Elastic tethers between separating anaphase chromosomes in crane-fly spermatocytes
coordinate chromosome movements to the two poles.
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ABSTRACT

Separating anaphase chromosomes in crane-fly spermatocytes are connected by elastic
tethers, as originally described by [LaFountain et al., 2002]: telomere-containing arm fragments
severed from the arms move backwards to the partner telomeres. We have tested whether the tethers
coordinate the movements of separating partner chromosomes. In other cell types anaphase
chromosomes move faster, temporarily, when their kinetochore microtubules are severed. However,
in crane-fly spermatocytes the chromosomes move at their usual speed when their kinetochore
microtubules are severed. To test whether the absence of increased velocity is because tethers link
the separating chromosomes and coordinate their movements, we cut tethers with a laser microbeam
and then cut the kinetochore microtubules. After this procedure, the associated chromosome sped
up, as in other cells. These results indicate that the movements of partner anaphase chromosomes in
crane-fly spermatocytes are coordinated by elastic tethers connecting the two chromosomes and

confirm that chromosomes speed up in anaphase when their kinetochore microtubules are severed.

INTRODUCTION

Separating anaphase chromosomes are not independent in crane-fly spermatocytes. For
example, ultraviolet (UV) microbeam irradiation of a single kinetochore spindle fibre in anaphase
with some wavelengths of UV temporarily stops the movements of the associated chromosome but
also stops the movement of the partner chromosome moving to the opposite pole [Forer, 1966;
Sillers and Forer, 1981; Hughes et al., 1988], the partner chromosome being that chromosome with
which the chromosome in question was conjoined in metaphase. As another example, treatments of
anaphase spermatocytes with various drugs often affect different chromosomes in the cell
differently, but the effects on partner chromosomes are always the same: both partner chromosomes
either stop, slow, or move normally, independent of any effects on other chromosome pairs [Fabian
and Forer 2005; Sheykhani et al., 2013].

Another possible example of coordinated movements between partner chromosomes may

occur after kinetochore microtubules are severed and the associated chromosome continues to move.



When kinetochore fibre microtubules are cut with a laser or ultraviolet light (UV) microbeam in
anaphase grasshopper spermatocytes, newt fibroblasts, or PtK cells, the associated anaphase
chromosomes increase velocity after the microtubules are cut and then shortly afterwards slow down
to the original speed (reviewed in [Forer et al., 2015]). When kinetochore fibre microtubules of
anaphase crane-fly spermatocytes are cut by UV microbeam irradiation (wavelength 260-290nm),
however, the movements of the chromosomes remain unaffected: chromosome velocity remains the
same as before the irradiation even though the kinetochore microtubules are severed (see [Forer et
al., 2015]). The difference in response between crane-fly spermatocytes and the other cells might be
because of coordination between partner chromosomes: the chromosome with severed microtubules
is prevented from moving faster because its movement is coordinated with its partner chromosome
moving to the other pole.

How is the coordination between partner chromosomes achieved?

The linked movements of partner chromosomes seem to be mediated across the interzonal
region between separating chromosomes: after UV microbeam irradiations of the interzonal region
between separating chromosomes only the associated chromosome stops moving after irradiation of
its kinetochore fibre [Yin and Forer, 1996; Wong and Forer, 2004]. Thus irradiating the interzonal
region between separating partners unlinked their movements. [Ilagan et al., 1997] suggested that
the coordination between partners might be because separating (partner) chromosomes are
physically connected. [LaFountain et al., 2002] showed that this is the case, that partner
chromosomes in anaphase crane-fly spermatocytes are physically connected by elastic connections
that he called ‘tethers’. Tethers were identified experimentally using laser microbeam irradiation:
when [LaFountain et al., 2002] cut the terminal portion of an arm from an anaphase chromosome,
that arm fragment immediately moved across the equator at high speed until it reached the telomere
of its partner chromosome. Not all arms were connected, however: in each half-bivalent only two of
the four arms were connected by tethers. As anaphase progressed the fragments crossed the equator
but did not reach the partner telomere, then were not transported across the equator, and eventually
not transported at all. Thus [LaFountain et al., 2002] concluded that either the elasticity of the tethers
waned as anaphase proceeded or the tethers became disconnected from the telomeres. When
telomeres were ablated, arm fragments did not move, further indicating that the tethers were elastic
connections between separating telomeres [LaFountain et al. 2002]. [LaFountain et al., 2002]
suggested several possible roles for the tethers, including that they might act as ‘conduits’ for signals

between partners. Our experiments have tested this suggestion.



In this article we test the possible role of tethers in coordinating movements between
separating partner chromosomes in anaphase, by testing whether tethers prevent the expected
increased chromosome velocity in crane-fly spermatocytes when kinetochore microtubules are
severed. If the tethers indeed prevent increased velocity of the associated chromosome, cutting the
tethers prior to cutting the kinetochore microtubules should allow chromosomes to increase in speed
after their kinetochore microtubules are cut. Our experiments confirm this prediction: without
tethers, chromosomes with severed KT fibre microtubules temporarily increase their speed while
the movements of their partners are unchanged. This strongly suggests that tethers are responsible

for linking movements of separating anaphase partner chromosomes in crane-fly spermatocytes.

MATERIALS AND METHODS

Living cells preparation: Crane flies (Nephrotoma suturalis Loew) were reared in the
laboratory essentially as described earlier [Forer, 1982], and preparations of living crane-fly
spermatocytes were obtained as described by [Forer and Pickett-Heaps, 2005]. In brief, 4% instar
larvae at the proper stage were covered with halocarbon oil, testes were removed and placed in a
drop of Halocarbon oil, the oil was rinsed off by passing the testes through 3 drops of insect Ringer’s
solution (0.13M NaCl, 5SmM KCIl, 1.5mM CaClz, 3mM phosphate buffer, pH 6.8.), and then each
testis was broken open and the cells spread out in a small (~2.5ul) drop of insect Ringers solution
that contained fibrinogen. Thrombin was added to form a fibrin clot to embed the cells, and the cells
were placed in a perfusion chamber and perfused with insect Ringers solution. These cells were then
studied using phase-contrast microscopy. To study cells using confocal microscopy that were
previously followed while living, we marked a circle on the coverslip to indicate the region where
the cell was, and after the experiment we lysed and fixed the cells and treated the preparation as
described in [Fabian et al. 2007]. In this way we were able to locate the irradiated cell after it was

stained with fluorescently labelled antibodies.

Microscopy and analysis: We studied the preparations using phase-contrast microscopy
with a Zeiss Plan-Apochromat 64x NA 1.40 objective in a laser microbeam apparatus described in
detail elsewhere [Shi et al., 2012; Harsono et al., 2013]. Most experiments were with the 740 nm
200-fs laser (described in [Ferraro-Gideon et al., 2013]), but some were with the 532nm wavelength
12-ps laser described in [Sheykhani et al. 2013]. We recorded images every 3-4 seconds, and cut the
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region of interest sometimes in one plane of focus, but usually in three planes of focus displaced
along the Z-axis by about 0.4pum. Images from each experiment were cropped and date-and-time

stamped using Irfan View (www.irfanview.com), and compiled into movies using VirtualDub

(www.virtualdub.org), as described previously [Ferraro-Gideon et al., 2013]. We used an in-house

program (Winlmage) to analyse chromosome movements [Wong and Forer, 2004].

Immunostaining and confocal microscopy: Cells were prepared for immunofluorescence
basically using the staining protocol used by [Fabian and Forer, 2005]. Preparations of crane-fly
spermatocytes were lysed for 2040 min in a lysis buffer (100 mM piperazineN,N-bis(2-
ethanesulfonic acid) [PIPES]; 10 mM EGTA; 5 mM MgS04; 5% DMSO; 1% Nonidet P-40; pH
6.9). Lysed cells were fixed for 3-6 min in 0.25% glutaraldehyde in phosphate-buffered saline
(PBS), rinsed in PBS (two times for 5 min each), kept for 10 min in sodium borohydride (1 mg/ml)
to neutralize free aldehyde groups, rinsed again with PBS (two times for 5 min each) and stored in
PBS—glycerol 1:1 (v/v) at 4 °C. To stain the preparation, the coverslips-cells were rinsed with PBS
to remove the PBS/glycerol, cells were stained with YL1/2 rat monoclonal antibody specific for
tyrosinated o-tubulin, diluted (1:1000), followed by Alexa 594 or Alexa 488 goat anti-rat
immunoglobulin IgG (Invitrogen, Burlington, ON, Canada) diluted 1:100. The incubation time for
each antibody was 60 minutes at room temperature. After each incubation period, the cells were
rinsed two times for 5 min each with PBS, and then, to facilitate spreading of the antibody, they
were rinsed with PBS containing 0.1% Triton X-100 prior to adding the antibodies. Preparations
were kept in the dark during the incubation periods to prevent light inactivation of the
fluorochromes. All dilution of antibodies was done in PBS. Coverslips were mounted in Mowiol
(Calbiochem, Billerica, MA, USA) solution [Osborn and Weber, 1982] containing paraphenylene
diamine as antifading agent [Fabian and Forer, 2005], and stored at 4 °C in the dark until viewed in

the confocal microscope.

RESULTS

Experimental Overview. Our overall experimental procedure is illustrated in Figure 1.
After the start of anaphase (Fig. 1A) we cut a fragment from an arm (Fig. 1B). The fragment moved
rapidly toward the arm of the partner chromosome (Fig. 1C, 1D) and before it reached the partner
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we irradiated between the arm fragment and the partner (Fig. 1D). The arm fragment stopped moving
after the second cut (Fig. 1E, 1F), showing that the laser cut the tether. Once we were sure the tethers
were cut, we cut kinetochore spindle fibres associated with one chromosome of the pair whose

tethers were cut (Fig. 1F) and monitored subsequent chromosome movement.

Anaphase chromosome arms are connected by tethers:

We cut trailing arms of anaphase chromosomes using the laser microbeam. Upon cutting the
arm, the arm fragment moved towards the partner chromosome, often, but not always, reaching the
partner (Fig 2A and B; supplemental video 1), as described by [LaFountain et al., 2002]. The initial
velocities of the arm fragments were on average 4.8 um/min (n=13), with a range 1.1-18 pm/min.,
consistent with the values given by [LaFountain et al., 2002]. Arm fragment velocities were
considerably faster than anaphase chromosome movement (~ 0.5 pum/min), as described in detail by
[LaFountain et al., 2002]. The movements toward the partner chromosomes were at constant speed

initially, but sometimes slowed as the fragment neared the partner chromosome (Fig. 2B).

[LaFountain et al., 2002] found that only two of the four arms in a separating half bivalent
have tethers. We have not tested this in detail, but in our experiments not all chromosome arm
fragments moved towards the partner, either when single fragments were produced or when
fragments were produced from several arms of one chromosome (Fig. 3). While this might imply a
50:50 chance of finding tethers when cutting single arms, we were able to identify arms that were
connected with tethers in a much higher percentage than that. It is often the case in anaphase crane-
fly spermatocytes that one or two arms are stretched behind while the others are angled more toward
the side or even are forward from the kinetochore [Adams and Forer, 1996]; [LaFountain et al.,
2002] showed that when they cut one of the ‘trailing’ arms, the arm fragments moved toward the
partner in almost all cases. In our experiments, by cutting mostly the ‘trailing’ arms, we were able
to identify tethers (backward movement of arm fragments) in ~80% of the cuts (47/58). We could
not detect any change in velocity of chromosomes whose arms were cut, so it would seem that either
the force produced by the tether is small compared to the force on the kinetochore acting in the other
direction, or the force on the chromosome adjusts for a reduced load, that velocity is independent of

load, as described by [Nicklas, 1965].

The laser microbeam cuts the tethers:



We cannot identify tethers morphologically, but we hoped that cutting between the arm
fragment and the partner telomere when the arm fragment was moving backward toward the partner
would stop the movement of the arm fragment, indicating that the laser cut the tether. We cut across
the entire region between the partner chromosomes, and because we could not identify where the
tethers were, irradiations were in at least 3 focal planes. In most but not all cells [34/42] the
irradiations stopped the backward motion of the arm fragments (Fig. 4). In those cells in which
movement was not stopped the laser presumably did not cut the tethers.

Cutting the tethers caused the trailing arm to contract. In most cells the configurations of the
arms were not seen clearly in the time-lapsed images, but in a few cells the images were especially
clear. In these especially clear cells we saw that when the tether was cut, not only did the fragment
stop moving but the extended arm of the partner chromosome retracted (Fig 5; supplemental video
2). Also in especially clear cells we saw that the extended arm of the partner chromosome contracted
as the arm fragment approached it, as seen with the lower chromosome in Figs. 2A and B and
supplemental video 1. We could not detect any change in chromosome movement velocities when

the chromosome tethers were cut.

After cutting tethers, the backward motion of the arm fragment generally stopped. In most
cells the arm fragment remained stationary after tethers were cut, but in some cells the fragment
rapidly reversed direction and moved back to the arm-stub from whence it came (Fig. 5;
supplemental video 2). Presumably, this occurred because the arms were not completely severed
and some elastic component that was of less strength than the tether connected the arm-stub and the

moving fragment.

Anaphase chromosome velocities increase after tethers are cut followed by cutting kinetochore

fibres:

Cutting kinetochore fibres of anaphase chromosomes with the laser microbeam did not cause
changes in the velocity of chromosome movements towards their poles, similar to when the
kinetochore microtubules were cut by UV microbeam irradiations [Spurck et al., 1997]. The laser
cuts kinetochore microtubules in these cells, e.g., [Forer et al., 2013], as it does in other cells
(reviewed in [Forer et al., 2015]), and to test whether the presence of tethers prevents chromosomes

from accelerating when their kinetochore microtubules are cut, we cut the tethers before irradiating



the kinetochore fibres. We usually irradiated the kinetochore fibres in two separate positions along

the length of the fibre.

When tethers were cut prior to cutting the kinetochore fibres, chromosomes associated with
the cut kinetochore fibres increased their velocities, but only in some cells (Fig. 6). The results were
not consistent, presumably because the laser irradiation did not always cut the tethers: the tethers
are from two arms and probably exist in multiple planes, and though the laser cut in several planes
we could not be certain that the laser cut either or both tethers. To be certain that tethers were cut
prior to cutting kinetochore spindle fibres we followed the procedure outlined in Fig. 1. We first cut
a trailing chromosome arm. As the arm fragment moved backwards we aimed the laser between the
two telomeres (and included the interzone along the width of the chromosome), to cut all tethers
associated with the chromosome. Stopping the backward movement of the fragment indicated that
its tethers were cut. We then cut the kinetochore fibre associated with that chromosome (Fig. 7;
supplemental video 3). Since we generally monitored only one arm, it is possible that the laser did
not cut the tethers associated with the other arm; nonetheless, chromosome velocities increased for
almost 80% of the chromosomes whose kinetochore fibres were irradiated, 27/35. The increased
velocity lasted 1 to 3 minutes, during which chromosome velocities were on average about double
their pre-irradiation velocities (Table 1, Fig. 6, Fig. 7B). After the increased-velocity time period the

chromosomes returned to their original velocities.

In some experiments the order of the cuts was reversed, cutting the kinetochore spindle fibre
first, and then after a minute or two, cutting the arms and then the tethers: chromosomes did not

change velocity in these cells.

Immunostaining confirms that the laser cut the kinetochore microtubules associated with the

increased-velocity chromosomes.

We assume that the temporary increased velocity of the chromosomes was due to cutting the
kinetochore microtubules, since this is what occurs in other cells (review in [Forer, 2015]). To
confirm this, we stained irradiated cells with anti-tubulin antibody. In these experiments the laser
cut the kinetochore fibres associated with anaphase chromosomes in multiple focal planes, as in the
live cell analysis. Cells were lysed very shortly thereafter in preparation for immunofluorescence

staining. Microtubules were absent from the cut regions of all 6 irradiated spindles that were studied
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using confocal microscopy (e.g., Fig. 8A, Fig. 8B). In some cells lysis took place before we could
determine (from the images) whether chromosome velocity increased, but in other cells half-
bivalents sped up after kinetochore fibre irradiation, before the cells were lysed (Fig. 8C). The
irradiated region often can be seen in phase contrast microscopy images of the lysed cells, appearing

as breaks in the otherwise phase-dark kinetochore spindle fibres (Fig. 8A).

DISCUSSION

Our experiments show that when kinetochore microtubules in anaphase crane-fly
spermatocytes are cut in the absence of tethers between partner chromosomes, the associated
chromosome temporarily speeds up. In previous experiments (described in [Forer et al., 2015]),
when kinetochore microtubules are cut in anaphase crane-fly spermatocytes in the presence of
tethers between partner chromosomes, the associated chromosome moves at the original speed. Our
results suggest therefore that tethers coordinate the movements of separating partner chromosomes:
severing the tethers unlinks their movements and allows the acceleration. To confirm that the laser
cut the tethers we monitored behaviour of arm fragments: the arm fragments stopped moving to their
partner when the tethers were severed. To show that the kinetochore microtubules were severed by
the laser we studied cut kinetochore fibres using confocal immunofluorescence microscopy:
kinetochore microtubules were severed at the sites of irradiation.

Crane-fly spermatocytes are different from other cells with respect to effects of cutting
kinetochore microtubules. Whereas the associated chromosomes temporarily speed up after
kinetochore microtubules are severed in anaphase in a variety of cells (described in the Introduction
and reviewed in [Forer et al., 2015]), chromosomes in crane-fly spermatocytes did not speed up
when their kinetochore microtubules were severed. Crane-fly spermatocytes stood out as the single
exception. Our results indicate that the reason the results in crane-fly spermatocytes were unique is
because of tethers between separating anaphase chromosomes.

These data are consistent with the conclusion that tethers coordinate movements of partner
chromosomes. However, while there is a correlation between cutting tethers and speeding up
chromosome movement, we cannot be sure that the laser has not severed other components of the
interzone region as well as severing tethers. Therefore, we cannot be completely sure that the
coordination is due to tethers rather than something else coincidentally cut. Nor are there markers

or stains to identify tethers in order to monitor them directly to see when they are cut. Nonetheless,
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we think the data strongly suggest that tethers between separating chromosomes coordinate the
anaphase movements of separating chromosomes. The data also suggest that tethers are responsible
for the coordinated stopping of chromosome pairs after UV microbeam irradiation of single

kinetochore spindle fibres, and for the coordinated movements by pairs after drug treatment.

Several issues arise from these conclusions. One is how the tethers might influence the
movements of the separating chromosomes. Since elastic elements would produce tension, it is
reasonable to expect that tension produced in both partner chromosomes could act as a modulating
signal so that both behave the same way, much as tension is thought to be involved in other
chromosome activities. For example, proper attachment of chromosomes to the spindle applies
tension between partners’ kinetochores which stabilizes the correct attachment [Nicklas and Koch,

1969; Nicklas and Ward, 1994; Musacchio and Salmon, 2007].

Another issue is: what are tethers made of? Cytologically one cannot see tethers in crane-
fly spermatocytes using phase-contrast microscopy, or interference microscopy [Muller, 1970], or
after Feulgen or Giemsa staining [Janicke and LaFountain, 1982, 1984; LaFountain, 1985; Ladrach
and LaFountain, 1986], or in most electron microscopy [e.g., Fuge, 1971]. One electron microscopic
study of crane-fly spermatocytes, however, noted that in two favourably oriented anaphase cells
there were filamentous structures about S5Snm thick that extended between chromatid arms of 3 of the
6 separating pairs of anaphase chromosomes in the cells [Fuge, 1978], and an electron microscopic
study of male meiosis-I in cockroaches found similar connections between separating anaphase
chromosomes [Krishan and Buck, 1965]. [Fuge, 1978] suggested that these interzonal ‘filaments’
were from stretched chromatin, but without further information one cannot really deduce chemical
composition from images in electron microscope sections: those ‘filamentous’ connections could be
composed of anything. In other cell types studied light microscopically, interzonal connections
between separating chromosomes have been detected by passing a micromanipulation needle
between separating chromosomes in grasshopper neuroblasts [Carlson, 1952], and in fixed cells
Feulgen-negative interzonal connections are regularly seen between anaphase chromosomes (e.g.,
[Schrader, 1953], pp. 43 et seq.), but there is no information on whether these could act as tethers.
Feulgen positive (chromatin) bridges also have been seen between anaphase chromosomes, but they
generally are associated with holding back the separating chromosomes, not functioning as tethers,
though in some cells chromatin bridges are regularly seen in early anaphase (e.g., [Ris, 1942]) and

these conceivably could act as tethers. We really have no data on what tethers are composed of,
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however, but whatever their composition, tethers must spin out between separating telomeres,
lengthen as the telomeres separate, and until later anaphase must have elasticity enough to pull arm
fragments to the attached partner with a force that is less than the poleward force acting on the
kinetochores. One component that could satisfy these criteria actually extends between separating
arms in anaphase crane-fly spermatocytes, and that is the protein titin [Fabian et al., 2007]. [Fabian
et al., 2007] identified titin in spindles of crane-fly spermatocytes, extending between the telomeres
of separating anaphase chromosomes, exactly where the tethers are. The giant protein titin is the
third most abundant protein in skeletal muscle and individual titin molecules extend from the Z-disk
to the M-line of the sarcomere. Titin produces passive force as the sarcomere stretches [Miller et al.,
2004; Granzier and Labeit, 2006] and is responsible for most of muscle elasticity. Because titin is
present between separating telomeres in anaphase and because titin in muscle acts as sensor of
tension. [Miller et al., 2004; Tskhovrebova and Trinick, 2003], it might do the same in the spindle
and act as a modulating signal in the movements of separating chromosomes. While we do not know
what tethers are composed of, we speculate that titin might be one of the components. One could
test this speculation by studying the effects of the laser microbeam on the titin extending between

separating chromosomes.

Other issues arising from our data are what causes the chromosomes to move at all when
kinetochore microtubules are severed, and why they speed up, and why the speed up is only
temporary. These issues are discussed in detail in [Forer et al., 2015]. We think that both the
continued movement and the temporary increase in velocity indicate that the force for chromosome
movement arises from a spindle matrix [Johansen et al., 2007 and 2011; Pickett-Heaps and Forer,
2009; Sheyhkani et al., 2013], and that the force does not arise from other microtubules interacting
with the kinetochore stub, as [Elting et al., 2014] have suggested. We think that in control cells the
speed of anaphase chromosome movement is slowed by microtubules extending between
kinetochore and pole (the microtubules are ‘governors’ of the speed), that with the microtubules
severed the governors are gone and the force from the spindle matrix causes increased speed, and
that the speed increase is temporary because the kinetochore microtubule stub eventually encounters
barriers (e.g., microtubules extending from the pole). Regardless, a main contribution of the data
presented here is to remove crane-fly spermatocytes as an exception to chromosomes speeding up

when kinetochore microtubules are cut.
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A final issue is whether the existence of tethers is a more general phenomenon, or whether
tethers occur only in crane-fly spermatocytes. We know of no other studies that have tested this in

other cell types, so there is no evidence one way or another.

In sum, anaphase chromosomes in primary crane-fly spermatocytes move with unaltered
speed when their kinetochore microtubules are severed, but when the tethers between separating
chromosomes are severed first, they temporarily move faster when their kinetochore microtubules
are severed. They return to their normal speed after a few minutes. Thus the tethers seem to modulate
the movements of the separating chromosomes. The composition and structure of tethers is

unknown, but we speculate that they might contain the giant protein titin.
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FIGURE LEGENDS

Figure 1: Overview of experimental approach. One chromosome pair entering anaphase, moving
to poles to the left and right (Fig. 1A), with one trailing arm in each chromosome. The trailing arm
of the right chromosomes is cut with a laser at the position indicated by the line (Fig. 1B). The arm
fragment that is formed moves toward the left chromosome (Fig. 1C and 1D). The tether between
the fragment and the trailing arm of the left chromosome is cut (Fig. 1D), as indicated by the line.
The arm fragment stops moving to the left chromosome (Fig. 1 D, E, F), indicating that the laser
cut the tether. The kinetochore fibre of the left chromosome is cut in two places (Fig. 1F), indicated

by the lines.

Figure 2: Movements of arm fragments across the equator.

Figure 2A illustrates movement of arm fragments across the equator. The black line across the
trailing chromosome arm of the lower chromosome (13:08:22) indicates the position that the laser
would cut. After the cut (in multiple planes), the separated arm fragment (arrows in 13:08:38 and
13:08:53) moves across the equator to the partner chromosome. The trailing arm of the upper
chromosome was cut at the position of the black line (13:10:22 and 13:10:36) and the resultant arm
fragment (arrows in 13:10:36, 13:12:28 and 13:14:13) moves across the equator towards its partner.
The length of the line in the first image represents 10um in the cell. Figure 2B graphically represents
the movements of the two arm fragments shown in Figure 2A. The telomeres of the lower of the
half-bivalent pairs are represented by circles (blue for the left telomere and red for the right, partner,
telomere). The telomeres of the upper of the half-bivalent pairs are represented by triangles (black
for the left telomere and magenta for the right, partner, telomere). The positions are plotted against
a fixed point chosen (separately for each pair) at the equator. The first (lower) arm fragment moved
to its partner with velocity 3.6pum/min and the second (upper) moved with initial velocity 1.1um/min

but never reached its partner. The lines are the least-mean-squares fits to the indicated points.

Figure 3: Only some arms are connected with tethers.
Figure 3A illustrates a cell in which 3 arms were cut but only one of the arm fragments moved to

its partner. The position that the laser will subsequently cut is indicated by the black line (13:14:01).
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Three arm fragments were formed but only the one indicated by the white arrow (13:14:37;
13:15:31; 13:16:07) moves to its partner. The other two (indicated by < and > in 13:15:31) do not
move. The line indicates 10um in the cell. Figure 3B graphically represents the movements of the
3 arm fragments illustrated in Figure 2A. Two of them do not move, but the third moves across the
equator to its partner (with velocity 1.4um/min). The positions are plotted against a fixed point
chosen at the ‘pole’. For comparison with the images in Fig. 3A, time zero in this graph is 13:13:09.

The line is the least-mean-squares fit to the indicated points.

Figure 4: Cutting tethers stops backwards movement of arm fragments.

Figure 4A illustrates a cell in which arm fragment movements were stopped by cutting tethers. The
position of the laser cut (at the time of the cut) is indicated by the green line (16:21:36). The two
arm fragments formed (arrowheads in 16:21:38 and 16:22:53) move backwards toward their
partners. The white line in 16:23:35 indicates the position of the laser as the tethers were cut. The
line in the image at 16:21:36 indicates 10um in the cell. Figure 4B graphically represents the
movements of the two arm fragments illustrated in Figure 4A. The upper fragment moved with
velocity 1.6um/min, the lower with velocity 1.3um/min. Both stopped moving when the tethers
were cut. For comparison with the illustrations, time zero in this graph is 16:21:19. The distances
were plotted against a fixed point chosen at a ‘pole’. Figure 4C graphically illustrates how cutting
tethers stops the backward movement of an arm fragment in another cell (that cell illustrated in
Figure 7A). The arm fragment moved toward its partner (with velocity 2.3um/min) but stopped once
the tether was cut. [For comparison with Figure 7A, time zero in the graph is 15:41:36.] The distances

were plotted against a fixed point chosen at a “pole’.

Figure 5: Incomplete cutting of arms

Figure S illustrates a cell in which the arm fragment reversed direction and moved back toward its
original arm when its tether was cut. The white line in 14:15:45 indicates the position the laser will
cut and the line in 14:16:52 is at the time of the cut. The arm fragment is indicated by white arrows
in 14:16:55 and subsequent images. The tether is cut at the position of the white line in 14:18:30,
after which the arm fragment moves back toward its original arm stub. The line in the image at

14:19:33 indicates 10um in the cell.
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Figure 6: Increased velocity after cutting kinetochore fibres.

Figure 6 graphically represents the increased velocity that occurs after first cutting the tethers and
then cutting the kinetochore spindle fibre, plotted against a fixed point (‘equator’) between the
partner chromosomes. Neither cutting the tether nor cutting the top kinetochore fibre altered the
movement of the lower, partner, chromosome, which moved to the pole with velocity 0.2 pm/min,
the same as the upper chromosome. The upper chromosome temporarily moved with increased
velocity (of 0.84 um/min) after its kinetochore fibre was cut, and after 2 minutes returned to its
original velocity. The lines are least-mean-squares lines through the indicated points; the slopes of

the lines are the velocities.

Figure 7: Increased velocity after cutting arms, then tethers, then kinetochore fibres.

Figure 7A illustrates a cell in which cutting tethers stopped the backwards movement of two arm
fragments, after which the chromosome temporarily increased in velocity after its kinetochore
spindle fibre was cut. The black line in 15:42:19 indicates the position of the laser as it was cutting
two chromosome arms. The right arm-fragment is indicated by the white arrow in the subsequent 5
images. The black line in 15:42:52 indicates the position cut by the laser at the time the tether was
cut, and the two black lines in 15:44:22 are the positions of the laser cuts on the kinetochore spindle
fibre at the time it was being cut. The white line in the first image indicates 10um in the cell. Figure
7B graphically represents chromosome movement in the cell illustrated in Figure 7A. The
kinetochore positions of the two partner chromosomes were measured against a fixed point
(‘equator’) between them. Both moved poleward with velocities of 0.2pm/min (magenta and black
lines). The upper chromosome temporarily moved faster (0.54um/min, dashed green line) when the
kinetochore fibre microtubules were cut, but returned to original speed after about 2 minutes. The
lines are least-mean-squares lines through the indicated points. For comparison with the images of

the cell in Figure 7A, time zero on the graph is 15:38:00.

Figure 8: Confocal microscopy images of cut kinetochore fibres.

Figure 8A illustrates confocal microscopy images of cells stained for tubulin after kinetochore fibres
in the cells were cut with laser irradiation. Images in panels A through D were taken using phase-
contrast microscopy, and E to H are images of the same cell taken using confocal microscopy. The
black lines in A show the position of the laser cuts on spindle fibres in the live cell prior to cutting
the spindle fibres, and B is at the start of perfusion with lysis buffer. Images C and D are in lysis

buffer after the cell was lysed. The arrows in panel C point to the kinetochore and pole ends of a cut
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in a kinetochore fibre. The ends no longer are aligned: the ‘stubs’ are at a slight angle to each other.
The white line in A represents 10um in the cell. The image in E is from DIC imaging that was
recorded simultaneously with the fluorescence images. The image in F includes all confocal
sections; the images in G and H include only select sections to illustrate the regions with severed
microtubules (arrows). The arrowheads in F point to two precocious sperm tails that are found at
each pole in these primary spermatocytes. The line in H represents Sum in the confocal images.
Figure 8B illustrates confocal microscopy images of cells stained for tubulin after the spindles in
the cells were cut with laser irradiation. Panels A through F are images taken with phase contrast
microscopy and G through J are images of the same cell taken using confocal microscopy. Images
A through D are of the live cell and the images in E and F are after lysis buffer was perfused into
the sample. The black line in A indicates the laser position just after arms of the downward moving
chromosome were cut. The black line in B indicates the laser position just as the tethers were cut.
The black lines in C and D indicate the laser positions as the spindle fibres were cut, and the black
lines in E (after cell lysis) are the same positions as in C and D. The white line in A represents 10pum
in the cell. The image in G is from DIC imaging that was recorded simultaneously with the
fluorescence images. The image in H includes all confocal sections; images in | and J include only
select sections to illustrate the severed kinetochore microtubules (arrows) and that the remaining
kinetochore stubs are slightly at an angle from the original orientation. The line in G represents Spm
in the confocal images. Figure 8C graphically represents chromosome movement in the cell
illustrated in Figure 8B as measured from a fixed point (‘equator’). The positions of one kinetochore
moving to the upper pole are indicated by red crosses. The black line is the least-mean-squares line
through the indicated points, from which one obtains the velocity of movement before cutting the
kinetochore fibre (0.47um/min); the blue line represents the movement after cutting the kinetochore

fibre (velocity = 2.3pm/min). KT = kinetochore.

SUPPLEMENTAL VIDEOS

Video 1 is the video from which the montage of Figure 2A was made.

Video 2 is the video from which the montage of Figure 5 was made.

Video 3 is the video from which the montage of Figure 7 was made.
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TABLE 1

Increase of chromosome velocity after cutting arms, then tethers, and then kinetochore microtubules

Number of Pre-irradiation Post-irradiation Time with Ratio of individual

chromosomes  velocity. velocity increased velocity  velocities: post-

measured Average + s.d Average + s.d Average + s.d irradiation /pre-
irradiation

Average + s.d

19 0.47£ 0.21pm/min  0.96+£0.53 pm/min 125 £ 61 seconds 24+1.3

s.d. = standard deviation
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