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Abstract: What cause the mitosis (without asters) and cytokinesis for normal higher plant
cells is a question that has never been answered quantitatively and theoretically according
to our knowledge. In this study, based on published experimental data, Newton’s laws and
Coulomb’s law, we develop novel theoretical models of natural and normal mitosis (without
asters) and cytokinesis for higher plant cells in M phase, to dynamically explicit several
movements of biological objects (chromosomes, the spindle poles and microtubules). We
hypothesize for wild types of higher plant cells: 1, No naturally and normally replicated
chromosomes can occupy the same nmucleus, without growing sizes of the nucleus and the
cell {Chromosomes Exclusion); 2, No normally and naturally doubled nuclei can occupy the
same cell, if the doubled size of the nuclei is not far smaller than the size of the cell
(Nuclei Exclusion); 3, The spontaneous and strong repulsive electromagnetic field forces are
the primary cause for the exclusions.

Key words: Discrete chromosome ring, electromagnetic, quasi static electric, fields,
coulomb, newton

Introduction

Biological cell divisions were found about 130 years ago. During the 1870s, A. Schneider observed
and described eukaryotic mitosis and cytokinesis (Dowben, 1971). Since then, many experimental data
have been published in a process of mitosis and cytokinesis for higher plant cells (Alberts e# af., 2002).
Recently, more experiments are involved in activations or roles of kinases MAPKs, CDKs or the
preprophase band (PPB) in mitosis and cytokinesis (Bogre et af., 1999; Corellou ef af., 2001,
Chan et af., 2005); formations of the cell plate, differentiation. regulation, degradation and inhibition
during cytokinesis (Lee ef af., 2001; Boudolf ef af., 2004; Patel ef al., 2004, Culligan et al., 2004,
Weingartner ef al., 2004; Weinl ef af., 2005). A few models or assumptions have been proposed to
explain mechanisms of rearrangements of microtubules during preprophase band and spindle formation
(Dhonukshe and Gadella, 2003), mechanisms of chromosome dynamics in mitosis and meiosis
(Zoller et af., 2004), or mechamsms of AtE2Fa controlsin cell division and plant development
(He ef af., 2004). However, those models do not provide either a force kind or a force source that
separate the two sets of chromosomes and cleave a eukaryote in a view of physics.

Recently, we theoretically proposed and developed several physics models to explain the driving
forces during mitosis and cytokinesis for animal cells (Cheng and Zou, 2004) and during amitosis for
bacteria cells (Cheng and Zou, 2005). In this study, based on the concepts in our recent models, the
published experimental data in literatures, Newton’s laws and Coulomb’s law, we propose and develop
our theoretical models for higher plant cells, to depict natural and normal proliferation and movements
of discrete chromosome rings and spindle poles during mitosis and cytokinesis.
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Materials and Methods

To establish our models of mitosis and cytokinesis for higher plant cells, we use concepts of a
discrete chromosome ring (DCR) in a division plane and a Meridian Plane (MP) in a three dimensional
(3-D) cylindrical coordinate system (CCS). The MP (r, z) passes z axis in a CCS (r, 0, z) and in a
laboratory reference because we focus on the objects’ movements in r and z directions. We fix the
nuclear center on the z axis for a convenient analysis (Fig. 1 and 2) without loosing general meaning.
Variables are functions of r, 0, z and time t and integrals are vectorial, in all equations of this study
(Cheng and Zou, 2004, 2005). Based on the concepts, the published experimental data (Alberts et al.,
2002), Newton’s laws and Coulomb’s law (Edminister, 1979; Meggs, 1988), we propose and develop
our theoretical models of mitosis and cytokinesis without asters in our institute of science research in
2005.

Results (Model Development)

We approximately consider the protoplasm as electrolyte with an uneven charge distribution; the
electromagnetic field (EMF) forces are weak in the protoplasm at G1 interphase of a cell cycle. The
EMF is actually a quasi-static electric field (EF) because it is mostly clectric and slowly variant.
According to the experimental data (Alberts ez al., 2002), microtubules are roughly evenly distributed
in the cell cortex (Fig. 1A) at G1 interphase. We model this experimental result as that the even
distribution of the microtubules is because of the same distribution of the electric charge on each of the
microtubules. At and after S interphase, chromosomes replication provokes a spontaneous and strong
quasi-static EF in protoplasm and cortex. We assume a nucleus or a chromosome has a net negative
charge. EF lines directions (the arrows point t0) are reversed if a net positive charge is found there.
This modification will not affect our electric analysis in principle. The EF through nuclear envelope
pores is stronger than that through other locations. The stronger the EF, the more microtubules grow.
Microtubules self assemble at the negative growing ends. We also assume the microtubules usually
have net positive charges (including some bound ions, ¢.g., Cat++, or other materials), net positive
charges at positive growing ends and negative charges at negative growing ends. The EF lines are
plotted in Fig. 1B. The EF forces in z direction make the microtubule band; the EF forces in 1 direction
drive the microtubules into the cytoplasm and make the band disappear. The cell wall is rigid, therefore
no contraction occurs as that in an animal cytokinesis.

We consider the nucleus and two complexes of the assembled microtubule ends (-) as wholes
(roughly spheres), respectively, to develop our models conveniently (a case with multiple complexes
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Fig. 1: Diagrams in MP. A. EF forces are weak at G1 interface. B. EF. forces are strong at preprophase
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Fig. 2: Forces in MP. n is the charge center of a cell nucleus; ¢ and e are two charge centers of two
microtubule ends

can be derived in the same way). In Fig. 2, F_, and F, are EF forces between the two complexes and
they must be repulsive because they have the same polarity of electrical charges. At a moment, the
vector forces are estimated with Coulomb’s law:

F, =-F :QG Q“a =F_+F € = permitivity

ce ce 47[8(12 ee0 cer cee (1 )

Where, Q, and Q, are net charges of the two complexes, respectively. d is the distance between charge
centers of the two complexes and a., is a unit vector, F_, and F__ are force components of rotation and
centrifugation about the nucleus, respectively. Because, centrifugal and centripetal (between the
complexes and the nuclei) forces are balanced from each other, the net forces on the two complexes,
respectively are (Cheng and Zou, 2004):

F =F_ +f= m e and F, =F,_ +f =m, dv,
° di de 2)

1st items are the rotation forces. f, and f, (vector sums) are resistances including frictions that are
always against the movements. m, and m, are masses and v, and v, are velocities. The complexes will
rotate around the nucleus (Fig. 2A) when |F | > [ or [F,| > |f). The three center points will be on one
line (Fig. 2B) when |F | = |F | = 0. We consider this line is on z axis for a convenient illustration of
our models. At the temporary equilibrium state, the total energy of the complexes and the nucleus in
the protoplasm must fit the principle of minimum energy state. On the other hand, centrifugal and
centripetal forces could split the nuclear membrane when they are stronger than the combination forces
of the membrane.

At a moment, the vector sum of forces at replicated chromosomes with a net charge Q, is:

Q, d Q. dq, dq,dg, dq,dq dv,
F,+F, + fq + _[ dz A0 .[ A d(i el +2 .U 4?'58(21(2 a0 2 jj 4TE€dZ] a0 =M, (;/t (3)
TQQ

Where F_, and F_, are Hooke’s forces toward to points ¢ and ¢, respectively, pulled by the related
kinetochores microtubules; f, (a vector sum) is the resistance including friction; 4th and 5th items are
Coulomb’s forces from complexes ¢ and e, respectively. 6th item is a Coulomb’s force from other
replicated chromosomes (including + ends of microtubules); 7th item is a Coulomb’s force from
microtubules; m, and v, are mass and velocity, respectively (Fig. 3A).
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Fig. 3: Atmetaphase: A. EF lines in a MP. Point a is a net charge center of a replicated chromosomes.
¢ and e are net charge centers of the two sets of spindle poles and they are on the z axis.
Microtubules generally and roughly grow along the stronger EF lines when they are available.
B. Forces acted on a sister chromatid in bound DCR
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Fig. 4: Diagrams of mitosis and cytokinesis at anaphase: A. 3-D plot of the separated DCR, the
microtubules and the complexes: B. The EF lines, the forces in a MP

In the longitude z direction, z components of the EF forces. are ruling forces to determine the
position of a spindle equator plane. Ideally, at metaphase. all replicated chromosomes are in the
equator plane.

In the transverse plane (Fig. 3B). 6th item in Eq. 3 plays a very interesting role. The vector
components at rotation direction are roughly canceled from each other. The radial force component is
balanced by the radial components of other items in the equation.

Figure 4A shows a 3-D diagram of charged objects that are roughly symmetric about z axis and
the spindle equator plane at anaphase. Net charges of twin sister chromatids. the two sets of complexes
and microtubules in the two sides must have the same electric attributes. respectively. Sums of the
forces from the two sides of the division plane must be repulsive and can separate the two sides of
charged objects.

Figure 4B shows the EF lines about Fig. 4A. The EF distribution is approximately symmetric
about z axis and division plane. z components of the EF forces are 0 in the division plane. Also use
we Eq. 3 to estimate the vector sum of forces on a separated sister chromatid with charge Q,, but
F., = 0. The forces drive the chromatid to its linked complex. The EF forces mostly guide and transport
free negatively charged objects to the middle zone of the phragmoplast and free positively charged
objects to nuclei, respectively. The electrical transportation continues at telophase and cytokinesis
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Fig. 5: The EF lines at telophase (A) and cytokinesis (B) in MP.

until a cell wall is formed (Fig. 5). At telophase, the nuclear envelopes are re-formed around the
separated chromosomes because of the electric polarization. After the two nuclei are separated from
each other by the new cell wall, the spontaneous and strong repulsive EMF disappears in the
protoplasm.

Discussion

In this study, we propose and develop innovational theoretical models using Newton’s laws and
Coulomb’s law: equations and diagrams that depict quantitatively EF driving forces and movements
of objects during mitosis and cytokinesis for higher plant cells.

Equation 1 and 2 and Fig. 2 depict forces and movements of the two spindle poles. F,, and F_ in
Eq. 1 are EF forces between the two charged complexes during mitosis and must be repulsive because
they have the same electric attributes. We believe the EF forces are prevailing driving forces to cause
the departure of the two spindle poles from each other. The EF forces could be also involved in
splitting the nuclear membrane.

Equation 3 and Fig. 3 and 4 describe what forces act at the replicated chromosomes and how the
forces drive the chromosomes to move. Because the EF driving forces are repulsive between two sets
of chromosomes, we believe that No naturally and normally replicated chromosomes can occupy the
same nucleus, without growing sizes of the nucleus and the cell. We assume this phenomenon as
Chromosomes Exclusion.

Figure 5 elucidates the EF driving forces are repulsive between two replicated nucleus. We believe
that No naturally and normally doubled nuclei can occupy the same cell, if the doubled size of the
nuclei is not far smaller than the size of the cell. We assume this phenomenon as nuclei exclusion.

The results in this study and our recent studies (Cheng and Zou, 2004; 2005) are supported from
each other in principle. Also support our results the universal Newton’s laws and Coulomb’s law in
classical studies.

The real world EF could be modified experimentally and can be alternated environmentally. The
weak EF forces can only guide and transport small free charged objects, such as Cat++. We can directly
calculate EF and the corresponding forces as long as we know the related data, such as charge
distribution and permittivity. Therefore, the theoretical models could be tested in future by measuring
the high accurate EMF or EF.

One of the limitations of the models is to obtain the distributions of electric charges and
permittivities in real world environments today. Other drawbacks of the methods could be errors of
neglecting magnetic field MF effect, because there must be some magnetic fields according Maxwell’s
equation or Ampere’s law.
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However, we believe our models provide both a kind and a source of the forces that drive the
discrete chromosome rings to separate from each other and that divide a higher plant cell into two cells,
explicit mechanisms of the movements of the charged objects in a view of physics, are also in principle
applied to, meiosis as well as mitosis and cytokinesis of multiple nuclei or mutant chromosomes, for
higher plant cells.

In this study, to our knowledge, we are the first to use Newton’s laws and Coulomb’s law to
quantitatively describe the proliferation and the several movements of biological objects (chromosomes,
the spindle poles and microtubules) during natural and normal mitosis (without asters) and cytokinesis
for higher plant cells. We propose and hypothesize: 1, No naturally and normally replicated
chromosomes can occupy the same nucleus, without growing sizes of the nucleus and the cell
(Chromosomes Exclusion); 2. No normally and naturally doubled nuclei can occupy the same cell, if
the doubled size of the nuclei is not far smaller than the size of the cell (Nuclei Exclusion); 3, The
spontaneous and strong repulsive electromagnetic field forces are the primary cause for the exclusions.
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