A Model for Bridging Microtubule Dynamics with Nuclear Envelope Shape Evolution during Closed Mitosis
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Abstract
Lower eukaryotic cells such as Schizosaccharomyces pombe employ closed mitosis for their division where the nuclear envelope remains intact despite undergoing severe deformation. However, how forces generated by growing spindle microtubules overcome resistance from the deformed nuclear membrane as well as the viscous surrounding to drive the progression of closed mitosis remains unclear. In this study, by integrating microtubule dynamics with membrane elasticity and viscous cytoplasm response, we developed a mechanics model to bridge molecular activities and nuclear envelope shape evolution. It was predicted that, starting from a sphere, the nuclear envelope will undergo initial elongation, necking and final spindle poles separation to become a barbell at the end of closed mitosis, in good agreement with our experimental observations. Furthermore, these three deformation stages were found to be correlated with a gradually increased, a suddenly dropped and an almost constant poleward force generated by polymerizing microtubules. Finally, from energy analysis we showed that membrane tension plays a dominant role in resisting the deformation of the nuclear envelope while contribution from viscous dissipation is largely negligible.
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1. Introduction
Mitosis is critical for the proliferation of eukaryotic cells (Vermeulen et al., 2003). Usually, higher eukaryotes adopt the open mitosis where nuclear envelope (NE) breaks down in the prophase, exposing nucleus to the cytoplasm (Arnone et al., 2013), but then reassembles in the telophase (Morgan, 2007). In contrast, confining chromosomes within the intact NE during division are observed in many unicellular eukaryotes like fission yeast Schizosaccharomyces pombe (S. pombe) (Smoyer and Jaspersen, 2014), a process referred to as closed mitosis. It has been recognized that partially overlapped anti-parallel spindle microtubules (Ding et al., 1997), nucleated from two spindle pole bodies (SPBs) at two poles of the NE (Zhang and Oliferenko, 2013), are responsible for generating propelling forces to drive closed mitosis. Specifically, studies have shown that motor protein kinesins can create the poleward force to slide overlapped microtubules and drive the deformation of NE: from a sphere to a spherical cylinder, then a peanut/dumbbell and eventually a barbell.
Several theoretical attempts have also been made to describe the shape transformation of NE during closed mitosis. For example, by treating microtubule bundles as a growing rigid bar pushing against the nuclear membrane, the formation of single or double tethers on the NE has been predicted via energy minimization consideration (Lim et al., 2007). Similarly, the role of chromosome deformability (relative to the NE), as well as the separation distance between two poles on the NE, in maintaining/regulating the symmetry of division was also analyzed (Castagnetti et al., 2015). Recently, Zhu and co-workers (Zhu et al., 2016) showed that how changes in the contact area between chromatids and nuclear membrane (Schreiner et al., 2015),  i.e. region for transmitting microtubule-induced poleward force to the membrane, can lead to tether-, spindle-, spherical cylinder-, pear- and dumbbell-like NE morphologies during closed mitosis. It must be pointed out that, as a result of adopting the energy minimization approach, only steady-state or minimum energy configurations were predicted in the aforementioned studies. In reality, an initially spherical NE must evolve gradually to different geometries in a viscous environment, a dynamic process that has not been thoroughly examined. In addition, similar to other cytoskeleton-driven processes such as morphogenesis (Gao et al., 2019), mechanosensing (Chen et al., 2015) and intra-cellular transport (Chen et al., 2015; Gao et al., 2019; Gong et al., 2019), the driving force for closed mitosis comes from growing spindle microtubules and associated motor proteins. It is thus natural to believe that the shape evolution of NE must be tightly regulated by microtubule dynamics. However, to the best of our knowledge, a model capable of connecting these two processes together is still lacking. 
In this work, to bridge NE shape evolution during closed mitosis with microscopic molecular activities, we developed a mechanics model where microtubule dynamics, viscous response of cytoplasm and membrane elasticity have all been taken into account. It was found that the shape evolution can be divided into three stages: initial elongation, necking and final spindle poles separation, corresponding to a gradually increased, a suddenly dropped and a constant microtubule-generated poleward force, respectively. The predicted morphology evolution of the NE is in excellent agreement with our experimental observations. Finally, from energy analysis we showed that the main resistance against NE deformation comes from membrane tension while contribution from the viscous cytoplasm is negligible.

2. Experiments
Yeast strains in this study were created by random spore digestion. Cells expressing mCherry-Atb2 (microtubule) and Cut11-GFP (the nuclear envelope) were imaged to examine spindle dynamics and the deformation of the nuclear envelope during mitosis. The time-lapse imaging in the study was performed with a PerkinElmer UltraVIEW Vox spinning-disk microscope equipped with a Hamamatsu C9100-23B EMCCD camera and a CFI Apochromat TIRF 100x objective (NA=1.49). Stack images containing 11 planes (0.5um/5um) were acquired every 30 seconds. The strains used in this study are listed in the Table 1.

3. Theoretical model
To connect the dynamic NE shape evolution with molecular activities inside nucleus, we proceed by considering the movement/deformation of the nuclear membrane and the polymerizing spindle microtubules separately in our model and then utilizing velocity continuity and force balance conditions to piece them together. Specifically, as illustrated in Fig. 1, we assume that the poleward force, originated from kinesin contraction, can be distributed to the NE (through tight microtubule-chromatin-SPB contact) to drive its shape evolution against resistance from the elastic membrane as well as the viscous surrounding. This also implies that the growing speed of microtubules must match the separation velocity between two poles on the NE, allowing us to connect these two processes together.

3.1 Boundary of two Stokes flows
We start by noticing that the NE serves as a barrier to separate nucleoplasm from cytoplasm, both of which can be treated as viscous medium. To simplify the analysis, it was assumed that cytoplasm and nucleoplasm have the same viscosity (). In addition, our experimental observations indicated that the NE (with an initial diameter of ~3 ) deforms relatively slow (with velocity usually less than 0.1), translating to a Reynolds number much smaller than unit. Therefore, the flow of both nucleoplasm and cytoplasm can be described by Stokes equation
                              (1)
with  being the combination of viscous and pressure stresses with the form 
                  (2)
where the fluid velocity along the -th direction and pressure at position  are represented by , , respectively. On the other hand, for incompressible flow, we have 
.                              (3)
Since the length of fission yeast (~20) is much (at least ~ 7 times) larger than that of the nucleus, the outer cytoplasm movement can be treated as unbounded flow satisfying the asymptotic condition
.                           (4)
Furthermore, if we treat the NE shape evolution as a quasi-static process, then the matching conditions, in terms of fluid velocity and stress, across the NE become (Power and Wrobel, 1995)
                        (5)
                    (6)
[bookmark: _GoBack]where the  denotes the jump across NE surface S (from outside to inside) and  is the unit outward normal to the envelope. Eqs. (5) and (6) mean that the velocity field must be continuous across the NE and the associated stress discontinuity must be balanced by interfacial surface force density .
With Eqs. (1-6) at hand, motion of the boundary (i.e. the NE) can be determined from the Green’s function as (Power and Wrobel, 1995)
.                    (7)
Here  is the so-called Stokeslet with .

3.2 Surface force density 
During closed mitosis, the interfacial surface force density  should mainly come from membrane tension , bending , poleward force  and a repulsive force  between membrane and microtubule bundles when they are very close to each other, and hence can be expressed as 
.                       (8)

3.2.1 Membrane tension
Given that area expansion of NE has been reported to be crucial for proper cell division (Takemoto et al., 2016), tension of the nuclear membrane needs to be considered here. As the membrane is stretched, the lipid reservoirs may expand to add surface area. On the other hand, the nuclear pore complexes (NPCs) dilate under stretching, which also increases the NE area (Enyedi and Niethammer, 2017). Interestingly, it was reported that in Xenopus laevis oocytes the NE tension () grows linearly with the areal expansion ratio (up to ~60%, see (Dahl et al., 2004), indicating that  takes the form 
                           (9)
with  and  being the initial tension and areal expansion modulus of the nuclear membrane, and  and  representing the initial and actual area of the NE. For a NE undergoing axisymmetric deformation (Fig. 1), the two principle curvatures ( and ) of the deformed membrane can be found as
,                     (10)
where  and  are the horizontal and vertical coordinates of membrane with , ,  and  being their first and second derivatives w.r.t the arc length  (Fig. 1). Then, from Young-Laplace law, we have
                           (11)

3.2.2 Membrane bending
Denoting  as the bending rigidity of NE, the bending moments  () induced in the deformed membrane can be related to the transverse shear () as (refer to Fig. 1) 
.                        (12)
Following the elasticity theory of shell, the component  induced by membrane bending could then be found as (Pozrikidis, 2001)
.                           (13)

3.2.3 Poleward force
Mounting evidence has shown that chromatin will be linked to NE by proteins such as heh1, heh2 and ima1 (Schreiner et al., 2015) during closed mitosis. Here, following the strategy proposed by Zhu et al. (2016), such linkage was assumed to enable the transmission of poleward force (generated by spindle microtubules and associated kinesin motor proteins) to the NE via a Gaussian distribution as
                            (14)
where  is a parameter characterizing the size of the load transmission region and  is a constant that can be determined from the magnitude of the poleward force. We want to emphasize that previous studies (Zhu et al., 2016) and our own calculations have showed that, as long as the size of the load transmission region is fixed, the final results are insensitive to the actual form of load distribution (refer to Fig. B.1). Finally, it must be pointed out that the distributed force  is taken to be along the normal direction of NE.

3.2.4 Repulsive force
Near the end of closed mitosis, the NE will form a barbell shape with a long and thin tether in the middle. To reflect the fact that the size of this middle tether cannot be smaller than that of microtubule bundles, a Lennard-Jones interaction potential between the NE and microtubules was introduced as
         (15)
where  and  represent the magnitude and effective range of the interaction while  corresponds to the radius of microtubule bundles. Note that, a cut off distance  (between the NE and microtubules) was assumed here. The repulsive force density acting on the NE can then be obtained from spatial derivative of  as
 .                   (16) 
To simplify the analysis,  was treated to be along the normal direction of the deformed NE.

3.3 Microtubule dynamics
As mentioned earlier, the poleward force that drives the progression of closed mitosis comes from spindle microtubules and associated motor proteins. To obtain the temporal evolution of this force, we proceed by considering microtubule dynamics in a way similar to that adopted by Brust-Mascher and co-workers (Brust-Mascher et al., 2004; Brust-Mascher and Scholey, 2011).

3.3.1 Rate equations governing microtubule growth 
We simplified the anti-parallel microtubule bundles as a pair of microtubules that have a pole-pole length  and an overlap length  (see Fig. 1). Contractions of motor protein kinesins in the overlapped region will cause the two microtubules to slide (with velocity ) with respect to each other. Polymerization of microtubule at its plus end (in the spindle region) leads to an increase in its length with rate . On the other hand, rapid disassembly (i.e. catastrophe) and reassembly (i.e. rescue) of microtubules can also take place stochastically at their plus ends, resulting in a sudden decrease in the microtubule length. Here, such random effect was assumed to be represented, on an average sense, by a disassembling rate  of microtubules in the spindle region (Fig. 1). It must be pointed out that no poleward microtubule flux has been observed in mitotic yeasts (including Schizosaccharomyces pombe), indicating depolymerization of microtubules doesn’t happen at their minus ends (i.e. at both poles). For this reason, microtubule depolymerization was not considered in the present model. Under these circumstances, changes in  and  can be expressed as 
                               (17)
.                (18)
Notice that,  should depend on the concentration of available of tubulin dimers () in the nucleoplasm (Bangasser et al., 2017), that is
                          (19)
                   (20)
where  is the maximum polymerization velocity,  is the total number of tubulin dimers in nucleus,  refers to the number of microtubule bundles and  stands for the consumption quantity of tubulin dimers per unit elongation of a microtubule.

3.3.2 Force generated by motors’ contractility 
The force  generated by a single kinesin motor can be related to the sliding velocity  between microtubules according to the classical Hill’s law as (Brust-Mascher et al., 2004; Chen et al., 2015)
                        (21)
Therefore, the total poleward force takes the form 
                (22)
with  being the line density of motors on the overlapped microtubules, and  and  representing the maximum contraction force and maximum contraction velocity that can be achieved by a single motor, respectively. 

3.4 Matching microtubule dynamics with NE shape evolution
Since the poleward force is assumed to be transmitted to the NE via Eq. (14), we have 
                    (23)
where  is the full arc length from north pole to south pole,  is the angle between tangential direction of the NE and the horizontal line as shown in Fig. 1. Once  is known, the constant  can then be determined as 
.                       (24)
In addition, since microtubule bundles keep contact with SPBs (embedded in the NE) during closed mitosis (Zheng et al., 2007), the rate of their length change must match the moving velocity of the NE at two poles (i.e.  = (0, 0, ) in Eq. (7)), that is 
.                            (25)
Eqs. (23) and (25) provide the conditions for us to connect microtubule dynamics with NE shape evolution.

3.5 Normalization of parameters
To facilitate the analysis, the following dimensionless parameters were introduced in presenting our simulation results
,  ,  ,  ,  ,
,  ,  ,  .
All the independent parameters as well as associated values used in this study are listed in Table 2.

4. Results
4.1 Experimental observations
Klp5 is known to facilitate the attachment of microtubules to kinetochores as well as  slightly weaken the stability of microtubule bundles (Unsworth et al., 2008). Another protein ase1, located at the overlapped region of spindle microtubules and serving as a connecter between them, is also believed to play an important role in maintaining the stability of microtubule bundles inside the nucleus (Yamashita et al., 2005). Here, we examined the influence of these two proteins on the NE shape evolution during the division process.
Interestingly, deletion of klp5 led to ~20% abnormal nuclear division. In contrast, significant portion of cells with ase1 knocked down failed to divide (Fig. 2a). Even in the successful division case of ase1-deleted cells, clear deviations from normal cells were observed. Specifically, nuclear elongation in ase1-deleted cells progressed with a much slower pace (Fig. 2b). Furthermore, the final separation distance of the NE became much shorter (Fig. 2b, c). These results demonstrated the critical role of microtubule dynamics in regulating the morphology evolution of the NE during closed mitosis. 

4.2 Process of NE shape evolution
4.2.1 Model outputs are comparable to experiment measurements
To compare predictions from our model with experiment, the pole-pole length () and middle section diameter () of the deformed NE recorded from simulations are shown in Fig. 3a, which clearly show good agreement with our experimental observations. We must point out that the parameters adopted here were all from reported works or our own measurements (Table 2) and hence should be reasonable. Our results also indicate the occurrence of sudden necking (i.e. a sudden drop in , also refer to Fig. 3b) of the NE, a phenomenon that has also been reported in a previous study (Poirier et al., 2012) with the help of a phenomenological strain stiffening description of the membrane.

4.2.2 Three stages of NE shape evolution
To reveal the detailed dynamics of NE shape evolution, the poleward force as a function of time is plotted in Fig. 3b. Surprisingly, rather than varying monotonically, the poleward force grows gradually at the beginning followed by a precipitate drop, and then stays at a relatively low level (Fig. 3b). Corresponding NE shapes at different points during this process are also shown in insets of Fig. 3b. From these results, we can see that the NE roughly undergoes three distinct stages of morphology change 
(I) Initial elongation (sphere  spherical cylinder),
(II) Necking (spherical cylinder  peanut  dumbbell) and
(III) Final spindle poles separation (dumbbell  barbell).
Unlike the case of tilt-ordered membrane where the formation of thin necks is suppressed (Jiang et al., 2007), a clear necking stage is predicted here which is consistent with our experimental observations (Fig. 2a). Interestingly, this stage could be further divided into the slow necking (spherical cylinder  peanut) and fast necking (peanut  dumbbell) phases. In addition, as expected, the plunge of poleward force is accompanied by a sudden drop of middle section diameter shown in Fig. 3a. 

4.2.3 Poleward force is controlled by motor activity and overlap length evolution of spindle microtubules
Notice that, in Eq. (22), the poleward force is proportional to both the force generated by single motor, i.e. , and the overlap length  of microtubule bundles. We then plot these two quantities as functions of time (Fig. 3c). Interestingly, it can be seen that (1) both  and  increase monotonically in stage I, leading to a growing poleward force that drives the initial elongation of the NE; (2) during necking (i.e. stage II),  remains at a constant level initially before dropping rapidly while  keeps decreasing gradually, demonstrating that the precipitately decreased poleward force in this stage is caused by ; and (3) in the final poles separation stage,  and  undergo a gradual increase and decrease, respectively, before both plateauing at a constant level. Nevertheless, the product of these two terms remains more or less the same, resulting in an almost constant poleward force.

4.3 Microtubule dynamics regulates NE shape evolution
Next we examine how different molecular activities involved in microtubule dynamics dictate NE shape evolution. Specifically, from Eqs. (17), (22) and (25), the membrane velocity at the north pole (i.e. ) in Eq. (7)) can be written as
.                 (26)
If we focus on the equilibrium state, then the left hand sides of both Eq. (17) and (18) become zero, that is
                            (27)
.                     (28)
Substituting Eq. (27) into (22) leads to 
.                           (29)
Finally, with Eqs. (19), (20), (27), (28) and (29) at hand, the steady-state length of the NE can be found as
.                  (30)
Note that the final length of NE is independent of the maximum microtubule sliding velocity  in Eq. (30), demonstrating that although the exact value of  can influence the evolution dynamics of NE in Eq. (26), it has little effect on its steady-state shape (refer to Fig. 4a). In comparison, the polymerization rate was found to significantly affect the final NE length, with increasing  leading to longer steady-state NE length (Fig. 4b). Finally, since the deletion of klp5/ase1 increases/decreases the stability of microtubules bundles, the effect of such knockdown should correspond to a decreased/increased catastrophe rate in our formulation. Indeed, as shown in Figs. 4b and 4c, our measurement results on klp5/ase1 cells can be well explained by choosing smaller/larger values of  in the model.

4.4 Membrane tension rather than viscous drag dominates shape evolution 
Another important question our model can address is the influence of fluid viscosity on the evolution dynamics of the NE. To demonstrate this, we varied the viscosity value from  to  in our simulations. Interestingly, it was found that the steady-state NE shape is very insensitive to  (Fig. 5a) until it reaches an unreasonably high level ~ (recall that the viscosity of pure water is ). This shows that the division dynamics should be mainly controlled by molecular (i.e. microtubule) activities, rather than the viscous response of the nucleoplasm/cytoplasm.
To see this more clearly, note that conservation of energy implies 
               (31)
where
                      (32)
                  (33)
      (34)
                          (35)
are changes in the work done by the poleward force, membrane tension and bending , and membrane-microtubule interaction energy during shape evolution of the NE, respectively (with  and  being the initial curvatures). Therefore, once these quantities are determined from simulations, the corresponding viscous energy dissipation can be estimated as
.                  (36)
Choosing the medium viscosity as  or , evolutions of different energies listed in Eqs. (32-36) are shown in Fig. 5b. As expected, viscous dissipation is negligible in both cases. This suggests that the steady-state NE shape obtained here should be comparable to those predicted from energy minimization considerations (Castagnetti et al., 2015; Lim et al., 2007; Zhu et al., 2016). 
Fig. 5b also shows that the energy associated with surface tension accounted for nearly 90% of the work done by the poleward force, indicating that the process should be primarily dominated by membrane tension. For this reason, we have varied the areal expansion modulus () from 40 to 800  in our simulations. As illustrated in Fig. 5c, an increased stretching rigidity led to a significant shift of the peak poleward force to the upper right (i.e. to a later time point with a higher peak value) while a generic trajectory shape was maintained. On the other hand, the influence of  on the evolution curve of the pole-pole length was found to be rather small (Fig. 5d), although the actual shape of the deformed NE exhibited a much stronger temporal dependence on this parameter (i.e. it took longer for the NE with a larger  to reach the same pole-pole length).

5. Conclusions and Discussions
To bridge the NE shape evolution during closed mitosis and underlying molecular activities, we developed a boundary integral based formulation (Fang et al., 2017; Fang et al., 2018; Power and Wrobel, 1995; Pozrikidis, 2001) to capture the motion of elastic NE and a microscopic description for microtubule dynamics in the nucleus (Brust-Mascher et al., 2004). These two parts were then connected together via proper force and velocity matching conditions. We showed that the NE shape evolution can be roughly divided into three stages: (I) initial elongation, (II) necking and (III) final spindle poles separation, in good agreement with our experimental observations. In addition, the abnormal division observed in cells with deficient microtubule associated proteins can also be well explained by our model with reasonably adjusted parameters. 
Compared to conventional minimal energy models (Castagnetti et al., 2015; Lim et al., 2007; Zhu et al., 2016) where the focus was on the steady-state shape of the NE, the present approach may serve as a tool for us to carry out cellular measurements as well as probe different molecular processes. For example, as illustrated before, the temporal variation of poleward force (a quantity that is difficult to measure directly) can be estimated from the simulated NE evolution in our model. In addition, the role of specific molecules/proteins in, for instance, spindle microtubule dynamics or chromosome separation can also be quantitatively probed by matching model predictions with experimental observations.  
It must be pointed out that several simplifications were made in our analysis which certainly warrant further investigations. For example, the occurrence of catastrophe and rescue (Brust-Mascher et al., 2004; Brust-Mascher and Scholey, 2011; Mogilner and Craig, 2010) for spindle microtubules was taken into account only on an average sense in the model, a treatment that may not able to capture some stochastic features of the problem. In addition, possible deformation and buckling of microtubules (Ji and Feng, 2011a, b) were also ignored. Actually, besides growing spindle microtubules, deformation of the nuclear envelope can also be influenced by other factors such as additional forces generated by the cytoskeleton or thermal fluctuations of the membrane. For example, a recent study (Schreiner et al., 2015) has shown that disruption of F-actins led to shape variations of the mitotic nuclear envelope. It is conceivable that these factors can all be taken into account in the present model once proper descriptions of possible interactions between actin filaments and the nuclear membrane (Lin, 2009, 2010), as well as random forces introduced by thermal excitations, are developed. Finally, the poleward force was assumed to transmit to the NE according to certain distribution. In reality, such load transmission must be achieved via the physical contact between separating chromatins and the nuclear membrane, and therefore needs to be solved as part of the solution in a more realistic model.
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Appendix A
   We monitored the NE shape evolution in 10 WT or klp5, as well as 5 ase1, fission yeast cells. It was observed that a sudden thinning in the middle part of NE took place in both WT and klp5 cells, but not in ase1 cells. More interestingly, such sudden thinning appeared to be triggered when the size at the middle-point of NE decreased by ~50% (i.e. from ~3 to 1.5 µm), refer to Fig. A.1. This observation is surprisingly consistent with our model prediction (Fig. 3a).

Appendix B
   Following previous report (Zhu et al., 2016), we verified that the effect of different poleward force distributions is not significant. Specifically, Gaussian (), cosine () and linear () distributions were tested. The constants B, D and H can be related to the poleward force via Eq. (22). As illustrated in Fig. B.1, simulation results appeared to be insensitive to the actual form of load distribution.
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[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Table 1. Yeast strains used in this study
	Strain
	Genotype
	Figure
	Source

	CF.303
	Cut11-GFP:URA4 mCherry-atb2:HygR leu1-32  h+
	Fig. 2; Fig. A.1;
	This study

	CF.334
	klp5Δ:URA4 Cut11-GFP:URA4 mCherry-atb2:HygR leu1-32  h+
	Fig. 2
	This study

	CF.333
	ase1Δ:KanMX Cut11-GFP:URA4 mCherry-atb2:HygR leu1-32  h-
	Fig. 2
	This study




Table 2. Parameters adopted in this work
	Symbols
	Physical meanings
	Values
	Refs

	
	viscosity
	0.01-1000 
	a

	
	initial radius 
	1.5 
	measured

	
	areal expansion modulus
	40 
	b

	
	initial tension
	5 
	c

	
	bending rigidity
	40 
	estimated

	
	standard deviation of Gaussian distribution
	1.2 
	measured

	
	well depth of L-J potential density
	
	assumed

	
	characteristic distance of zero potential
	0.01 
	assumed

	
	radius of microtubule bundles
	0.195 
	measured

	
	initial overlap length 
	1 
	assumed

	
	maximum polymerization velocity
	0.017 
	d

	
	total number of tubulin dimers
	
	assumed

	
	number of microtubule bundles
	30
	e, f

	
	consumption of tubulin dimers per length
	1625
	estimated

	
	line density of motors
	20
	f

	
	maximum force generated by single motor
	1 
	g

	
	maximum sliding velocity
	0.006 
	h

	
	average catastrophe-induced disassembly rate 
	0.004 
	i


a (Liang et al., 2009)
b (Hochmuth, 2000)
c (Schreiner et al., 2015)
d (Cytrynbaum et al., 2003)
e (Mastronarde et al., 1993)
f (Sharp et al., 1999)
g (Schnitzer et al., 2000)
h (Cole et al., 1994)
i (Brust-Mascher et al., 2004)
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Figure 1. Schematics of our model. The nucleus (left) is decomposed as nuclear envelope (NE, middle) and spindle microtubule bundles (right). During closed mitosis, NE deformation is driven by distributed poleward force  and resisted by membrane elasticity and viscous drag. Inset shows the forces (membrane tension , transverse shear  and poleward force ) acting on the deformed envelope. Here,  represents the arc length coordinate ( at the top pole) and  is the angle between the horizontal line and local tangent of the deformed NE. Microtubule bundles are assumed to have a pole-pole length  and an overlap length . Kinesin motors generate a force to slide antiparallel microtubules with a velocity  to effectively push the NE. Meanwhile, the polymerization and catastrophe-induced disassembling rate of microtubules (at their plus ends in the center) are denoted as  and , respectively.


[image: C:\Users\Fang Chao\Pictures\Mitosis - Fig 2.tif]
Figure 2. Deforming nuclear envelope (NE) and elongating microtubules in wide type (WT), klp5 and ase1 S. pombe undergoing closed mitosis. (a) Fluorescent images showing the shape evolution of NE (marked by Cut11-GFP) and length change of microtubules (marked by mCherry-Atb2) in WT, klp5 and ase1 fission yeast cells. Scale bar 5. (b) Evolution of the pole-pole distance of the deforming NE. (c) Steady-state length of the NE, or equivalently the maximum length of the elongating spindle. In (b-c), data are shown as mean  standard deviation with n=10 for WT and klp5, and n=5 for ase1.
[image: C:\Users\Fang Chao\Pictures\Mitosis - Fig 3.tif]Figure 3. (a) Comparison between the measured pole-pole distance and middle diameter of the NE with our model predictions. Experimental data are shown as mean  standard deviation, n=10. (b) Poleward force as a function of time. Three deformation stages can be identified: (I) initial elongation, (II) necking and (III) final spindle poles separation. Predicted NE shapes in the process are also given. (c) Evolution of the overlap length of spindle microtubules (blue line, left axis) and the force generated by a single motor (orange line, right axis).
[image: C:\Users\Fang Chao\Pictures\Mitosis - Fig 5.tif] Figure 4. Influence of microtubule dynamics on the NE shape evolution. (a) The maximum sliding velocity affects the deforming dynamics of NE but not its steady-state shape. Insets show the predicted NE shape under high (A) or low (B) sliding velocity. (b) Evolution of the pole-to-pole length depends on the polymerization/growing velocity of microtubules. (c) The observed pole-to-pole length evolution of klp5 cells can be explained by our model with a reduced microtubule (catastrophe-induced) disassembly rate. (d) The observed pole-pole length evolution of ase1 cells curve can be explained by our model with an increased microtubules disassembly rate. In (c-d), experimental data are shown as mean  standard deviation, n=10 for klp5 and n=5 for ase1.
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Figure 5. (a) Steady-state shapes of the NE under different medium viscosity. (b) Evolution of different energy components. Dashed and solid lines correspond to  and , respectively. (c) Dependence of the poleward force on membrane areal expansion modulus . (d) Influence of  on the evolution of pole-to-pole length. Insets show several actual NE shapes predicted by our model. In (c-d), the unit of  is .
[image: C:\Users\Fang Chao\Pictures\Mitosis - Fig A1.tif]Figure A.1. Evolutions of the middle-point (red arrows in the insets) diameter of the NE in three wide type fission yeast cells. Actual images of the deforming NE are given in the insets (scale bar 5).

[image: C:\Users\Fang Chao\Pictures\Mitosis - Fig B1.tif]
Figure B.1. Shape evolutions under different poleward force distributions. (a) Gaussian, cosine and linear distributions of the poleward force were tested. (b) Evolutions of the pole-to-pole length (blue, left axis) and diameter of the middle-point of NE (orange, right axis) under Gaussian (solid), cosine (dashed) and linear (dotted) poleward force distributions, where no significant difference was observed. 
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