The role of myosin phosphorylation in anaphase chromosome movement
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Abstract

This work deals with the role of myosin phosphorylation in anaphase chromosome
movement. Y27632 and ML7 block two different pathways for phosphorylation of the myosin
regulatory light chain (MRLC). Both stopped or slowed chromosome movement when added to
anaphase crane-fly spermatocytes. To confirm that the effects of the pharmacological agents
were on the presumed targets, we studied cells stained with antibodies against mono- or bi-
phosphorylated myosin. For all chromosomes whose movements were affected by a drug, the
corresponding spindle fibres of the affected chromosomes had reduced levels of 1P- and 2P-
myosin. Thus the drugs acted on the presumed target and myosin phosphorylation is involved in
anaphase force production.

Calyculin A, an inhibitor of MRLC dephosphorylation, reversed and accelerated the
altered movements caused by Y27632 and ML-7, suggesting that another phosphorylation
pathway is involved in phosphorylation of spindle myosin. Staurosporine, a more general
phosphorylation inhibitor, also reduced the levels of MRLC phosphorylation and caused
anaphase chromosomes to stop or slow. The effects of staurosporine on chromosome movements
were not reversed by Calyculin A, confirming that another phosphorylation pathway is involved

in phosphorylation of spindle myosin.
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Introduction

Chromosome movement during anaphase has long been studied but the exact roles of the
different cytoskeleton elements still are not resolved. Most hypotheses of force production focus
solely on spindle microtubules and their motor proteins (Gorbsky et al., 1988; Nicklas, 1989;
Desai et al., 1998; Sharp et el., 2000; LaFountain et al., 2004; Mitchison, 2005; Rogers et al.,
2005; Rath et al., 2009). Others have considered components such as actin (Forer and Pickett-
Heaps, 1998; Silverman-Gavrila and Forer, 2000; Forer, et al., 2003; Robinson and Snyder,
2003; Fabian and Forer, 2005 and 2007; Snyder et al., 2010), myosin (Fabian and Forer; 2005,
2007; Fabian et al., 2007; Silverman-Gavrila and Forer, 2000, 2003; Rosenblatt et al., 2004;
Woolner et al., 2008; Snyder et al., 2010; Rump et al., 2011), titin (Fabian et al., 2007) and
spindle matrix proteins (Johansen and Johansen, 2007; Lince-Faria et al., 2009; Qi et al., 2009;
Ding et al., 2009; Johansen et al., 2011 ). This article describes experiments that deal with the
role of spindle myosin in anaphase chromosome movement.

Myosin interacts with microtubules in various cytoskeleton systems in a variety of
organisms [reviewed by Rodriguez et al. (2003)]. For spindles in particular, myosin is present in
a broad range of spindles, as is actin (Forer et al., 2003). Functionally, in Xenopus laevis
embryos unconventional myosin-10 associates with spindle microtubules and integrates F-actin
and microtubules to maintain spindle length and mitosis progression (Weber et al., 2004;
Woolner et al., 2008). In Drosophila spindles, unconventional myosin-6 binds to CLIP-190 and
thereby indirectly crosslinks actin and microtubules (Lantz and Miller, 1998). In cardiac
myocytes, ablation of non-muscle myosin 11-B and 1I-C causes major defects in karyokinesis
(Ma et al., 2010). In Dictyostelium discoideum myosin-1C is associated with both spindle

microtubules and F-actin and plays an important role in maintaining spindle stability and
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chromosome segregation (Rump et al., 2011). In crane-fly spermatocytes, immunostaining and
pharmacological evidence show that myosin is present in spindle fibres and is involved in
poleward chromosome movements and flux (Silverman-Gavrila and Forer, 2001; Fabian and
Forer, 2005; Fabian et al., 2007).

Myosin regulation occurs in many systems via phosphorylation of the myosin regulatory
light chain (MRLC), which activates the myosin (Sellers, 1991; Trybus, 1991; Komatsu et al.,
2000). There are two major sites for MRLC phosphorylation: the primary (more preferred) serine
19 site and the secondary threonine 18 site, which are phosphorylated separately. MRLC also can
be biphosphorylated on both sites (lkebe and Hartshorne, 1985; Tan et al., 1992).
Phosphorylation of MRLC on the Thr18/Ser19 sites arises from various kinases including Rho-
kinase (ROCK), myosin light chain kinase (MLCK), Citron kinase, etc., and these enzymes work
differently in mono- or di-phosphorylation of MRLC of various cells (Haeberle, 1988; Amano et
al., 1996; Sakurada et al., 1998; Cremo and Hartshorne, 2008). Dephosphorylation of MRLC, on
the other hand, is due to a single enzyme, myosin light chain phosphatase (MLCPase), of the
class protein phosphatase 1. MRLC dephosphorylation causes myosin inactivation (Brozovich,
2002) and blocking dephosphorylation enhances myosin activity. For example, blocking
MLCPase using Calyculin A (CalA) blocks dephosphorylation of MRLC, and the resultant
hyper-phosphorylated myosin causes increased contraction in rabbit smooth muscle (Suzuki and
Itoh, 1993). With respect to spindle myosin phosphorylation, spindle MLCK has been detected
by antibody staining and by studying labeled protein in vivo (Guerriero et al., 1981;
Poperechnaya et al., 2000; Dulyaninova et al. 2004). Genetically engineered MLCK alterations
cause changes in mitosis further implicating myosin in mitotic force mechanisms (Komatsu,

2000; Dulyaninova et al. 2004). CalA causes accelerated chromosome movement towards the



pole in crane fly spermatocytes, most likely due to hyper-activation of myosin (Fabian et al.,
2007). Blocking MRLC phosphorylation in PtK2 cells with Y-27632, which inhibits ROCK,
interferes with spindle assembly and centrosome positioning (Rosenblatt et al., 2004). Y-27632
temporarily slowed or stopped chromosome movement in crane-fly spermatocytes, from which
Fabian and Forer (2007) concluded that the ROCK pathway phosphorylates spindle fibre MRLC.
Because Y-27632 blocks myosin phosphorylation, the treated myosin would not be
phosphorylated, so the effects of Y-27632 should not be reversed by CalA. But CalA did cause
acceleration of anaphase movements in cells treated with Y-27632. Therefore, Fabian and Forer
(2007) hypothesized that spindle myosin can be phosphorylated by additional pathways.

In this article we used inhibitors to test the role of myosin-phosphorylation in anaphase.
We added different inhibitors to anaphase cells, separately or together, and followed subsequent
chromosome movement; we tested whether the inhibitors acted on the presumed target (spindle
myosin) by quantifying the staining intensities of phosphorylated spindle myosin before and after
drug treatment. The data show that the drugs indeed reduce spindle myosin phosphorylation, and

that spindle myosin phosphorylation can occur via redundant pathways.

Materials and methods:
Living cell preparations and cell treatment

We followed the protocol for preparing living crane-fly (Nephrotoma suturalis Loew)
spermatocytes described by Forer and Pickett-Heaps (1998, 2005). Briefly, we dissected testes
from 4™ instar larvae under Halocarbon oil 200 (Halocarbon Products Corp., N.Y., U.S.A) and
rinsed them three times with insect Ringer’s solution: 0.13 M NaCl, 5 mM KCI, 1 mM CacClz2,

0.02 M Na2HPO4-KH2PO4 buffer (pH 6.9). We placed one testis on a glass coverslip in
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Ringers solution containing fibrinogen (Calbiochem), pierced it, and shortly after added
thrombin (Sigma) to form a fibrin clot. The coverslip with cells then was attached to a perfusion
chamber and perfused with insect Ringers solution. As the cells were observed using phase-
contrast microscopy the cells were perfused with insect Ringers solution containing the drug in
question. When the purpose of experiment was to quantify the intensity of mono and bi-
phosphorylated myosin using confocal microscopy, we put a dilute sample of glycerinated rabbit
myofibrils (in insect Ringers solution) in the fibrinogen, so we could use staining of myofibrils

as a ‘standard’ for quantifying phosphorylated myosin in spindles.

We used the following inhibitors at the final concentrations listed: 10 uM staurosporine
(LC Laboratories), 100 pupM Y-27632 ((R)-(+)-trans-N-(4-pyridyl)-4-(1-aminoethyl)-
cyclohexanecarboxamide (LC Laboratories), 75 pM ML-7 (1-(5-iodonaphthalene-1-sulfonyl)-
1H-hexahydro-1,4-diazepine hydrochloride) (Toronto Research Chemicals), 100 nM Calyculin
A (LC Laboratories), 20 uM Bisindolylmaleimide 1 (BIM) (Sigma) and 20 mM 2,3-butanedione
2-monoxime (BDM) (Sigma). These drugs have been used previously in these cells at various
concentrations (Silverman-Gavrila and Forer, 2001; Fabian and Forer, 2005, 2007; Fabian et al.,
2007), and for the present experiments we have chosen concentrations at the higher end of their
effective range. All drug stocks were stored at 1000 times the concentration added to the cells, all
except BDM and Y-27632 were stored in dimethyl sulfoxide (DMSO), and all were diluted
1:1000 into insect Ringers solution to eliminate the adverse effect of DMSO on the cells. Control
experiments have shown that 0.1% DMSO has no detectable effects on anaphase (Forer and
Pickett-Heaps, 1998; Silverman-Gavrila and Forer, 2001). BDM and Y-27632 stocks were made
in insect Ringers solution and diluted 1:1000 with insect Ringers solution before adding them to

the cells.



Microscopy and measurements

Living cells were observed using phase-contrast microscopy with a 100X oil immersion
Nikon objective, numerical aperture 1.3. We recorded images on DVD discs in real time, and
then time-lapsed and converted images to avi files wusing Virtual Dub freeware
(www.virtualdub.org). Interkinetochore distances and anaphase chromosome movement
velocities were measured using a program developed in the lab (Wong and Forer, 2003) and

plotted using a commercial program (SlideWrite).

Fluorescent staining and confocal microscopy

We modified the staining protocol used by Fabian and Forer (2005). Treated or control
crane-fly spermatocytes were lysed for 20-40 minutes in a lysis buffer (100 mM piperazineN,N-
bis(2-ethanesulfonic acid) [PIPES]; 10 mM EGTA; 5 mM MgS04; 5% DMSO; 1% Nonidet P-
40; pH 6.9). Lysed cells were fixed for 6 minutes in 0.25% glutaraldehyde in phosphate-buffered
saline (PBS), rinsed in PBS (two times for 5 minutes each), kept for 10 to 15 minutes in sodium
borohydride (1 mg/ml) to neutralise free aldehyde groups, rinsed again with PBS (two times for
5 minutes each) and stored in PBS—glycerol 1:1 (v/v) at 4°C. After removing the PBS/glycerol,
cells were double stained for total MRLC-tubulin, for mono-phosphorylated MRLC-tubulin, or
for bi-phosphorylated MRLC-tubulin. All staining steps were done at room temperature.
Glycerol:PBS was removed prior to staining by rinsing the dishes with PBS (two times for 20
minutes each) and then, to facilitate spreading of the antibody, with PBS containing 0.1% Triton
X-100 before adding the antibodies. The incubation time for each antibody was 45 minutes; after

each incubation period, the cells were rinsed two times for 5 min each with PBS and then with



PBS containing 0.1% Triton X-100. Preparations were kept in the dark during the incubation

periods to prevent light inactivation of the fluorochromes.

For total MRLC-tubulin staining, myosin was stained with MY-21, a mouse IgM
antibody against myosin regulatory light chain (Sigma), diluted 1:100, followed by Alexa 488
Goat anti-mouse IgM (Invitrogen, Burlington, ON, Canada), diluted 1:100. Tubulin was stained
with YL1/2 rat monoclonal antibody specific for tyrosinated a-tubulin diluted (1:200), followed
by Alexa 594 goat anti-rat immunoglobulin 1gG (Invitrogen, Burlington, ON, Canada) diluted
1:100. For 1P myosin-tubulin staining, mono phosphorylated myosin regulatory light chain was
stained with Phospho-Myosin Light Chain 2 (Serl9) Mouse 1gG antibody (Cell Signaling
(NEB), Pickering, ON, Canada) diluted 1:150 followed by Alexa 488 Goat anti-mouse 1gG,
diluted 1:200. Tubulin was stained as in myosin-tubulin preparations. For 2P myosin-tubulin
staining, bi-phosphorylated myosin regulatory light chain was stained with Phospho-Myosin
Light Chain 2 (Thr18/Ser19) rabbit antibody (Cell Signaling (NEB), Pickering, ON, Canada)
diluted 1:150 followed by Alexa 488 Goat anti-rabbit, diluted 1:200. Tubulin was stained as in
myosin-tubulin preparations. All dilution of antibodies was done in PBS. Coverslips were
mounted in Mowiol (Calbiochem, Billerica, MA, USA) solution (Osborn and Weber, 1982)
containing paraphenylene diamine (PPD) as antifading agent (Fabian and Forer, 2005), and

stored at 4°C in the dark.

When we studied single cells previously followed using light microscopy, we needed to
remove antibodies from a cell that was stained previously with 1P-myosin antibody and stain the
same cell for a second time with 2P-myosin antibody. In order to do this, we followed and
optimized the protocol suggested by Legocki and Verma (1981). To remove the mowiol and

release the coverslip from the slide we immersed the slide in PBS plus 0.1% triton (or NP40)
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overnight. After removing the coverslip from the slide we rinsed the cells in PBS twice, and then
we immersed the cells for 2-5 minutes in a buffer containing 20 mM MgAc2, 30 mM KCI, 0.1 M
glycine-HCI (pH 2.2). This was followed by twice rinsing in PBS. We viewed them in the
confocal microscope to verify that this treatment removed all previous antibodies, and we
subsequently followed the staining procedures given above. There often was increased

‘autofluorescence’ of chromosomes after removal of the first antibodies, however.

Stained cells were studied using an Olympus Fluoview 300 confocal microscope with
argon laser at 488 nm and HeNe laser at 543 nm and 660 nm, using an Olympus Plan Apo 60X
oil immersion objective (numerical aperture, 1.4). Images, collected with Fluoview software,

were further processed using Image J and Adobe Photoshop.

To quantify the amount of phosphorylated myosin in spindle fibres, we used Image J
freeware. Using Image J we drew a line in the background and a line along the spindle fibres of
the chosen cell and obtained grey scale values representing p-myosin intensity at each pixel
along the line (Fig. 1A). As shown previously by Fabian et al. (2007), in their Figure 5, the
staining of P-myosin was punctate, which produced peaks in the grey value graph vs. distance.
For analysis we took the average intensities of all the pixels in the spindle fibre, subtracted
average background intensities obtained from a scan of a similar line outside the cells, and
obtained a single number for the average intensity of that fibre. Since staining results often vary
between different slides prepared on the same day, let alone prepared on different days, we used
staining of glycerinated myofibrils near the cells in question as ‘standards’, since they would not
be affected by any of the treatments and the amounts of the myosin in question should be the
same in different myofibrils: we measured the intensities of pixels along stained (myosin-

containing) areas of myofibrils (Fig. 1B), obtained average intensities, subtracted background
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staining intensities, and adjusted the grey scale levels of the spindle fibre staining based on the
average staining intensities of the nearby myofibrils on the same slides. For example, if a control
cell had a spindle fibre average intensity of 900 and the myofibril 2000 and an experimental
spindle fibre had an average intensity of 700 but myofibril staining of 2500, to compare the
control with the experimental spindle fibre we would multiply the experimental spindle fibre
average intensity (700 in this example) by 2000/2500. For all such control-control or control-
experimental comparisons we adjusted the data in this way, normalising against the staining
intensities in nearby myofibrils. We assessed the differences between average values using

student’s t-test.

Results
Pharmacological studies
Control cells:

Crane-fly spermatocytes have three bivalent autosomes and two univalent sex
chromosomes (Forer, 1982). During anaphase of meiosis I, the three autosomal pairs move
toward the poles with constant separation velocities ranging from 0.5 to 1.5 pm/min (Fig. 2)
(Forer, 1969; Schaap and Forer, 1979 LaFountain et al., 2001). After the autosomes near the
poles, the two sex chromosome univalents start their own anaphase movements from the equator
to the poles with a slower velocity about 0.2 to 0.3 pum/min (Schaap and Forer, 1979).
Cytokinesis starts after sex chromosome anaphase has begun.

Drug treatments

To investigate the effect of different drugs on anaphase autosome movement, we treated

crane-fly primary spermatocytes with inhibitors shortly after anaphase started. The major effects

after treating with inhibitors were that chromosomes stopped moving (Figs. 3B) or slowed (Fig.
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4A). In cells that were affected by the drug in question not all chromosomes responded the same
(Fig. 3C), but both separating (partner) chromosomes (formerly paired as bivalents) always
responded the same. Sometimes poleward movements resumed in the continued presence of the
drug albeit usually at reduced velocities (Fig. 4A).

To investigate whether there are redundant phosphorylation pathways, our basic protocol
was first to treat cells in anaphase with different kinase inhibitors, and then, when the drug
slowed or stopped poleward chromosome movement, to challenge the cells with Calyculin A
(CalA) in the continued presence of the kinase inhibitors. CalA causes the acceleration of normal
chromosome movement (Fig. 3A), probably due to hyperphosphorylation of myosin (Fabian et
al., 2007). If there are several pathways to phosphorylate spindle myosin and the drug in question
blocks them all, then CalA would not reverse the effect and chromosomes would not accelerate
to the poles. However, if the drug blocks one phosphorylation pathway and there are alternate
pathways, then phosphorylation still can take place and CalA would reverse the effect of the
drug. Thus if there are alternate pathways, chromosome movement would stop or slow after the
addition of the kinase inhibitor, and CalA (in the continued presence of the drug) would cause
the stopped/slowed chromosomes to accelerate to velocities higher than those before drug
treatment. We now describe the results of these experiments.

Effects of Staurosporine

Staurosporine, a Streptomyces staurosporesa alkaloid that blocks variousserine/threonine
specific protein kinases, acts by preventing ATP binding because of its stronger affinity for the
kinase (Ruegg and Burgess, 1989; Tamaoki et al., 1986; Karaman et al., 2008). When we treated
crane-fly primary spermatocytes with 10 uM staurosporine in anaphase (e.g., Fig. 3B, Fig. 3C),

chromosome movement stopped or slowed in 31/37 of the chromosome pairs studied (Table 1A).
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Of the slowed chromosome pairs, separation velocities were on average 3.7 times slower than
before 10 UM staurosporine treatment.

In order to test whether or not staurosporine blocked all myosin phosphorylation
pathways, we added 100nM CalA (in the continuing presence of 10uM staurosporine).
Chromosome movement was not accelerated with CalA treatment (Table 1B, Fig. 3B), indicating
that staurosporine inhibits all the MRLC phosphorylation pathways.

Staurosporine is a potent inhibitor of protein kinase C (PKC), so its effects might be
because it inhibits PKC rather than myosin kinases. To test this, we treated the cells with 20uM
Bisindolylmaleimide I (BIM). This inhibitor selectively inhibits PKC by acting as a competitive
inhibitor for its ATP binding site (Toullec et al., 1991). BIM had no effect on the 13/16 of the
chromosome pairs studied (Table 2 and Fig. 4A). Therefore, the effect of staurosporine on
chromosome movement is not due to its effect on PKC. In four cells that were treated with BIM
followed by CalA, chromosome movement was accelerated towards the poles, confirming that
PKC is not involved in this effect.

Effects of blocking Rho-kinase

Staurosporine is a broad inhibitor, so in order to determine which pathways are involved
in the phosphorylation of spindle myosin we treated crane-fly primary spermatocytes with more
specific inhibitors that block different kinases known to phosphorylate MRLC. Fabian and Forer
(2007) showed that Y-27632, a Rho kinase inhibitor, slowed or stopped chromosome movement
and this effect was reversed with the addition of CalA. We confirmed these results using 100 uM
Y-27632; chromosome movement either slowed or stopped in 11/14 chromosome pairs studied
(Table 3A, Fig. 4A). 100 nM CalA added in the continued presence of Y-27632 caused all

affected chromosomes to accelerate towards the poles. Thus Rho-kinase seems to be involved
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with phosphorylation of spindle myosin, but other pathways also seem to be involved. Some
chromosome pairs that were not affected by the Y-27632 did not accelerate, however (Table 3B).
Effects of blocking MLCK

We inhibited MLCK using ML-7. This drug selectively inhibits MLCK and impairs
myosin activity in different cell types by competing for the MLCK ATP-binding sites
(Shoemaker et al., 1990; Lucero et al., 2006). 75 uM ML-7 added a few minutes after anaphase
onset caused 18/26 half-bivalent pairs to either slow or stop (Table 4A). The velocities of the
slowed down chromosomes were about 2.5 times slower than pre-treatment anaphase velocities.
The effects of 75 uM ML-7 in slowing or stopping chromosomes were reversed by 100nM CalA,
which caused the slowed/stopped chromosomes to accelerate (Table 4B, Fig. 5). Thus MLCK
seems to be involved in myosin phosphorylation in crane-fly spermatocytes but it is not the only
pathway to do so.
Effects of blocking both ROCK and MLCK

If ROCK and MLCK were the only pathways involved in MRLC phosphorylation, then
CalA would not accelerate the chromosomes after double treatments of both drugs
simultaneously. 75 uM ML-7 and 100 uM Y-27632 added together, a few minutes after
anaphase onset, caused 14/20 of the half-bivalent pairs we followed to either slow or stop (Table
5A). On average, slowed chromosome movement after the double treatment was about 30% the
speed of anaphase chromosome movement before the addition of the drugs. Addition of 100 nM
CalA (in the continued presence of ML-7 and Y-27632) caused chromosome acceleration in all
the chromosome pairs affected by the double treatment, but did not cause acceleration in those

half-bivalent pairs not affected by the kinase inhibitors (Table 5B). These data implicate MLCK
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and Rho in phosphorylation of spindle myosin but suggest that there might be yet another
pathway involved in the phosphorylation of MRLC in crane-fly spermatocytes.

Immunostaining studies

1P and 2P-myosin levels in spindle fibres in drug-treated cells

We have assumed that the drug treatments alter spindle myosin phosphorylation levels.
Since the treatments are global, though, potentially acting on all cell components and not just
spindles, it is important to verify that the drugs indeed affected their targets (spindle myosin).
We assessed this using immunofluorescence.

Immunofluorescence staining confirmed that mono- and bi-phosphorylated myosin are
located in spindle fibres of crane-fly spermatocytes (Fig. 6). We quantified staining of spindle
fibres and staining of nearby myofibrils. In myofibrils 2P-myosin is about 71% the intensity of
1P-myosin; in spindle fibres 2P- myosin is about 47% the intensity of 1P-myosin. We cannot say
whether these differences reflect differences in affinity of the antibodies or differences in
amounts of antigen, but previous reports have shown that in muscle there are higher amounts of
mono-phosphorylated MRLC at Serl9 compared to bi-phosphorylation (Haberle, 1988;
Sakurada, 1998). The same might apply to spindle myosins.

We quantified staining intensities of 1P- and 2P-myosin in large numbers of spindle
fibres in cells in control cells and in cells treated with different drugs. We scanned individual
spindle fibres, backgrounds, and nearby myofibrils, and normalised the average staining of each
fibre relative to the staining of nearby myofibrils, as described in the Methods section. That
allows us to compare different treatments to see if they had effects on phosphorylated spindle
myosin. All three phosphorylation inhibitors (ML-7, staurosporine, Y-27632) reduced the levels

of 1P- and 2P-myosin, and, except for Y27632, seemed to preferentially reduce the levels of 2P-
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myosin (Fig. 7). 100 nM CalA increased the level of 2P-myosin (Fig. 8), similar to results of
Sakurada et al. (1998) on effects of Cal A on 1P and 2P levels in MRLC in smooth muscle. As a
control for our quantification we treated cells with BDM, which inhibits myosin ATPase (Forer
and Fabian, 2005) but not its phosphorylation. BDM had no effect on the amount of 1P-myosin
in the spindle fibres of treated crane-fly spermatocytes (Figure 9A).

Our staining of drug treated cells thus indicates that the drugs do indeed act on the
presumed target, spindle myosin, to inhibit its phosphorylation.
The effect of staurosporine on total spindle myosin

Decreased amounts of phosphorylated myosin in spindles could be due to loss of MRLC
from the spindles, or could be due to dephosphorylation of the myosin that stayed in place in the
spindle fibres. To determine which occurs in crane-fly spermatocytes we quantified the total
amount of MRLC in control and staurosporine treated cells. There was no difference (Fig. 9B),
so the decreased levels of phosphorylation caused by staurosporine (and presumably the other
inhibitors) was not due to loss of MRLC from the spindle, but rather to reduced levels of
phosphorylation of a constant amount of spindle myosin.
Single cell studies

We quantified 1P- and 2P-myosin in spindles in the same single cells that we studied live
during treatment with Y-27632, ML-7, or staurosporine. The results from staining random cells,
described above, could be misleading because the effects of the drugs differed in different cells,
and even between chromosomes in the same cell (Fig. 3C). Thus, in order to correlate directly
the physiological effects of the myosin phosphorylation inhibitor and the level of mono- and bi-
phosphorylated myosin, we studied phosphorylation levels of spindle fibres associated with

specific chromosomes, the effects on which we knew.
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We studied 15 cells, 5 treated with 10 uM staurosporine, 5 treated with 100 uM Y-27632
and 5 treated with 75 uM ML-7. Chromosome movements were altered in 4 of the cells treated
with staurosporine, in 4 of the cells treated with Y-27632, and in 3 of the cells treated with ML-
7. Examples of the effect of these inhibitors on chromosome movements are shown in Figures
3C, and 10 A to C. These treated cells were lysed, fixed and stained for tubulin and 1P-myosin;
later the antibodies were removed and the same cells were stained with antibodies against tubulin
and 2P-myosin. Illustrations of three cells we followed are given in Fig. 11. For all chromosomes
whose movements were affected by the drug, the corresponding spindle fibres of the affected
chromosomes had reduced 1P and 2P-myosin (Figs 12-14). For those chromosomes whose
movements were not affected, however, most of the time the level of P-myosin also was reduced
(Figs 12-14). We think this is because those chromosomes move poleward using alternate

mechanism(s) that are independent of myosin, as we discuss below.

Discussion

The main conclusions from our experiments are that spindle myosin phosphorylation is a
target of the drugs that we applied, that myosin phosphorylation is reduced whenever
chromosome movement is altered by the drugs, and that there are alternate pathways to

phosphorylate spindle myosin in addition to Rho kinase and myosin light chain kinase.

The amounts of both 1P- and 2P-myosin in spindle fibres were reduced by each of the
inhibitors we applied, ML-7, Y-27632 and staurosporine (Fig. 7). Since phosphorylated myosin
is the active form of myosin and is associated with spindle fibres (Figs. 1,6 ), and since inhibitors
that alter chromosome movement also reduce myosin phosphorylation, these results lend strength

to our conclusion that these inhibitors alter chromosome movements because they interfere with

16



the activity of spindle myosin. This conclusion is further strengthened by the experiments that
show that CalA accelerates chromosome movement and also increases myosin phosphorylation.
CalA stimulates muscle contraction by increasing MRLC phosphorylation (Burdyga et al., 2003),
and in smooth muscle cells induces bi-phosphorylation of MRLC in Thr 18/Ser 19 (Sakurada et
al., 1998). The same holds true for spindle myosin. While there was no statistically significant
increase in 1P-myosin, CalA significantly increased the level of 2P-myosin (Fig. 8). Thus our
experiments show that chromosome movements are slowed/stopped by inhibitors that reduce
spindle myosin phosphorylation and are accelerated by an inhibitor that increases bi-
phosphorylation of spindle myosin, strengthening the conclusion that myosin is involved with

anaphase force production.

We studied individual cells where we knew the outcome for each chromosome pair in the
cell: when each myosin phosphorylation inhibitor altered anaphase chromosome movement the
associated spindle fibre had reduced phosphorylation (Figs. 12-14). Since the inhibitors reduced
phosphorylation levels in general, and always reduced the levels of spindle fibres associated with
slowed/stopped chromosomes, we conclude that spindle fibre myosin is involved with force
production for anaphase chromosome movement. This conclusion is consistent with previous
studies that have indicated that myosin is present in the spindle, and that inhibitors of myosin and

genetic manipulation of myosin alter spindles and chromosome movements.

Myosin has been identified as a spindle component in a variety of cells (reviewed in
Forer et al., 2003; Woolner and Bement, 2009; Sandquist et al., 2011) and both myosin and
phosphorylated myosin are localised in spindle fibres. For example, myosin and/or P-myosin are
present in human mitotic spindles (Fujiwara and Pollard, 1976), in PtK cell spindles (Sanger et

al., 1989; Snyder et al., 2010), in crane-fly spermatocyte spindles (Figs. 1,6; also Siverman-
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Gavrila and Forer, 2001 and 2003; Fabian et al., 2005; Fabian et al., 2007), in Xenopus oocyte
spindles (Weber et al., 2004), and in sand-dollar spindles (Uehara et al., 2008). Spindle myosin
has also been identified in vivo using fluorescently-labelled myosin (Rump et al., 2011). Thus,
myosin is a component of spindle fibres and, since it is phosphorylated, spindle myosin is in an

active state.

Inhibitor studies and genetic manipulations indicate that myosin functions to move
chromosomes. For example, staurosporine interrupted chromosome formation at the metaphase
plate in dividing cells of sea urchin eggs (Mabuchi et al., 1990). Various myosin inhibitors
altered chromosome movements in crane-fly and locust spermatocytes (Siverman-Gavrila and
Forer, 2001 and 2003; Fabian et al., 2005; Fabian and Forer, 2007; Fabian et al., 2007) and in
PtK cells (Snyder et al., 2010). They also blocked tubulin flux along kinetochore spindle fibres in
crane-fly spermatocytes (Siverman-Gavrila and Forer, 2001, Forer et al., 2007 and 2008).
Microinjection of a catalytic fragment of MLCK into dividing NPK cells delayed the transition
from nuclear envelope breakdown to the start of anaphase (Fishkind et al., 1991). Genetic studies
have shown that an ‘unconventional’ myosin is important in spindle length control during
mitosis (Woolner and Bement, 2009). Overexpression of un-phosphorylatable MRLC interfered
with anaphase onset in rat cells (Komatsu et al. 2000). Genetic disruption of endogenous MLCK
caused microtubule defects and resulted in metaphase chromosome alignment defects and
metaphase arrest in HelLa cells (Dulyaninova et al. 2004). SiRNA-mediated knockdown and
overexpression of dominant-negative myosin VI tail both inhibited myosin VI activity and
caused a delay in metaphase progression and a defect in cytokinesis (Arden et al., 2007).
Knockdown of unconventional myosin 10 in Xenopus laevis caused mitotic spindle defects

(Woolner et al., 2008). Overexpression of a myosin-1C construct containing a single point
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mutation in the motor domain resulted in chromosome misalignment and partially formed
spindle fibres in Dictyostelium discoideum (Rump et al., 2011). Thus, from the data presented
herein and from these previously published experiments, there is every reason to believe that

myaosin is involved in spindle force production.

Several aspects of our data point to the idea that there are redundant mechanisms for
moving chromosomes: some mechanisms rely on myosin and others are independent of myosin.
One reason for saying this is that the drugs reduced myosin phosphorylation in the associated
spindle fibres yet chromosomes still moved normally (Tables 1-6; Fig. 12-14). This suggests that
when myosin is active in producing force the inhibitors cause the associated chromosomes to
stop moving, but when myosin is not active in producing force the chromosomes do not stop
moving when the myosin associated with their spindle fibres is dephosphorylated. Further, after
treatment with inhibitors, CalA caused the stopped/slowed chromosomes to accelerate but
usually did not cause the unaffected chromosomes to accelerate (Tables 3B, 4B, 5B). Our
interpretation is that those chromosomes unaffected by the initial inhibitor were unaffected
because they used a motor system independent of myosin, e.g., using tubulin and tubulin motors
(Gorbsky et al., 1987; Nicklas, 1989; Desai et al., 1998; Sharp et el., 2000; LaFountain et al.,
2004; Mitchison, 2005; Rogers et al., 2005; Rath et al., 2009). They remained unaffected by the
CalA because myosin was not involved. Such redundant mechanisms also would explain why
sometimes chromosomes stopped moving but then resumed movement in the continued presence
of the inhibitor (Fig. 4A): a new mechanism kicked in that is independent of myosin. Also, it
would explain why some chromosomes stopped moving (myosin alone was involved) and some
slowed down (myosin contributed to anaphase movement, in part, but a myosin-independent

mechanism contributed as well).
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It is not a surprise that redundant mechanisms might be involved in a process as
important as cell division, but it perhaps is surprising that, at least in crane-fly spermatocytes,
different mechanisms would be used by different chromosomes in the same spindle. Previous
studies using this same cell have pointed to similar conclusions. Fabian et al (2005) found that
actin depolymerising agents slowed/stopped chromosome movements much as we described for
myosin inhibitors: not all chromosomes in the cell were affected, and slowed or stopped
movements recovered somewhat in the continued presence of the actin depolymerising agents.
They assumed that this was due to alternative mechanisms that were independent of actin. They
tested that idea by using an actin depolymerising drug to remove F-actin from the cells shortly
after the start of prometaphase. These actin-filament-free cells formed metaphase spindles an
hour later, and chromosomes proceeded through a normal anaphase. This shows that when F-
actin is present it can be used as part of the spindle force apparatus, but when it is absent it is

replaced by something else, that there are redundant spindle mechanisms.

There seem to be redundant mechanisms as well for phosphorylation of spindle myosin.
Inhibiting MLCK and ROCK phosphorylation pathways individually with ML-7 and Y27632
usually slowed/stopped chromosome movement. When we challenged the same cells with CalA
in the presence of the same inhibitor(s), the slowed/stopped chromosomes accelerated (Fig. 5 and
Tables 4B and 5B). This suggests that MLCK and ROCK are not the only pathways involved in
phosphorylating MRLC in spindle fibres, that acceleration occurred because spindle myosin was
phosphorylated through other pathways. A general kinase inhibitor, staurosporine, also
slowed/stopped chromosome movement, but addition of CalA to these cells (in the continued
presence of staurosporine) did not cause the affected chromosomes to accelerate. These

experiments suggest that staurosporine blocked all pathways to phosphorylate myosin, and thus
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that there might be a third or more pathways that cooperate with MLCK and ROCK in
phosphorylating MRLC in spindle fibres, similar to alternate phosphorylation pathways in
smooth muscles (Amano et al., 1996; Shabir et al., 2004). One of the candidates for this
alternative pathway could be citron kinase (CK) which is known to be responsible for the final
steps of cytokinesis in Drosophila melanogaster (Naim et al.,, 2004). In general, MRLC
phosphorylation plays an important role in the formation and ingression of the cleavage furrow;
redundant phosphorylation pathways during cytokinesis have been investigated in detail
(Madaule et al., 1998; Yoshizaki et al., 2004), so it is not surprising that there would be

redundant pathways for phosphorylating spindle myosin.

In sum, our data strongly suggest that myosin is involved in anaphase chromosome
movement, as one of several redundant mechanisms, and that spindle myosin is phosphorylated

by redundant pathways including MLCK and ROCK.
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Table legends:

Table 1- A: Effect of 10 uM staurosporine on anaphase chromosome movement. B: Effect of 10

MM staurosporine and 100 nM CalA on anaphase chromosome movement.

Table 2: Effect of 20 uM BIM on anaphase chromosome movement.

Table 3- A: Effect of 100 uM Y-27632 on anaphase chromosome movement. B: Effect of 100

MM Y-27632 and 100 nM CalA on anaphase chromosome movement.

Table 4- A: Effect of 75 pM ML-7 on anaphase chromosome movement. B: Effect of 75 pM

ML-7 and 100 nM CalA on anaphase chromosome movement.

Table 5- A: Effects on anaphase chromosome movement of simultaneous addition of 75 pM
ML-7 and 100 uM Y-27632. B: Effects of 100 nM CalA following simultaneous treatment with

75 uM ML-7 and 100 uM Y-27632 on anaphase chromosome movement.
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Figure legends:

Figure 1- A: Confocal image of an anaphase control cell stained with mono-phosphorylated
myosin antibody (on left) and relevant quantification scan (on the right). Chromosome staining is
“autofluorescence” that we have not been able to control. B: Confocal image of a myofibril
stained with mono-phosphorylated myosin antibody (on left) and relevant quantification scan (on

the right).

Figure 2: Illustrating anaphase movement of one pair of chromosomes in one of the many
control cells we studied. Plot of distance between partner chromosomes (ordinate) versus time

(abscissa). The dashed line represents the line of best fit through the indicated points.

Figure 3- A: : Plots of chromosome separation versus time for one pair of separating half-
bivalents in a cell treated with 100 nM CalA during anaphase, illustrating one pair that the half-
bivalents (circles) accelerated after the treatment and started to move backward. The dashed line
(before the treatment) and solid line (after the treatment) represent the lines of best fit through
the indicated points. B: Plots of chromosome separation versus time for one pair of separating
half bivalents in a cell treated with 10 uM staurosporine during anaphase (left arrow) and few
minutes later treated with 100 nM CalA in the presence of staurosporine (right arrow),
illustrating one pair of half-bivalents (circles) that almost stopped after addition of staurosporine
and did not accelerate after CalA. The dashed line (before the addition of staurosporine) and
solid line (after addition of staurosporine which remains the same after adding CalA) represent
the lines of best fit through the indicated points. C: shows chromosome separation vs. time of
two half-bivalent pairs during anaphase in a staurosporine-treated single cell. The first arrow on

the left represents the time of the addition of the inhibitor and the second arrow on the right
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shows the time of lysing and fixing the cells for staining. The dashed line (before treatment) and
solid line (after treatment) represent the lines of best fit through the indicated points for the
affected pair (circles). The dotted line represents the line of best fit through the indicated points

for the unaffected pair (triangles).

Figure 4- A: Plots of chromosome separation versus time for one pair of separating half-
bivalents in a cell treated with 20uM BIM shortly after anaphase, illustrating one pair of half-
bivalents (circles) that was not affected by the BIM. B: Plots of chromosome separation versus
time for one pair of separating half-bivalents in a cell treated with100 uM Y-27632 during
anaphase, illustrating one pair of half-bivalent (circles) that slowed after the addition of Y-27632
and resumed its movement with slower velocity than before the addition of the drug. The dashed
line (before the addition of Y-27632), solid line (after addition of Y-27632) and dotted line (after

the movement recovered) represent the lines of best fit through the indicated points.

Figure 5: Plots of chromosome separation versus time for one pair of separating half-bivalents in
a cell treated with 75 uM ML-7 during anaphase (left arrow) and few minutes later treated with
100 nM CalA in the presence of ML-7 (right arrow), illustrating one pair of half-bivalent
(circles) that slowed after addition of ML-7 and accelerated after CalA. The dashed line (before
the addition of ML-7), solid line (after addition of ML-7) and dotted line (after addition of CalA)

represent the lines of best fit through the indicated points.

Figure 6: Crane-fly spermatocytes stained with tubulin and phosphorylated myosin antibodies.
First row: stained for mono-phosphorylated myosin; second row: stained for bi-phosphorylated

myosin. As verified by experiments in which we switched channels, and studied non-stained
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specimens, the chromosome staining for phosphorylated myosin seen here and in other images is

due to “autofluorescence” that we have not been able to control.

Figure 7: Intensities of 1P-myosin and 2P-myosin in spindle fibres divided by intensities in
corresponding control cells for different inhibitors. These values were normalized against nearby
myofibrils and were obtained from random cells in treated preparations. The “n” values represent

the number of spindle fibres that were studied.

Figure 8: 1P and 2P-myosin intensity in random cells treated with CalA vs. control cells. These
values were normalized against nearby myofibrils and were obtained from random cells in
control and CalA treated preparations. . The “n” values represent the number of spindle fibres

that were studied. We assessed differences between average values using student’s t-test.:

*: P <0.05)

Figure 9: A: Mono-phosphorylated myosin intensity in BDM treated cells vs. control cells.
These values were normalized against nearby myofibrils and were obtained from random cells in
control and BDM treated preparations. B: Total MRLC intensity in staurosporine treated cells vs.
control cells. These values were normalized against nearby myofibrils and were obtained from
random cells in control and staurosporine treated preparations. . The “n” values represent the
number of spindle fibres that were studied. We assessed differences between average values

using student’s t-test.

Figure 10: Chromosome separation vs. time of one separating half-bivalent pair during
anaphase, (A) in a control cell, (B) in a cell treated with Y-27632 and (C) in a cell treated with
ML-7. The first arrows on the left (in B and C) represent the time of the addition of the inhibitor
and the second arrow on the right shows the time of lysing and fixing the cells for staining. The
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dashed line (before treatment) and solid line (after treatment) represent the lines of best fit

through the indicated points.

Figure 11: Confocal images of control, staurosporine, Y-27632 and ML-7 treated cells stained
for 1P-myosin (left column) and 2P-myosin (right column). Chromosome staining is due to

“autofluorescence” that we have not been able to control. Scale bar = 5um.

Figure 12: 1P (A) and 2P (B) myosin intensity in single cells treated with staurosporine
compared with control cells. These values were normalized against nearby myofibrils and we

assessed differences between average values using student’s t-test.: *: P <0.05;

. P <0.01)

Figure 13: 1P (A) and 2P (B) myosin intensity in single cells treated with Y-27632 compared
with control cells. These values were normalized against nearby myofibrils and we assessed

differences between average values using student’s t-test.: **: P <0.01)

Figure 14: 1P (A) and 2P (B) myosin intensity in single cells treated with ML-7 compared with

control cells. These values were normalized against nearby myofibrils and we assessed

differences between average values using student’s t-test.: **: P <0.01)
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Tables:

Table 1
A:
Number of half-bivalent pairs
Treatment Number of cells
Total Stopped Slowed No change
Staurosporine 19 37 11 20 6
B:
Staurosporine Staurosporine + CalA

Effect Number of half- bivalent pairs No change Accelerated
Slowed or stopped 13 13 0
Table 2

Number of half-bivalent pairs
Treatment Number of cells | Total Stopped Slowed No change

BIM 8 16 1 2 13




Table 3

A:
Number of half-bivalent pairs
Treatment
Number of cells | Total Stopped Slowed No change
Y-27632 7 14 1 10 3
B:
Y-27632 Y-27632+CalA
Effect Total # of half bivalent pairs No change Accelerated
No change 4 2 2
Slowed or stopped 8 0 8
Table 4
A:
Number of Number of half-bivalent pairs
Treatment
cells Total | Stopped Slowed | No change | Accelerated
ML-7 13 26 2 16 6 2
B:
ML-7 ML-7+CalA
Effect Total # of half bivalent pairs No change Accelerated
No change 1 1 0
Slowed or stopped 11 0 11




Table 5

A:
Number of half-bivalent pairs followed
Treatment
Number of cells | Total | Stopped | Slowed No change
ML-7 +Y-27632 10 20 3 11 6
B:

Y-27632+ML-7

Y-27632+ML-7+CalA

Effect Total # of half bivalent pairs No change Accelerated
No change 6 6 0
Slowed or stopped 13 0 13
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