Supplementary Materials

Estimating spindle pole size from y-tubulin fluorescence intensity

The measured y-tubulin intensity at the spindle pole reflects the abundance of y-tubulin ring complexes
(y-TuRC). We assumed the abundance of y-TuRCs to be proportional to the surface area of the spindle
pole, i.e., y-tubulin intensity ~ d?, where d is the diameter of the spindle pole. Furthermore, smaller
spindle pole size gives rise to higher spindle pole signal in the model (Supplementary Figure 6D), and
hence SAC silencing is expected to be first initiated from the smaller spindle pole out of the two. In this
light, we took the lower y-tubulin intensity out of the two poles to derive the spindle pole size. Taken

together, the diameter of the spindle pole was estimated by
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We chose C = 1/11 for 2N and 4N RPE-1 and C = 1/15 for 2N and 4N DLD-1 to make the predicted
metaphase durations fall in the range of the observed data. Since the same value is used for all the clones
deriving from the same ancestor, the predicted metaphase duration can be compared among these clones.
The difference of C value between RPE-1 and DLD-1 cell lines could reflect their difference in gamma-
tubulin density at the spindle pole (which results in different factors of conversion from fluorescence

intensity to size of spindle pole).

Estimating microtubule numbers from a-tubulin fluorescence intensity

The measured total intensity of a-tubulin in the spindle reflects the total length of microtubules in the
spindle. This total length depends on both spindle dimensions and spindle microtubule density, and the
relationship is modeled as described below. To mathematically characterize the decrease of microtubule
density with the increase of distance from the spindle pole, the model assumes two subpopulations of
spindle microtubules (Supplementary Figures 8A,B): a subpopulation MT1 (Supplementary Figures
8A,B, red), with a density that scales with inverse square of the distance from the spindle pole, and a
subpopulation MT2 (Supplementary Figures 8A,B, blue), with a constant density throughout the
spindle. MT1 represents the microtubules emanating from the spindle poles, and microtubules that may
be seeded by these pole-originated microtubules and follow similar inverse square scaling of density.

MT?2 represents the remaining microtubules that are dispersed in the spindle and presumably promoted



by other spindle-associated factors such as Ran GTP; the spatial distribution of MT2 is not known and

assumed to be homogenous in the spindle for simplicity.

The abundance of MT1 is characterized by its number, Ny, and that of MT2 by its constant density,
pmt2- Let L, Wand H be the length, width and height of the spindle, respectively. For the sake of
computational efficiency (see “Method for stochastic simulation”), in the model we assume a simplified

spindle geometry with equal width and height, but the same area of the spindle equator as measured, i.e.,

H=W = \/ measured spindle width X measured spindle height (Table 1; this geometric adjustment
has negligible impact on the model results). The total length of microtubules in a spindle is then given

by Eq. (S2) (see derivation in the next section, “Deriving total spindle microtubule length™).
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To make the total length of microtubules in a modeled spindle proportional to the measured a-tubulin

intensity, we took the following steps to derive the corresponding number of microtubules:

1. We assumed that in the parental DLD-1 cell, Nyr; = 1600 (800 in each half spindle), pyz =
10 um™2. Plugging these parameters and the measured spindle dimensions for the parental DLD-

1 cells into Eq. (S2) yields the total microtubule length of ~6800 pm.

2. For all the 4N DLD-1 clones as well as the 2N and 4N RPE-1 cells, we estimate the total spindle
microtubule length by Lyt = 6800 pum <+ oTub intensity in parental cell X

aTub intensity in target cell.

3. For clones with significantly higher microtubule density, e.g., S1 and L1, the a-tubulin intensity
is heavily enhanced around the spindle pole (Figure 2A). This indicates that the difference in a-
tubulin intensity is mainly attributed to the difference in MT1 abundance, rather than MT2

abundance. Hence, we assume pyr, = 10 pm™2

in all cell clones. Nyr; of the clone of interest
was then calculated from the value of Ly estimated in Step 2, using Eq. (S2) and the median

spindle dimensions measured for the clone.



Deriving total spindle microtubule length

The total spindle microtubule length is the sum of the lengths of microtubules in the two subpopulations

assumed in the model (see previous section). That is,
Ly = Ly + Ly (S3)

To calculate the total length of MT1, we first converted N; into a microtubule density to allow an
integral expression of the total MT1 length. We set pyro1 to be the density of MT1 crossing the

spherical surface 1 pm away from the center of the spindle pole (Supplementary Figure 8C), i.c.,
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The area of the spherical surface encompassed within the spindle, A,, can be calculated by
4, = J.:” d@j:'m(g)l um? sin pd g (S5)

where ¢ and 6 are the polar and azimuthal angles, respectively, of the spherical coordinate system.
Pmax(0) 1s the maximum polar angle in the spindle for a given azimuthal angle, 6. @,,4(8) corresponds
to the polar angle of the point on the periphery of the spindle equator with azimuthal angle, 6
(Supplementary Figure 8D, Point A). The function, ¢,,x(6), is derived below.
For a spindle with length, L, width, W, and height, H, the peripheral of the spindle equator satisfies
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Point A also satisfies

z,=y,tan@ (S7)
Combining Egs. (S6) and (S7) yields
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The distance between Point A and the center of the spindle equator (Point O) is y,sec. The distance
between Point O and the spindle pole is L/2. Therefore, the polar angle of Point A is
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Plugging Eq. (S10) into Eq. (S5) yields
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Note that the number of MT1 passing through the infinitesimal surface element dgd68 on a spherical

surface is Py (1 wm’ ) sin pdpd® . Hence, the total MT1 length is
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Combining Egs. (S4)-(S12) gives

L
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The total length of MT2 is derived as:



Lty = PundVs (S14)

where Vg is the volume of the spindle,
T
VS=ELWH_VSP/S (S15)

and Vsp s is the volume of the two small, cone-shaped intersections between the spindle and two spindle

poles.

Each of the SP/S intersection assumes the shape of an elliptical cone capped by a spherical bottom.

Hence,
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where 7 is the distance to the spindle pole, and @, (8) is the same maximum polar angle for a given

azimuthal angle, 6, as defined above (Supplementary Figure 8D).

Combining Egs. (S14)-(S16),
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In the end, the total length of spindle microtubules is

Lyyr = Lypy + Ly
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Note that in the SAC silencing model, we assumed a simplified geometry with equal spindle width and

height, but the same area of the spindle equator as measured, i.e., H =W =

\/ measured spindle width X measured spindle height, which allows reduction of the geometry to a
2D axisymmetric setting in the computationally expensive stochastic simulation (see “Method for
stochastic simulation” below). In this simplified geometry, Eq. (S18) can be further simplified as the

following:

2
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Plugging Eq. (S20) into Eq. (S18) yields Eq. (S2).

Core model for spindle-mediated spatial regulation of SAC proteins

The core model focuses on how dynein-mediated poleward flux along the spindle regulates
concentration of the SAC proteins at the spindle pole as more kinetochores become attached. This core
model is formulated as a system of compartmentalized diffusion-advection-reaction partial differential
equations (PDE) [1-3]. The model cell consists of the following spatial compartments: a spherical
cytoplasm, a bipolar spindle, 2 spherical spindle poles and N spherical kinetochores (Figure 5B). Let
Yoo, Yo, Y1, Yk, and Yp stand for the SAC proteins that are transport inactive (00), transport active but
unbound from the microtubule (0), transport active and traveling along the microtubule (1), sequestered
at the kinetochore (K), and sequestered at the spindle pole (P), respectively. The PDEs describing the
spatiotemporal dynamics of the SAC proteins as kinetochores get attached consecutively are given

below.

Equations in the cytoplasm:
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Binding/unbinding to microtubules

Poleward streaming
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Egs. (S21)-(S23) all assume a reflective boundary condition at the cell boundary.

In Eq. (S21), (—f'SP / ‘f'sp ‘) is the unit vector pointing towards the nearest spindle pole, which defines the

direction of local velocity of dynein-transported SAC proteins. The binding rate of transport-active
proteins to the microtubules is proportional to the local microtubule density, pysr, which is the sum of
MT1 and MT?2 densities inside the spindle, and astral microtubule density outside the spindle (Eq. (S24)
below). In Eq. (S22), a potential, U.y, phenomenologically captures an enrichment of SAC proteins
inside the spindle. Factors that retain SAC proteins within the spindle apparatus can be rather diverse,
such as association with spindle matrix [4-6] or peri-spindle membranous networks [6, 7]. The model
assumes a weak potential of 2kzT (unit of thermal energy) across a 1-pm wide sheath surrounding the

spindle boundary on the transport-active proteins (because dynein is shown to enrich in the spindle [8]).

— ZZVMTI + Purs inside spindle (MT1 + MT?2)
(0 27[‘1' ‘ (I-cosa)
Pur\I')= (524)
Nowr , outside spindle (astral MT)
2 ‘r ‘ 1+cosa)

where ‘fsp‘ is the distance towards the nearest spindle pole. a is half the vertex angle of the half spindle,

Le., a= arctan(W/ L) . For simplicity, the number of astral microtubules is assumed to be the same as the
number of MT1, i.e., Nyyt = Numt1- EQ. (S24) represents the spatial distribution of the mean

microtubule density, without resolving individual microtubules.

Equations at the spindle pole:
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Sequestration by spindle pole
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The spindle pole domain harbors an additional state for the spindle-pole bound proteins (Yp). Yp resides
exclusively in the spindle pole domain, defined by a reflective boundary condition at the spindle pole
boundary. Simple diffusion is assumed for Yp to homogenize its concentration within the spindle pole,
such that its spatial dynamics depend on the average concentration of SAC proteins at the spindle pole.
Y:, Y, and Yy, see the spindle pole as a virtual domain and assume continuity conditions at the spindle

pole boundary.

Because microtubules cannot extend far into the spindle pole, upon entering the spindle pole the
transport-active proteins immediately fall off the microtubules (ki = 40 s71, kSPyr = 0).
Furthermore, they bind to the spindle pole with rate k,,sp, and dissociate from the spindle pole with rate
kosrsp. Overall, Egs. (S25)-(S28) characterize the fluxes of SAC proteins and their partial sequestration
at the spindle pole.

Equation at the n-th kinetochore:
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Simple diffusion is assumed in Eq. (S29) to homogenize the concentration of kinetochore-bound
proteins (Y, ) within the kinetochore, such that the boundary flux only depends on the average
concentration of SAC proteins at the kinetochore. The binding/unbinding dynamics to the kinetochore is

further characterized by the following flux boundary conditions at the kinetochore boundaries.

Boundary condition for unattached kinetochores:

-y, = konKTu (I_Ym/YllnaX)(Yo +Yoo) _kofﬂ(TYKn (S30)

Turnover of diffusive SAC
proteins into cytoplasm

Recruitment onto unattached kinetochore
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Boundary condition for attached kinetochores:

—n 'FYKn = konKTt (1 - YKn/YlénaX )(Yo + Yoo) _(koffKT + kDoffKT ) YKn (S34)

Recruitment onto attached kinetochore Turnover of diffusive SAC proteins
and release of streaming SAC proteins
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In the above boundary conditions, n refers to the unit vector normal to the kinetochore boundary. T’

denotes the flux of proteins across the kinetochore boundary, with the protein species labeled by the
subscript. The term (1 -Y, / i ) sets a saturating limit of kinetochore-bound proteins. At the boundary

of unattached kinetochores, the boundary condition (Egs. (S30)-(S33)) characterizes the strong
recruitment of SAC proteins (k,,xty) and their turnover as transport-inactive species (kqfir). At the
boundary of attached kinetochores, the boundary condition (Egs. (S34)-(S37)) characterizes the weak

recruitment of SAC proteins (konkre > KonkTu) @nd issuance of transport-active proteins (kpofkr)-

Eqgs. (S21)-(S37) govern the spindle-mediated spatiotemporal dynamics of SAC proteins, and predict the
nonlinear increase of the concentration of SAC proteins at the spindle pole as kinetochores get attached
consecutively (Figure SA). The predicted accumulation dynamics of SAC proteins at the spindle pole
provides the foundation for the extended model below. The parameters for the core model are listed in

Supplementary Table 1.

Extended model for coupled spatial and biochemical dynamics of SAC

To mimic the dynamics of SAC silencing, a biochemical circuit of the SAC components was added to
the core model [1] (Supplementary Figure 9). The biochemical circuit here is rather simplified and
captures just key interactions among several key molecular players. Most importantly, SAC silencing is
assumed to be triggered from the spindle pole by a threshold concentration of SAC proteins. The actual
trigger is not necessarily one of the SAC proteins, but can be any protein undergoing the same
spatiotemporal dynamics. The model has assumed cyclin B to be the trigger since cyclin B undergoes

the same kinetochore recruitment and poleward streaming [9, 10] and cyclin B was suggested to

9



promote its own degradation [11-13]. To implement the trigger event, the model assumes a generic
toggle switch pathway localized at the spindle pole to be switched on by the threshold cyclin B
concentration and initiate SAC silencing throughout the cell. Note that our current model captures the
essential feature of SAC silencing being triggered by a threshold spindle pole signal. However, further
details of the biochemical circuit, including parameter values, warrant future investigations, which will

enhance the accuracy of the model.

Our biochemical circuit includes the following key SAC components: APC/C (A), SAC/MCC (M) and
Cyclin B (C) (Supplementary Figure 9). In addition, the spindle pole cyclin B level triggers SAC
silencing through a generic trigger factor, X, which is assumed to be concentrated at the spindle pole
with a constant concentration and controlled by a self-activation-mediated toggle switch circuit.
Metaphase duration is the time between when the final kinetochore gets attached and when the cyclin B
level in the whole cell drops to below 50% of its initial level in 2N and 4N RPE-1 cells and below 10%
of its initial level in DLD-1 2N/4N clones. The threshold cyclin B is chosen differently between clones
deriving from the two cell lines to make the predicted metaphase durations fall in the range of the
observed data. As all the clones deriving from the same ancestor assume the same value, the predicted
metaphase duration can be compared among these clones. In fact, RPE-1 cells express Cyclin B at a
significantly lower level than DLD-1 cells do (data not shown). This supports our assumption that

compared to DLD-1 cells, RPE-1 cells require less relative reduction in Cyclin B to initiate anaphase.

Taken together, the equations for A, M and C repeat exactly the same spatiotemporal terms in Egs.
(S21)-(S37), and the same biochemical reaction terms for the same protein species in different
compartments of the cell. The entire set of PDEs is as reported in [1, 2] and are included below for
readers’ convenience. The superscripts a and i stand for the chemically active and inactive states,

respectively. The total chemically active concentrations of each SAC pathway component in the

cytoplasm and at the spindle pole read as M| = M; +M; + M, (+M§) , AL = A5+ AL+ 4, (+A§) ,

C =G +C' +C,, (+C§ ) , X! =X5 (+X ;) (terms in brackets only exist in the spindle pole domain).

SAC/MCC in the cytoplasm:
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APC/C in the cytoplasm:
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Cyclin B in the cytoplasm:
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where f, :(Ag + A +A§0)/(A§ + A+ A+ A+ A +A,§0).

Trigger factor in the cytoplasm (GK refers to the Goldbeter-Koshland function, a common function

describing auto-activation):
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SAC/MCC at the spindle pole:

oM?

= Dy, V2 My — koo My + ko M = KoM + kM (S55)

—kania A My + (kaMKT (t) + ke (t; Tpam ) C )M(;

12



aj\fo — DDynsz(l) _kSP

onMT

-l-dewAATa‘]\4(:;1 - (kaMKT (t) + kaMCat (t’ z-DaM ) (jta )M(l)

i SP i i i
M ot koﬁMTM 1 konSPM ot koffSPM P

8](;/?1 - DMTszla d (_f'sp/‘fsp ‘) ' VMla + koS:MTM(? - kosfl;MTMla - konSPMla
—kgnnua A MY+ (kaMKT (t ) + Konica (t > Tpam ) C )M 1l
oM,

+hoia AT M — (kaMKT (t) +kavica (t; Tpam ) G )Mll

az; L= DVIMy + ko (M + M )= kyysp M
—kgun A My + (kaMKT (t) +koca (t; Tpam ) ¢ )Ml;
ang = DPszll) + konSP (M(l) +M11 ) - koffSPMIi’
+deWAATaM; - (kaMKT (t) + kaMCat (t; ThaM ) Cta )Mll)
oM, a anga a i
atoo = DMVZMOO - dewAAt Moo + (kaMKT (t) + kaMCat (t; Tpam ) Ct )MOO
aMi i a a a i
azoo = D\ V> M g + kg A M 5, — (kaMKT (1) + koca (6700 ) € )MOO

APC/C at the spindle pole:
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Cyclin B at the spindle pole:
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where f, :(Ag +Af+A§0+A§)/(A§ + A+ A+ A+ A4 +Af+A§JO+Aj,).
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Trigger factor at the spindle pole:
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aXwC 't

SAC/MCC at the n-th kinetochore:

OM? a 42 a4 +k (4 Cy i
atKn - DKVZMKn — koswa A M g, (kaMKT (t) aMCat (t; DaM ) Kn )MK”

oM i a At |k +k Cx i
atK” =DV ZMKH + kgor A M k., ( SMKT (t) aMCat (t; Tpam ) Kn )MKn

SAC/MCC flux across the boundary of unattached kinetochore:

-n-T’ :konKTu (1_(M12n +M11<n)/M1r<nax)(Moa ""]\41’(1 +M§O)_koffKTMIzn

a
M, Kn

0T = ker, (1= (M, + M, ) [ME ) (M + M+ My )=k e M,

M, — ™onKTu

-n-I'  =-k

M g onKTu

(1-(Mz, + My, ) M ) Mg

0T, =k, (1= (M3, + My, ) M) M,

M,
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—n-T, =k, (1= (M3, + My, ) [ M) M

M
T =k . (1—(M§n + My, )/M;(naX>M1i

M;

0T =, (1= (M, + My, ) [ ME™ ) My + ke M,

-n-T" . =_konKTu(1_(Mlin+Mli(n)/Ml?aX)M(i)O+kofﬂ(TMli(n

Mg

SAC/MCC flux across the boundary of attached kinetochore:

0T = e (1= (M, + My, ) /M ) (MG + M+ My ) = (Ker + Fguer ) M,

— MonKTt

-n-T, =k (1—(A4g1+A4LJ/A4E”)(A45+A4f+A4&)—(

— ™onKTt

_n'ngo = —Koncre (1_(M12n +M1i<n )/er(nax)M(?o +komer My,

-n-I  =-k (1—(M;,,+M1i<,,)/M1r<nax)M(i)o+kofﬂ<TMIi<n

M, onKTt

APC/C at the n-th kinetochore:

0Ay ‘
— = DKVZAEM - dewMMlinAlzn + kaAwCClin AII(n + ka

a ¢ AwX

a i
X Kn AKn

aAi n i a a a i a i
a—? =D KVZAKn + dewMM Kn AKn - kaAwC CKn AKn - kaAwX X Kn AKn
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APC/C flux across the boundary of unattached kinetochore:
-n: FA]a(n = konKTu (1 _(Alin + All(n )/Alr(nax )(Aﬂa + ‘41a + A(?O ) - koffKTAlin

-n 'FALH = Konkcra (1_(14121 + 4, )/Alr(nax )(A(; + 4 + A(i)O)_koffKTAIi(n

APC/C flux across the boundary of attached kinetochore:
—n- FAi‘én = konKTt (1 - (Alin + Ali<n )/Alinax )(Ag + Ala + Ago ) - (kofﬂ(T + kDoftKT ) A;n

_n.r?b::kan(1—(A;,+ALJ/A;M)(Aé+4£—FA%)—(kMKT+kbMKT)Ab
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Cyclin B at the n-th kinetochore:

aclin :D Vz a (fA/KdeWA )H Aa a

C Kn ~ Mdcwa H “Kn " “Kn

at 1+(fA/KdeWA)

where f, :Aﬁn/(A;n +A1i<n).

Cyclin B flux across the boundary of unattached kinetochore:

-n-I' . T L (1_ Clin/clrinax)(cg +C + C(?O)_kofﬂ(TC;n
_n'rcg = —Koukra (1 -C, /Clzm )C(;l

—n- rcla = Kyt (1 -G, /Cgax )Cla

-n- rc‘ﬂ = _konKTu (l - Clzn /Clr(nax ) C()aO + koffKTCIz;n

00

Cyclin B flux across the boundary of attached kinetochore:

Kn

-n- Fcla(" = konKTt (1 - Clin /(:’]r(naX )((:’(2)l + Cla + C(?O ) - (kofﬂ(T + kDoffKT ) Ca
-n- rcg = _konKTt (1 - Clzn /C’IK(nax )Cg
-n 'rc;* = ~Kowcre (1 - Cx, /Cllzax )Cla + kot C

-n-T a _konKTt (1 - Clzn /CII(nax ) C:)lo + kOftKTCIin

C(]O

Trigger factor X at the n-th kinetochore:

aXan a a a a i
6—; = DKVZXKH _kdXXKn +(kanCCKn +kanXGK(k1XKn’k2’Jl’J2))XKn
oxX,

— = DKVZX]i(n + kdXXIin _(k

ot axwc i +kanXGK(k1XIzn’k2’J1’J2))Xli(n
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Trigger factor X flux across the boundary of kinetochore:

-n 'FX;%” = konKTXXgo _koffKTXXIin (S126)
0T =k Xoo — Ko X (S127)
-n- rxgo = —KonrxXoo  Kotierx X, (S128)
T =k o Xoo +Koiers X i, (S129)

i
XOO

Initially, M, A, C and X assume the diffusive state and distribute homogeneously in the cytoplasm with

their bulk concentrations given in Supplementary Table 2. The initial chemical activities are set as
M*/(M* +M')=09, 4'/(4°+4")=0.01,X*/(X* + X')=0.01. These initial conditions are flexible,

because the system is allowed to relax to steady state before kinetochore attachments are implemented.
The biochemical parameters are given in Supplementary Table 2. The details of the biochemical circuit
are not important for our conclusion as long as SAC silencing is triggered by a threshold concentration

of a dynein-transported protein at the spindle pole.

Method for stochastic simulation

Because the model focuses on the spindle-mediated spatiotemporal dynamics and its role in triggering
SAC silencing at the spindle pole, our stochastic simulation also focuses on how the noise in the
spatiotemporal dynamics affect the timing of SAC silencing, as was done in the previous work [1, 2].
Note, because the number of cyclin B proteins, or any of the key SAC proteins discussed in this work, at
the spindle pole is at least 10, the number fluctuation is likely low. However, fluctuations in the
biochemical activity of a protein could stem from fluctuations in microtubule density, protein
conformation, protein complex assembly/disassembly, protein expression level, etc. Here, we simply
lump all these stochastic factors into a relative noise in the biochemical reaction rates controlled by
cyclin B. In addition, the noise comes with a characteristic memory time. Intracellular noises usually
assume multiple time scales. Fast noises average out in the long term and have little effects on slow
processes. But slow noises on time scales comparable to the process of interest could significantly affect
the process. Particularly, the on and off processes of SAC proteins at the spindle pole happen on the

order of sub minute. Therefore, we impose on the noise term a memory effect of 0.2 min. Specifically,
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we implement a multiplier, (1 + &(t)), to the C2 term in all the equations at the spindle pole (Egs. (S55)
-(S70), (S75)-(S78)). For example, the APC/C dynamics at the spindle pole was revised to Eq. (S130).

‘Mt = Spatial regulation — Ky, M A" +k,,, C* (1+&(1)) 4 +k,p x X' 4 (S130)

&(t) represents a 20% relative noise level with a 0.2-min memory. For easy numeric implementation,
&(t) was defined as a piecewise function with time segments of 0.2 min; within each segment, a
normally distributed random value with standard deviation 0.2 was drawn. Because stochastic
simulation is computationally expensive, we also followed the method developed in [1, 2] and
performed the stochastic simulation on a 2D-axisymmetric reduced geometry (Supplementary Figure

10), instead of the 3D geometry.
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Supplementary Table 1. Parameters for spatiotemporal dynamics model.

spindle boundary

Parameter |Meaning Value Source/Reason
Rkt Radius of kinetochore 0.5 um [1]
Dpyn Cytoplasmic diffusion coefficient of 2 um?s’! ~ Diffusion coefficient of dynein due to huge size of dynein;
microtubule-unbound transport-active inferred from diffusion coefficient of APC/C [14].
proteins
Dwmr Diffusion coefficient of microtubule- 0.05 um? s’! [15, 16]
bound transport-active proteins along
microtubule
Dy Diffusion coefficient of transport- 2 um? 57! ~ Diffusion coefficient of APC/C [14]. No significant difference
inactive proteins in model results between spindle pole accumulation of APC/C
(Da =2 pum? s and SAC protein (Dm = 20 um? s71) [1].
In the extended model, this number will be replaced by Da, Dm
and Dc, respectively (see Table S2).
Dp Diffusion coefficient of spindle pole- 2 um?s’! Sufficiently diffusive to homogenize concentration in spindle
bound proteins pole.
Dx Diffusion coefficient of kinetochore- 2 um?s’! Sufficiently diffusive to homogenize concentration in
bound proteins kinetochore.
Vv Processive velocity of microtubule- 0.1 um s°! 0.06~0.3 pms'[9, 17].
bound transport-active proteins along
microtubule
KottmT Dissociation rate of transport-active 15! In vitro unbinding rate 0.05 ~ 1 s [18, 19].
proteins from microtubule
konmT Association rate of transport-active 0.17 pm? 5! [1,20].
proteins to microtubule (per microtubule
density)
ngfMT Dissociation rate of transport-active 405! Immediate dissociation from the microtubule once entering the
proteins from microtubule in spindle pole spindle pole.
kgEMT Association rate of transport-active 0 Immediate dissociation from the microtubule once entering the
proteins to microtubule in spindle pole spindle pole.
kot Turnover rate from unattached 0.2s! 1~60 s turnover time of SAC proteins at the unattached
kinetochore kinetochore [9, 21-23].
Y Saturating concentration on unattached |100 (relative to Single unattached kinetochore sequesters ~0.05% of total
kinetochore bulk cytoplasmic amount of SAC components [21]; ratio between
concentration) kinetochore volume and cell volume ~ 10~ = kinetochore
concentration ~ 102 bulk average in cell.
konkTu Recruitment rate onto unattached 200 s Sufficiently large to saturate the unattached kinetochore.
kinetochore
keonk Tt Recruitment rate onto attached 045! << konkTu due to attachment/tension induced change in kinase
kinetochore effect.
koot Release rate of poleward transport-active {20 s™! koot > konkTt Such that the attached kinetochores do not
proteins from attached kinetochore accumulate protein.
Fottsp Unbinding rate of proteins from spindle [0.0333 s! ~ 30s turnover time at spindle pole [24].
pole
konsp Binding rate of proteins to spindle pole [1.8 s! Combined with Rsp = 0.5 um to make spindle pole accumulation
~ 5 times the accumulation on single unattached kinetochore
[25].
Uext Sequestration potential around the 2 kgT, 1 um width |[1]
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Supplementary Table 2. Biochemical parameters. Note that the parameters for trigger factor X (highlighted in
blue) are highly generic, with the sole purpose of generating an irreversible toggle switch triggered by appropriate

threshold signal.
Parameter |Meaning Value Source/Reason
Da Diffusion coefficient of APC/C (replacing Dy |2 pm? s™! [14]
in transport-only model)

Dwm Diffusion coefficient of SAC proteins 25 pm? 5! cytoplasmic GFP ~ 25 um? s7! [26, 27] x (GFP weight
(replacing Dy in transport-only model) ~27kD / Mad2 weight ~ 28 kD)”.

Dc Diffusion coefficient of cyclin B (replacing {20 um? s! cytoplasmic GFP ~ 25 um? s7! [26, 27] x (GFP weight
Dy in transport-only model) ~27kD / cyclin B-CDK1 weight ~ 85 kD)”.

[APC/C]o |Bulk concentration of APC/C 100 nM APC2 80 nM [28]; Cdc20 80~280 nM [14, 28, 29].

[SACJo Bulk concentration of SAC protein 100 nM Mad2 100~230 nM, BubR1 90~127 nM [28-30]; Bubl 100
nM ([21], Supplementary Data).

[cyclin B]o |Bulk concentration of cyclin B 1 uM [31]

kaawm Deactivation rate of APC/C by SAC 200 min"! pM-! |APC/C deactivation rate mediated by 100 nM intracellular
SAC ranges from 0.05 min™' [14] to 400 min™' ([32], Kasmec
[Cdc20]T).

kaawc Activation rate of APC/C by cyclin B 0 [1]

kaawx Activation rate of APC/C by X 30 min! [17]; sufficiently large to support propagation of APC/C
activity from spindle pole.

kamkT Direct SAC activation rate at kinetochore 1073 min™! < ~60 c-Mad2 per kinetochore per sec [33] + 100 nM SAC =
0.2 min’!

kvcat Catalyzed activation rate of SAC when all 2 min'! pM-! SAC reactivation in ~5 min after laser-induced detachment

kinetochores are unattached of one kinetochore [34] ~ 0.2 min'! pM-! at the stage of one
unattached kinetochore.

k;"l\l?cat C.atalyzed activation rate of SAC left when all |0.4 min"! pM™! [20% activation rate left to ensure.robust SAC activity when

kinetochores are attached one unattached kinetochore remains; cf. [1].

TDaM Relaxation time for the decay of catalyzed 20 min 2.5 min [35]; 30 min [36, 37].

activation rate of SAC upon each kinetochore
attachment

kamwa Deactivation rate of SAC proteins by APC/C 50 min"! uM™! | kimad,c20 [Cdc20]r = 10 min™' [32].

kdcwa Cyclin B degradation rate with active APC/C |10 min' pM!  |0.1 ~ 1 min! [32, 38-40] =100 nM APC/C = 1~10 min"! pM-
1

H Hill coefficient for cyclin B degradation 10 [1]

Kmdcwa Transitional APC/C activity on the effect of 0.6 [1]

cyclin B

ksc Cyclin B synthesis rate 0 [1]

KotfkTX Turnover rate of X from kinetochore 0.2s! Same as the transported components (Table S1).

KonkTX Recruitment rate of X onto kinetochore 25! Arbitrary weak binding affinity at the kinetochore. Weaker
than that at the spindle poles. Resultant kinetochore
concentration not sufficient to trigger self-activation.

koftspx Turnover rate of X from spindle pole 0.0333 5! Same as the transported components (Table S1).

konspx Binding rate of X to spindle pole 3.33 5! Combined with kofrspx to make the spindle pole concentration
of X ~ 100 times the bulk concentration.

Dx Diffusion coefficient of X 20 pm?s’! Diffusion coefficient of proteins in cytoplasm 1~30 um? s!
[26, 41-43].

[X]o Bulk concentration of X lau. [1]

kaxwe Activation rate of X by cyclin B DLD-1: 2x10° |X activation triggered by a cyclin B level at spindle pole

min! pM-! between the final and penultimate kinetochore attachments.

Chosen to match average metaphase duration measured in
RPE-1: 3.8x1073 |the parental DLD-1 cells (Fig. 3D) and parental RPE-1 cells
min! uM-! (Fig. S30), respectively.

Faxwx Auto-activation rate of X 10 min’! Generic toggle switch motif [44].

kax Deactivation rate of X 10 min’!

ki Coefficient of Goldbeter-Koshland function |0.01

k2 Coefficient of Goldbeter-Koshland function |0.1

Ji Coefficient of Goldbeter-Koshland function |0.05

J Coefficient of Goldbeter-Koshland function |0.05
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Supplementary Figure 1. Cell, nucleus, and spindle sizes in 2N and 4N RPE-1 cells. (A-B) Nuclear
(A) and cell (B) volume in 2N and 4N RPE-1 cells synchronized in G2. Data are reported as mean +
SEM with individual data points from three independent experiments in which a total of 32-35 cells
(n=35 and 32 cells, respectively) were analyzed. ****p<0.0001, when compared to the parental 2N
RPE-1 cells by Student’s t-test. Measurements of mitotic spindle width (C), height (D), length (E), and
volume (F) reported as mean + SEM with individual data points from three independent experiments in
which a total of 27-30 cells (n=30 and 27 cells, respectively) were analyzed. ****p<0.0001, when

compared to the parental 2N RPE-1 cells by Student’s t-test.
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Supplementary Figure 2. Cells from small 4N DLD-1 clones round up more and become more
spherical in mitosis. (A) Cell diameter measured in metaphase cells along the axis corresponding to
spindle length in DLD-1 and the 4N clones and reported as mean + SEM with individual data points
from three independent experiments (n= 35, 30, 40, 30 and 35 cells, respectively). (B) The average
mitotic cell diameter (from A) is compared to a “predicted” diameter that was calculated by using the
G2 cell volume measurements (from Fig. 1C) and assuming that the cells formed perfect spheres during

mitosis. Data are reported as reported as mean + SEM.
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Supplementary Figure 3. 2N and 4N RPE-1 cells display similar mitotic timing and similar
frequencies of multipolar spindles. (A-C) Quantification of (A) mitotic duration (n=187 and 174
cells, respectively), (B) prometaphase duration (n=142 and 114 cells, respectively), and (C) metaphase
duration (n=142 and 114 cells, respectively) in 2N and 4N RPE-1 cells. Data are reported as mean +
SEM with individual data points from three independent experiments. (D-E) Quantification of the
percentage of late prometaphase-metaphase cells with (D) unaligned chromosome(s) and (E) multipolar
spindles. (F) Quantification of the percentage of mitotic cells in metaphase. Graphs in (D-F) represent
the mean + SEM of three independent experiments, in which at least 100 cells were scored in each

experiment (n>300 for each cell line).
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Supplementary Figure 4. A larger fraction of metaphases from the small 4N DLD-1 clones are
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positive for cyclin B compared to the large 4N clones. (A) Examples of cyclin B-positive (top row)
and cyclin B-negative (bottom row) metaphase cells. (B) Quantification of cyclin B-positive metaphase
cells in the parental DLD-1 cells and all 4N DLD-1 clones. The data are reported as mean = SEM of
three independent experiments, in which at least 100 cells were scored in each experiment (n>300 for

each cell line).
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Supplementary Figure 5. Model-predicted metaphase duration critically depends on the
triggering time and spindle pole signal level. (A) Metaphase duration predicted by the extended model
(transport + biochemistry, Eqgs. (S39)-(S130)). Solid bars: triggering time, i.e., t; — t, in Fig. 5A. Open
bars: propagation time, i.e., t, — t; in Fig. 5A. (B) Triggering time predicted by the core model that only
describes the spatial regulation of SAC proteins (Egs. (522)-(S38)). The triggering time was estimated
by the time upon which the predicted spindle pole signal crosses 150. The estimated triggering time in

(B) is consistent with the triggering time in (A).
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Supplementary Figure 6. Effects of model parameters on spindle pole signal level. Predicted final
spindle pole signal as the cell size (A), spindle length (B), spindle width and/or height (C), spindle pole
size (D) and spindle microtubule abundance (E). Results from the core model that only describes the
spatial regulation of SAC proteins (Egs. (S22)-(S38)). Red dots: default parameter values, i.e., D =

16 um, L = 10 ym, W = 10 um, d = 1.2 um, Ny, = 1600. All other parameters follow Table S1.
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Supplementary Figure 7. Mathematical model predicts observed metaphase durations in 2N and
4N RPE-1 cells. (A) Experimentally measured a-tubulin intensity in 2N and 4N RPE-1 cells. (B)
Experimentally measured y-tubulin intensity in 2N and 4N RPE-1 cells. (E, F) Metaphase durations
predicted for 2N and 4N RPE-1 cells without (C) and with (D) noise. Scatter dots in (F) show 50

individual simulation results and bars show the average.
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Supplementary Figure 8. Spindle microtubule density and spindle morphology. (A) Microtubule

subpopulations in the cell. aMT (green): astral microtubules emanating from the spindle pole. MT1
(red): spindle microtubules emanating from the spindle pole. MT2 (blue): dispersed microtubules in the
spindle. (B) Densities (per unit area) of microtubules in each subpopulation. The densities are shown
along the spindle axis and its extension towards the cell boundary (black dashed line in (A)). The aMT
and MT1 densities scale inversely with the squared distance from the spindle pole. The MT2 density
stays constant within the spindle. (C) Spindle dimensions in side view. Ny, is the total number of MT1
microtubules (in both half spindles). pyT10 1S the density of MT1 microtubules crossing the spherical
surface 1 pum away from the center of the spindle pole. (D) Top view of the spindle equator. ¢ and 8 are
the polar and azimuthal angles, respectively, of the spherical coordinate system. ¢.,.x(8) is the polar

angle of the spindle peripheral for a given azimuthal angle, 6.
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Supplementary Figure 9. Biochemical circuit for SAC. Cyclin B activates both APC/C and
SAC/MCC activity. APC/C, in turn, mediates cyclin B degradation. APC/C is also in a mutually
inhibitory relation with SAC/MCC. Cyclin B concentration over the threshold turns on the self-
activating trigger factor X, which then activates APC/C.
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Supplementary Figure 10. 2D axisymmetric geometry for stochastic simulation. To conserve the
total fluxes of SAC proteins through the unattached kinetochores, the volume of the central spherical
domain must equal the total volume of unattached kinetochores. As shown in [1, 2], the radius of the
central domain (unattached KT) should be ryxr = meT, where Nkt is the number of unattached

kinetochores. Similarly, the volume of the toroid domain (attached KT) must equal the total volume of

attached kinetochores. The tube radius of the torus is then 7yopys = +/ 6N R /T Rtorus, Where Ny is
the number of attached kinetochores and R, IS the circumferential radius of the torus. To focus on the

dynamics before and after attachment of the last kinetochore, we choose Nkt = 1 and N gt = Ngr — 1.
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Supplementary Videos.

Supplementary Video 1. X-axis rotation of three-dimensional DLD-1 metaphase spindle. Volume
projection of representative DLD-1 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.

Supplementary Video 2. Y-axis rotation of three-dimensional DLD-1 metaphase spindle. Volume
projection of representative DLD-1 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.

Supplementary Video 3. X-axis rotation of three-dimensional S1 metaphase spindle. Volume
projection of representative S1 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.

Supplementary Video 4. Y-axis rotation of three-dimensional S1 metaphase spindle. Volume
projection of representative S1 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.

Supplementary Video 5. X-axis rotation of three-dimensional S2 metaphase spindle. Volume
projection of representative S2 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.

Supplementary Video 6. Y-axis rotation of three-dimensional S2 metaphase spindle. Volume
projection of representative S2 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.

Supplementary Video 7. X-axis rotation of three-dimensional L.1 metaphase spindle. Volume
projection of representative L1 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.

Supplementary Video 8. Y-axis rotation of three-dimensional L.1 metaphase spindle. Volume
projection of representative L1 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.

Supplementary Video 9. X-axis rotation of three-dimensional L2 metaphase spindle. Volume
projection of representative L2 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.

Supplementary Video 10. Y-axis rotation of three-dimensional L2 metaphase spindle. Volume

projection of representative L2 metaphase spindle showing DNA (blue), kinetochores (green),
microtubules (red), and centrioles (yellow). Video related to Figure 2A.
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Supplementary Video 11. Time-lapse video of DLD-1 cell progressing through mitosis. DLD-1 cell
imaged by time-lapse phase-contrast microscopy, with imaging starting prior to mitosis and ending after
mitotic exit. Yellow arrow(s) point to the mother and daughter cells in the opening and closing frames,
respectively. Cell rounding was designated as 0 min. Images were acquired at 3 minute intervals and are
played back at 10 fps. Scale bar, 25 um. Video related to Figure 3A.

Supplementary Video 12. Time-lapse video of S1 cell progressing through mitosis. S1 cell imaged
by time-lapse phase-contrast microscopy, with imaging starting prior to mitosis and ending after mitotic
exit. Yellow arrow(s) point to the mother and daughter cells in the opening and closing frames,
respectively. Cell rounding was designated as 0 min. Images were acquired at 3 minute intervals and are
played back at 10 fps. Scale bar, 25 um. Video related to Figure 3A.

Supplementary Video 13. Time-lapse video of S2 cell progressing through mitosis. S2 cell imaged
by time-lapse phase-contrast microscopy, with imaging starting prior to mitosis and ending after mitotic
exit. Yellow arrow(s) point to the mother and daughter cells in the opening and closing frames,
respectively. Cell rounding was designated as 0 min. Images were acquired at 3 minute intervals and are
played back at 10 fps. Scale bar, 25 um. Video related to Figure 3A.

Supplementary Video 14. Time-lapse video of L1 cell progressing through mitosis. L1 cell imaged
by time-lapse phase-contrast microscopy, with imaging starting prior to mitosis and ending after mitotic
exit. Yellow arrow(s) point to the mother and daughter cells in the opening and closing frames,
respectively. Cell rounding was designated as 0 min. Images were acquired at 3 minute intervals and are
played back at 10 fps. Scale bar, 25 um. Video related to Figure 3A.

Supplementary Video 15. Time-lapse video of L2 cell progressing through mitosis. L2 cell imaged
by time-lapse phase-contrast microscopy, with imaging starting prior to mitosis and ending after mitotic
exit. Yellow arrow(s) point to the mother and daughter cells in the opening and closing frames,
respectively. Cell rounding was designated as 0 min. Images were acquired at 3 minute intervals and are
played back at 10 fps. Scale bar, 25 um. Video related to Figure 3A.
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