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ABSTRACT

Recent experiments revealing possible nanoscale electrostatic interactions in force generation at kinetochores for chro-
mosome motions have prompted speculation regarding possible models for interactions between positively charged
molecules in kinetochores and negative charge on C-termini near the plus ends of microtubules. A clear picture of how
kinetochores establish and maintain a dynamic coupling to microtubules for force generation during the complex mo-
tions of mitosis remains elusive. The molecular cell biology paradigm requires that specific molecules, or molecular
geometries, for force generation be identified. However, it is possible to account for mitotic chromosome motions
within a systems approach in terms of experimentally known cellular electric charge distributions interacting over

nanometer distances.
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1. Introduction

Mitotic motions and events can be described within a
systems approach in terms of cellular electric charge dis-
tributions. Mitotic motions are seen here as an emergent
property of the pH;-dependent dynamic instability of
microtubules at the balanced state, in combination with
nanoscale electrostatic interactions between 1) micro-
tubules and kinetochores; 2) microtubules and centro
some matrices; and 3) microtubules and chromosome
arms. A major advantage of this approach is that it ap-
pears to offer the possibility of discovering a minimal
assumptions model for post-attachment chromosome
motions. Current thought on mitotic motions is shifting
to a more electrostatics based framework [1,2], perhaps
in line with theoretical predictions made almost a decade
ago [3.,4].

Chromosome movement is dependent on kinetochore-
microtubule dynamics: a chromosome can move toward
a pole only when its kinetochore is connected to micro-
tubules emanating from that pole [5]. Microtubules con-
tinually assemble and disassemble, so the turnover of
tubulin is ongoing. The characteristics of microtubule
lengthening (polymerization) and shortening (depoly-
merization) follow a pattern known as “dynamic instabil-
ity”, that is, at any given instant some of the micro-
tubules are growing, while others are undergoing rapid
breakdown. In general, the rate at which microtubules
undergo net assembly—or disassembly—varies with
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mitotic stage [6]. It is proposed in this paper that changes
in chromosome motions during mitosis can be attributed
to changes in microtubule dynamics. It is further pro-
posed that the influence of intracellular pH changes on
kinetochore microtubule dynamics—in conjunction with
nanoscale electrostatic interactions between microtubule
free ends and charge distributions at kinetochores, cen-
trosomes, and chromosome arms—is primarily responsi-
ble for post-attachment prometaphase and metaphase chro-
mosome motions. These aspects will be described here
within a systems biology approach to mitotic motions and
events.

2. Some Cdllular Electrostatics

In the cytoplasmic medium (cytosol) within biological
cells, it has been generally thought that electrostatic
fields are subject to strong attenuation by screening with
oppositely charged ions (counterion screening), decreas-
ing exponentially to much smaller values over a distance
of several Debye lengths. The Debye length within cells
is typically given to be of order 1 nm [7], and since cells
of interest in the present work (i.e. eukaryotic) have
much larger dimensions, one would be tempted to con-
clude that electrostatic force could not be a major factor
in providing the cause for mitotic chromosome move-
ments in biological cells. However, the presence of mi-
crotubules, as well as other factors to be discussed short-
ly, change the picture completely.
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Microtubules can be thought of as intermediaries that
extend the reach of the electrostatic interaction over cel-
lular distances, making this second most potent force in
the universe available to cells in spite of their ionic na-
ture. Microtubules are 25 nm diameter cylindrical struc-
tures comprised of protofilaments, each consisting of
tubulin dimer subunits, 8 nm in length, aligned end to
end parallel to the microtubule axis. The protofilaments
are bound laterally to form a cylindrical microtubule. The
structure of microtubules is similar in all eukaryotic cells.
Cross sections reveal that the wall of a microtubule con-
sists of a circle of 4 to 5 nm diameter subunits. The circle
typically contains 13 subunits as observed in vivo; how-
ever, 11, 12, 14, or 16 have also been observed. Neigh-
boring dimers along protofilaments exhibit a small (B-
lattice) offset of 0.92 nm from protofilament to proto-
filament. This offset will be approximated as 1 nm in the
calculations in Section 4 since protofilament curling dis-
tributions for disassembling microtubules are more sig-
nificant in determining the distances of protofilament
free ends from various cellular structures such as kineto-
chores and centrosome matrices.

It has been experimentally determined that there are
differences in the profiles of growing and shrinking mi-
crotubules. Assembling and disassembling microtubules
are depicted in Figure 1.

Experiments have shown that the intracellular pH (pH;)
of many cells rises to a maximum at the onset of mitosis,
subsequently falling steadily during later stages [8,9].
Although it is experimentally difficult to resolve the ex-
act starting time for the beginning of the decrease in pH;
during the cell cycle, it appears to decrease 0.3 to 0.5 pH
units from the typical peak values of 7.3 to 7.5 measured
earlier during prophase [8].

Studies [10] have shown that in vivo microtubule
growth (polymerization) is favored by higher pH values.
It should be noted that in vitro studies of the role of pH in
regulating microtubule assembly indicate a pH optimum
for assembly in the range of 6.3 to 6.7. The disagreement
between in vitro and in vivo studies has been analyzed in
relation to the nucleation potential of microtubule orga-
nizing centers like centrosomes [10], and it has been
suggested that pH; regulates the nucleation potential of
microtubule organizing centers [11-13]. In addition, ionic
strength differences between cells and in vitro media
must be taken into account [14]. This favors the more
complex physiology characteristic of in vivo studies to
resolve this question. It will therefore be assumed here
that in vivo experimental design is more appropriate for
experiments relating to pH conditions affecting micro-
tubule assembly.

A number of investigations have focused on the elec-
trostatic properties of microtubule tubulin subunits [15-
18]. Large scale calculations of the tubulin molecule
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Growing Microtubule

Shrinking Microtubule

Figure 1. Shrinking (showing protofilament curling) and
growing microtubules.

have been carried out using molecular dynamics pro-
grams along with protein parameter sets. The dipole
moment of tubulin has been calculated to be as large as
1800 Debye (D) [16,19]. Experiments [20] have shown
that tubulin net charge depends strongly on pH, varying
quite linearly from —12 to —28 (electron charges) be-
tween pH 5.5 and 8.0. This could be significant for tubu-
lin electrostatics during mitosis because, as noted above,
a number of cell types exhibit a decrease of 0.3 to 0.5 pH
units from a peak at prophase during mitosis.

It has been determined that tubulin has a large overall
negative charge of 20 at pH 7, and that as much as 40%
of the charge resides on C-termini. The C-termini can
point nearly perpendicularly outward from the micro-
tubule axis as a strong function of pH;, extending 4 - 5 nm
at pH; 7 [21]. It would seem reasonable to assume that an
increased tubulin charge and the resulting greater nega-
tive charge and extension of C-termini may be integral to
an increased probability for microtubule assembly during
prophase when pH; is highest. A higher pH; during pro-
phase is consistent with increased interaction between the
highly extended C-termini of tubulin dimers with appro-
priate regions of other nearest neighbor dimers.

Given the observed decrease in pH; during mitosis,
changes in microtubule assembly probabilities—in con-
junction with nanoscale electrostatic interactions—could
be responsible for the observed changes in chromosome
motions during mitosis. In particular, a decrease in pH;
during mitosis may act as a master clock controlling
microtubule disassembly to assembly (disassembly/as-
sembly) probability ratios during the phases of mitosis,
thereby controlling the timing and dynamics of mitotic
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chromosome movements through metaphase. This will
be discussed in more detail in Section 5 after the neces-
sary groundwork has been developed.

Experiments [22] have revealed that mitotic spindles
can assemble around DNA-coated beads incubated in
Xenopus egg extracts. Since the phosphate groups of the
DNA will manifest a net negative charge at the pH of this
experimental system, I have postulated that pericentriolar
material—the centrosome matrix within which the mi-
crotubule dimer dipolar subunits assemble in many cell
types to form asters [23]—carries a net negative charge
[3,24]. Centrosomes have subsequently been shown to
have a net negative charge by direct measurement [25].

Thus given the electric dipole nature of microtubule
subunits and the efficiency of aster self assembly, it is
likely that microtubule minus ends proximal to centro-
somes are positively charged with plus free ends nega-
tively charged. (According to existing convention, rap-
idly growing microtubule free ends are designated plus
and the slower growing free ends are designated minus,
there being no reference to charge in the use of this no-
menclature.) This assignment of the signs of the net
charge at microtubule free ends is consistent with 1)
large scale computer calculations of tubulin dimer sub-
units showing that 18 positively charged calcium ions are
bound within £ monomers, with an equal number of
negative charges localized at adjacent ¢ monomers [15,
16]; and 2) experiments revealing that microtubule plus
ends terminate with a crown of « subunits and minus
ends terminate with £ subunits [26]; 3) the lower pH
vicinal to a negatively charged centrosome matrix will
cause a greater expression of positive charge on micro-
tubule free minus ends and the higher pH vicinal to a
positively charged kinetochore pole-facing “plate” will
cause a greater expression of negative charge on micro-
tubule free plus ends; 4) negative charge on centrosome
matrices will induce positive charge on microtubule mi-
nus ends and positive charge at pole-facing plates of ki-
netochores will induce negative charge on microtubule
plus ends.

In 2002 and 2005 papers, I argued that indirect ex-
perimental evidence indicates that pole-facing “plates” of
kinetochores exhibit positive charge [3,4,24] and interact
with negatively charged microtubule free plus ends to
provide the motive force at kinetochores for poleward
chromosome motions. This has been supported by ex-
periments [1,2,27] implicating positively charged kine-
tochore molecules (e.g., Ndc80/Hecl) in establishing a
dynamic coupling to negative charge on microtubule plus
ends during mitosis.

As will be discussed shortly, quite apart from the abil-
ity of microtubules to extend electrostatic interactions
over cellular distances, the range of electrostatic fields
within the cytosol itself is longer than ordinary counte-
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rion screening considerations would dictate. These elec-
trostatic conditions will be seen throughout the present
work to have important implications for the events of
mitosis.

Evidence for positive charge at kinetochores also
comes from the presence of highly basic molecules in the
Daml complex. In particular, the isoelectric points of
Damlp, Duolp, and Spc34p are 9.97, 10.76, and 8.6,
respectively. Significantly, experiments have revealed
that the microtubule binding module of the Daml com-
plex involves these three molecules; acidic proteins
Asklp, Spc19p, and Dad2p fail to bind [28].

3. Spindle Assembly and Dynamics

It is reasonable to expect that the electric dipole nature of
tubulin subunits greatly assists in their self-assembly into
the microtubules of the asters and spindle. Thus we may
envision that electrostatic fields organize and align the
electric dipole dimer subunits, thereby facilitating their
assembly into the microtubules that form the asters and
mitotic spindle [24]. This self-assembly would be aided
by significantly reduced counterion screening due to lay-
ered water adhering to the net charge of the dipolar sub-
units. Such water layering to charged proteins has long
been theorized [29,30] and has been confirmed by ex-
periment [31]. Additionally, as will be discussed in Sec-
tion 4.1, layered water between sufficiently close charged
proteins has a dielectric constant that is considerably
reduced from the bulk value far from charged surfaces,
further increasing the tendency for an electrostatic assist
to aster and spindle self-assembly. The question of what
is meant by “sufficiently close” charged protein surfaces
as well as the reduction in the dielectric constant between
such surfaces will be addressed in Section 4.1.

The combination of these two effects (or condi-
tions)—water layering and reduced dielectric constant—
can significantly influence cellular electrostatics in a
number of important ways related to cell division. It will
be convenient in the present work to characterize gaps
between charged surfaces within cells that allow these
two effects to significantly enhance electrostatic interac-
tions as critical separations or critical distances (see
Section 4.1). These conditions would be expected to sig-
nificantly increase the efficiency of microtubule self-
assembly in asters and spindles by 1) allowing electro-
static interactions over greater distances than Debye
screening dictates; and 2) increasing the strength of these
interactions by an order of magnitude due to a corre-
sponding order of magnitude reduction in the cytosolic
dielectric constant between charged protein surfaces
separated by critical distances or less.

As we will see in subsequent sections, these two ef-
fects for charged molecular surfaces at close range may
also have important consequences regarding force gen-
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eration for chromosome motions and other mitotic
events.

As mentioned above, measurements have shown that
pH; of many cells rises to a maximum at the onset of mi-
tosis and subsequently decreases throughout cell division.
This could account for the efficient self-assembly of the
spindle during prophase, when microtubule polymeriza-
tion and microtubule organizing center nucleation is
favored because of the greater expression of negative
charge on tubulin dimers and centrosome matrices due to
the higher pH; at this time.

An electrostatic component to the biochemistry of the
microtubules in assembling asters is consistent with ex-
perimental observations of pH effects on microtubule
assembly [10], as well as the sensitivity of microtubule
stability to calcium ion concentrations [32,33]. Thus it
would seem reasonable to assume that, over distances
consistent with the modified counterion screening dis-
cussed above, the electrostatic nature of tubulin dimers
would allow tubulin dimer microtubule subunits 1) to be
attracted to and align around charge distributions within
cells—in particular, as mentioned above, around centro-
somes; and 2) to align end to end and laterally, facilitat-
ing the formation of asters and mitotic spindles.

The motive force for the migration of asters and as-
sembling half-spindles during prophase can also be ad-
dressed in terms of nanoscale electrostatics. As a conse-
quence of the negative charge on the free plus ends of
microtubules at the periphery of the forming asters/
half-spindles, the asters/half-spindles would be electro-
statically repelled from each other and drift apart. Spe-
cifically, as microtubule assembly proceeds, a subset of
the negatively charged microtubule free ends at the pe-
riphery of one of the growing asters/half-spindles would
mutually repel a subset of the negatively charged free
ends within critical distances at the periphery of the other,
causing them to drift apart as net microtubule assembly
proceeds. Such subsets will be continually changing as
poleward migration of the asters/half-spindles continues
[24].

As discussed above, because of significantly reduced
counterion screening and the low dielectric constant of
layered water adhering to the tubulin dimers, the neces-
sary interaction and alignment of tubulin molecules dur-
ing spindle self-assembly would be enhanced by the con-
siderably increased range and strength of the electrostatic
attraction between oppositely charged regions of tubulin
dimers.

Similarly, the mutually repulsive electrostatic force
between subsets of interacting negatively charged micro-
tubule free ends from opposing half-spindles in the grow-
ing mitotic spindle would be expected to be significantly
increased in magnitude and range. An instantaneous
subset of interacting microtubules in a small portion of a
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forming spindle is depicted in Figure 2. Thus mutual
electrostatic repulsion of negatively charged microtubule
free plus ends distal to centrosomes in assembling asters/
half-spindles could provide the driving force for their
poleward migration in the forming spindle [24]. It is im-
portant to note that subsets of interacting microtubules
from opposing half-spindles can result from either grow-
ing or shrinking microtubules, but—as discussed above—
polymerization probabilities will dominate during pro-
phase. This process would continue until growing half-
spindles drift as far apart as possible, establishing the cell
poles.

It seems clear that cellular electrostatics involves more
than the traditional thinking regarding counterion screen-
ing of electric fields and the resulting unimportance
within cells of the second most powerful force in nature.
The reality may be that the evidence suggests otherwise,
and that the resulting enhanced electrostatic interactions
are more robust and act over greater distances than pre-
viously thought. One aspect of this is the ability of
microtubules to extend the reach of electrostatic force
over cellular distances; another lies in the reduced coun-
terion sceeening and dielectric constant of the cytosol
between charged protein surfaces.

High pH; during prophase favors spindle assembly.
This includes greater electrostatic attractive forces be-
tween tubulin dimers as well as increased repulsive elec-
trostatic interactions driving poleward movements of
forming half-spindles.

Changes in microtubule dynamics are integral to
changes in the motions of chromosomes during mitosis.
These changes in microtubule dynamics can be attribut-
ed to an associated change in intracellular pH (pH;) dur-
ing mitosis. In particular, a decrease in pH; during mito-
sis may act as a master clock controlling microtubule
disassembly/assembly probability ratios by altering the
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Figure 2. A subset of interacting microtubules in a small
portion of a forming mitotic spindle. The free plus ends of
interacting microtubules within a few nanometers are mu-
tually repelling. Protofilament curling of disassembling mi-
crotubulesis not shown on this scale.

OJBiphy



L. J. GAGLIARDI 137

electrostatic interactions of tubulin dimers. As will be
discussed in Section 5, this may determine the timing and
dynamics of post-attachment mitotic chromosome mo-
tions.

4. Electrostatic Forcein Poleward
Chromosome Motions

4.1. Electrostatic Microtubule Disassembly Force
at Cell Poles

From the discussion in Section 2, the net charge on the
free ends of microtubules at a centrosome matrix is as-
sumed to be positive. A y-tubulin molecule, embedded in
the fibrous centrosome matrix, takes the form of a ring
from which a microtubule appears to emerge [34]. This
would allow the electric field of the negatively charged
centrosome matrix to draw the positively charged ends of
microtubules into the centrosome matrix, with the result-
ing rapid change of the electric field just outside and
across the outer boundary of the centrosome matrix de-
stabilizing microtubules as they pass into the charge dis-
tribution.

Thus p-tubulin rings may be regarded as forming a
firmly anchored negative charge distribution near the
surface of a centrosome matrix through which micro-
tubules pass, disassembling in the passage, as depicted in
Figure 3.

As in the case for a kinetochore (discussed later), the

centrosome matrix

Figure 3. Nanoscale electrostatic disassembly force at a
centrosome. A poleward force results from an electrostatic
attraction between positively char ged microtubule free ends
and an oppositely charged centrosome matrix. Only disas-
sembling microtubules are depicted; assembling microtu-
bules could also be momentarily attracted to a centrosome.
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microtubules do not necessarily need to pass through the
rings; rather, the rings provide a structurally stable nega-
tively charged volume distribution attracting micro-
tubules to and into the centrosome matrix.

As noted above, observations on a number of cell
types have shown that disassembly of microtubules at
spindle poles accompanies chromosome poleward move-
ment. Accordingly, within the context of the present
work, force generation at spindle poles for prometaphase
post-attachment, metaphase, and anaphase-A poleward
chromosome motions can be attributed to an electrostatic
attraction between the positively charged free minus ends
of kinetochore microtubules and a negatively charged
centrosome matrix.

We now calculate the magnitude of the force produced
in this manner by a non-penetrating microtubule at a
centrosome matrix. Since the outer diameter of a centro-
some matrix is considerably larger than the diameter of a
microtubule, we may model it as a large, approximately
planar slab with negative surface charge density of mag-
nitude o as depicted in Figure 3. From the well-
known Debye-Hiickel result for a planar charged surface
with area charge density o immersed in an electrolyte
[35], we have for the electrostatic potential

¢(x)=%e””’, )

where D is the Debye length and x is the distance
from the surface.

The electric field E(x), obtained from the negative
gradient of the electrostatic potential, multiplied by the
charge ¢ gives the magnitude of the attractive force
F(x) between the charge ¢ on a dimer subunit at the
end of a protofilament and the centrosome. This results in

- _ —x/D
F(x)=qE(x)=—q . el )
It is well established in electrochemistry [36] that the
permittivity of the first few water layers outside a
charged surface is an order of magnitude smaller than
that of the bulk phase. The effective permittivity of water
as a function of distance from a charged surface has been
determined by atomic force microscopy [37] to increase
monotonically from 4 - 6 g, at the interface to 78 ¢,
at a distance of 25 nm from the interface. The values of
the dielectric constants & (x) at distances of 1, 2, 3,
and 4 nm from a charged surface were measured to be 9,
21, 40, and 60, respectively. As discussed in Section 3,
layered water adhering to the net charge of proteins will
significantly reduce counterion screening for small dis-
tances from the surface.
The interpolated values of k (x) for separations be-
tween charged surfaces of up to 3 nm are 5, 9, 9, and 5
forx =0, 1, 2, and 3 respectively, where the charged sur-
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faces are at x = 0 and x = 3 nm. The distance range 1 to 3
nm between charged surfaces is significant for the pre-
sent calculation because 1 nm may be taken as the thick-
ness of layered water adsorbed to each charged surface
[30,38], and for charged surface separations up to 3 nm,
counterion screening would be virtually eliminated. Thus
for charged surfaces at separations of 3 nm or less, the
exponential decay of the electric field from each surface
reduces the electric field to a minimum of approximately
60% of the maximum value at each surface and, to a
good approximation, Debye screening can be neglected.
For brevity in subsequent discussions, separations of 0 to
3 nm between charged surfaces will be designated as
critical separations. The electrostatic potential energy
#q between charged surfaces separated by 5 nm is near
the upper limit of the effective range within which ther-
mal energy is less than electrostatic energy for a charge
q of one electron charge.

For critical separations, the expression for the force
between a charged centrosome matrix surface at x = 0
and a charge ¢ on the free minus end of a protofilament
at a distance x from the surface may therefore be written

Fx)="2L_| 3)
& (x)

where & (x)=k (x)g, is obtained from the interpo-
lated experimental results for k& (x) referred to above,
&, = 8.85 pF/m and g is the charge on the protofilament
free end. This equation may be obtained from (2) in the
limit as D — oo, a condition that effectively eliminates
counterion screening.

There are 13 protofilaments arranged circularly in
a microtubule, with an axial shift of 0.92 nm for each
protofilament as one moves around the circumference of
a B lattice microtubule [16]. For comparison with ex-
perimental values, a calculation of the maximum disas-
sembly force per microtubule will be carried out for 3
protofilaments with their free ends at distances of 1, 2,
and 3 nm from the centrosome matrix surface. The actual
distribution for the distances of the free ends of 13—
disassembling (curling), and temporarily assembling
(straight)—protofilaments would be considerably com-
plicated, and it is probable that more than 3 protofila-
ments will interact with a centrosome matrix within
critical distances.

As mentioned above, experimental values of surface
charge density o for biological surfaces range from 1
to 50 mC/m’. Thus, we may sum the forces on proto-
filament free ends at distances of 1, 2, and 3 nm from the
centrosome matrix using the above interpolated values of
£(x) and a conservative value for o of 10 mC/m’.
Carrying out this calculation with (3), we find that the
electrostatic force sums to 23n pN/MT (picoNewtons
per microtubule), where g =ne, with e equal to the
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magnitude of the charge on an electron and » the number
of electron charges at a protofilament free end. Compar-
ing this value with the experimental range of 1 - 74
pN/MT [39] for the maximum tension force per micro-
tubule, we have that n = 0.04 - 3.2 electron charges. This
range of values compares favorably to experiments [16,
18,40], and the agreement represents a successful ab
initio theoretical derivation of the magnitude of this force.
We now proceed to calculate the electrostatic force on a
kinetochore due to penetrating microtubules.

4.2. Electrostatic Microtubule Disassembly Force
at Kinetochores

Experimental observations on force generation at kine-
tochores may also be addressed using electrostatics. As
discussed above, kinetochore pole-facing surfaces mani-
fest positive charge. Assuming a volume positive charge
at kinetochore pole-facing surfaces, we may envision a
mechanism for electrostatic force generation at kineto-
chores by penetrating microtubules. It has been accepted
for some time that electron microscope studies show ki-
netochore microtubules running uninterupted between
poles and kinetochores, terminating in the outer pole-
ward-facing plate of the kinetochores [41]. It has also
been assumed that this kinetochore-microtubule associa-
tion is the locus of force generation. As a result, ultra-
structural studies of kinetochore-microtubule associa-
tions have concentrated on the microtubules that are ap-
parently penetrating the outer plate of kinetochores, and
possibly being pulled into kinetochores by interactions
between kinetochores and kinetochore microtubules to
produce poleward force.

These interactions have been described in more spe-
cific terms in the recent literature, and may be classified
as being based on motor molecules [42], or binding rela-
tionships between protofilaments and kinetochore mole-
cules [43,44]. As mentioned in Section 1, experiments
have recently revealed that kinetochore-microtubule bind-
ing is dependent on electrostatic interactions mediated
via positive charge in the disordered N-terminal 80
amino acid tail domain of Hecl [1,2], an observation that
is in agreement with the approach presented here.

Since kinetochore plate diameters are large compared
to the diameters of protofilaments, we may model the
kinetochore-microtubule interaction for penetrating mi-
crotubules by assuming an approximately planar slab of
uniform positive charge density, with thickness a parallel
to the x axis for the outer kinetochore plate interacting
with negatively charged free ends of microtubule proto-
filaments, as depicted in Figure 4.

The possibility of binding to kinetochore molecules, or
Daml rings around microtubules, is not assumed in favor
of a more general approach wherein interacting kineto-
chore molecules comprise a positive charge distribution
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kinetochore

Figure 4. Nanoscale electrostatic disassembly force at a
charged kinetochore. A poleward forceresultsfrom an elec-
trostatic attraction between negatively charged microtubule
free ends and an oppositely charged kinetochore. Only dis-
assembling microtubules are depicted; assembling micro-
tubules could also be momentarily attracted to a centro-
some.

through which microtubule-bound negative charges at or
near the free plus ends of kinetochore microtubules are
drawn.

A standard result from an application of Gauss’s law
[45] gives the following result for the electric field inside
a large, uniformly charged slab of positive charge

E(x)=px/e, , “)

where p is the volume charge density, &, (=k,¢,)
is the dielectric permittivity of the slab, and x=0 at
the plane of symmetry in the center of the large rectan-
gular slab. (Note that previously in (3), x=0 at the
right boundary of the centrosome matrix, Figure 3.)

Making use of the uniform charge relation o = pa,
this result may be expressed in terms of the surface
charge density o as

E(x)=ox/¢a . )

Electron microscope studies reveal that kinetochore
microtubules penetrate only the outer (poleward-facing)
plate on each kinetochore [41]. The magnitude of the
force on a protofilament of negative charge magnitude
q atits free end a distance x from the outer plate’s plane
of symmetry is given by

F(x)=qE(x)=qox/¢a. (6)
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At the left face of the kinetochore (Figure 4),
x=-a/2 , and E=-0/2¢,, and the force exerted in
the negative x (poleward) direction on a kinetochore
by a protofilament free end with negative charge of mag-
nitude ¢ at its free end located just inside the left face
is —oq/2¢,.

The value of the dielectric constant k, for a kineto-
chore has not been established. Consistent with their
open structures, a cytosol-saturated kinetochore or cen-
trosome matrix would be expected to have a dielectric
constant that is quite large, roughly midway between
their dry values and that of cytoplasmic water [46]. As
with a centrosome matrix, 1) the value for cytoplasmic
water will dominate; and 2) the calculation is relatively
insensitive to the precise dry value. From these consid-
erations, k, can be taken as 30.

Using k, = 30 and the value o =10 mC/m’ in car-
rying out a conservative calculation for a microtubule
with 6 of the 13 protofilament ends—irrespective of pro-
tofilament curling—at an average distance x=-a/4
from the symmetry plane, x=0 (where the force is 0),
we find that the force on a penetrating microtubule sums
to 90n pN/MT. Equating this result to the experimental
range 1 - 74 pN/MT, we find that n = 0.01 - 0.82 electron
charges, again well within the experimental range.

An evaluation of the force on a kinetochore from a non
penetrating microtubule within a critical distance of the
kinetochore mirrors the previous calculation for a cen-
trosome matrix. As mentioned above, it has generally
been assumed that penetrating kinetochore microtubules
are responsible for force generation. Consequently not
much attention has been given to the possibility that ki-
netochore microtubules may be generating force in
non-contact interactions such as those arising from elec-
trostatics.

Force generation by nanoscale electrostatic non-con-
tact interactions, primarily over critical separations,
would cause other (previously force-generating) kineto-
chore microtubules in the bundle to penetrate the kineto-
chore, giving the illusion of contact force generation by
penetration. Importantly, forces acting at nanometer dis-
tances would seem to be essential for efficient micro-
tubule reattachment and tracking to kinetochores through-
out mitosis, a feature that is not addressed by any of the
current models for chromosome motility. The present
model assumes that force generation is due to both pene-
trating and non-penetrating microtubules.

As in the case for poleward force generation at a cen-
trosome, non-penetrating microtubules that disassemble
in the region of high electric field gradient just outside
the outer plate of a charged kinetochore also generate a
poleward force, as depicted in Figure 4. Because of the
similarity in geometry, a calculation of the force per
microtubule for non-penetrating microtubules at kineto-
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chores will yield essentially the same result as the calcu-
lation at a centrosome. Accordingly, a force calculation
with (3) carried out with o= 10 mC/m’ also repro-
duces the experimental range 1 - 74 pN/MT as the nano-
scale electrostatic microtubule disassembly force at a
kinetochore for the experimentally verified charge range
of 0.04 to 3.2 electron charges at a protofilament free
end.

As mentioned earlier, given the electric dipole nature
as well as the large overall net charge on C-termini of
tubulin microtubule subunits, the electric field gradient
over a critical separation distance within vicinal cytosol
at a centrosome matrix or kinetochore would act to de-
stabilize the microtubules. In addition, the field gradient
across either boundary can destabilize microtubules, fur-
ther increasing the depolymerization probability for
microtubules approaching and penetrating these struc-
tures as force is generated, in agreement with observa-
tion.

These gradients will now be quantified. To gain per-
spective (since electric fields and electric field gradients
are less intuitive) it will be convenient to calculate force
gradients. For the electrostatic force gradient in the vici-
nal cytosol at a kinetochore or centrosome matrix, we
may consider a protofilament free end with one electron
charge e starting at a distance of 1 nm where the dielec-
tric constant is 9, then moving to the surface where the
dielectric constant is 5 (see interpolated values of &, (x)
given in Section 4.1). From x = 1 to 0, we have a force
increase AF of oe/5¢,—oe/9, . Evaluating the av-
erage force gradient, AF/Ax over the separation dis-
tance Ax =1 nm, we have that AF/Ax= 166 pN/nm.
This is a rather large average force gradient. Similarly,
the average gradient over 2 nm experienced by a proto-
filament free end with one electron charge penetrating a
centrosome matrix or kinetochore boundary where the
force changes from oe/5¢, to oe/2¢, is 160 pN/nm.

4.3. Penetrating Microtubules at a Centrosome

To complete the possibilities for poleward force produc-
tion, we now consider the situation for microtubules
penetrating a centrosome matrix. The value of the dielec-
tric constant k, for a centrosome matrix has also not
been established. As discussed above for a kinetochore,
due to an open structure that allows cytoplasmic water
intrusion, the large dielectric constant of water would
strongly influence the overall dielectric constant of the
centrosome matrix, leading to a value that is relatively
insensitive to the dry value. As discussed previously,
consistent with their open structures, a cytosol-saturated
centrosome matrix or kinetochore would be expected to
have a dielectric constant that is quite large, again
roughly midway between their dry values and cytoplas-
mic water. Therefore, as with a kinetochore, 1) the value
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for cytoplasmic water will dominate; and 2) the calcula-
tion is relatively insensitive to the precise dry value. For
simplicity, the conservative value k, =30 will again be
assumed.

In the above force calculation at a kinetochore, the
possibility that molecules of the Dam1 complex can form
rings around microtubules was not considered funda-
mental. Instead, a more general approach considered ki-
netochore molecules as contributing a structurally stable
positive charge distribution that negatively charged
microtubule plus ends can be attracted to and drawn into.
Similarly, y -tubulin rings may be viewed as a firmly
anchored negative charge distribution through which the
positively charged minus ends of kinetochore micro-
tubules are drawn, generating poleward force associated
with an observed poleward microtubule flux.

As a result of these similarities, and the assumed ap-
proximate equality of &, for both a kinetochore and a
centrosome matrix, a calculation of the poleward force
per microtubule for penetrating microtubules at a cen-
trosome matrix will yield a result identical to the above
calculation at a kinetochore. As in all the calculations in
Section 4, since the calculated range of n is well within
the experimental range, moderate differences in £k, , the
geometry, and other contributing factors would not be
significant.

5. Operation of the Model
5.1. Introduction

Poleward and antipoleward chromosome movements
occur intermittently during prometaphase and metaphase.
Antipoleward motions dominate during the congres-
sional movement of chromosomes to the cell equator.
Poleward motion of chromosomes dominates during
anaphase-A. The apparent complexity of these motions
has challenged scientific explanation for over a hundred
years. While a number of models have been advanced for
individual motions, such as anaphase-A, it can be argued
that the various motions are related, and that a simple
theme or principle that unifies mitotic motions should be
sought. It is proposed in this work that this can be ac-
complished within a systems approach by attributing the
cause for post-attachment chromosome motions to
microtubule dynamics in combination with nanoscale
electrostatics.

Experiments [47] have shown that during prometa-
phase each pair of sister chromatids attaches by a kine-
tochore to the outside walls of a single microtubule, re-
sulting in a rapid microtubule sidewall sliding movement
toward a pole. This motion is postulated to be driven by
molecular motors. A molecular motor-powered micro-
tubule sidewall sliding model for this prometaphase
movement would appear likely. In particular, the speed
(20 - 50 um per minute) [48] of kinetochores along
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microtubule walls is consistent with known molecular
motor behavior. However post-attachment prometaphase,
as well as metaphase, chromosome motions can be un-
derstood in terms of a cell-cycle dependent increase in
the dominance of nanoscale electrostatic microtubule
disassembly forces due to a steadily decreasing pH;.

As discussed elsewhere [49], force generation by in-
duced negative charge on plus ends and induced positive
charge on minus ends of microtubules could also be re-
sponsible for poleward force generation. Although a cal-
culation of the induced positive charge on microtubule
minus ends from negative charge on a centrosome matrix
is difficult because of the complex geometry, a reciprocal
calculation of induced negative charge on a centrosome
matrix from positive charge at minus ends of micro-
tubules is relatively straightforward and agrees with the
experimental range of force per microtubule measure-
ments [49]. Similarly a reciprocal calculation of induced
positive charge on a kinetochore due to negative charge
at free plus ends of microtubules also falls within the
force per microtubule experimental range [49].

Antipoleward nanoscale microtubule assembly forces
will now be considered. As a result of the sliding capture
motion described above, the approach to the poles will
result in the movement of kinetochores to within critical
distances from the ends of other (astral) microtubules
emanating from the closer pole. As discussed in previous
sections, counterion screening is not fully operative for
separation distances of 3 nm or less. The resulting prox-
imity-in conjunction with 1) an electrostatic attraction
between positively charged kinetochores and the nega-
tively charged ends of astral microtubules; 2) an electro-
static repulsion between negatively charged chromosome
arms in the chromatid pair and other negatively charged
astral microtubule ends; and 3) constant thermal agita-
tion, could be critical in the orientation and end-on at-
tachment of kinetochores to the free plus ends of micro-
tubules [3].

Following this monovalent (or mono-oriented) attach-
ment to one pole, chromosomes are observed to move at
considerably slower speeds, a few um per minute, in sub-
sequent motions throughout prometaphase [48]. In par-
ticular, a period of slow motions toward and away from a
pole will ensue, until close proximity of the free end of a
microtubule from the opposite pole with the other (sister)
kinetochore in the chromatid pair results in an attachment
to both poles (a bivalent (bioriented) attachment). At-
tachments of additional microtubules from both poles
will follow. (There may have been additional attach-
ments to the first pole before any attachment to the sec-
ond.)

After a sister kinetochore becomes attached to micro-
tubules from the opposite pole, the chromosomes per-
form a slow (1 - 2 um per minute) congressional motion
to the spindle equator, resulting in the well-known
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metaphase alignment of chromatid pairs. In addition to
the mechanism facilitating attachment just discussed, all
of the above mentioned experimentally observed post-
attachment poleward and antipoleward prometaphase
motions, as well as metaphase oscillatory motion, can be
understood in terms of electrostatic interactions coupled
with pH;-dependent microtubule dynamics.

5.2. Antipoleward Nanoscale Electrostatic
Assembly Force

Since chromosome arms are negatively charged, follow-
ing chromosome attachment they will be repelled from
the negatively charged free ends of the shorter astral
microtubules in the polar region. As mentioned above
and discussed in Section 4.1, this force will be effective
over the critical distances allowed by modified Debye
screening. As astral microtubules assemble, and chro-
mosomes move farther from the poles, there will be a
filling in of dipolar subunits in the gaps between the as-
tral microtubule free ends and chromosome arms.

Polymerization will take place in the gaps opened up
by electrostatic repulsion between negatively charged
microtubule free plus ends and negatively charged chro-
mosome arms as they drift farther from the poles, and
chromosomes will be continuously repelled from the
poles. This mechanism may account for the antipoleward
astral exclusion force, or polar wind, the precise nature
of which has been sought since it was first observed [50].
The interaction between astral microtubules and chro-
mosome arms is depicted in Figure 5.

As a chromatid pair moves farther from a pole, elec-
trostatic repulsive force between the negatively charged
free ends of astral microtubules and chromosomes will
decrease as the microtubules fan radially outward.

At a surface defined by the microtubule ends, the
charge density and therefore the force, will decrease ac
cording to an “inverse square law,” as we can see from

astral microtubules

kinetochores —__

kinetochore‘microtubules

Figure 5. Antipoleward nanoscale electrostatic force be-
tween microtubules and chromosome arms. An antipole-
ward force results from electrostatic repulsion between
negatively charged plus ends of microtubules and negatively
charged chromosome ar ms.
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the following. Given that the repulsive force on a chro-
mosome arm depends on the total number N of nega-
tively charged microtubule free ends from which it is
repelled, we have that F is proportional to Ng, where ¢
is the charge at the end of a microtubule.

For N microtubules fanning radially outward from a
pole, the total charge Ng is distributed over an area that
increases as the distance r from the pole squared (+%), and
the effective charge per unit area at a surface defined by
the microtubule ends decreases as the inverse of the dis-
tance squared (1/ #*). This results in an electrostatic an-
tipoleward force on chromosome arms that decreases
with an inverse square (1/ r*) dependence on the polar
distance.

The falloff is expected to be even more pronounced
than inverse square would predict because of the de-
creased number of microtubule free ends at greater polar
distances, as shown schematically in Figure 6, resulting
in an even stronger falloff of antipoleward force with
distance from cell poles. To save writing, this stronger
than inverse square falloff will be characterized as robust
inverse square.

5.3. Prometaphase and M etaphase Chromosome
Motions

As cited in Section 2, experiments have shown that the
intracellular pH (pH;) of many cell types rises to a
maximum during prophase, subsequently falling steadily
through mitosis. The continuing decrease in pH; through
metaphase [8] would result in an increasing instability of
the microtubules comprising the spindle fibers. In Sec-
tion 2, I noted that in vivo experiments have shown that
microtubule stability is related to pH;, with a more basic
pH favoring microtubule assembly. An increased prob-
ability for microtubule depolymerization—as compared

Figure 6. Antipoleward inver se square repulsive force. Two
chromatid pairs at differing polar distances are depicted
showing the robust inver se squar e dependence of the nano-
scale antipoleward force.
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to the prophase predominance of microtubule assem-
bly—is consistent with the observed alternating poleward
and antipoleward motions of monovalently attached
chromosomes during prometaphase.

Thus microtubule polymerization and depolymeriza-
tion, in combination with a repulsive electrostatic anti-
poleward astral exclusion force and an attractive electro-
static poleward directed force acting at kinetochores and
spindle poles, is sufficient to account for the observed
motion of monovalently attached chromosomes. Because
of statistical fluctuations both in the number of disas-
sembling kinetochore microtubules interacting with ki-
netochores as well as centrosomes, and in the number of
assembling astral microtubules responsible for the anti-
poleward force acting at chromosome arms, the interac-
tion of these opposing forces would result in a “tug of
war,” consistent with the experimentally observed series
of movements toward and away from a pole for a mono-
valently attached chromatid pair.

After a bivalent attachment has been established, the
attractive force to the far (distal) pole will be in opposi-
tion to the attractive force to the near (proximal) pole.
Because of the robust inverse square astral exclusion
force, the greater repulsion from the proximal pole, along
with a growing number of kinetochore attachments to
microtubules from the distal pole tending to equalize
poleward disassembly forces, a relatively sustained con-
gressional motion away from the proximal pole would
result, as observed experimentally.

As a chromatid pair moves farther from the proximal
pole, there will be a growing number of attachments to
both poles. Following approximately equal numbers of
attachments to both poles, and comparable distances of a
chromatid pair from the two poles, the forces exerted by
both sets of poleward attractive disassembly and anti-
poleward repulsive assembly forces will approach equal-
ity. As a chromatid pair congresses to the midcell region,
the number of attachments to both poles will tend to be
the same, as will the number of microtubules interacting
with chromosome arms, and equilibrium of poleward
directed forces as well as antipoleward astral exclusion
forces will be approached. Without specifying their exact
nature, balanced pairs of attractive and repulsive forces
have previously been postulated for the metaphase
alignment of chromatid pairs [51].

An explanation of experimentally observed metaphase
oscillations about the cell equator just prior to ana-
phase-A provides another example of the predictability
and minimal assumptions nature of the present approach.
In agreement with experiment [52], the present model
predicts that the poleward force on a chromosome from
kinetochore microtubule disassembly at kinetochores and
poles depends on the total number of kinetochore micro-
tubules. At the metaphase “plate,” the bivalent attach-
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ment of chromatid pairs ensures that the poleward-
directed electrostatic disassembly force on one chro-
matid at a given moment could be greater than that at
the sister chromatid’s kinetochore attached to the op-
posite pole. An imbalance of these poleward forces re-
sults from statistical fluctuations in the number of force
generating microtubules at kinetochores as well as at
poles.

This situation, coupled with similar fluctuations in the
number of astral microtubules responsible for the anti-
poleward astral exclusion force on a chromatid pair, can
result in a momentary motion toward a pole in the direc-
tion of the instantaneous net electrostatic force. However,
because of the robust inverse square dependence of the
repulsive astral exclusion force and the approximate
equality of poleward-directed microtubule disassembly
forces for chromatid pairs in the midcell region, the
greater force of repulsion from the proximal pole will
eventually reverse the direction of motion, resulting in
stable equilibrium midcell metaphase oscillations, as
observed experimentally.

Midcell metaphase oscillations are direct experimental
evidence for a continuing increase in the disassembly/
assembly probability ratio resulting in parity for micro-
tubule assembly and disassembly probabilities.

At late metaphase, before anaphase-A, experiments
reveal that the poleward motions of sister kinetochores
stretch the intervening centromeric chromatin, producing
high kinetochore tensions. It is reasonable to attribute
these high tensions to a continuing disassembly to as-
sembly probability ratio increase caused by a further
lowering of pH;. The resulting attendant increase in
poleward electrostatic disassembly force would lead to
increased tension. A lower pH; will also increase the ex-
pression of positive charge on sister kinetochores, further
elevating the tension due to their increased mutual repul-
sion. At these high tensions, microtubule plus ends often
switch from a depolymerization state to a polymerization
state of dynamic instability. This may be explained by
kinetochore microtubule free ends passively taking up
the slack by polymerization to sustain attachment and
resist further centromeric chromatin stretching. This is
known as the “slip-clutch mechanism” [53].

This mechanism is addressed within the context of the
present work as follows. Microtubule assembly at a ki-
netochore or pole is regarded here as operating in passive
response to 1) the robust inverse square electrostatic an-
tipoleward force acting between the plus ends of astral
microtubules and chromosome arms and/or; 2) an elec-
trostatic microtubule disassembly force at a sister kine-
tochore or at poles. At the highest tensions, non-contact
electrostatic forces acting over a range of protofilament
free end-kinetochore distances would be effective in
helping to maintain coupling while other larger proto-
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filament gaps in the same or other microtubules are pas-
sively filled in. This process would continue with new
gaps and new opportunities for fill-in. In addition, the
repulsive robust inverse square electrostatic assembly
force acting at the sister chromatid’s arms would provide
a positive feedback mechanism to resist detachment. This
explanation of the slip-clutch mechanism follows as a
direct consequence of the present systems approach to
chromosome motility. The slip-clutch mechanism does
not appear to be addressed within any of the models for
chromosome motions in the current literature.

It should be noted that microtubule assembly at kine-
tochores and poles can occur; however because the nec-
essary inverse square dependence of the antipoleward
microtubule assembly force cannot be derived from
microtubule assembly at kinetochores or spindle poles, it
is assumed in the present work that assembly at either
location is in passive stochastic response to assembly at
chromosome arms, or to tension caused by poleward
force on sister kinetochores.

Thus regarding post-attachment chromosome move-
ments through metaphase, it seems reasonable to ascribe
the increasing microtubule dissassembly/assembly prob-
ability ratio—with attendant changes in microtubule dy-
namics and mitotic chromosome motions—to an experi-
mentally observed steadily decreasing pH;. We may then
envision the decrease in pH; from a peak at prophase
favoring microtubule (and spindle) assembly, declining
through prometaphase, and continuing to decline through
metaphase when parity between microtubule assembly
and disassembly leads to midcell chromatid pair oscilla-
tions, culminating in increased kinetochore disassembly
tension near anaphase, as a cell’s master clock control-
ling microtubule dynamics, and consequently the events
of mitosis. One might also attribute the more complete
dominance of microtubule disassembly—with an ac-
companying predominance of poleward electrostatic dis-
assembly forces—during anaphase-A to a further con-
tinuation of a decreasing intracellular pH. However, as
we now discuss, additional possible decreases in pH;
during anaphase-A may work in conjunction with a
microtubule destabilizing [Ca®'] increase.

5.4. Anaphase-A Chromosome Motion

Chromosome motion during anaphase has two major
components, designated anaphase-A and anaphase-B.
Anaphase-A is concerned with the poleward motion of
chromosomes, accompanied by the shortening of kineto-
chore microtubules at kinetochores and/or spindle poles.
The second component, referred to as anaphase-B in-
volves the separation of cell poles as the cause for the
further separation of chromosomes and is treated else-
where [54]. As discussed above, antipoleward electro-
static forces compete stochastically with poleward elec-
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trostatic forces during prometaphase and metaphase. For
example, after a bivalent attachment is established, the
action of poleward-directed forces from both poles, in
conjunction with the robust inverse square nature of the
antipoleward force, is sufficient for congressional motion
to the cell equator followed by midcell metaphase chro-
mosome oscillations. As also discussed above, these os-
cillations result from robust inverse square antipoleward
electrostatic assembly forces at chromosome arms acting
in conjunction with approximately balanced poleward
electrostatic disassembly forces. This balance is changed
by subsequent events as will now be discussed.

In a number of cell types, intracellular calcium re-
leases show a temporal correlation with the onset of
anaphase-A. Experimental studies have shown that in-
tracellular [Ca®'] increases are associated with ana-
phase-A chromosome movement [55-57]. It is well
known that increased [Ca®"] facilitates the depolymeriza-
tion of spindle microtubules both in vitro [58] and in vivo
[59]. These experimental observations have a direct in-
terpretation within the framework of electrostatic force
generating mechanisms.

With the observed increase in [Ca®'] and the resulting
further increase in the instability of microtubules, the
disassembly to assembly probability ratio will be in-
creased even more. After chromatid separation heralds
the beginning of anaphase-A, the increased disassem-
bly/assembly probability ratio allows nanoscale electro-
static microtubule disassembly forces at kinetochores and
poles to dominate, enabling the dynamics for anaphase-A
chromosome movement.

Given that kinetochores exhibit a net positive charge
and will manifest an even greater positive charge at
lower pH; levels in late metaphase, the resulting in-
creased expression of charge on kinetochores, coupled
with their close proximity and the inverse square nature
of the Coulomb electrostatic force—acting in combina-
tion with increased electrostatic microtubule disassembly
force tension from kinetochores and poles—could supply
sufficient force to initiate chromatid separation. This is
consistent with the observed increased kinetochore ten-
sion close to the metaphase-anaphase transition discussed
above.

Studies have shown that changes in [Ca*'] can modu-
late the speed of chromosome motion [57,60]. Signifi-
cantly, there appears to be an optimum concentration for
maximizing the speed of chromosome motions during
anaphase-A. If [Ca®] is increased to a micromolar level,
anaphase-A chromosome motion is increased two-fold
above the control rate; however, if the concentration is
further increased beyond a few micromolar, the chromo-
somes will slow down, and possibly stop [57]. It has long
been recognized that one way elevated [Ca’"] could in-
crease the speed of chromosome motion during ana-
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phase-A is by facilitating microtubule depolymerization
[32, 58-61], and it is commonly believed that the break-
down of microtubules, if not the motor for chromosome
motion, is at least the rate-determining step [62-65].
However, the slowing or stopping of chromosome mo-
tion associated with moderate increases beyond an opti-
mum [Ca*"] is more difficult to interpret since the
microtubule network of the spindle is not compromised
to the extent that anaphase-A chromosome motion could
be slowed or stopped; this would require considerably
higher concentrations [57,66].

Experimental observation that an increase in calcium
levels beyond micromolar levels results in a slowing or
stopping of anaphase-A motion is a direct consequence
of an electrostatic motor for mitotic chromosome mo-
tions. Higher concentrations of doubly charged calcium
ions would screen the negative charge at the free ends of
disassembling kinetochore microtubules and at the cen-
trosome matrix, shutting down the poleward-directed
nanoscale electrostatic disassembly force. Since this
happens at concentrations that do not compromise the
spindle’s microtubule network, it is reasonable to inter-
pret these results as experimentally consistent with an
electrostatic microtubule disassembly force at kineto-
chores and cell poles.

An experimental test of nonspecific divalent cation ef-
fects on anaphase-A chromosome motion in which Mg
was substituted for Ca®" [57] does not offer a definitive
test for the possibility of negative charge cancellation by
positive ions. The reason is that the positive charge of
Mg is shiclded much more effectively by water than is
the case for Ca®*. This is shown by high frequency sound
absorption studies of substitution rate constants for water
molecules in the inner hydration shell of various ions
which reveal that the inner hydration shell water substi-
tution rate for Mg is more than three orders of magnitude
slower than that for Ca®* [67]. Thus the slowing or stop-
ping of anaphase-A chromosome motion accompanying
free calcium concentration increases above the optimum
concentration for maximum anaphase-A chromosome
speed—but well below concentration levels that com-
promise the mitotic apparatus—is consistent with an
electrostatic disassembly motor for poleward chromo-
some motions. This experimental result has not been ad-
dressed by any of the current models for anaphase-A
motion.

5.5. Conclusion

Post-attachment chromosome motions during prometa-
phase and metaphase can be explained by nanoscale
electrostatic microtubule antipoleward assembly forces
acting between microtubules and chromosome arms,
combined with nanoscale electrostatic microtubule pole-
ward disassembly forces acting at kinetochores and spin-
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dle poles. The shift from the dominance of microtubule
growth during prophase, and to a lesser extent during
prometaphase, to a parity between microtubule polym-
erization and depolymerization during metaphase chro-
mosome oscillations, can be attributed to an increase in
the microtubule disassembly to assembly probability
ratio due to the gradual downward pH; shift during mito-
sis that is observed in many cell types.

The factors: 1) an intracellular pH decrease continuing
through mitosis; 2) an electrostatic component to micro-
tubule disassembly/assembly probability ratios; 3) a
nanoscale electrostatic microtubule disassembly force
acting at kinetochores and centrosome matrices; and 4) a
nanoscale electrostatic microtubule assembly force acting
between negatively charged microtubule plus ends and
like charged chromosome arms, all working in conjunc-
tion with microtubule dynamics, make it possible to ex-
plain the motive force—and timing—for chromosome
motions throughout post-attachment prometaphase and
metaphase within the context of a systems approach to
mitotic chromosome motions.

The observed intracellular increase in [Ca®'] that oc-
curs in conjunction with anaphase-A further increases the
domination of poleward microtubule disassembly forces
over antipoleward microtubule assembly forces. The su-
periority of poleward microtubule disassembly forces
combined with an increased mutual repulsion of posi-
tively charged sister kinetochores—with both due to a
decreased pHi—could be integral in the initial separation
of sister chromatids. Once this separation is effected,
anaphase-A motion would result from the predominance
of electrostatic microtubule disassembly forces at kine-
tochores and poles.
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