, 5 mM MgCl,,
1 mM EGTA, and 10 mM DTT). Nitrocellulose-coated flow cells were prepared
with neutravidin by the sequential addition of 0.5 mg/mL biotinylated BSA,
1 mg/mL BSA, and 10 to 50 pg/mL neutravidin (Thermo Scientific) in buffer A
(25 mM imidazole, pH 7.4, 0.15 M KCl, 4 mM MgCl,, 1 mM EGTA, and 10 mM
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DTT), each followed by a 1-min incubation and three washes of buffer A.
Myo2 was then applied in myosin buffer at 50 pg/mL (unless otherwise specified)
for 1 min. ATP-insensitive heads were further blocked by two additions of 1 uM
vortexed F-actin in buffer B [25 mM imidazole, pH 7.4, 50 mM KCl, 4 mM MgCl,,
1 mM EGTA, and 10 mM DTT, 3 mg/mL glucose, 0.125 mg/mL glucose oxidase
(Sigma-Aldrich), and 0.05 mg/mL catalase (Sigma-Aldrich)] over 1 min. Active
heads were freed by three washes with buffer B containing 1 mM MgATP. The
ATP was washed out with three more passes of buffer B, and then 10 nM F-actin
labeled with 1.5-molar excess of rhodamine-phalloidin (Thermo Scientific) in
buffer B was applied twice over 1 min. Buffer B with 0.5% methylcellulose and
1 mM MgATP was applied two times before imaging. Where indicated, meth-
ylcellulose was omitted in the final buffer. To decorate actin with tropomyosin,
the AlaSer-Cdc8 acetyl mimic was added at 2 pM with the labeled actin stock,
and 2 pM tropomyosin was added to the final buffer. For experiments where
Myo2 and Rng3 were attached to the coverslip surface, instead of preparing the
flow cells with neutravidin, combinations of Myo2 and Rng3 in myosin buffer
were applied directly to the nitrocellulose-coated flow cells, and then 1 mg/mL
BSA was used to block the remaining surface. In general, N-FLAG-Myo2-C-Biotin
or C-Biotin-C-FLAG was attached to the coverslip with neutravidin to ensure that
all heads are available for interaction with actin. N-FLAG-Myo2 had to be di-
rectly attached to nitrocellulose-coated coverslips.

Actin movement at 30 °C was observed using an inverted microscope (Zeiss
Axiovert 10) equipped with a heated objective, epifluorescence, and a Rolera
MGi Plus digital camera. A dedicated computer with the Nikon NIS Elements
software package was used to control the microscope and record the image
data. Tiff stacks were processed in Image) and analyzed using a filament
tracking program described previously (61).

Actin-Activated ATPase Activity. ATPase assays were performed in 10 mM im-
idazole, pH 7.0, 50 mM Nacl, 1 mM MgCl,, 1 mM Na azide, and 2 mM DTT in
separate 1.5-mL Eppendorf tubes in a 30 °C water bath, while stirring.
Myo2 was clarified by centrifugation for 20 min at 400,000 x g in myosin buffer
and then diluted to twofold concentration (final concentration 25 pg/mL) in the
assay buffer before being mixed 1:1 with skeletal actin at various concentra-
tions. For Tpm-decoration, the actin stock was mixed 2:1 with AlaSer-Cdc8.
Activity was initiated by the addition of 1 mM MgATP and quenched with
SDS at 5-min intervals over 25 min. Inorganic phosphate concentration was
determined colorimetrically (60).
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Analytical Ultracentrifugation. For assembly experiments, the N-flag Myo2
construct was dialyzed for 18 h against buffers containing 10 mM imidazole, pH
7.0, 5 mM MgCl,, 1 mM EGTA, and 1 mM DTT with varying concentrations of
KCl. In an earlier experiment, the buffer was 10 mM potassium phosphate, pH
7.5, for the C-Biotin-FLAG construct (Fig. 1B). The addition of 0.2 mM ATP had
no effect on the sedimentation of Myo2 in phosphate buffer at lower salt
(150 mM KClI). After dialysis, Myo2 was clarified by centrifugation at 200,000 x g
for 10 min at 4 °C. Recovery of protein was 70 to 80% of the concentration
before dialysis. Precipitate was visible when Myo2 was dialyzed against buffer
containing 50 mM KCl. This sample was clarified by centrifugation at 20,000 x g
for 5 min at 4 °C, and ~50% of the protein was recovered. A Beckman Optima
XL-I analytical ultracentrifuge was used to perform sedimentation velocity runs
at 40,000 rpm in an An-60Ti rotor (Beckman) at 20 °C. Sedimentation coeffi-
cients were calculated using DCDT+ (v.2.4.3) software by John Philo and were
corrected for temperature and buffer composition using Sednterp software.

Graphing and Statistical Analysis. Graphing and statistical analyses were done
using GraphPad Prism 7.01. ATPase data were fit to the Michaelis-Menten
equation and the best-fit values for K,,, and V,,,.x were compared using an Extra
sum-of-squares F test. Motility speed and frequency data were fit to a Gaussian
distribution function and compared using unpaired, two-tailed t tests. Welch’s
correction was applied when datasets had significantly different variances,
which were compared using F tests. Paircoil2 was used to predict the parallel
coiled-coil fold from amino acid sequences. Paircoil2 calculates pairwise residue
probabilities using the Paircoil algorithm and updated coiled-coil databases,
resulting in fewer false-positive predictions compared with other coiled-coil
prediction programs (62).
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