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Electrostatic force in prometaphase, metaphase, and anaphagechromosome motions
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Primitive cells had to divide using very few biological mechanisms. This work proposes physicochemical
mechanisms, based upon nanoscale electrostatics, which explain and unify the motions of chromosomes during
prometaphase, metaphase, and anaphase the cytoplasmic medium that exists in biological cells, electro-
static fields are subject to strong attenuation by ionic screening, and therefore decrease rapidly over a distance
equal to several Debye lengths. However, the presence of microtubules within cells completely changes the
situation. Microtubule dimer subunits are electric dipolar structures, and can act as intermediaries that extend
the reach of the electrostatic interaction over cellular distances. Experimental studies have shown that intrac-
ellular pH rises to a peak at mitosis, then decreases through cytokinesis. This result, in conjunction with the
electric dipole nature of microtubule subunits, is sufficient to explain the dynamics of the above mitotic
motions, including their timing and sequencing. The physicochemical mechanisms utilized by primitive eu-
karyotic cells could provide important clues regarding our understanding of cell division in modern eukaryotic
cells.
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[. INTRODUCTION screening with oppositely charged ions, and decrease rapidly
over a distance of several Debye lengths. In most cells the
The electromagnetic interaction is primarily responsibleDebye length is typically 1 nrfil4], and since cells of inter-
for the structure of matter from atoms to objects. Much ofest in the present worli.e., eukaryoti¢ can be taken to have
physics, all of chemistry, and most of biology are in this sizedimensions between 10—30 m, one would be tempted to
realm. Primitive eukaryotic cells had to divide prior to the conclude that electrostatic force could not be a major factor
evolution of many biological mechanisms, and it is reasonin providing the cause for motion within cells. However, the
able to assume that basic physics and chemistry playepresence of microtubules within cells changes the picture
dominant roles in both mitosiduclear division and cytoki- completely. It is proposed here that microtubules can be
nesis(cytoplasmic division It is proposed here that the elec- thought of as intermediaries that extend the reach of the elec-
trostatic force, a component of the electromagnetic interactrostatic interaction over cellular distances, making this po-
tion, played a major role in the dynamics of chromosomegent force available to cells in spite of their ionic nature.
during cell division in primitive cells, and that the fundamen- A number of investigations have been related to the elec-
tal solutions to the problem of cell division that were found trostatic properties of microtubule dimer suburjii$-1§.
by primitive cells may persist in modern eukaryotic cells. The latest studie$19,20 have shown that the net charge
The mitotic spindle is responsible for the segregation ofdepends strongly on pH, with a value 66 at pH 4.5, vary-
sister chromatids during cell division. Chromosomes are ating quite linearly from —12 to —28 between pH 5.5 and 8.0.
tached to the spindle with their kinetochoifdg attached to  The dipole moment has just recently been calculated to be
the “plus” ends of polar microtubule$2,3]. Chromosome between 1200 and 1800 debjyE9].
movement is dependent on kinetochore-microtubule dynam- The aster’s pincushionlike appearance is consistent with
ics: a chromosome can move towards a pole only when itelectrostatics, since electric dipolar subunits will align radi-
kinetochore is connected to microtubules emanating fronally outward about a central charge, with the geometry of the
that pole[4]. Several methodological approaches have beernesulting configuration resembling the electric field of a point
undertaken to obtain information regarding microtubule dy-charge. From this it seems quite probable that the pericentri-
namics, force production, and kinetochore function in mitoticolar material-centriole complex, the centrosome about which
cells. These experiments have revealed that the spindle caihne microtubule dimer dipolar subunits assemble to form the
produce more force than is actually required to move a chroaster, carries a net charge. This is consistent with ultramicro-
mosome at the observed speeds during anaphase, and that #tepic observations that the microtubules appear to start in
force for the poleward motion of chromosomes duringthe pericentriolar material regidr21], aligning radially out-
anaphase\ is primarily localized at or near the kinetochore ward, with no continuity or connection to the centrioles or
[5-11]. Quite some time ago, Cooper addressed a possiblenything else.
link between endogenous electrostatic fields and the eukary- Since there is no experimental information regarding the
otic cell cycle[12]. An early review by Jaffe and Nuccitelli sign of this charge, it will be assumed negative. This assump-
[13] focused on the possible influence of relatively steadytion is made because the free outer ends of the aster’s micro-
electric fields on the control of growth and development intubules (the pinheads in the pincushion analpgyust be
cells and tissues. negatively charged since they are not attracted to the nega-
In the cytoplasmic medium that exists in biological cells, tively charged outer surface of the nuclear envelope. If this
electrostatic fields are subject to strong attenuation byvere not the case, the asters would be unable to move freely
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along the periphery of the nuclear envelope in their migracording to existing convention, these negatively charged mi-
tion to the poles of the cell. A manifestation of negative crotubule ends are designated “plus” ends because of their
charge on centrosomes, due to the higherthit exists dur- more rapid growth, there being no reference to charge in the
ing prophasd22], could potentiate the nucleation of micro- use of this nomenclature.

tubules at centrosomes to form the asters during this phase of

mitosis, in agreement Wlth observation. Experimef28| Il ANAPHASE- A CHROMOSOME MOTION

have shown that mitotic spindles can assemble around DNA-

coated beads incubated in Xenopus egg extracts. The phos- Chromosome motion during anaphase has two compo-
phate groups of the DNA will manifest a net negative chargenents, designated anaphasand anaphasB. AnaphaseA is

at the pH of this experimental system. concerned with the poleward motion of chromosomes, ac-

Studies[24] have shown thain vivo microtubule assem- companied by the shortening of the microtubules attached to
bly (polymerization is favored by higher pHvalues. It the kinetochores. The second component, referred to as
should be noted than vitro studies of the role of pH in anaphasd, involves the separation of the poles. Both com-
regulating microtubule assembly indicate a pH optimum forponents contribute to the increased separation of the chromo-
microtubule assembly in the range of 6.3-6.4. The disagreesomes during mitosis. An electrostatic force mechanism for
ment betweern vitro andin vivo studies regarding microtu- anaphas& motion in primitive eukaryotic cells within the
bule polymerization has been analyzed in relation to thecontext of the present work is given elsewhg28g].
nucleation potential of microtubule organizing centers Experiments have shown that the intracellular pH of many
(MTOCs) [24], and it has been suggested that; pejulates  cells rises to a maximum at the onset of mitosis, subse-
the nucleation potential of MTOJ®25-27. This favors the quently falling during the later stages of cell divisi#2,32.
more complex physiology characteristiciofvivo studies to  Although it is experimentally difficult to resolve the exact
resolve this question. It will therefore be assumed in thisstarting time for the beginning of the decrease in ghting
paper thatin vivo experimental design is more appropriate the cell cycle, it appears to decrease 0.3 to 0.5 pH units from
for experiments relating to conditions affecting microtubulethe typical peak values of 7.3 to 7.5 measured earlier during
assembly. As mentioned above, within the context of themitosis[22]. With a decrease in pHhrough metaphase, the
present model, increased nucleation follows from the maniresulting manifestation of positive charge on kinetochores,
festation of negative charge on MTOCs in a higher.pH coupled with their very close proximity and the inverse

It is reasonable to conclude that the electric dipole naturequare nature of the Coulomb electrostatic interaction, could
of dimer subunits greatly assists in their self-assembly intsupply sufficient force to effect their initial separation. As of
microtubules. In particular, their electric dipolar nature this writing, there is no consensus on a model explaining the
would allow them(over the short distances consistent with initial separation of chromosomes. Thus, both the mecha-
Debye shieldingto be attracted to, and align around, any netnism and the timing of this separation would appear to be a
charge distribution within cells. This may account for the natural deduction within the framework of the model pre-
self-assembly of the astef&8] during prophase, when mi- sented here. This separation heralds the beginning of
crotubule polymerization and MTOC nucleation is favoredanaphaseé\.
because of the higher intracellular pH at this time. As mentioned above, intracellular pH (pHs further de-

Microtubules continually assemble and disassemble, soreasing at this point in the cell cycle. Another aspect of this
the turnover of tubulin is ongoing. The characteristics of mi-reduced pH is seen in the effect that it has on the stability of
crotubule lengtheningpolymerization and shorteningde-  the microtubules comprising the spindle fibers. Previously,
polymerization follow a pattern known as “dynamic insta- we noted thatn vivo experiments have shown that microtu-
bility;” that is, at any given instant some of the microtubules bule polymerization is related to pHvith a more basic pH
are growing, while others are undergoing breakdown. In genfavoring a net assemblftengthening of microtubules. The
eral, the rate at which microtubules undergo net assembly, aate at which spindle microtubules assemble and disassemble
disassembly, varies with mitotic stage; for example, duringvaries with mitotic phase. A lower pHluring anaphas@ is
prophase the rates of microtubule polymerization and depceonsistent with microtubules both assembling and disassem-
lymerization change quite dramaticallg9]. bling (shortening, with net disassembly favored.

Thus, we may envision that electrostatic fields organize Experimental studies have revealed that the anaphase-
and align the electric dipole dimer subunits, thereby facilitatpoleward motion of kinetochores, with their attached chro-
ing their assembly into the microtubules that form the astermosomes, proceeds by kinetochore microtubule disassembly
The attraction between oppositely charged ends of the dipgsrimarily in the vicinity of kinetochore$5,7], and that ap-
lar subunits takes place over the short distances allowed kyroximately 20% of the total disassembly is observed to take
Debye shielding. An electrostatic component to the biochemplace at pole$33]. Disassembly at the poles has also been
istry of the microtubules in the assembling asters is consisebserved in metaphase cdl&3]. Based on experiments cen-
tent with experimental observations of pH effects on micro-tering on observations near kinetochores, it has been pro-
tubule assembly, as well as the sensitivity of microtubuleposed that the force to move chromosomes is generated at
stability to calcium ion concentratiorf80,31]. In addition, kinetochoreg34].
the mutual electrostatic repulsion of the negatively charged These observations, including the force at the poles as
free ends of microtubules in the assembling asters could prawell as the force at kinetochores, are explained in the context
vide the driving force for their poleward migrati¢@8]. Ac-  of the present model as follows. Microtubules invariably as-
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distribution of radiusa, we have for the electrostatic poten-
tial ¢(r),

qe—(r—a)/D
¢(r)_4178r(1+a/D)’ @
where g is the charge magnitude, is its radius,D is the
Debye length, andis the magnitude of the position vectar

To a good approximation, the charged hemispherical caps at
the ends of the dimers can be considered spherical, since
convex, essentially hemispherical charge distributions are
facing each other for the interacting dimers. In addition, De-
bye shielding increasingly attenuates interactions between
virtually all but “nearest neighbor” charge distributions at
the dimer ends. For a value of 71 for the cytoplasmic dielec-
tric constant, its permittivitye will be taken to be 74,
whereg, is the permittivity of free space. The room tempera-
ture permittivity value for water is 84Q; the value of 7%,
milcrotubules s incorporates corrections for the temperature and ionic de-
pression of the dielectric constaf37] appropriate to the

FIG. 1. A small section of a kinetochore during anaphas&he cytoplasm of mammalian cells.

. . . - . As indicated earlier, based on the latest calculations, tu-
electrostatic force geometry is depicted for two kinetochore micro- /. . ’ ’
tubules. g y P bulin has a dipole moment between 1200 and 1800 debye. A

calculation of the force per microtubule can be carried out
, i , . _based on a charge magnitugef six electron charges, con-
semble or disassemble at their ends; that is, at some disCo@istant with the midrange value of the dipole moment. The

tinuity in their structure. Furthermore, they are known to becomnter simulation discussed below reveals that anaphase-
in a constant condition of dynamic instability at the balanceds 1,0tion is maintained at the experimentally observed ve-

sta_te[35]. According to the aster self—assembly model de'locity over a wide range of values for the chamgencluding
scribed above, the charge on the ends of the microtubules gL a5 smaller than that used in this calculation.
a centrosome is positive. Once disassembly commences, the The electric fieldE(r) obtained from the component of

resulting exposec_i ends of the _microtubL_ll_e stubs that rem_ai{he negative gradient of the electrostatic potential, multiplied
attached to the kinetochores will be positively charged, Wlthby the magnitude of the charggon the end of a dipolar
theK qeggtlvedendsl_st|ll attached atlthe;metr:)chorehs. ubunit attached to the kinetochore, will give the magnitude
di s 1n 'E?te fear_ |er,tegp:er|ment|? stu |:s ave shown thal ie attractive forc& (r) between the charges of the dipole
Isassembly of microtubules at kinetochores accompanieg, nits on the kinetochore and microtubule, respectively.

chromosome poleward movement. The motive force for thisi\/l . ; .
) - ultiplying the negative gradient r) by the chargey,
poleward anaphas&-motion can be attributed to an electro- we hZ\E/e g g g ob(r) by 94

static attraction between the positive ends of microtubule
stubs and negative ends of the remaining intact kinetochore
microtubules. Since a dimer dipolar subunit that has just F(r)=
been lost between these charges is 8 nm in length, the initial Ame
electrostatic attraction between these charges will occur over
a distance of 8 nm, with the attraction between the two nearFor a Debye length of 1 nm, nearest neighbor distanass
est neighbor dimergone protofilament removed on each 4 and 5.5 nm, anhi=2 nm, we find that the electrostatic
sidg and the dimer in question in the middle protofilamentdisassembly force between the two pairs of tubulin dimer
taking place at distances of 4 and 5.5 nm. subunits at the nearest neighbor distances in three adjacent
Given that the mitotic spindle consists of a bundle of mi-protofilaments sums to 5.9 pN. Since there are 13 protofila-
crotubules, as the microtubules disassemble, a continuousipents arranged circularly in a microtubule cross section, the
acting force will be provided. The electrostatic disassemblycomputed magnitude of the maximum force per microtubule
force at a kinetochore is depicted schematicéflig. 1). The is approximately 24 pN. This value compares quite favorably
smaller rate of net microtubule disassembly at the pole$o the experimentally measured maximum force per micro-
would also result in force generation by an essentially identubule range of1-74 pN [10], and represents the only suc-
tical process. Since the process at the poles is fundamentalgessfulab initio theoretical derivation of the magnitude of
the same, we will focus on the details of the force producinghe force; however, this model calculation is primarily in-
mechanism at kinetochores. tended to demonstrate that electrostatic interactions are able
We now calculate the magnitude of the maximum forceto produce a force per microtubule within the experimental
produced in this manner by a single microtubule. From theange. There will be a low probability for microtubule reas-
well-known Debye-Hukel result{36] for a spherical charge sembly since the kinetochore and attached microtubule stub

qZe—(r—a)/D

2

+_
2D

1 1}.
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will be moving into the region previously occupied fiyow  disassembly rates between microtubule ends at kinetochores
disassembleddimer subunits, preventing any possible sub-and those at poles follows quite naturally within the present
sequent reassembly. model.

A computer simulation for anaphagemotion incorporat- As a result of the decreased intracellular pH during
ing more completely the geometry of microtubules, variousanaphase, the increased positive charge on kinetochores
models of microtubule disassembly, and the numerical intewould cause them to be attracted to the negatively charged
gration of Newton’s second law using the above force funcfree ends of microtubules, contributing to the poleward
tion along with typical values of chromosome m@38] and  anaphasé force. However, it is not possible to quantify this
cytosol viscosityf10], shows that electrostatic force is robust force since the magnitude of the proposed kinetochore
enough to sustain chromosome motion under a variety o¢harge is not known.
simulated conditions. In particular, the simulation shows that According to leading molecular motor models of
the experimentally observed anaph@sehromosome speeds anaphasé motion, the experimentally observed shortening
of a few micrometers per minute are determined almost exOf spindle fibers at a kinetochore is believed to be accompa-
clusively by the disassembly rate of microtubules over ghied by molecular motors that are associated with the kine-

wide range of disassembly modes and charge values. Thigchore, and are thought to provide the motive force to move
software may be downloaded from http://anaphaseAf[he kinetochore-chromosome assembly. However, there is as
tripod.com yet no consensus on a model that can describe how a mo-

As the distances between the dimers on the interactin cular motor associated with a kinetochore can be operating

microtubules decreases to around 2 fsee discussion on hile microtubules are disassembling at that kinetochore.

entropic assembly forces belpwshort range entropic disas- Thus, it is not clear within the context of a molecular
P y ) . 9 Top! motor model why the velocity of the poleward motion during
sembly force could provide an important contribution to the

: anaphasé should be governed by the relatively sl¢eom-
polewar_d directed force; however, th_e geom_etry_ preclude_s ﬁared to known molecular motor behavi@i0]) shortening
calculation of the magnitude of this contribution, and it 516 of microtubules. As indicated above, proponents of these
would be difficult to experimentally distinguish the entropic jodels assume that microtubule disassembly is the rate de-
disassembly force from electrostatic force. Experimental retermining step for the motion, necessitating additional as-
sults for forces associated with growing microtubules are dissymptions and models within the framework of the molecu-
cussed briefly in the section on prometaphase and metaphagg¢ motor models to account for the well-documented
chromosome motions. chromosome velocities during anapha8eand most of

As discussed above, the lower jpid this point in the cell prometaphase. No such additional assumptions are needed in
cycle is consistent with net microtubule disassembly. In adthe model proposed here.
dition, the intracellular pH in the vicinity of the exposed  AnaphaseB cell elongation also proceeds at speeds com-
negatively charged microtubule free ends in the kinetochor@atible with microtubule disassembly/assembly, necessitating
region will be even lower than the overall pidecause of the additional assumptions in the leading molecular motor mod-
effect of the negative charge at the ends of the microtubulegls for anaphaseB. AnaphaseB elongation chromosome
This lowering of pH in the vicinity of negative charge distri- speeds follow directly from electrostatic interactions consis-
butions is a general result. Intracellular pH in such limitedtent with the model presented in this pap28]. The various
volumes is often referred to éscal pH. As one might expect molecular motor models are advanced to explain only one
from classical Boltzmann statistical mechanics, the hydrogenype of mitotic motion(e.g., anaphasA-motion), and do not
ion concentration at a negatively charged surface can battempt to relate to the other mitotic motions. In addition,
shown to be the product of the bulk phase concentration anthere is no attempt to address the timing of anaphase
the factore™ ®T wheree is the electronic chargg;, is the  any of the current models.
(negative potential at the surface, amds Boltzmann’s con- It is significant that anaphagehas been observed to pro-
stant[39]. For example, for typical mammalian cell mem- ceed in isolated spindles in the absence of ATP if conditions
brane negative charge densities, and therefore typical negax the experimental system are set up to promote microtubule
tive cell membrane potentials, the local pH can be reducedisassembly41]. These results are difficult to explain within
0.5 to 1.0 pH unit. Therefore, because of the negative charge molecular motor model, but are completely consistent with
at the ends of the microtubule dimer subunits in the kinetothe present model. In a key experimental study with grass-
chore region, a further reduction of piWould be expected in hopper spermatocytdd?], it was found that both anaphase
the immediate vicinity of these free ends. This additional pHA and anaphas8, as well as cytokinesis, proceeded inde-
reduction would further increase the tendency for net micropendently of chromosomes. The authors of this study con-
tubule disassembly. cluded that chromosomes, when present, might migrate to

In contrast, the positively charged free ends of microtu-the poles by having their kinetochores latch onto the ends of
bules in the polar region will have a decreased net disassenshortening microtubules, a scenario that is completely in ac-
bly rate (as compared to those near kinetochptesrause of cord with the present work. There does not appear to be
the increase in local pH over pldt these ends. This is con- much discussion in the literature or any consensus on a mo-
sistent with the experimental result mentioned earlier thatecular motor model for the generation of force at the cell
only 20% of the microtubule disassembly during anaplfase poles. Experimental observations regarding the microtubule
takes place at poles. Thus, the observed difference in th@isassembly force at poles, including the 20% contribution to
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microtubule disassembly, are explained consistently within astral microtubules
the model presented in this paper by the same electrostatic
force mechanism as that operating at kinetochores.

Ill. PROMETAPHASE AND METAPHASE MOTIONS

In present terminologymetaphaseusually denotes the .
relatively brief period during which chromosomes are lined kinetochores
up at the center of the cell and are fully attached to both
poles by the microtubules of the spindle. The term
prometaphasés used to encompass a much wider time pe-
riod during which most of the complex motions in this stage
of mitosis occur.

Two events that are of major significance during
prometaphase ar@) the captureandattachmenbf chroma-
tid pairs by microtubules, an@) chromosome movement to,
and alignment at, the cell equator. The latter is comprised of kinetochore‘microtubules
several distinguishable motions. Regarding the first event,
experimentg43] have shown that each pair of sister chro-
matids attaches by a kinetochore to the outside walls of
single microtubule, resulting in a rapid microtubule sidewall
sliding movement toward a pole. This motion is postulated tacrotubules from the opposite pole, the chromosomes perform
be driven by dynein-based molecular motors, since dyneima slow(approximately 2 um per minuté but sustainedon-
has been found at kinetochores. A molecular motor poweredressionalmotion to the spindle equator, resulting in the
sliding model for this prometaphase movement would appeawell-known metaphase alignment of chromatid pairs. In ad-
to be most widely accepted for this motion. In particular, thedition to the mechanism facilitating attachment just dis-
speed (20-50um min) [44] of the kinetochores along the cussed, all of the above mentioned experimentally observed
microtubule is consistent with known molecular motor be-postattachment prometaphase motions, as well as the oscil-
havior. Consequently, | agree that a molecular motor modedhatory metaphase motion, can be understood in terms of elec-
for the microtubule sidewall capture motion is supported bytrostatic interactions within the model as follows.
the experimental observations. However, | propose that all of Since chromosomes are negatively charged, following at-
the subsequent prometaphase and metaphase motions taehment they will be repelled from the negatively charged
based on nanoscale electrostatic force mechanisms. free ends of the shortexstral microtubules in the polar re-

As indicated earlier, the material of kinetochores is pro-gion (Fig. 2). As discussed above, this force will be effective
teinaceous, and could manifest a net positive charge at thfer the short distances allowed by Debye screening. As chro-
lower pH levels during prometaphase. As a result of themosomes move farther from the poles, there will be a
sliding capture motion described above, the approach to thédlling-in of dipolar subunits as the microtubules assemble.
poles will result in the movement of a kinetochore to within Polymerization will take place in the gaps as chromosomes
several Debye lengths of the ends of other microtubules emabift farther from the poles, and chromosomes will be con-
nating from the closer pole. The resulting proximity, in con-tinuously repelled from the poles. This mechanism may ac-
junction with an electrostatic attraction between positivelycount for the “astral exclusion force,” or “polar wind,” the
charged kinetochores and the negatively charged ends ofature of which has remained unknown since it was first
these microtubules, coupled with an electrostatic repulsiombserved45].
between negatively charged chromosomes in the chromatid Very short range entropic forces associated with growing
pair and other microtubule ends, could be a critical step irmicrotubules[46] will complement the electrostatic repul-
the orientation and attachment of kinetochores to the fresive interaction at small microtubule-chromosome separa-
ends of microtubules. tions, adding to the total astral exclusion force. Although the

Following this monovalen@attachment to one pole, chro- complex geometry precludes a theoretical calculation of the
mosomes are observed to move at considerably slowanagnitude of these forces, a model calculation of the repul-
speeds, a few micrometers per minute, in subsequent meaive force between two like charged parallel surfaces with an
tions throughout prometaphagtd]. In particular, a period of electrolyte in between shows that entropic forces must be
slow motions toward and away from a pole will ensue, untilincluded for separations of less than 2 nm; at greater separa-
close proximity of the negatively charged end of a microtu-tions electrostatic theory fits the data wgll7,48|.
bule from the opposite pole with the other kinetochore in the The possibility that microtubule polymerization or depo-
chromatid pair results in an attachment to both pédsiva-  lymerization can occur, in combination with this repulsive
lent attachment Attachments of additional microtubules electrostatic astral exclusion force and the attractive electro-
from both poles will follow.(There may have been additional static poleward directed forces acting at kinetochdises
attachments to the first pole before any attachment to thecribed above in conjunction with anaphasemnotion is
second. After the sister kinetochore becomes attached to misufficient to explain the observed motion of monovalently

FIG. 2. Electrostatic interactions between microtubules and a
hromatid pair during prometaphase.
§ p agp p
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matid pairs from the two poles, the forces exerted by both
sets of polar attractive and repulsive forces will tend to
equalize. Thus, as a chromatid pair congresses to the midcell
region, the number of attachments to both poles will tend to
be the same, and equilibrium of poleward directed forces and
astral exclusion forces will be approached. Without specify-
ing their nature, such balanced pairs of attractive and repul-
sive forces have previously been postulated for the
metaphase alignment of chromatid pdi9].

An explanation of the experimentally observed metaphase
oscillations about the cell equator just prior to anaphase
provides an additional example of the predictability and
minimal assumptions nature of the present model. In agree-
ment with experimenf50], the model predicts that the pole-
ward force at a kinetochore depends on the total number of
microtubules interacting with kinetochores. At the metaphase
“plate,” the bivalent attachment of chromatid pairs ensures
that the poleward directed electrostatic disassembly force at
one kinetochore at a given moment could be greater than that
at the sister chromatid’s kinetochd@tached to the opposite
pole). An imbalance of these forces would result from statis-
ing the inverse square dependence of the astral exclusion force. Sister kinetochores and at poles. This situation, coupled with

similar fluctuations in the number of microtubules respon-
attached chromosomes toward and away from poles. Due fjble for the astral exclusion force, can result in a momentary
statistical fluctuations in both the number of microtubulesmotion toward a pole in the direction of the instantaneous net
interacting with kinetochores and in the number of assemélectrostatic force. However, because of the inverse square
bling microtubules responsible for the polar wind, the inter-dependence of astral exclusion forces, electrostatic repulsion
action of these opposing forces could result in a “tug offfom the slightly nearer pole will halt further excursion to-
war,” consistent with the experimentally observed series ofvard this pole, resulting in stable equilibrium midcell

movements toward and away from a pole for a monovalentlynetaphase oscillations, as observed experimentally.
attached chromatid pair. In agreement with experimefi51], the model presented

As the chromatid pair moves farther from a pole, the elecin this paper satisfies the requirement that the maximum
trostatic repulsive force between the negatively charged frefPrce per microtubule be the same for all postattachment
ends of astral microtubules and chromosomes will decreadgometaphase, metaphase, and anaphadeénetochore-
as the microtubules fan radially outwa(fig. 3. The charge Microtubule interactions.
density at a surface defined by the microtubule ends, and
therefore the force, will decrease according to an “inverse
square” law as we can see from the following. Given that the
repulsive force on a chromosome depends on the total num- The nanoscale electrostatic force model presented in this
ber N of negatively charged microtubule ends from which it paper encompasses the dynamics, timing, and sequencing of
is repelled, we havé ~Ngq, whereq is the charge at the end prometaphase, metaphase, and anaphag&omosome mo-
of a microtubule. FoN microtubules fanning radially out- tions. Electrostatic force could also be integral in the assem-
ward from a pole, the total chardeq is distributed over an bly of the aster, the dynamics of prometaphéseetochore-
area that increases 8% ando, the effective charge per unit microtubule end-onattachment, and the initial anaphase-
area at a surface defined by the microtubule ends, decreasssparation of sister chromatids.
asr 2, resulting in an electrostatic repulsive inverse square Entropic forces complement the electrostatic interactions
law for the astral exclusion force. by providing an additional attractive force for disassembling

After a bivalent attachment has been established, the aticrotubules, as well as an additional repulsive force for
tractive force to the far pole will be in opposition to the assembling microtubules. Experimental and theoretical con-
attractive force to the near pole. The inverse square nature gfderations for entropic assembly forces indicate that electro-
the repulsive astral exclusion force, along with the relativelystatic force dominates at separations greater than 2 nm. Ther-
few initial attachments of kinetochore microtubules to themal fluctuation force would also add to the total force;
near pole and at least one attachment to the far pole, wouldowever, the magnitude of this contribution is not expected
result in a slow but sustaine@ongressionalmotion away to exceed 2% of the median measured force per microtubule.
from the near pole, as observed. As a chromatid pair moves This model also addresses the origin of the force on kine-
farther from the nearer pole, there will be a growing numbertochore microtubules exerted at poles, as well as the differ-
of attachments to both poles. Following additional attach-ence in microtubule disassembly rates at poles and kineto-
ments to both poles, and comparable distances of the chrahores. The force exerted on microtubules at poles emerges

IV. CONCLUSIONS
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as the same nanoscale electrostatic microtubule disassemidgmbling at that kinetochore. Molecular motor models there-
force as that which acts at kinetochores in anaphase-Apre require additional assumptions and embedded models to
prometaphase, and metaphase chromosome motions. account for postattachment chromosome velocities.
| agree that molecular motors are probably involved in the The calculated force per microtubule falls within the ex-
sliding microtubule side-wall capture motion of chromatid perimentally measured range, and represents the only suc-
pairs, and submit that kinetochore dynein may be present fazessful derivation of the magnitude of this force. As pre-
this purpose, but not for the other motions of prometaphasea]icted by the model, experimental studies have revealed that
metaphase, and anaphase this value falls within the range measured for all of the post-
The prometaphase astral exclusion force and the dynanattachment chromosome movements of mitosis investigated
ics of monovalently and bivalently attached chromosomehus far.
prometaphase motions are consistently addressed without in- Stable equilibrium metaphase oscillations of chromatid
troducing any additional assumptions or mechanisms. pairs at the metaphase plate just prior to anaphfasee
All experimentally observed postattachment chromosomahown to be a logical consequence of the proposed nanoscale
velocities proceed at the relatively slow rate of a few mi-electrostatic force mechanisms.
crometers per minute, the speed at which microtubules with Finally, based on current separate molecular motor mod-
attached chromosomes lengthen or shorten. These speeds alg for prometaphase, metaphase and anaphaere does
a direct consequence of the model. By contrast, in moleculamot seem to be any possibility to relate their timing and se-
motor models for these motions, the speeds would be one fguencing, a situation that has been remedied by the compre-
two orders of magnitude greater. Molecular motor modelshensive model proposed in this paper.
must necessarily invoke microtubule disassentblyassem-
bly, for some anaphaQB—mpdelQ to explain the chromo— ACKNOWLEDGMENT
some velocities, but there is as yet no clear mechanism by
which a molecular motor associated with kinetochores could The author wishes to acknowledge Patrick Michael West,
be operating at the same time that microtubules are disask., for developing the Anaphagesimulation software.
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