What generates flux of tubulin in kinetochore microtubules?
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VIEWPOINT

We reported recently on experiments that probed whether actin and myosin are involved
in generating tubulin flux in kinetochore microtubules (kMTSs), i.e., in generating the movement
of KMT tubulin subunits from kinetochore to pole. We severed kMTs in living metaphase cells
using an ultraviolet microbeam, to form a kinetochore stub (KT-stub). Because of continuing
tubulin flux, the stub elongated immediately after it was formed: i.e., tubulin is added at the
kinetochore as KT-stubs elongate (Maiato et al., 2004; Wilson and Forer, 1989). KT-stub
elongation was blocked by the actin inhibitors cytochalasin D and latrunculin B and by the
myosin inhibitor butanedione monoxime (BDM) (Forer, Spurck and Pickett-Heaps, 2007) so we
concluded that actin and myosin facilitate tubulin flux in KMTs. This conclusion is counter to
other interpretations that KMT flux is generated solely by microtubules (MTs) and their
associated proteins. We now evaluate these differing views.

Flux in spindle MTs has been studied by following small areas of bleached tubulin
fluorescence (e.g., Gorbsky et al., 1988), by activation of caged tubulin and following the
movement of the spot of fluorescence (e.g., Mitchison, 1989), by following “speckles” (e.g.,
LaFountain et al., 2004), and by more indirect methods (Wilson et al., 1994; Wilson and Forer,
1997;Forer and Wilson, 2000). Flux in KMTs occurs during both metaphase and in anaphase.
Flux during metaphase occurs while kMTs remain of constant length, so tubulin subunits must
polymerise at the kinetochore and depolymerise at the pole at equivalent rates. In anaphase the
poleward speed of flux is different relative to anaphase chromosome movement in different cell
types: flux speeds range from much slower than chromosome movement to considerably faster
(review in Rogers et al., 2005), which means that kinetochores sometimes depolymerise KMTs
as they move, sometimes are inactive as they move, and sometimes add tubulin subunits to
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kKMTs as they move. Thus flux is associated with tubulin depolymerisation at the pole
concomitant with tubulin polymerisation, tubulin neutrality, or tubulin depolymerisation at the
kinetochore. Various enzymes have been implicated in facilitating the polymerisation and
depolymerisation reactions (e.g., Rogers et al., 2004, Ganem et al.,, 2005; Maiato et al.,
2005;Rogers et al., 2005; Civelekoglu-Scholey et al., 2006; Stout et al., 2006). We now look at
different models for flux.

Some models consider flux to be driven by depolymerising enzymes at the poles. For
example, Rogers et al. (2005) argue that flux is driven by depolymerisation at the poles and that
pole-driven flux produces the force to move chromosomes. Recent articles have given theoretical
underpinning to the relation between flux and movement. For example, Civelekoglu-Scholey et
al. (2006) make a series of assumptions and then solve the force-balance equations numerically,
via computer calculations, for ranges of values for the different parameters. Their analysis
predicts to a remarkable degree the movements of Drosophila (and other) chromosomes during
mitotic metaphase and anaphase (Civelekoglu-Scholey et al., 2006). They assume that the forces
that move kinetochores derive from a variety of MT-associated sources: from the action of KMT
motors sliding against interpolar MTs, from dynamics of MT elongation and shortening, from
MT polymerising enzymes bound to the kinetochore, and from MT depolymerising enzymes at
kinetochore and pole. They assume that forces (tension and compression) on the ends of the
kMTs that arise from MT forces in various directions drive the enzymatic polymerisation and
depolymerisation of KMTs and drive the dynamic reactions of KMTS; and they assume that
forces in different directions (including polar ejection forces) together with dynamic reactions
inherent in the KMTs give rise to the metaphase equatorial position, to small excursions from the

equator, and, after sister chromatid disjunction, to normal anaphase. Their model assumes that
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MT motors (and polymerising and depolymerising enzymes) are the driving forces for flux and
for anaphase, and that these are situated solely at the kinetochores and poles (Figure 1A). Results
from their modeling match quite well observations of chromosome movements, of equatorial
stability or excursions, and of KMT flux seen in living cells, so Civelekoglu-Scholey et al. (2006)
explicitly do not consider potential forces generated by interactions of kMTs with components of
the spindle matrix.

Our interpretation, however, invokes a spindle matrix (Pickett-Heaps et al. 1984). We
have argued previously that forces from a spindle matrix, utilising actin and myosin, are
involved both with flux and with chromosome movement. We argued that forces external to the
kKMTs are applied to kMTs to cause kMT flux and to cause them (and their attached
chromosomes) to move poleward during anaphase (Forer and Wilson, 1994; Pickett-Heaps et al.,
1996,1997; Spurck et al., 1997; Forer et al., 2003) and that the MTs are rigid struts that limit the
rate of movement while directing it spatially. Others have considered that forces from motor
proteins attached to a spindle matrix act on KMTs (e.g., Scholey et al., 2001; Johansen and
Johansen, 2002; Miyamoto et al., 2004; Mitchison et al., 2005), as in Figure 1B. Our
interpretation is different, however, in that we think actin and myosin are involved, and that
forces on kMTs may be indirect, via linkages to actin (or myosin), as in Figure 1C. We first
discuss evidence for spindle matrix involvement, and then for actin and myosin.

A variety of evidence suggests the spindle matrix is involved in force production in
spindles: (1) When a UV microbeam severs newt and PtK fibroblast spindles across the entire
half spindle, the poles move closer together; inward pole movements occur in the absence of MT
connections across the irradiated region, indicating that there is an underlying tensile element
(spindle matrix) that extends throughout the spindle (Spurck et al., 1990; Snyder et al., 1991). (2)
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Crane-fly spermatocyte and newt fibroblast chromosomes can continue to move poleward during
anaphase after their KMTs are severed; since there is no MT connection between KT-stub and
pole, this indicates that movement is due to external forces acting on the KT-stub (Spurck et al.,
1997; Forer et al., 2003). (3) When kMTs are severed, the KT-stubs and the associated
chromosomes “wobble” and readjust their positions, as if to re-equilibrate their positions within
a tensegral network of forces and MT struts (Spurck et al., 1997; Forer et al., 1997). (4) Newt
fibroblast chromosomes accelerate to the poles when KT-stubs are created, as if forces acting on
the KT-stubs no longer are hindered by the need to depolymerise intervening kMTs (Spurck et
al., 1997). (5) In Xenopus extract spindles treated with a MT depolymerising drug, KMTs buckle
as the poles move together, indicating that an underlying “matrix” produces the forces that pull
the poles together (Mitchison et al., 2005). (6) Similarly, as newt chromosomes with KT-stubs
accelerate poleward, MTs in their path buckle, as if compressed by forces that arise from an
underlying matrix (Spurck et al., 1997; Pickett-Heaps et al., 1997). (7) When myosin is
hyperphosphorylated by addition of of calyculin, KMTs in metaphase crane-fly spermatocytes
buckle (Fabian and Forer, 2007), as if compressed by increased forces from an underlying
spindle matrix. (8) When Drosophila S2 cell KT-fibres are severed by a laser microbeam, the
chromosomes do not move off the equator and the inter-kinetochore distance does not decrease,
implying that forces from the spindle matrix act on the KT-stubs Maiato et al., 2004). (9) Several
proteins in Drosophila embryos have properties expected of a “spindle matrix”; for example,
they retain the spindle shape even after spindle MTs are depolymerised (e.g., Walker et al.,
2000; Rath et al., 2004; Qi et al., 2004; Qi et al., 2005).

Our interpretation that chromosomes move poleward with a KT-stub that has no
connection with a pole has been criticised, however. Scholey et al. (2001) suggested that not all

5



kMTs were severed (“the efficiency of MT depletion is unknown”), or that KMTs might be
linked to adjacent interpolar MTs. Subsequent to that article we showed using confocal and
electron microscopy that neither kMTs nor interpolar MTs are present within the irradiated area,
that there are no MTs continuous across the irradiated region, and therefore that the
chromosomes moved without direct or indirect MT connection to the pole (Forer et al., 2003).
Chen and Zhang (2004) also disputed our interpretation. They severed kMTs in grasshopper
spermatocytes and reported that the associated chromosomes did not move poleward until the
kinetochores captured MTs from the poles, whereupon they moved poleward at speeds 5 times
faster than normal before slowing down to normal speeds. However, Chen and Zhang (2004) did
not document by confocal or electron microscopy whether MTs near the KT-stubs actually
terminated at the kinetochores. Perhaps more importantly, it seems likely to us that, because of
the extraordinary speed of these chromosomes, 5 times faster-than-normal, the chromosomes
probably moved by sliding along MTs, as during their initial interactions with spindle MTs in
other cells (e.g., Tippit et al., 1980; Rieder and Alexander, 1990; Kapoor et al., 2006). Further,
Chen and Zhang (2004) suggested that chromosomes with KT-stubs move poleward only when
reattached to the pole and do so because of flux driven from depolymerisation at the pole; that
seems unlikely to us, since the flux would have had to speed up fivefold during the accelerated
movements. For these reasons we are not convinced that our interpretations are invalid, and we
continue to suggest that the spindle matrix propels KMTs polewards.

Assuming that the matrix is involved with flux, we argue that actin and myosin are part
of the spindle matrix network. Evidence for this includes: (1) Actin and myosin facilitate flux in
kKMTs, because actin and myosin inhibitors can block flux along non-irradiated kMTs
(Silverman-Gavrila and Forer, 2000; Fabian and Forer, 2007) and can block growth of KT-stubs
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produced by ultraviolet microbeam irradiation (Forer et al., 2007). We interpret the latter
experiment as in Figure 1D, that matrix-associated motor molecules can continue to act via actin
and other non-MT components to propel severed kMTs poleward. (2) Actin and myosin
inhibitors can block chromosome attachment to spindle and/or cause detachment of attached
chromosomes (e.g., Sampson et al., 1996; Forer and Pickett-Heaps, 1998; Silverman-Gavrila and
Forer, 2001). (3) Actin and myosin are present in spindles in a variety of cells, and inhibitors or
other anti-myosin or anti-actin treatments often block or otherwise alter anaphase chromosome
movements, albeit sometimes only temporarily (summary in Tables | and Il of Forer, et al.,
2003; also Fabian and Forer, 2005, 2007). (4) Hyper-activation of myosin accelerates anaphase
chromosome movements (Fabian et al., 2007). Taken together these findings suggest to us that
actin and myosin are intimately involved in chromosome behaviour in mitosis, and, consistent
with actin and myosin involvement with MTs in other cell motility systems (e.g., discussed in
Fabian and Forer, 2005), we suggest that actin and myosin are components of the spindle matrix
that propels KMTs poleward during anaphase (e.g., Fabian, Xia et al., 2007).

Some experiments would seem to counter this interpretation. Mitchison et al. (2005)
showed that a spindle matrix produces force on kMTSs, but they argued that actin is not involved
because the spindles they assemble (from Xenopus egg extracts) are actin-free. This does not
necessarily contradict our interpretation, however, because there are redundant mechanisms for
force production during anaphase and for flux (e.g., Fabian and Forer, 2005; Cameron et al.,
2006). In experiments directly relevant to this issue, for example, Fabian and Forer (2005)
showed that even though spindles in non-treated crane-fly spermatocytes can utilise actin (in that
actin is associated with the spindle and actin inhibitors can block anaphase chromosome
movement), chromosome movement nonetheless is normal in actin-free-spindles (produced by
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continuous immersion in latrunculin from prometaphase onwards). Thus, even though the actin-
free spindle matrix can function normally under circumstances when actin has been removed,
this does not necessarily mean that actin and myosin are not components of the spindle matrix in
Vivo.

In sum, we, in common with others, believe that forces and enzyme activities at MT ends
are important regulators of MT assembly and disassembly, and believe that various force/flux
systems provide redundant mechanisms to move chromosomes. The main difference between
our interpretation and other interpretations in the literature is that we consider actin and myosin
to be involved (Figure 1). Other interpretations consider the spindle matrix to be involved, but
utilising MT motors (e.g., Miyamoto et al., 2004); others that the matrix is not involved (e.g.,
Rogers et al., 2004; Civelekoglu-Scholey et al., 2006). We think the matrix utilises non-MT
motors such as myosin, and perhaps MT motors as well, and that both flux and the chromosome
movement system are driven by external forces that act on the kMTs, and are not driven by the

kMTs themselves.
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FIGURE LEGEND

Figures 1A-C illustrate three different models for producing kMT flux (and force for
chromosome movement) and Figure 1D illustrates how the model in C explains the continuation
of flux (and force for chromosome movement) after the KMTs are severed. In all illustrations the
kinetochore is represented by the front of a boat and the pole by a dock; the KMTs that extend
between kinetochore and pole are represented by the thick rope extending between boat and
dock; the polymerising and depolymerising enzymes at the kinetochore and dock are represented
by winches, the directionality of the winches (represented by arrows in Figure 1A) indicating
KMT polymerisation (when the rope is let out), KMT neutrality (when the winch is stationary),
or KMT depolymerisation (when the rope is pulled in). Figure 1A represents models in which the
driving force for flux and for chromosome movement is depolymerisation of KMTs at the pole:
whether the KMTs shorten or elongate depend solely on the action of the winches (enzymes at
kinetochore and pole), forces are derived solely from MTs, and depolymerisation at the pole
drives flux (and chromosome movement). Figure 1B represents models in which flux depends on

motor molecules (represented by the four men) that act on the KMTs. The enzymes at pole and
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kinetochore (winches) remain active, as in illustration A, but the men pulling on the rope drive
flux and chromosome movement. That the water can flow, and that the men stand on muddy
earth at the bottom of the water, indicates that the matrix might not be stationary and might itself
exert force. Figure 1C represents our model in which other motor proteins such as myosin
(represented by the three tugboats) act directly on actin filaments (finer wire) which are attached
to KMTs (rope) by cross-bridges, thereby indirectly acting on kMTs to propel them poleward and
thereby driving flux and chromosome movement. This arrangement of kinetochore fibre actin,
myosin and KMTs is not the only arrangement possible, but it is consistent with the staining of
actin and myosin in spindles (e.g., Fabian, Xia et al., 2007) and with the cross-linking of actin
and microtubules in a variety of other motile systems (e.g., Rodriguez et al., 2003). We do not
know enough about the arrangement of actin and myosin with respect to kMTs to evaluate this
particular model, but we present it as one possible interpretation of our data, to illustrate the
differences in interpretation of the different models. The tugboat “motor molecules” sit on water
that can flow in any direction, indicating that the matrix may in itself exert forces. Figure 1D
illustrates a KT-stub in which both kMTs and actin are severed by UV microbeam irradiation
(Forer et al., 2003), indicating how actin and myosin could facilitate the growth of the KT-stub
(Forer et al., 2007) and facilitate continued movement of the chromosome during anaphase
(Forer et al., 2003): the tugboats would continue to pull the actin filaments which in turn pull the
KT-stub KMTs poleward. The key difference between our interpretation (Figure 1C) and the
others (Figures 1A, 1B) is that our interpretation explains how actin/myosin inhibitors block flux
and block chromosome movement, and how a myosin enhancer speeds up chromosome
movement, whereas the other models do not. [The illustrations are by Gail Rudakewich,
http://www.synapse-visuals. com].

15






	FinalRevisedVersionJuly07
	FinalFigureCMYKMerged

