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e purified native Myo2p/Cdc4p/Rlc1p
(Myo2), the myosin-II motor required for
cytokinesis by 

 

Schizosaccharomyces pombe

 

.
The Myo2p heavy chain associates with two light chains,
Cdc4p and Rlc1p. Although crude Myo2 supported glid-
ing motility of actin filaments in vitro, purified Myo2
lacked this activity in spite of retaining full Ca-ATPase
activity and partial actin-activated Mg-ATPase activity.
Unc45-/Cro1p-/She4p-related (UCS) protein Rng3p
restored the full motility and actin-activated Mg-ATPase
activity of purified Myo2. The COOH-terminal UCS do-

W

 

main of Rng3p alone restored motility to pure Myo2.
Thus, Rng3p contributes directly to the motility activity of
native Myo2. Consistent with a role in Myo2 activation,
Rng3p colocalizes with Myo2p in the cytokinetic contractile
ring. The absence of Rlc1p or mutations in the Myo2p
head or Rng3p compromise the in vitro motility of Myo2
and explain the defects in cytokinesis associated with
some of these mutations. In contrast, Myo2 with certain
temperature-sensitive forms of Cdc4p has normal motility,
so these mutations compromise other functions of Cdc4p
required for cytokinesis.

 

Introduction

 

Life depends on cytokinesis but its mechanism is far from
understood. Genetic studies in fission yeast and other systems
have identified at least 50 proteins that contribute to cytokinesis
(Guertin et al., 2002). Myosin-II is the motor protein responsi-
ble for constricting the cleavage furrow that separates daughter
cells. Fission yeast have two myosin-II heavy chains encoded
by 

 

myo2

 

 and 

 

myp2

 

. Myo2p, but not Myp2p (Bezanilla et al.,
1997, Motegi et al., 1997), is required for cytokinesis under
most conditions (Kitayama et al., 1997; Balasubramanian et al.,
1998; May et al., 1998). Myo2p is one of the first proteins to
join the contractile ring, whereas Myp2p joins much later
(Bezanilla et al., 2000; Wu et al., 2003). Fission yeast have two
established myosin light chains encoded by 

 

cdc4

 

 and 

 

rlc1

 

.
Cdc4p is an “essential” light chain (ELC) that is required for
cytokinesis (McCollum et al., 1995; Naqvi et al., 1999). Rlc1p
is a “regulatory” light chain (RLC; Le Goff et al., 2000; Naqvi
et al., 2000). 

 

rlc1

 

�

 

 cells are viable, in spite of obvious cyto-
kinesis defects (Le Goff et al., 2000; Naqvi et al., 2000). Immuno-
precipitation experiments indicate that Myo2p and Myp2p
heavy chains associate with both Cdc4p (Naqvi et al., 1999;

Motegi et al., 2000) and Rlc1p (Le Goff et al., 2000; Naqvi et
al., 2000). Although Myo2p is required for cytokinesis, little is
known about its regulation. Cdc4p can be phosphorylated, but
this modification is not required for cytokinesis (McCollum et
al., 1999).

The protein comprised of the Myo2p/Cdc4p/Rlc1p (Myo2)
heavy chain has a “conventional” structure in the sense that two
heavy chains form a rod-shaped coiled-coil tail that is insoluble
at low ionic strength, presumably owing to the formation of fil-
aments (Bezanilla and Pollard, 2000). Given a dimeric tail and
two IQ motifs in each heavy chain, the Myo2 protein is inferred
to have two heads, each with one Cdc4p light chain and one
Rlc1p light chain (Bezanilla and Pollard, 2000).

Myp2p forms an “unconventional” myosin-II because the
isolated tail folds back on itself to form an antiparallel coiled-coil
(Bezanilla and Pollard, 2000). Thus, the Myp2 protein is pre-
sumed to have just one head with Cdc4p and Rlc1p bound to each
of two IQ motifs. Like Myo2p tails, Myp2p tails are insoluble at
physiological salt concentrations (Bezanilla and Pollard, 2000).

Aside from its light chains, Myo2p has been inferred to
interact with Rng3p, a member of the conserved Unc45-/Cro1p-/
She4p-related (UCS) domain protein family (Wong et al., 2000).
Like 

 

myo2

 

, 

 

rng3

 

 is essential for cytokinesis and is required for
the assembly of tight Myo2p contractile rings that arise from
medial accumulations of Myo2p (Wong et al., 2000). Unlike
Myo2p and Cdc4p (Naqvi et al., 1999), Rng3p requires actin fil-
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aments for its localization to the division site (Wong et al.,
2000). Furthermore, the 

 

Caenorhabditis elegans

 

 UCS domain
protein, Unc45, binds myosin-II in vitro (Barral et al., 2002).

We purified native Myo2 from 

 

Schizosaccharomyces
pombe

 

 to learn how it functions and is regulated. During purifi-
cation, Myo2 lost the ability to support gliding motility of actin
filaments in vitro, in spite of retaining full actin binding and
Ca-ATPase activity. We ruled out denaturation and loss of light
chains and discovered that addition of either native or recom-
binant Rng3p to pure Myo2 restores full motility activity
and actin-activated Mg-ATPase activity. More specifically, the
Rng3p UCS domain alone restored Myo2 gliding activity.
Thus, Rng3p is essential for the function of the active motor.
Our in vitro motility data demonstrate that Rng3p promotes the
efficient interaction of Myo2 with actin filaments, which is es-
sential for formation of a competent actomyosin ring. Rng3p
concentrates in the contractile ring after Myo2p, which is con-
sistent with a role as an activator of ring constriction. In vitro
motility assays show that Myo2 function is compromised by
mutations in the Myo2p head and Rng3p, and by the absence of
Rlc1p. In contrast, Myo2 with some temperature-sensitive
forms of Cdc4p (Cdc4-8p, Cdc4-31p, and Cdc4-A2p) has nor-
mal motility, indicating that these mutations compromise other
functions of the ELC required for cytokinesis.

 

Results

 

Subunit composition of fission yeast 
conventional myosin-II, Myo2

 

Before designing strategies to purify Myo2, we wished to con-
firm that Cdc4p and Rlc1p are the only light chains required for
Myo2 function. The 

 

S. pombe

 

 genome encodes five proteins with

sequences similar to Cdc4p: Cam1p (calmodulin; 38% identity/
62% similarity to Cdc4p); SPAC29A4.05p (35%/58%); Cdc31p
(27%/51%); Rlc1p (23%/49%); and a Cnb1p orthologue (21%/

Figure 1. Cdc4p and Rlc1p are the light chains for Myo2p. Quantitative
analysis of GST-pull down experiments with GST-tagged myosin light
chains, GST-tagged Myo2p heavy chain, or GFP-tagged candidate myo-
sin light chains. Proteins bound to glutathione-Sepharose beads were
separated by SDS-PAGE, immunoblotted for Myo2p, Myo1p, or GFP,
detected by ECL, and quantitated by densitometry of the bands. (A) TP
150 cells overexpressed GST-tagged candidate light chains cdc4, rlc1,
cam1, or cam2. The GST-fusion proteins in cell extracts were affinity
purified on glutathione-Sepharose and copurifying Myo2p (black bars)
and Myo1p (gray bars) were quantitated by densitometry. Amounts were
estimated relative to the maximal signal, which was given a value of 1.
(B) Glutathione-Sepharose was used to purify GST-tagged proteins from
cells expressing myo2-GST alone, YFP-cdc4 alone, rlc1-GFP alone,
cam2-GFP alone, myo2-GST plus YFP-cdc4, myo2-GST plus rlc1-GFP, or
myo2-GST plus cam2-GFP. Relative amounts of Myo2p (black bars) and
copurifying light chains (gray bars) were quantitated by densitometry of
bands detected after immunoblotting.

Figure 2. Purification and characterization of Myo2. (A) SDS-PAGE of pro-
teins stained with Coomassie blue. The leftmost lane shows proteins affinity
purified from a wild-type strain (MLP 479) overexpressing GST-tagged light
chains from the plasmids pGST-cdc4 and pGST-rlc1. The right five lanes
show samples from steps in the purification of Myo2 from a strain (MLP
374) overexpressing Myo2p from the 3nmt1 promoter and GST-tagged
light chains from pGST-cdc4 and pGST-rlc1. The steps are the total cell
extract after centrifuging lysed cells at 100,000 g, proteins eluted from
glutathione-Sepharose, the products of thrombin cleavage, the pooled peak
from gel filtration, and the pooled peak of purified Myo2 from hydroxyapatite
chromatography. Polypeptides are named on the right. (B) ATP-sensitive
binding of purified Myo2 to actin filaments evaluated by SDS-PAGE and
staining with Coomassie blue. Samples containing 0.75 �M Myo2 in 0.5 M
NaCl, 10 mM imidazole, pH 7.0, 1 mM EGTA, 2 mM MgCl2 with 0 or
10 �M actin filaments, and 0 or 2 mM ATP were centrifuged at 120,000 g
for 45 min. (top) Myo2 remains in the supernatant in absence of actin fila-
ments. (bottom) Myo2 pellets with actin filaments in the absence but not the
presence of 2 mM ATP. S, supernatant; P, pellet. (C) Dependence of the sol-
ubility of Myo2 on KCl concentration. Samples of 0.5 �M Myo2 in 10 mM
imidazole, 1 mM DTT, and 0 to 500 mM KCl were centrifuged at 120,000 g
for 10 min. Soluble Myo2 in the supernatant was determined by both the
Bradford protein assay and densitometry of samples stained on protein
gels. Two independent experiments are shown based on densitometry data.
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49%). We ruled out Cdc31p and Cnb1p as myosin light chains,
because Cdc31p (a centrin) has a role in spindle pole body dupli-
cation (Paoletti et al., 2003), and Cnb1p is a regulatory subunit of
calcineurin B phosphatase (Cyert and Thorner, 1992). Cam1p lo-
calizes at polarized growth sites and the contractile ring (Moser
et al., 1997; Eng et al., 1998), whereas SPAC29A4.05p had not
been characterized. We named SPAC29A4.05p Cam2p because
its amino acid sequence is 41% identical/65% similar to Cam1p.
Like GST-Cdc4p and GST-Rlc1p, overexpressed GST-Cam2p
binds the Myo2 heavy chain to glutathione-Sepharose beads,
whereas GST-Cam1p does not (Fig. 1 A). In contrast, only native
Cdc4p and Rlc1p copurified with native Myo2p-GST (Fig. 1 B),
suggesting that the Myo2p heavy chain binds these two light
chains in preference to Cam2p. Cam2p localizes as patches at
sites of polarized growth (unpublished data), like type-I myosin,
Myo1p (Lee et al., 2000; Toya et al., 2001). In addition, like
Cam1p (Toya et al., 2001), Cam2p associates with Myo1p (Fig.
1 A). Thus, both Cam1p and Cam2p are likely to be light chains
for Myo1p. Given these results, we chose to purify Myo2p in
combination with Cdc4p and Rlc1p.

 

Purification of Myo2

 

We purified Myo2 in three steps starting with cells overexpress-
ing GST-Cdc4p and GST-Rlc1p. Western blots showed that es-
sentially all of the native Myo2p in extracts of these cells bound
to glutathione-Sepharose (unpublished data). Gel filtration and
hydroxylapatite chromatography yielded highly purified Myo2,
but the yield from 45 g of cells (from 6 liters of culture me-
dium) was exceedingly low and insufficient for biochemical
analysis (unpublished data). The poor yield was likely the con-
sequence of the low cellular concentration of Myo2.

To improve the yield of pure Myo2, we replaced the

 

myo2

 

 promoter with a thiamine repressible 

 

nmt1

 

 promoter.
Three-step purification from cells overexpressing Myo2p,
Cdc4p, and Rlc1p in the absence of thiamine yielded sufficient
quantities (25 

 

�

 

g per gram of cells) of pure Myo2 (Fig. 2 A) for
further characterization. GST was removed from the light
chains by thrombin-cleavage before gel filtration and hydrox-
ylapatite chromatography.

 

Enzyme activity and physical properties 
of Myo2

 

Like myosin-II from other sources, the Myo2 ATPase activity
is low in Mg

 

2

 

�

 

 and high in either Ca

 

2

 

�

 

 or EDTA and KCl (Ta-
ble I). Potassium is required for Myo2 EDTA ATPase activity
because the EDTA-ATPase activity is negligible in the pres-
ence of NaCl (Table I). Purified Myo2 binds actin filaments
and dissociates in ATP (Fig. 2 B). Actin filaments stimulated
the Mg-ATPase activity of Myo2, but to a lesser extent than
rabbit skeletal muscle myosin (Table I).

Myo2 is soluble in high salt and insoluble at physiological
salt concentrations (Fig. 2 C) like recombinant Myo2p tails (Be-
zanilla and Pollard, 2000) and other myosin-IIs. On gel filtration
in high salt the Stokes’ radius of Myo2 is 13.4 nm, similar to the
Stokes’ radius of 13.7 nm of 

 

Acanthamoeba

 

 myosin-II (Pollard
et al., 1978), which has a 175-kD heavy chain like Myo2.

 

Myo2 supports actin filament gliding

 

Crude Myo2, purified on glutathione-Sepharose but not chro-
matographed further, bound to a glass coverslip, and supported
the gliding motility of actin filaments at a velocity of 

 

�

 

0.5 

 

�

 

m/s,
somewhat slower than skeletal muscle myosin (Fig. 3 E, Ta-

 

Table I. 

 

ATPase activities and actin filament gliding velocities

ATPase activity (sec

 

�

 

1

 

)

 

a

 

 

 

�

 

 SD Gliding velocity (

 

�

 

m/sec

 

�

 

1

 

) 

 

�

 

 SD

Assay Myo2 RSMM Sample 24

 

�

 

C 36

 

�

 

C

 

K

 

�

 

Mg

 

2

 

�

 

0.14

 

 �

 

 0.02 0.06 

 

�

 

 0.02 Crude Myo2 samples
Na

 

�

 

 Mg

 

2

 

�

 

0.05 

 

�

 

 0.01 ND wild-type 0.47 

 

�

 

 0.05 0.48 

 

�

 

 0.05
K

 

�

 

 Ca

 

2

 

�

 

3.8 

 

�

 

 0.4 1.5 

 

�

 

 0.1

 

myo2-E1

 

 (

 

���

 

 nGST-Rng3p

 

c

 

) NFA

 

�

 

 rGST-Rng3

 

c

 

5.7 

 

�

 

 0.6 ND

 

myo2-IQ1

 

�

 

0.06 

 

�

 

 0.03

 

�

 

 nGST-Rng3

 

c

 

6.3 

 

�

 

 0.6 ND

 

myo2-IQ2

 

�

 

0.03 

 

�

 

 0.01
Na

 

�

 

 Ca

 

2

 

�

 

 1.5 

 

�

 

 0.1 ND

 

rlc1

 

�

 

0.09 

 

�

 

 0.01
K

 

�

 

 EDTA 1.8 

 

�

 

 0.1 2.4 

 

�

 

 0.1

 

rlc1

 

�

 

 

 

�

 

 nRlc1p

 

d

 

0.37 

 

�

 

 0.06
Na

 

�

 

 EDTA 0.02 

 

�

 

 0.01 ND

 

rlc1-N1

 

�

 

 0.46 

 

�

 

 0.04
Actin-activated Mg

 

2

 

�

 

 ATPase

 

b

 

 0.75 

 

�

 

 0.1 1.9 

 

�

 

 0.2

 

rng3-65 0.35 � 0.03  NFA
� rGST-Rng3c 1.4 � 0.2 ND cdc4-8 0.49 � 0.03 0.53 � 0.08
� nGST-Rng3c 1.5 � 0.2 ND cdc4-31 0.34 � 0.04 0.46 � 0.04

cdc4-A2 0.43 � 0.05 0.47 � 0.08
cdc4-C2 0.01 � 0.01 0.01 � 0.01

Pure samples
RSMM 2.8 � 0.5
Myo2 NFA
Myo2 � rGST-Rng3pc 0.41 � 0.04
Myo2 � nGST-Rng3pc 0.39 � 0.02
Myo2 � nGST-Rng3p-UCSc 0.42 � 0.07

aActivities: molecules of ATP hydrolyzed per head per second.
bActin filaments were included at a final concentration of 10 �m.
crGST-Rng3 and nGST-Rng3 denote recombinant and native protein, respectively.
dnRlc1 was overexpressed and purified from S. pombe extracts.
NFA, no filaments attached; RSMM, rabbit skeletal muscle myosin.
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ble I, and Video 1, available at http://www.jcb.org/cgi/content/
full/jcb.200404045/DC1). Myo2 purified through three steps
failed to bind or move actin filaments in this assay (Fig. 3 H).
Given the good ATPase activity of this purified Myo2, we hy-
pothesized that purification separates Myo2 from an activator
required for motility activity. We ruled out Cdc4p and Rlc1p as
the missing activators because both copurified with Myo2
through three purification steps, and because addition of excess
purified Cdc4p or Rlc1p failed to activate purified Myo2 (un-
published data).

Rng3p interacts with and stimulates 
Myo2 activity
We took a candidate protein approach to identify the activating
factor for Myo2, beginning with the UCS protein Rng3p. Fis-
sion yeast Rng3p is required to localize Myo2 to the contractile
ring and for cytokinesis (Wong et al., 2000). Rng3p is related to
C. elegans Unc45 (Barral et al., 1998), Podospora anserina
Cro1p (Berteaux-Lecellier et al., 1998), and budding yeast
She4p (Jansen et al., 1996). The UCS domains of these proteins
are conserved in yeast and animals and participate in the func-
tion of certain myosins from classes I, II, and V, possibly as
chaperones that fold the myosin head (Yu and Bernstein, 2003).

Consistent with Rng3p being the missing activating fac-
tor for Myo2 motility activity, Rng3p copurified with crude
Myo2 but was depleted upon further purification of Myo2 (Fig.
3 A). Likewise, Myo2 associated with native or overexpressed
Rng3p, although in smaller amounts than with overexpressed
Rlc1p (Fig. 3, B and C). Genetic studies demonstrated a syn-
thetic interaction between rng3 mutations and a myo2-E1 mu-
tation (Wong et al., 2000), but GST-Rng3p pulled down the
same amount of Myo2-E1p as Myo2p (Fig. 3, B and C).

Highly purified recombinant Rng3p or GST-Rng3p
partially purified from S. pombe (Fig. 3 D) restored in vitro
motility of three-step purified Myo2 (Fig. 3, F and G; and
Video 2 A, available at http://www.jcb.org/cgi/content/full/
jcb.200404045/DC1) with rates similar to crude Myo2 (Table

Figure 3. Rng3p stimulates Myo2 activity. (A) Lanes 1–5 show samples
from steps in the purification of Myo2 from a strain (MLP 676) containing
a chromosomal rng3-GFP3 fusion overexpressing Myo2p from the 41nmt1
promoter and GST-tagged light chains from pGST-cdc4 and pGST-rlc1.
Samples were run on an SDS-PAGE gel, immunoblotted and probed with
Myo2 heavy chain antibodies (top) and GFP antibodies (bottom). (B) Bead
binding assay for interaction of chromosomal Rng3p-GST with Myo2.
Strains: FY 435 carrying pGST-rlc1, MLP 694 (rng3-GST), MLP 693 (rng3-
GST, myo2-E1), and MLP 695 (wild-type). GST proteins from extracts were
affinity purified on glutathione-Sepharose. Bound proteins were separated
by SDS-PAGE and analyzed by immunoblotting with antibodies to Myo2p
heavy chain (top) and Rng3p-GST (�-GST; bottom). pGST-rlc1, positive
control with GST-Rlc1p. wild type, negative control lacking a GST fusion.
(C) Bead binding assay for interaction of overexpressed GST-Rng3p
(pGST-rng3-FL) and GST-Rng3-UCS domain (pGST-rng3-UCS) with Myo2.
Strains: FY 435 (wild-type) and TP 73 (myo2-E1) carrying plasmids pGST-
rng3, pGST-rng3-UCS, pGST-cam1, and pGST-rlc1. GST proteins from ex-
tracts were affinity purified on glutathione-Sepharose. Bound proteins were
separated by SDS-PAGE and analyzed by immunoblotting with antibodies
to Myo2p heavy chain. pGST-cam1, negative control with GST-Cam1p.
pGST-rlc1, positive control with GST-Rlc1p. (D) GST-Rng3p purified from
S. pombe and recombinant GST-Rng3p purified from Escherichia coli.
SDS-PAGE gel stained with Coomassie blue. Lower band in the S. pombe
lane represents a breakdown product. (E–J) Actin filament gliding assays.
Time-lapse fluorescence micrographs of filaments labeled with rhodamine-
phalloidin (also, see Videos 1 and 2, available at http://www.jcb.org/

cgi/content/full/jcb.200404045/DC1). Trajectories are indicated with
white dots marking the trailing end of filaments at 2-s intervals. Bar, 5 �m.
Conditions: indicated concentrations of Myo2 and GST-Rng3p were applied
to flow cells in 25 mM imidazole, pH 7.4, 25 mM KCl, 4 mM MgCl2,
1 mM ATP, 100 mM DTT, and 10 nM labeled actin filaments. (E) Crude
one-step purified Myo2 (0.25 mg/ml impure protein). (F) Three-step–purified
75 nM Myo2 preincubated with 250 nM native S. pombe GST-Rng3p. (G)
Three-step–purified 75 nM Myo2 preincubated with 250 nM recombinant
GST-Rng3p. (H) Three-step–purified 75 nM Myo2 alone. (I) S. pombe GST-
Rng3p (250 nM) alone. (J) recombinant GST-Rng3p (250 nM) alone. (K)
Dependence of the actin-activated ATPase activity of three-step–purified
Myo2 as a function of the concentrations of native (open circles) and
recombinant (closed circles) GST-Rng3p. Conditions: 30 nM Myo2 and
10 �M actin filaments in 2 mM ATP, 3 mM MgCl2, 0.1 mM CaCl2, and 75
mM KCl. Error bars show SD. (L) Dependence of the number of actin fila-
ments captured by two-step–purified Myo2 on the concentration of recom-
binant GST-Rng3p. All filaments in a 130 �m2 frame of a fluorescence
micrograph were counted. (squares) 20 nM two-step–purified Myo2. No
gliding was observed in the absence of GST-Rng3p. (circles) 200 nM two-
step–purified Myo2. These samples supported gliding in the absence of
GST-Rng3p. (horizontal line) 150 nM crude Myo2 purified after over-
expression from MLP 374 (3nmt1 promoter-myo2 plus pGST-cdc4 and
pGST-rlc1). These samples supported robust gliding.
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I). Native or recombinant Rng3p also doubled the actin-acti-
vated Mg-ATPase (Fig. 3 K and Table I). Note that recombi-
nant Rng3p came from bacteria lacking fungal Hsp70, Hsp90,
or kinases. Neither three-step purified Myo2 nor GST-Rng3p
alone bound actin filaments to coverslips in ATP buffer (Fig. 3,
H–J; and Video 2, B and C, available at http://www.jcb.org/
cgi/content/full/jcb.200404045/DC1).

Rng3p also enhanced actin filament binding and motil-
ity powered by two-step purified Myo2. High concentrations
but not low concentrations of this preparation supported
gliding of a few attached filaments (Fig. 3 L). Recombinant
Rng3p dramatically increased the number of filaments cap-
tured on the surface in a concentration-dependent fashion
(Fig. 3 L).

Repression of Rng3p expression compromises concen-
tration of Myo2 in the contractile ring and cytokinesis (Fig. 4
A), similar to a rng3 mutant (Wong et al., 2000). This exper-
iment used a strain with two chromosomal replacements: a
thiamine repressible 41nmt1 promoter replaced the rng3 pro-
moter; and a GFP-myo2 fusion replaced the Myo2p coding
sequence. Control cells expressing Rng3p in the absence of
thiamine had no defects in cytokinesis or Myo2p/actin local-
ization. Repression of rng3 expression with thiamine re-
sulted in cells with Myo2 and actin mislocalized together in
disorganized structures that failed to condense into contrac-
tile rings. Cytokinesis and septation failed, so these cells be-
came multinucleate.

Overexpression of rng3 or the rng3-UCS domain by in-
duction of an integrated (strong) 3nmt1 promoter (in the ab-
sence of thiamine) also caused defects in Myo2 localization
and cytokinesis (Fig. 4, B and C). Myo2p mislocalized as dis-
organized structures, whereas actin was diffuse, often accumu-
lating at the tips of elongated cells. Control cells expressing
low levels of Rng3p in the presence of thiamine lacked these
defects (Fig. 4, B and C). Thus, cells require an optimal con-
centration of Rng3p for Myo2 localization and cytokinesis.

Rng3p UCS domain alone restores the 
motility activity of pure Myo2
The COOH-terminal UCS domain of Rng3 has all of the ac-
tivities of full-length Rng3p that we have detected. (a)
Overexpressed GST-Rng3p UCS domain pulled down Myo2
somewhat more effectively than full-length Rng3p (Fig. 3 C).
(b) Overexpression of Rng3 UCS compromised the formation
of contractile rings resulting in cytokinesis defects (Fig. 4 C).
(c) The purified UCS domain of Rng3p fully restored the in
vitro motility of pure Myo2 (Table I and Video 3, available at
http://www.jcb.org/cgi/content/full/jcb.200404045/DC1).

copy. (B) Overexpression of Rng3p and (C) overexpression of the Rng3p
UCS domain. MLP 639 (3nmt1 promoter-rng3, GFP-myo2) and FY 435
carrying pGST-rng3-UCS were grown in liquid EMM medium supple-
mented with 5 �g/ml thiamine (to repress Rng3p and Rng3p-UCS expression
to a modest level) or without thiamine (to overexpress Rng3p and Rng3p-
UCS). (top) GFP-Myo2p; (middle) actin; (bottom) DIC. Plots on the left
summarize the phenotypes of cells grown in either inducing (� thiamine)
or uninducing (� thiamine) conditions.

Figure 4. Effects of Rng3p repression or overexpression on Myo2p and
actin localization and cytokinesis. Fluorescence and DIC micrographs of
yeast cells expressing GFP-Myo2p and stained for actin with rhodamine
phalloidin. Bars, 5 �m. Cells were mounted on 25% gelatin pads in the
appropriate EMM medium. In a separate experiment, cells were treated
with Hoescht stain to mark nuclei. (A) Repression of Rng3p expression:
MLP 640 (41nmt1 promoter-rng3, GFP-myo2) was grown in liquid EMM
medium with 5 �g/ml thiamine to repress Rng3p expression (left micro-
graphs) or without thiamine (right micrographs). (top) GFP-Myo2p; (mid-
dle) actin; (bottom) DIC. Plots on the left summarize the phenotypes of cells
grown in either nonrepressing (� thiamine) or repressing (� thiamine)
conditions as quantitated by scoring nuclei/cell using fluorescence micros-
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The UCS domain is the only region of Rng3p having signifi-
cant homology with other UCS proteins (Wong et al., 2000;
Hutagalung et al., 2002).

Rng3p localizes to the contractile ring
Wong et al. (2000) observed Rng3p-GFP in contractile rings in
temperature-sensitive myo2-E1 cells but not wild-type cells.
One explanation is that Rng3p has a chaperone function and
only concentrates in contractile rings with defective Myo2-
E1p. Alternatively, if Rng3p activates Myo2, it may be re-
cruited in greater amounts to the contractile ring of myo2-E1
cells to compensate for reduced Myo2 activity. To distinguish
these hypotheses, we integrated triple GFP or YFP tags at the
COOH terminus of a fully functional rng3 locus under the con-
trol of the native promoter.

Rng3p-GFP3 and Rng3p-YFP3 concentrated in contractile
rings from anaphase B through constriction (Fig. 5). CFP-
Myo2p joins the contractile ring earlier, beginning with a broad
band of small dots before condensing into the contractile ring

(Wu et al., 2003). Thus, 21% of full-diameter CFP-Myo2p con-
tractile rings lacked detectable Rng3p-YFP3, whereas both
CFP-Myo2p and Rng3p-YFP3 concentrated in all constricting
contractile rings (Fig. 5, C–E; note the positions of the nuclei in
Fig. 5 D; Video 4, A and B, available at http://www.jcb.org/
cgi/content/full/jcb.200404045/DC1). The Rng3p-YFP3 signal
was weak, so we cannot rule out low concentrations of Rng3-
YFP3 in immature contractile rings, but Rng3p lags behind
Myo2p incorporation into the ring.

Genetic requirements for Myo2 activity
The ability of crude Myo2 (purified by affinity chromatogra-
phy) to support actin filament motility provided an assay for
the consequences of mutations on Myo2 activity. Despite the
fact that cells with the temperature-sensitive myo2-E1 muta-
tion grow at the permissive temperature, Myo2-E1 from
these cells was unable to capture actin filaments, let alone
power gliding even at the permissive temperature (Table I).
Preincubation of Myo2-E1 with purified Rng3p did not res-
cue gliding (Table I).

Rlc1p is not required for viability (Le Goff et al., 2000;
Naqvi et al., 2000), but cells lacking Rlc1p die under stress-
ful conditions (Fig. 6 B). Myo2 from rlc1� cells moved actin
filaments at only 20% the rate of wild-type Myo2 (Fig. 6 E,
Table I, and Video 5, available at http://www.jcb.org/cgi/
content/full/jcb.200404045/DC1). Pre-incubation of one step
purified Myo2 from rlc1� cells with purified GST-Rlc1p re-
stored in vitro motility to rates close to those of wild type
(Table I).

None of the 14 potential regulatory phosphorylation
sites at the NH2 terminus of Rlc1p is required for biological
function. Truncation of 36 NH2-terminal residues including
11 potential phosphorylation sites did not compromise in
vitro motility (Table I), Rlc1p function in vivo, or localization
at the contractile ring (Fig. 6, A–D). Like wild-type Rlc1p,
Rlc1p-N1� grew on plates containing 1M KCl (Fig. 6 B) and
displayed none of the cytokinesis defects associated with loss
of Rlc1p function (Fig. 6 C). Further, a truncated form of
Rlc1p (Rlc1p-N2�) with alanines replacing three additional
potential phosphorylation sites (Thr43-Ser44-Ser45; Fig. 6 A)
was also fully functional and localized to the contractile ring
(Fig. 6 B and not depicted).

In vitro motility is temperature sensitive for crude Myo2
purified from the rng3-65ts mutant. Motility of crude Myo2
from rng3-65 cells was normal up to 30�C (Table I), but when
the chamber was warmed to 33�C, the filaments stopped mov-
ing and dissociated from the surface of the coverslip (Fig. 6, F–H).
Wild-type Myo2 is active up to 36�C. This result is strong evi-
dence that Rng3p is the factor that supports the motility activity
of crude Myo2 (Fig. 3 A).

Although temperature-sensitive mutations in the cdc4
ELC gene are lethal at the restrictive temperature owing to
cytokinesis defects (Balasubramanian et al., 1998; Desautels
et al., 2001), the motility activity of crude Myo2 from cdc4
conditional alleles was defective only in strain cdc4-C2 but
not strains cdc4-8, cdc4-31, and cdc4-A2 (Table I and Fig. 6
I). Overexpression of wild-type GST-Cdc4p but not GST-

Figure 5. Rng3p colocalizes with Myo2p at the contractile ring. (A) Epi-
fluorescence and DIC micrographs of live yeast cells expressing Rng3p-
GFP3 (MLP 662) or Rng3p-YFP3 (MLP 660). (B–E) Spinning disk confocal
fluorescence micrographs of live yeast cells expressing CFP-Myo2p and
Rng3p-YFP3 (MLP 665). Bars, 5 �m. Cells were mounted on 25% gelatin
pads in EMM medium and photographed with GFP, YFP, or CFP filters.
(A) Images of Rng3p-GFP3 (left panels) and Rng3p-YFP3 (right panels) in
dividing cells. (B) Images of Myo2p (left), Rng3p (middle), and their merge
(right) in two cells from a stack of 12 confocal z sections of 0.6 �m. (C)
Images of Myo2p, Rng3p, and their merge are shown (as in B). Asterisk
denotes Myo2p broad band; arrowhead indicates Myo2p ring lacking
Rng3p. (D and E) Time-lapse series of a cell at intervals of 15 min (D) and
2 min (E). To avoid bleaching a single z section was collected at each
time point. Myo2p and Rng3p are shown in merged format. Myo2p is
detected at the contractile ring (D, 15’ panel) before Rng3p. Both constrict
together (D and E; Video 4, available at http://www.jcb.org/cgi/content/
full/jcb.200404045/DC1). n, position of nuclei.
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Cdc4-8p, GST-Cdc4-31p, or GST-Cdc4-A2p corrected the
cytokinesis defects of these cdc4 mutants at the restrictive
temperature (unpublished data). Thus, the normal motility
of crude Myo2 from cells overexpressing mutant forms of
Cdc4p was not caused by simply overexpressing defective
Cdc4p. The motility activity of crude Myo2 from cdc4-C2
temperature-sensitive cells was severely compromised, even
at permissive temperatures (Table I and Fig. 6 I). Crude
Myo2 from cdc4-C2 cells bound to the slide only 4% the
number of actin filaments as wild-type Myo2, and bound fila-
ments moved little or not at all. These results suggest that cy-
tokinesis defects in the cdc4-8, cdc4-31, and cdc4-A2 mutants

are not due to lack of Myo2 function, but instead reveal an-
other role of Cdc4p in cytokinesis.

Deletion of Myo2 ELC or RLC binding 
sites compromises activity
Strains with deletions of either the IQ1 motif (Cdc4p binding
site) or the IQ2 motif (Rlc1p binding site) from the myo2 gene
grow normally, even in the absence of myp2 (Naqvi et al.,
2000; D’souza et al., 2001). Crude preparations of Myo2-
IQ1�p/Rlc1p and Myo2-IQ2�p/Cdc4p both supported motil-
ity, but the velocity with Myo2-IQ1�p/Rlc1p was 12% that of
wild-type Myo2 and that of Myo2-IQ2�p/Cdc4p was only 6%

Figure 6. Effects of mutations in Myo2p light
chains and Rng3p on motility activity. (A) Amino
acid sequence alignment of the NH2-terminal
regions of Rlc1p, Rlc1p-N1�, Rlc1p-N2�,
D. melanogaster RLC, and Homo sapien RLC
homologues. Alignment was generated with
MacVector 7.1.1 and Boxshade software. Sin-
gle (above) and double (below) lines on the
alignment denote potential Rlc1p Ser/Thr
phosphorylation sites and the phospho-regula-
tory Thr-Ser characteristic of higher eukaryotic
RLCs, respectively. The box in Rlc1p-N2� indi-
cates the additional amino acid substitutions.
Black, amino acid identities; gray, amino acid
similarities. (B) Viability of an rlc1� strain (MLP
7) carrying empty vector (negative control),
pGFP-rlc1 (positive control), pGFP-rlc1-N1�,
or pGFP-rlc1-N2�. Transformants were streaked
on an EMM Ura- plate containing 1M KCl. (C)
Phenotypic quantitation of MLP 7 carrying
empty vector (negative control), pGFP-rlc1
(positive control), or pGFP-rlc1-N1�. Transfor-
mants were grown in liquid EMM Ura� media
and their nuclei stained. Nuclei/cell were visu-
alized and scored by fluorescence micros-
copy. (D) Localization of GFP-Rlc1p in MLP 7
containing either pGFP-rlc1 (left panels) or
pGFP-rlc1-N1� (right panels). Cells were
grown in liquid EMM Ura� media. Fluores-
cence and DIC micrographs are shown. Bar,
5 �m. (E–I) Actin filament gliding assays using
crude Myo2 (0.25 mg/ml impure protein)
isolated in one step on glutathione-Sepharose
from strains with mutations in Myo2p light
chains and Rng3p. (E–G) Fluorescence micro-
graphs of filaments labeled with rhodamine-
phalloidin. Bars, 5 �m. (H and I) Quantitation
of gliding rates. Conditions: samples were
applied to flow cells in 25 mM imidazole, pH
7.4, 25 mM KCl, 4 mM MgCl2, 1 mM ATP,
100 mM DTT, and 10 nM labeled actin fila-
ments. (E) Myo2 from a strain lacking Rlc1p
(MLP 534 rlc1� 41nmt1 promoter-myo2 plus
pGST-cdc4). Trajectories are indicated with
white dots marking the trailing end of filaments
at 2-s intervals. Arrowheads mark the 6-s time
point in filaments that moved. (F) Temperature
dependence of actin filament attachment to
crude, wild-type Myo2 (0.25 mg/ml) purified
from MLP 509 (41nmt1 promoter-myo2 plus
pGST-cdc4 and pGST-rlc1). (G) Temperature
dependence of actin filament attachment to
crude Myo2 (0.25 mg/ml) purified from a

strain with a temperature-sensitive mutation, rng3-65 (MLP 586 rng3-65 41nmt1 promoter-myo2 plus pGST-cdc4 and pGST-rlc1). (H) Temperature dependence
of in vitro motility rates of crude Myo2 purified from wild-type (MLP 509) and rng3-65 (MLP 586) temperature-sensitive backgrounds. (I) Temperature
dependence of in vitro motility rates of crude Myo2 purified from wild-type (MLP 509) and cdc4 temperature-sensitive backgrounds. Strains: MLP 539
cdc4-8 41nmt1 promoter-myo2, plus pGST-cdc4-8 and pGST-rlc1; MLP 641 cdc4-31 41nmt1 promoter-myo2 plus pGST-cdc4-31 and pGST-rlc1; MLP
647 cdc4-C2 41nmt1 promoter-myo2 plus pGST-cdc4-C2 and pGST-rlc1; MLP 648 cdc4-A2 41nmt1 promoter-myo2 plus pGST-cdc4-A2 and pGST-rlc1.
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of wild type (Table I and Video 6, A and B, available at http://
www.jcb.org/cgi/content/full/jcb.200404045/DC1). Myo2 with
just a single light chain and low motility activity suffices for
cytokinesis and growth.

Discussion
We report the first purification and characterization of a native
fungal myosin. The native protein comes from an environment
with all of the factors required for optimal posttranslational
modifications. Further, purified native myosin provides a
means to test whether or not mutations that compromise cyto-
kinesis have a direct effect on Myo2. In addition to contribut-
ing to understanding the role of myosin-II in cytokinesis, our
work establishes fission yeast as a genetically tractable model
system to relate biochemical activities to biological function.

We confirmed that Cdc4p and Rlc1p associate with
Myo2p and showed that none of the other candidate light
chains are subunits of Myo2. When overexpressed, the calmod-
ulin-like protein Cam2p can bind Myo2p but does not purify
with native Myo2. Instead, Cam2p is likely a light chain for
Myo1p, the single type-I myosin of fission yeast. Cam1p and
Cam2p may bind the two Myo1p IQ motifs, one complete and
the other incomplete (Toya et al., 2001).

Purified Myo2 has most of the characteristics of a func-
tional myosin-II: large Stokes’ radius (13.7 nm); an 87-nm tail
(Bezanilla and Pollard, 2000); insolubility at physiological
ionic strength, likely reflecting its ability to form filaments;
and ATP-sensitive binding to actin filaments. The ATPase
profile is characteristic of myosin-II, activated by EDTA in
high K�, and activated by actin filaments in Mg2�. In spite of
these characteristics of a native myosin-II, Myo2 lost its abil-
ity to support actin filament gliding in in vitro motility assays
as it was purified.

Our central finding is that the UCS domain of Rng3p re-
stores the ability of purified Myo2 to move actin filaments. Pre-
vious work established a connection between UCS proteins and
myosins. The C. elegans UCS-domain protein, Unc45, is re-
quired for the organization of myosin-II in muscle (Barral et al.,
1998). S. pombe Rng3p is required for incorporation of Myo2p
into the contractile ring, as well as the constriction of the ring

(Wong et al., 2000). Budding yeast She4p, although not required
for function of the essential type V myosin (Myo2p) and the
type-II myosin (Myo1p), is required by both type-I myosins
(Myo3p and Myo5p) and Myo4p, a second type-V myosin (Toi
et al., 2003; Wesche et al., 2003). Work on Unc45 suggested that
UCS proteins are molecular chaperones or cochaperones re-
quired for folding the heads of myosin-II and possibly other my-
osins (Barral et al., 2002; Yu and Bernstein, 2003).

Domain organization of UCS proteins 
and association with known chaperones
Like Unc45, most UCS-domain proteins consist of three do-
mains: an NH2-terminal tetratricopeptide repeat (TPR); a cen-
tral region; and a COOH-terminal UCS domain (Hutagalung et
al., 2002). TPR domains can bind either Hsp70 or Hsp90 chap-
erones (Blatch and Lassle, 1999). The TPR domain of Unc45 is
specific for Hsp90 in vitro (Barral et al., 2002). The central do-
main is well conserved only in animals, whereas the UCS do-
main is well conserved in all UCS proteins (Hutagalung et al.,
2002; Fig. 7 A). When overexpressed in Sf9 cells, a truncated
form of Unc45 lacking its TPR domain copurified with endog-
enous insect Hsp70, but not Hsp90. (Barral et al., 2002). This
truncated form of Unc45 also bound C. elegans myosin-II in
vitro. Because Unc45 inhibited thermal aggregation of scallop
myosin subfragment 1, Barral et al. (2002) concluded that
Unc45 acts both as a molecular chaperone and a Hsp90 co-
chaperone supporting proper folding of myosin heads and sub-
sequent assembly of muscle thick filaments.

Animal and fungal UCS proteins diverged significantly
from a common ancestor. All three known fungal UCS proteins
lack the TPR domain and lack, even amongst themselves, any
obvious sequence similarity in their central domains (Fig. 7, A
and B). Budding yeast She4p is the most divergent, with rela-
tively low sequence similarity to animal and other fungal UCS
proteins in both its central and UCS domains (Fig. 7, A and B).

Evidence that Rng3p activates the Myo2 
motor and is not simply a chaperone
Our evidence shows that Rng3p is an accessory subunit re-
quired for the motor activity of purified Myo2. Rng3p doubles
the actin-activated ATPase activity of Myo2 and in the pres-

Figure 7. Domain organization and sequence comparisons
of UCS proteins. Amino acid sequence comparisons (identities/
similarities) were generated from sequence alignments
(MacVector 7.1.1). Conservation amongst NH2-terminal
tetratricopeptide repeat (TPR) domains (light gray), central re-
gions (gray), and COOH-terminal UCS domains (black) are
compared individually. Amino acid sequence length and to-
tal conservation are shown on the right for each protein. (A)
Comparison of animal and fungal UCS proteins with H. sapi-
ens general cell form (Hs GC; Price et al., 2002), H. sapiens
striated muscle form (Hs SM; Price et al., 2002), Danio rerio
(Dr Unc45r; zebrafish; Etheridge et al., 2002), D. melanogaster
(Dm; GenBank/EMBL/DDBJ accession no. AAK93568),
C. elegans (Ce Unc-45; Venolia et al., 1999); P. anserina
(Pa Cro1p; Berteaux-Lecellier et al., 1998); S. pombe (Sp
Rng3p; Wong et al., 2000); and Saccharomyces cerevisiae
(Sc She4p; Jansen et al., 1996). (B) Comparison of fungal
UCS proteins with Rng3p.
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ence of ATP promotes binding and movement of actin fila-
ments in the in vitro motility assay. Thus, we propose that
Rng3p promotes the interaction of the “weak-binding” Myo2-
ATP and –ADP-Pi intermediates with actin filaments. Biophys-
ical analysis of single molecules will be required to learn how
Rng3p participates in force production by Myo2. Two-hybrid
and coprecipitation experiments are also consistent with the
budding yeast UCS protein She4p promoting interaction of
Myo5p with actin (Toi et al., 2003; Wesche et al., 2003).

Activation of Myo2 does not appear to reflect an ability
of Rng3p to promote the folding of the Myo2 head. First,
Rng3p purified from bacteria, which lack the requisite Hsp90,
activates Myo2. Second, purified Myo2 binds reversibly to ac-
tin filaments and has robust ATPase activity, so it must be
folded without associated Rng3p. Third, cells with excess
Rng3p fail to coalesce Myo2 into a contractile ring. This find-
ing is easier to explain by over-activation than by excess
chaperone activity. Fourth, Rng3p is required to maintain con-
tractile rings. Fully formed contractile rings disintegrate when
rng3-65 cells are shifted to the restrictive temperature (Wong
et al., 2000). If Rng3p were simply required to fold Myo2p
before its incorporation in a contractile ring, one would not
expect it to be required later.

Our finding that the UCS domain of Rng3p interacts with
Myo2 and stimulates its activity is consistent with previous
work. Both rng3 temperature-sensitive alleles known to com-
promise Myo2 function have point mutations in the UCS do-
main (Wong et al., 2000). The UCS domain of budding yeast
She4p associates with Myo5p (Toi et al., 2003; Wesche et al.,
2003). The activities and functions of the NH2-terminal regions
of Rng3p are not known.

Evidence that other UCS proteins 
activate myosins
Budding yeast UCS proteins may also activate myosin mo-
tors. Each of four independent MYO5 point mutations that
suppress the defects of a she4� strain is located inside the
cleft between the upper and lower 50-kD domains of this my-
osin-I head (Toi et al., 2003). Conformational changes in-
volving this cleft are thought to modulate affinity of the my-
osin head for actin filaments (Rayment et al., 1993). We find
it unlikely that each of these single amino acid substitutions
would allow an unfolded myosin to fold in the absence of a
required chaperone. Considering their position, these MYO5
mutations likely act as enhancers that bypass the requirement
for She4p activation, possibly increasing affinity for actin
filaments in ATP.

The dependence of myofibrillogenesis on UCS proteins
has been attributed to chaperone or chaperone-binding activ-
ity, but is also consistent with myosin activation. For example,
inhibiting myosin-II activity in Xenopus laevis myocytes with
N-benzyl-p-toluenesulphonamide compromises myofibril for-
mation (Ramachandran et al., 2003). Similarly, fission yeast
with reduced Rng3p fail to coalesce Myo2 into a contractile
ring. Thus, myosin-II motor activity may contribute to assem-
bly of sarcomeres and contractile rings. Furthermore, Unc45
colocalizes with myosin-II at A-bands of sarcomeres (Ao and

Pilgrim, 2000), whereas Hsc70 and Hsp90 chaperones only
colocalize with myosin-II before its incorporation into sar-
comeres (Srikakulam and Winkelmann, 2004). The presence
of Unc45 in sarcomeres suggests a role in the function of
folded myosin-II.

Roles of Rng3p and Myo2 subunits in 
cytokinesis
Formation of a functional contractile ring depends on Rng3p.
Myo2p appears to concentrate around the equator indepen-
dent of Rng3p, but maturation and constriction of the contrac-
tile ring depend on Rng3p (Wong et al., 2000). Consistent
with the idea that the function of Rng3p is to activate Myo2,
Rng3p colocalizes with Myo2p in mature and constricting
contractile rings.

Biochemical assays of crude Myo2 from different ge-
netic backgrounds provide an assay for the roles of the three
Myo2 subunits. Myo2-E1 with a temperature-sensitive point
mutation in the catalytic domain failed to support filament
gliding even at permissive temperatures. Residual activity not
detected here may allow myo2-E1 cells to divide at permissive
temperatures. Alternatively, because deletion of Myp2p ac-
centuates the cytokinesis defects of myo2-E1 cells (Motegi et
al., 1997), Myp2p may suffice for effective cytokinesis, pro-
viding that enzymatically inactive Myo2 contributes some
other essential function.

RLC Rlc1p is not essential for viability, although deletion
strains die when stressed. The ability of cells to function with-
out Rlc1p is explained by the fact that Myo2 from a strain lack-
ing Rlc1p still moved actin filaments at 20% the wild-type rate.

None of the potential phosphorylation sites near the NH2

terminus of Rlc1p is required for motor activity or cytokinesis.
Thus, other factors, such as Rng3p must regulate Myo2. Phos-
phorylation of RLCs controls the motor activity of many myo-
sin-IIs, either activating or inhibiting motility depending on the
phosphorylated residue (Bresnick, 1999).

Biochemical analysis of Myo2 from strains with tempera-
ture sensitive alleles of cdc4 show that Cdc4p contributes at
least one function beyond its structural role in the lever arm of
Myo2. Three (cdc4-8, cdc4-31, and cdc4-A2) of four cdc4 mu-
tations had no effect on the biochemical activity of isolated
Myo2 in spite of severe defects in cytokinesis at the restrictive
temperature. Only the cdc4-C2 mutation strongly affected
Myo2 activity. The cdc4-C2 mutation substitutes lysine for
strictly conserved arginine-33, a residue contacting the IQ helix
in a crystal structure of an ELC-IQ complex (Terrak et al.,
2003). The cdc4-C2 mutation may compromise Cdc4p binding
to Myo2p or its activity.

Unlike deletion of cdc4, loss of the ELC binding site
(IQ1) from myo2 has no effect on cell growth (D’souza et al.,
2001) despite Myo2-IQ1� exhibiting relatively low in vitro
motility activity (0.06 �m/s). Consistent with our biochemical
findings with mutant Cdc4p forms, the myo2-IQ1� mutation
partially suppressed the cdc4-C2 allele but not the cdc4-8,
cdc4-31, and cdc4-A2 alleles (D’souza et al., 2001).

Genetics first suggested ELC bifunctionality because
some cdc4 mutant alleles exhibit interallelic complementation
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(Nurse et al., 1976; Desautels et al., 2001). Coprecipitation ex-
periments demonstrated that Cdc4p also interacts with a phos-
phatidylinositol 4 (PI 4)-kinase and IQGAP/Rng2p (Desautels
et al., 2001; D’souza et al., 2001). Of the reported mutant forms
of Cdc4, Cdc4-8p fails to interact with PI 4-kinase (Desautels
et al., 2001). Although PI 4-kinase has no established role in
fission yeast cytokinesis, PI 4-kinase is required for cytokinesis
in Drosophila melanogaster spermatids (Brill et al., 2000).
Similar to Cdc4-8p, Cdc4-31p and Cdc4-A2p may lack an im-
portant protein interaction critical for cytokinesis.

The ability of a myo2-IQ2� mutation (deletion of the
RLC binding site) to suppress cytokinesis defects associated
with an rlc1� mutation led to the idea that Rlc1p overcomes
auto-inhibition of Myo2 imposed by the unoccupied IQ2 re-
gion (Naqvi et al., 2000). Our biochemical results suggest an-
other view. The motility activity of Myo2 from an rlc1� strain
(0.09 �m/s) is actually greater than Myo2-IQ2� (0.03 �m/s).
Because neither the myo2-IQ1� and myo2-IQ2� strains exhibit
cytokinesis defects (Naqvi et al., 2000; D’souza et al., 2001) in
spite of low motility activity, the defects in rlc1� cells may
stem from rogue light chains invading the open IQ2 domain
and compromising cellular functions.

Reconciliation of cellular and biochemical 
phenotypes
Our results emphasize how difficult it is to interpret the effects
of mutations on cellular function without parallel biochemical
analysis. We now see that cells can complete cytokinesis and
survive with Myo2 having little (myo2-IQ1�, myo2-IQ2�,
rlc1�, cdc4-C2) or no (myo2-E1) detectable motility. In con-
trast, several cdc4 conditional alleles die at the restrictive tem-
perature in spite of Myo2 with full activity, presumably due to
loss of other Cdc4p functions.

Very little Myo2 function is required to complete cytoki-
nesis. This finding makes sense because the contractile ring
constricts slowly, at a maximum rate of 20 nm/s (Wu et al.,
2003). Because native Myo2 moves actin filaments at 470 nm/s,
a bipolar filament of Myo2 would pull together oppositely
polarized actin filaments at 940 nm/s. Around a ring with a
circumference of 15 �m, several Myo2 bipolar filaments are
likely to function in series, adding their sliding velocities to-
gether. Just five such units in series would constrict an un-
loaded actin ring at 4700 nm/s, over two orders of magnitude
faster than constriction of the contractile ring. Neither the re-
sistance in the cell nor the force velocity relationship for Myo2
is known, but the fact that Myo2 with only 2% of wild-type
motility activity suffices for cytokinesis suggests that the sys-
tem has vast excess capacity, perhaps as a fail-safe system for
this vital function.

Materials and methods
Myo2 purification
Myo2p/Rlc1p/Cdc4p (Myo2): MLP 509 was cotransformed with pGST-
rlc1 and pGST-cdc4, and transformants were isolated on EMM Leu� Ura�

plates containing 5 �g/ml of thiamine. Liquid cultures were grown to sat-
uration in EMM Leu� Ura� with 5 �g/ml of thiamine. Cells were har-
vested and washed three times in EMM Leu� Ura� medium and diluted to

an optical density at 595 nm (OD595) of �0.05 in 4 liters of the same
medium. Overexpression of Myo2p, GST-Rlc1p, and GST-Cdc4p was
achieved after 24–28 h of incubation at 32�C, by which time the OD
had reached 3. When purifying Myo2p from temperature-sensitive mu-
tants, cells were grown at 25�C with overexpression without thiamine for
30–36 h. Cells were harvested and washed once in water and once in
ice-cold lysis buffer (750 mM KCl, 25 mM Tris-HCl, pH 7.4, 4 mM
MgCl2, 20 mM Na4P2O7, 2 mM EGTA, and 0.1% Triton X-100). Pellets
were resuspended in an equal volume of ice-cold lysis buffer with addi-
tives consisting of 1 mM DTT, 4 mM ATP, 2 mM PMSF, complete EDTA-
free protease inhibitors (Roche), and diisopropyl fluorophosphate at a
final concentration of 0.5 mM. From this point forward all work was per-
formed at 4�C and samples were stored on ice. Cells were lysed by glass
bead beating with a Fastprep (BIO101) bead beater. The lysate was cen-
trifuged at 500 g for 5 min to remove unlysed cells and beads and fur-
ther centrifuged at 100,000 g for 45 min to remove insoluble matter. The
supernatant was batch incubated with 2 ml of glutathione-Sepharose
(Amersham Biosciences) for 90 min, and then transferred to a 20-ml dis-
posable column. The bound sample was washed with lysis buffer with ad-
ditives (4 	 15 ml) and eluted in 5 ml of lysis buffer plus additives and
10 mM glutathione. Eluate contained affinity-purified GST-Rlc1p and
GST-Cdc4p enriched with copurifying Myo2p. The sample was filtered
(0.22 �m filter; Millipore) and dialyzed into A15 buffer (0.5 M KCl, 10
mM imidazole, pH 7.0, 10 mM EDTA, 1 mM DTT, and 0.3 mM NaN3)
overnight in the presence of thrombin (Amersham Biosciences; 10 units/
mg Myo2p/GST-Cdc4p/GST-Rlc1p) to detach GST from the light chains.
This one-step purified Myo2 was either stored at �20�C in A15 buffer
containing 50% glycerol or further purified by gel filtration on a 2.5 	
50 cm column of Bio-Gel A15m, 200–400 mesh (Bio-Rad Laboratories)
equilibrated and eluted with A15 buffer. Gel filtration fractions enriched
in Myo2 were applied to a 1 ml hydroxyapatite (Bio-Gel HT; Bio-Rad
Laboratories) column equilibrated with A15 buffer lacking EDTA. A 10–
200-mM potassium phosphate pH 7.0 gradient (in 75 ml of A15 buffer
lacking EDTA) was used to elute Myo2 (peak elution at 100 mM phos-
phate). Myo2 fractions were pooled and dialyzed extensively into A15
buffer. Samples were stored at �20�C in A15 buffer/50% glycerol. Pro-
tein concentrations were determined by Bradford assay with rabbit skele-
tal muscle myosin as the standard. This three-step purification typically
yielded 0.5 mg Myo2 per 4 liters of culture. Myo2 was purified in one
step by affinity chromatography on glutathione-Sepharose purified from a
variety of genetic backgrounds expressing appropriate GST-light chains.
Where appropriate, the Myo2 concentration in one-step samples was es-
timated by densitometry from stained protein gels carrying known con-
centrations of pure Myo2.

Image acquisition
Fluorescent proteins/stains were imaged with a microscope (model IX71;
Olympus) at ambient temperature by epi-fluorescence illumination with a
PlanApo 60	 (1.4) objective and recorded with a cooled CCD camera
(model Orca-ER; Hamamatsu). For temperatures above ambient, the ob-
jective and specimen were heated with a Flexible Heater (model Omega-
lux KHLV0504/2-P; Kapton). For Spinning Disk confocal microscopy, the
microscope was connected to a confocal scanner (model Ultraview RS;
PerkinElmer) and the images were captured with a PlanApo 100	 (1.4)
objective. Images were acquired and processed using Metamorph, Ultra-
view RS, and ImageJ software.

Online supplemental material
Standard fission yeast methods and lists of strains (Table SI) and plas-
mids (Table SII) used in this study (and details of their construction) are
provided online. Details of additional cell biological and biochemical
methods are available online. Video 1 shows filament gliding by crude
Myo2. Videos 2 and 3 are stimulations of Myo2 actin filament gliding
by Rng3p and Rng3p-UCS domain, respectively. Video 4 shows colocal-
ization of Rng3p with Myo2p during cytokinesis. Videos 5 and 6 show
the effects of rlc1� and myo2-IQ1� and myo2-IQ2�, respectively, on fil-
ament gliding by Myo2. Online supplemental material is available at
http://www.jcb.org/cgi/content/full/jcb.200404045/DC1.
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