bioRxiv preprint doi: https://doi.org/10.1101/296566; this version posted April 7, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Title:

Active gelation breaks time-reversal-symmetry
of
mitotic chromosome mechanics

Matthaus Mittasch™?, Anatol W. Fritsch™?, Michael Nestler”?, Juan M. Iglesias-Artola™?, Kaushikaram
Subramanian®?, Heike Petzold"?, Mrityunjoy Kar'?, Axel Voigtz’a, Moritz Kreysingl’z’*

1) Max Planck Institute of Molecular Cell Biology and Genetics, Dresden
2) Center for Systems Biology, Dresden

3) Department of Mathematics, TU Dresden

*) correspondence: kreysing@mpi-cbg.de

Abstract:

In cell division, mitosis is the phase in which duplicated sets of chromosomes are mechanically
aligned to form the metaphase plate before being segregated in two daughter cells.
Irreversibility is a hallmark of this process, despite the fundamental laws of Newtonian

mechanics being time symmetric.

Here we show experimentally that mitotic chromosomes receive the arrow of time by time-
reversal-symmetry breaking of the underlying mechanics in prometaphase. By optically
inducing hydrodynamic flows within prophase nuclei, we find that duplicated chromatid pairs
initially form a fluid suspension in the nucleoplasm: although showing little motion on their
own, condensed chromosomes are free to move through the nucleus in a time-reversible
manner. Actively probing chromosome mobility further in time, we find that this viscous
suspension of chromatin transitions into a gel after nuclear breakdown. This gel state, in
which chromosomes cannot be moved by flows, persists even when chromosomes start
moving to form the metaphase plate. Complemented by minimal reconstitution experiments,
our active intra-nuclear micro-rheology reveals time-reversal-symmetry breaking of
chromosome mechanics to be caused by the transition from a purely fluid suspension into an

active gel.
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One sentence summary:
Flows induced in living cell nuclei reveal the rheological changes that bring chromosomes
under mechanical control during mitosis.
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Main text:

Introduction

Biology is forward directed in time. Cells divide (Fig. 1a), but rarely fuse (Fig. 1b). A key process
characteristic of this temporal directionality is mitosis (Fig. 1c), during which replicated sister
chromatids are mechanically separated by the mitotic spindle apparatus and segregated into
the two emerging daughter cells. The reverse, the fusion of two daughter cells into one cell,

does usually not happen.

It seems both intuitive and sensible that cells divide in forward direction “* . And yet, the
fundamental laws of mechanics, and their extension into the quantum world are time
symmetric >*, meaning they do not have the arrow of time built in. Therefore, the questions
emerge i) when and ii) how cells break time-reversal-symmetry of chromosome mechanics,

such that chromosome segregation becomes a forward directed and irreversible process.

Herein, we built on recent methodological advancement that allows us to optically induce
hydrodynamic flows within living cells and developing embryos >®, a technique we refer to as
focused-light-induced cytoplasmic streaming (FLUCS). Physically, FLUCS makes use of
thermoviscous flows ’, which have been also used to distinguish between fluid and gel like

states of the cytoplasm in yeast cells °.

Results

Using FLUCS, we experimentally find and understand through simulations > that
hydrodynamic flows can also be introduced on nuclear length scales (Fig. 2a-d,
Supplementary Movie 1), and indeed in mitotic cell nuclei (Fig. 2e-f, Supplementary Movie 2-
4). When inducing flows in prophase cell nuclei (C. elegans embryo 1-16 cell stage) we find
that flows causing a full 180-degree rotation of chromosome position can be induced at

strictly physiological conditions, meaning at temperature changes down to +1 Kelvin.
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We will show that this active induction of flows in nuclei of living cells enables us to infer
mechanical properties of chromosome mechanics beyond passive micro-rheology °. By
kymograph analysis, we find that chromosomes suspended in prophase nuclei (Fig. 1f) behave
near identical to colloids in a pure Stokes fluid, i.e. a highly viscous sucrose solution (Fig. 1d).
Specifically, chromosome motion starts and stops immediately with the induction of flows.
This instantaneous behavior demonstrates i) the absence of inertia, and ii) excludes inter-
chromosomal elastic interactions that would cause creep relaxation after flow inductions. To
directly compare flow-driven transport with diffusive motion of the chromosomes, we
calculate a Péclet number of Pe > L v/D = 40 (nuclear diameter of L = 10 um, a typical

velocity of v =1 pums™!

and an experimentally determined diffusion coefficient of D <
0.25 pm?s™1, see supplement) specifying the strongly directed character of chromosome

motion when subjected to FLUCS.

Our active measurements suggest that prophase chromosomes form a viscous suspension in
a Stokes-fluid-like nucleoplasm. In order to better understand if chromosomes move
collectively, or individually we use non-rotationally symmetric flow stimuli that translate into
non-rotationally symmetric flow fields (Fig. 3a, Supplementary Notes), and analyzed
chromosome motion in a co-rotating frame of reference (Fig. 3b). By this, we find that induced
flows are able to interchange the relative positioning of chromosomes, even at later
developmental stages (Fig. 3c-d). This ability to exchange chromosome neighbors will have
strong implications to better understand structure-function relationship of nuclear
architecture °*2. In the course of this study it should be highlighted that individual prophase

chromosomes, rather than large clusters, form a colloidal suspension inside a Stokes fluid.

We next estimated the magnitude of flow induced drag forces in the nucleus. These can well
calculated using the Stokes-Einstein relation *°. Using k,T as thermal energy at 20°C, an
experimentally determined diffusion constant of chromosomes D = 0.25 um?s~! (which is
in good agreement with colloids of 2 um diameter in water Dy, = k,T/(6nnr) =

1 we calculate a drag force of F = k, T/Dv = 16 fNewton,

0.239 ym?s~tand v = 1pyms™
which is 5 orders of magnitude lower than the force required to break a single covalent bond
(1.4 — 2.0 nN, %°). This force comparison implies i) that chromosomes dragged with the flow

must be freely suspended to follow it, ii) stresses the non-invasive character of the
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perturbation, and suggests iii) that mechanical changes of this chromosome suspension

should be detectable as discrete events with single molecule sensitivity.

Following the behavior of a Stokes fluid, chromosome mechanics in the prophase nucleus
should obey time-reversal-symmetry. While time-reversal-symmetry is difficult to observe in
passive systems that receive their dynamics from diffusion only, active mechanical
perturbations of these systems can be well suited to show time-reversible or periodic
transitions from one mesoscopic state into another. Famous examples of this include the
reversible shearing of localized dye or colloidal particles in a Couette cylinder. 2*%

Here we use FLUCS in order to directly test if the suspension of chromosomes in the prophase
nucleus obey time-reversal-symmetry. For this we applied time-symmetric flow stimuli in
nuclei of two cell C. elegans embryos. These flow stimuli start with a clockwise rotational
motion of the nucleoplasm, followed by the precisely inverted, counterclockwise stimulus of
the same duration and velocity (Fig. 4a, Supplementary Movie 5). As a result, we find that
chromosomes are moved within 2 seconds from state X(—2s) to state X(0), which shows
little resemblance with the original state X(—2s). Upon reversal of velocities att = Os,
chromosomes move to state X(2s), which closely resembles the original state X(—2s).
Hence, the reversal of velocities v - —v produces the same result as the reversal of
timet — —t. This fingerprint of time-symmetric mechanics can be seen even more clearly
when continuing this oscillation, and plotting the systems response as a kymograph (Fig. 4b,
Supplementary Movie 6). This kymograph directly reveals mirror axes of time to be located
at the turning points of the periodic motion (Fig. 4b). Minor deviations from perfectly
symmetric trajectories are due to residual diffusive motion, which can even be observed for
colloids immersed in a highly viscous sugar solution (Fig. 4c). We conclude that despite the
thermodynamic irreversibility of cellular biochemistry, prophase chromosomes constitute a

mechanical system that obeys time-reversal-symmetry.

Mitosis, however, is an irreversible process, which becomes apparent when initially freely
suspended chromosomes start congressing to form the metaphase plate (Fig. 5a, b,
Supplementary Movie 7). In physical terms, the active nature?® of this process can be
observed as an entropy decrease of this colloidal system (Fig. 5c). This old observation of

27-30

directed chromosome motion emphasizes that the time-symmetric mechanics of
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prophase chromosomes motion must fundamentally change, such that mitosis may become

a process forward-directed in time.

In order to monitor the mechanics of chromosomes beyond prophase, we applied small
amplitude oscillatory flow stimuli (f = 0.25 Hz) as the cell cycle progressed (Fig. 5d,
Supplementary Movie 8). Due to the active nature of induced flows, our measurement allows
us to infer changes in mechanical properties also where passive micro-rheology is limited due
absence of spontaneously occurring motions. Our flow oscillation data strikingly shows that
upon transition into pro-metaphase, shortly after the nuclear envelope break-down, the
previously observed periodic motion of chromosomes comes to a halt (Fig. 5d center). Now
chromosomes persist in their positions despite the flow driving stimuli being still present.
When investigating this transition in more detail, we find that individual chromosomes stop
moving suddenly (Fig. 5e, pink arrow), while others near by may be oscillating for several
subsequent periods. These discrete motion arrests evidence sudden local increase in elastic
restoring forces, rather than the cease of oscillation driven hydrodynamic flows. The fact that
drag forces on individual chromosome are 4-5 orders of magnitude smaller than the rupture
force of a single covalent bond suggests that the discrete motion arrest of individual
chromosomes constitutes their binding to individual microtubules. This low magnitude of
flow induced shear forces makes FLUCS a particularly sensitive read out of gelation processes,
and less invasive than previous approaches of chromosome repositioning using glass needles
31.

The mechanical properties of the viscous suspension of prophase chromosomes thus seems
to undergo a step-wise discrete transition from a Stokes Fluid into a gel state, which resists
flow-induced drag forces. In support of this gelation model, we observe a sudden resistance
to flows also when inducing the gelation of a monomeric Stokes Fluid by photo-activation
chemistry *? (Fig. 5f, see Supplement for details). As we further show, it is the transition into
this gel state that initiates the breaking of time-reversal-symmetry to define the arrow of time

of chromosome mechanics during mitosis.

When progressing in the cell cycle, through pro-metaphase and towards metaphase,

33,34

chromosomes are known to congress to the nuclear center to form the metaphase plate

(Fig. 5a, r.h.s). By active flows rheology measurements, we find that despite this spindle-
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mediated increase in mobility *>, congressing chromosomes keep on resisting induced flows
(Fig. 5d, r.h.s) which indicates their persistent association to a gel-like matrix. Contrasted by
their initial fluid state, in which prophase chromosomes showed little spontaneous motion
despite being free to move, this directed motion towards the metaphase plate seems
incompatible with Einstein’s formulation of the Fluctuation-Dissipation theorem. The
theorem centrally states that under equilibrium conditions the spontaneous motion of

colloidal particles requires their passive mobility >°.

And indeed, when investigating mobility changes more systematically, we find that the same
5 second lasting flow stimuli that induces more than a full rotation of chromosomes during
prophase (Vpqy > 4ums™1), moves metaphase chromosomes less than 500nm
(Supplementary Figure 1 & Movie 9). These perturbations indicate an elastic restoring
potential during metaphase in excess of k = (vk,T/D)/d > 120fNum~?! per chromosome

pair, which renders their thermal fluctuations of more than 260 nm implausible.

To explain this violation of the Fluctuation-Dissipation theorem, we suggest that long-range
chromosome congression to the metaphase plate, which happens while chromosomes
cannot be moved by flows, must be interpreted as the activity of a gel*’. Growing inwards
from two poles towards the mid-plane, this active gel state mediates high resistance to flow-
induced frictional forces, and maintains tight mechanical control over chromosome
positioning. Apart from violating the Fluctuation-Dissipation theorem, active gels can also
break time-reversal-symmetry of Newtonian mechanics *’: We furthermore explicitly show
by minimal in vitro experiments that time-reversal-symmetry breaking of colloidal
suspensions can be achieved by directed polymerization, reminiscent of spindle growth
within the cell. When polymerized from two opposing poles, a growing polyacrylamide gel
induces irreversible directed colloidal motion and ultimately compacts micrometer-sized
beads in a mid-plate type configuration (Fig. 5g, Supplementary Movie 10). Hence, the

directed polymerization of a gel suffices to lower entropy in colloidal system by compaction.
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Discussion

While cells are well-known to operate in a thermodynamically irreversible manner,
subcellular systems can still obey time-reversal-symmetry. We demonstrated this for

prophase chromosomes, which we discovered to represent a fluid suspension.

Due to the active nature of our micro-rheology measurements, we could further show that
chromosomes transition from a purely fluid suspension, to become part of a rigid gel (Fig. 5,
S1) during early mitosis. Remarkably, this gel-state still persists when chromosomes are
actively moved to form the metaphase plate. In light of our new experiments, assumptions
implicit to models of chromosome centering by polar winds or chromosome pushing forces

. -4
should be reconsidered ***°

. Our experiments clearly show that in C. elegans embryos, forces
exerted by the spindle do not primarily serve to compensate drag forces of chromosomes
congressing in a viscous medium. If this was the case, viscous (dissipative) forces would cause
significant fluctuations when flows are optically induced. These flow-induced oscillations,
however, reduce to barely detectable amplitudes during the active process of metaphase

plate formation (Fig. S1), stressing that while chromosomes are dynamically aligned, they are

part of a rigid gel.

Conclusion

Our active flow rheology measurements show that mitotic chromatin mechanics receives a
forward-directed arrow of time in a two-step process: first, discrete binding events cause a
transition from a purely viscous suspension of chromosomes, to a predominantly elastic gel.
Second, it is the activity of this persistent gel-state that beaks time-reversal-symmetry,
thereby tightly guiding chromosome congression in perturbation-resistant and mechanically
irreversible manner. Beyond the mesoscale characterization of chromosomes as physical
phase, the here presented ability to alter chromosome positioning will leverage our
understanding of the structure-function-relationship of nuclear architecture also beyond

. . 11-17
mitosis .
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Figurel: Mitotic chromosomes disobeys time symmetry

a, Cells commonly proliferate by division. b, In stark contrast, the time-reversed process, the
sequential fusion of the same cells, is rarely observed. This raises the question of how
biological cells break time-reversal-symmetry of Newtonian mechanics during mitosis, such
that ¢, duplicated chromosomes may irreversibly be segregated from the mother cell into two
daughter cells.
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Figure 2: Prophase chromosomes are suspended in a Stokes fluid

a, Schematic of directed flows optically induced in the nucleoplasm of developing C. elegans
embryos. b, Finite element modelling showing 3d profile of flows induced in these cell nuclei.
¢, Flows induced in highly viscous colloidal suspension (sucrose based), d, kymograph analysis
in indicated region of interest (ROI), showing the instantaneous colloidal motion with the
induced flow. (e) Chromosome rotational motion in response to induced flows in 2 cell C.
elegans embryo (dT < +2 K, fluorescence H2B-eGFP). e, Kymograph of induced
chromosome translocation reveals near identical response to (c-d) meaning, i) little
chromosome motion prior to flows, ii) instantaneous motion of chromosomes with induced
flows, and iii) the immediate, creep-free arrest of chromosomal motion after flow stimulus.
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Figure 3: Prophase chromosomes are free to exchange neighbors

a, Simulation: the asymmetric laser scanning over the nucleus induces non-rotationally
symmetric flow fields. b, Experiment: the flow-induced re-arrangement of prophase
chromosomes is shown in co-rotating frame of reference for two cell C. elegans embryo.
Arrows highlight relative positioning of two chromosomes. ¢, Later embryo referencing
nucleus in (d): co-rotating frame of reference. Two chromosomes (arrows) are initial
separated by a third one (circle). When flows are introduced the previously separated
chromosomes become neighbors. Scale bar 10 um.
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Figure 4: Prophase chromosome mechanics obey time-reversal-symmetry

a, Time-symmetric flow stimuli yield time-symmetric chromosome trajectories in a two cell C.
embryo. b, Symmetrically alternating flow stimuli: reversal of flows after a perturbation yields
the same results as the reversal of time. ¢, Reconstituted system of colloids suspended in
Stokes fluid shares time-symmetric behavior of prophase chromatin.
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Figure 5: Active gelation breaks time reversal-symmetry of mitotic chromosomes.

a, Mitotic phases characterized by active flow rheology. b, Volume estimation and region of
interest for c and d respectively. ¢, Compaction-induced entropy reduction in colloidal system
of chromosomes as a fingerprint of active processes at work. d, Kymograph of chromosome
oscillations showing two transitions of the mechanical state: i) a fluid-to-gel transition after
nuclear envelope breakdown, which renders chromosome fully resistible to induced flows. ii)
The transition into an active gel, that starts to move and compacts (red arrows), although it
cannot be moved by flows anymore. e, Detailed analysis of the gel transition shows that
individual chromosomes stop moving suddenly (pink arrow), while other ones keep on
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oscillating for multiple periods nearby. Sufficiency: f, Gelation causes mobility arrest of poly-
acrylamide suspended colloids. g, Directed gel polymerization (red arrows) suffices to cause
irreversibly directed motion of colloids, and their compaction in metaphase plate type
geometry. h, Physical model of mitotic chromosome mechanics: prophase chromosomes
constitute a Stokes fluid-type suspension for which positive and negative time are equivalent.
In pro-metaphase this fluid phase transitions into a gel, which is dominated by elastic forces.
Time-reversal-symmetry is broken when this gel becomes active and directionally moves
chromosomes, although they cannot be moved by induced flows anymore.
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Supplementary Information :-

Supplementary Figures :-

(7]

()]

c

o

(7]

(@]

e

o

K

v U

Q |

(7] B

© .

Q I |
I

o . :

o | f
I |
] ]
1 .
. 5s rotational :
[ Lo
. flow :

0s 50s | 1555 1655

| X 21
1|

(7]

Q

e

(@]

[7p]

o

e

(@]

—

e

(@)

Q

[7p]

©

e

o

©

et

Q

e

active compaction—»

Supplementary Figure 1: Differential mobility of prophase versus metaphase chromosomes.
The same 5 second flow-inducing stimulus that causes a full rotation of chromosomes during

prophase, displaces chromosomes typically less than 500nm during metaphase, indicating the
dominance of elastic restoring forces present in a gel.
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Description of supplemental videos :-

SMovie 1: Thermoviscous flows in a viscous colloidal suspension.

Rotational flows are introduced on nuclear length scales. The Stokes fluid is represented by a
high concentration sucrose solution in which fluorescent beads are immersed. Length of
movie is 10 seconds.

SMovie 2: Flows induced in embryonic C. elegans nuclei move condensed chromosomes.
Rotational flows are induced in a prophase nucleus of a 2 cell C. elegans embryo. Flows share
characteristics of Stokes flows as they respond instantaneously to the flow stimulus and show
no inertia (low Reynolds number regime), or elastic restoring forces after rotation.

SMovie 3: Flows induced in nuclei of 4 cell C. elegans embryos.

SMovie 4: Flows induced in nuclei of 12 cell C. elegans embryos.
Clockwise flows are introduced in l.h.s. cell starting from 5.5 sec, followed by counter-
clockwise flows.

SMovie 5: Prophase chromosomes show time symmetric motion in response to a time
symmetric flows stimulus.

A clockwise flow stimulus is reversed after 2 seconds of application. Another 2 seconds later,
the chromosomes returned to their initial state in time symmetric manner. Full length of
video 4 seconds.

SMovie 6: Prophase chromosomes show time symmetric motion in response to a periodic
flow stimulus.

SMovie 7: Prophase to metaphase transition of chromosomes in C. elegans embryos, shows
increased chromosome mobility and compaction during metaphase plate formation. Confocal
microscopy data, 2 orthogonal views.

SMovie 8: Flow driven microrheology during early mitosis. Oscillatory flows move
chromosomes during prophase. This oscillation come to a hold when chromosomes congress
to form the metaphase plate.

SMovie 9: Differential mobility of prophase vs metaphase chromosomes.

The same flow inducing stimulus that induces a full rotation of chromosomes during
prophase, has no visible effect on chromosomes during metaphase, indicating the dominance
of elastic restoring forces present in a gel.

SMovie 10: Directed polymerization aligns colloids.
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Polymerization of a polyacrylamide gel from the vertical margins aligns suspended colloids in
a metaphase plate type geometry. Duration of video is 12 minutes.
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