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Supplemental Experimental Procedures

Culture Conditions, RNA-Mediated Interference, Western Blots,
and Spindle Severing

Nematode strains expressing y-tubulin-GFP [S1] were grown at
16°C, and embryos were mounted and imaged at 23 + 0.5°C (unless
otherwise stated) as described earlier [S2]. For RNAi of gpr-1 and
gpr-2 (genes C38C10.4 and F22B7.13, which are >97% identical in
sequence and thus indistinguishable by RNAI), young adults were
injected with dsRNA derived from genomic DNA obtained by using
the PCR primers 5'-AATTAACCCTCACTAAAGGTCTGGCAGCAGA
CAGTTCAG-3' and 5-TAATACGACTCACTATAGGAGCATGTGATT
CCACACGTC-3' [S3]. Injected worms were kept at 24.5°C, and em-
bryos were analyzed between 2 hr and 42 hr after injection. For
RNAi of the dynein-light-intermediate-chain gene, dli-1 (C39E9.14),
young adult hermaphrodites were transferred onto feeding plates
containing the bacterial strain for dli-1 inactivation obtained from
Geneservice [S4], as described elsewhere [S5, S6], and left at
24.5°C for different times before observation. Western blots were
performed as described previously [S7], with 50 worms in each con-
dition (control and 10, 20, 30, and 40 hr after injection or transfer).
Severing of the central spindle at different times after injection was
performed as described [S8], with a pulsed UV laser (A = 355 nm,
400 ps, 20 pJd/pulse, PowerChip, JDS Uniphase) [S9].

Automatic Spindle-Pole Tracking

The positions of both spindle poles were tracked at 2 frames/s with
a precision of ~100 nm by using the following procedure. First, the
image was low-pass-filtered at a spatial frequency of 1.125 um™",
Second, a correlation was computed between the filtered image
and a difference-of-Gaussians model image. Third, the centrosome
position was computed by using a center-of-gravity algorithm ap-
plied to the result of the correlation. The maximum amplitude of an
oscillation was defined as one half of the peak-to-peak variation in
the spindle-position trace after it was passed through a band-pass
filter with lower and upper cutoff frequencies of 10 and 100 mHz, re-
spectively. The contour of the embryo was obtained from the cyto-
plasmic fluorescence, and the position the spindle within the cell
was calculated as the mean position of the two spindle poles. Four
frequency measurements were made during each period of an oscil-
lation by measuring the times in the cycle at which the position and

velocity were at an extremum. Analysis was performed with MatLab
(The MathWorks). Values are mean =+ SD unless otherwise stated.

Simulations

Equation S1 was solved numerically in MatLab. kost Was varied with
time as shown in Box 1, Figure 1A,; this in turn makes the coefficients
in Equation S1 vary with time (Equations S2 and S3). Because spon-
taneous oscillations build up from fluctuations, noise was added in
each simulation step. The noise, 7(t), was added at each time step
and was constructed in such a way that it corresponded to conti-
nuous time noise with the following properties: (n(t))=0 and
(n(0)n(t)) =2kT~6(t), where kT is the Boltzmann constant times ab-
solute temperature, vy = 39 mN-s/m corresponds to a damping
term arising from fluctuations of the motors [S10] and gives a noise
amplitude somewhat smaller than the measured noise (compare
Figure 1C with Figure 5E), and 4(t) is the Dirac delta function. The pa-
rameters used in the simulation are stated in the legend to Figure 5.

The Antagonistic-Motors Model
Because each spindle pole oscillates even after the spindle has been
bisected with a UV laser [S8], we treat the oscillations of the two
spindle poles separately (Box 1, Figure 1A). The cortical force gener-
ators are postulated to be protein complexes that contain one or
more motor proteins. A motor protein binds near the plus end of
an astral microtubule and moves processively toward the minus
end, generating a force that pulls the spindle pole toward the cortex.
The force has components parallel to and perpendicular to the AP
axis as shown in Box 1, Figure 1A. In one picture, the force-generat-
ing complex is acting as a depolymerase in the sense that the net re-
sult is a decrease in length of the astral microtubules. Alternatively,
the microtubule may not depolymerize and instead is bent along the
cortex. The model is general enough to incorporate both pictures.
The motors obey a “force-velocity” curve whereby the speed, v, of
a motor toward the minus end of the microtubule decreases as the
load force, f, is increased. If the speed is low ([v|< vi,, Where v, is
the maximum speed), in what has been termed the “force-limited”
regime [S9], we can write f =f — f'v, where f is the “stall” or “reversal
force” above which the motor reverses direction and f’ is the slope of
the force-velocity curve at the reversal force. The existence of a re-
versal force was recently demonstrated experimentally for kinesin
[S11]. The numerical value of f is on the order of f /vy,. The maximum
speed is on the order of 2 pm/s, the highest speed of any of the
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Figure S1. Western Blot and Quantification of DLI-1 Rundown
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The left panel is a western blot for three experiments showing the dynein light intermediate chain (DLI-1) protein levels at the indicated times after
transfer to the feeding plates. WT denotes uninjected control. Also shown are the a-tubulin protein levels, which serve as loading controls. The
right panel shows the average protein levels for the three experiments normalized to the highest level: The DLI-1 levels decrease, as do their

ratios relative to the tubulin control.
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centrosomal fragments [S9], and is consistent with the speed of cy-
toplasmic dynein [S12]. We take f =6 pN, the stall force of kinesin
and cytoplasmic dynein [S13]. We take f' = 3 uN-s/m.

If we represent the position of the spindle by y and its velocity and
higher time derivatives by y and y, etc., then we can express the
force generated by a motor on the upper cortex by

fo=F—fy (s1)

In the following we derive a linear solution to the model; the full
nonlinear solution is in [S14]. The linear equations are good approx-
imations provided that the oscillations are small because the sym-
metry of the spindle about the AP axis ensures that the second-order
terms (y2, 2, yy) cancel out.

The motor forces, which pull the spindle pole away from the AP
axis, are opposed by a centering process. This process, whose ex-
istence is inferred from the observation that the spindle is centered
prior to anaphase onset (i.e., before the cortical force generators are
turned on), exerts a force on the spindle pole that increases with the
displacement from the AP axis. Such a force-displacement relation-
ship defines a spring, and we assume that it is Hookean with a spring
constant K. The molecular substrate for this “centering spring”
could be the pushing or pulling of microtubules that contact the cor-
tex at sites distinct from the motors [S15, S16]. If buckling microtu-
bules contribute to centering, then the value of K is ~10 uN/m
(Equation 3 in [S15], assuming that the number of microtubules con-
tributing to centering, Np, is 100).

The movement of the spindle pole is expected to be opposed by
drag forces that arise from viscosity of the ooplasm [S17] as well
as the dynamic rearrangements of the microtubules themselves
[S15]. We assume that the drag force is proportional to the velocity,
with drag coefficient I'. If the viscosity of the cytoplasm is 100-1000
times larger than that of an aqueous solution [S17], then the drag is
on the order of 100 uN-s/m. If the damping is due to the dynamics of
buckling microtubules, then I is again on this order of 100 uN-s/m
(Equation 10 in [S15], assuming that the time for microtubules to
grow from the pole to the cortex, 7, is 20 s [S18]).

The spindle pole together with its astral microtubules is equivalent
to the mechanical circuit shown in Box 1, Figure 1B (right). The activ-
ity of the motors depends on the net forces that act on them as
explained in the next paragraph.

The motors are processive, meaning that they take many steps be-
fore dissociating. This implies that a change in the probability that the
motor is attached, p, lags behind a change in the load force accord-
ingto p(t) = — KoftP + kon(1 — p), where ko, and ko are the on and off
rates for the motor binding to a microtubule. The off rate is assumed
to increase exponentially with load as observed experimentally for
kinesin [S19]: kot (f) = koexp(f/f;) =kon(1 — f'y /f.), where we have
substituted the force-velocity relation and assumed that the speed
is low. kot =kost(f). We take f. = 1.5 pN. This is somewhat smaller
than the value of 4 pN for kinesin-microtubule detachment and the
4-5 pN for cadherin-cadherin detachment [S20]. The on rate of
0.6 s~ is chosen to give the correct frequency of oscillation.

The equation of motion of the spindle pole is

Iy+Ky=F, +F_. (S2)

F. is the force generated by the motors on the upper side of the
cortex, and F_ is the force generated by the motors on the lower
side. The upper cortical force is given by

Fi=Np.f, (S3)

[S9], where N is the number of motors, p, is the probability of
an upper motor being attached, and f, is the single-motor force

generated by an upper motor. An analogous expression holds for
the lower cortex. We can express the attached probability at the
upper cortex as

. 1 f .
p+s—;[1—7(1—p)y]p++kon. (S4)

where 7= (Kon + kofr) ~1isthe delay in the response of the motors to

changing forces and p =kon/(Kon +Roﬁ) is the mean attached proba-
bility of the motors (which reflects their activity as defined in the
text). If the delay is short (on the order of 1 s) compared to the period
of spindle oscillation (~ 20 s), then the speed changes little over time
7 ([¥| < |y|/7). Inthis case, the probability can be expressed to linear
order as:

o
p.=p+ep(1=p)y—7-p(1-p)y. (S5)
c c

This can be checked by substituting S5 (and its derivative) back into
Equation S4 and comparing the lowest-order terms. The attached
probability lags the velocity by the time 7.

The symmetry of the spindle implies that f_ (y)= —f. (—y) and
p-(,y)=p+(—y, —y). Substituting the force-velocity curve
(Equation S1) and F_ =Np _f_ into S2, and using S5 and the sym-
metry relations, we obtain the following equation of motion:

Iy+(I'—E)y+Ky=0. (S6)

This equation corresponds to the mechanical circuit shown in
Box 1, Figure 1B (left). / and = are given by

1=2N{£;§(1 —ﬁ)}f'; -

E=2N{ff;p{(1 -p) -2

%}
c f

I'has units of mass and corresponds to a chemomechanical “iner-
tia.” £ has units of damping, but if it is positive, it gives rise to a force
in the same direction as the velocity; we therefore call it “negative
damping” to distinguish it from positive damping, where the force
opposes the velocity. For fixed kon, I is maximum when p = 2/3
(noting that 7=p/kon), Whereas for fixed kot it has a maximum
when p = 1/3 [noting that 7= (1 — p) /ko] as shown in Figure 5D.

If the negative damping (=) exceeds a threshold set by the passive
damping (I') (i.e., £>T), then the total damping is negative. In this
case, there is positive feedback and the system described by Equa-
tion S1 becomes unstable and begins to oscillate. Close to the insta-
bility, the oscillation frequency is

wo=+/K/Irad/s. (S8)

If the negative damping falls below the passive damping, then the
system is stable and the oscillations die out exponentially.
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