The Diversity of Division
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My Motivation:

1) What Aspects of Spindle Self-Organizatio
Biologically Important?

2) How to Explain Existing Diversity of Spir
Organization and Dynamics?

3) How to Think about the Evolution of
Self-Organizing Structures?



Textbook Mitosis

Prometaphase Metaphase Anaphase
Forming Spindle Assembled Spindle Segregation
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Cytokinesis
Cell Cleavage




Textbook Mitosis

LLC-PK1 Cells (Pig epithelial tissue culture) Prometaphase
GFP tubulln *
o I 4 --; . .' -:r.a-. -

Metaphase
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Anaphase
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Patricia Wadsworth
UMass Ahmerest



Textbook Mitosis
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Textbook Mitosis
The Metaphase Spindle

Nonkinetochore
Microtubules

Kinetochore
Microtubules

Centrosome

“—

\ ~10 mm

Chromosome

Astral
Microtubules



Textbook Mitosis
The Metaphase Spindle is Highly Dynamic

Tubulin: The Metaphase Spindle Can Exist
at Steady-State for Hours but. ..

1) Constant Motion (flux)
of Tubulin from Chromosomes
to Poles

2) Rapid Turnover of Microtubules
Half-life ~20 seconds

Mitchison, JCB, 1989, 109, 637



Textbook Mitosis Motor

Slide Anti-Parallel Microtubules
A Wide Variety Proteins Organize

Microtubules in the Spindle s : T

Microtubules
/ Slide Parallel Microtubules

\

Cross-Linkers
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Nucleators, Stabilizers, Destabilizers

Chromosome



Variation in Nuclear Envelope Breal




Variation in Nuclear Envelope Break
' Open

Complete Nuclear Envelope Break
Textbook Metazoan

Closed

Spindle Inside Nucleus
S. cerivisia, S. pombe

Other

Many, many varieties

Fic. 1. Behavior of the nuclear envelope during mitosis. Light stippled circles represent !hc
chromosomes, heavy stippled circles the polar structures, straight lines the spindle, and the heavy line
the nuclear envelope. In (a) the envelope disperses, usually at prophase, o give an open spindle (see

“di P, M, A, or T"" in Table IL); (b) represents a rare situation, only reported for Stylecephalus, in |n myXO mycetes’ both C|Osed and

which the nuclear envelope disperses, but forms individual envelopes around each chromosome

throughout mitosis; (¢} and (c) are closed divisions with intranuclear spindle organizing or polar Open d|V|S|On Occur’ depend”']g on

structures and membrane inserted NAOs respectively (see *‘intact’” in Table 1I); {d) illustrates the

“‘oc’* behavior of Table II in which the membrane seems to transiently open to admit the NAO, 1h.:,n the Stage Of the ||fe CyC|e
reseals atound it during mitosis; (f) represents the polar fenestrate (*'pf’" in Table 1I) t:,r_pe of beha}vmr
where the cytoplasmic NAOs lie in large openings of the nuclear envelope through which the spindle

was formed,
Heath 1980



Fic. 1. The various forms of extranuclear spindles. {a) In dinoflagellates ex-
tranuclear microtubules occur in several parallel eytoplasmic channels which traverse
the nuclens. Chromosomes ae attached to the nuclear envelope surmounding
channels. In some species a dense kngblike differentiation is found in the region of
chiomosome-membrane contact, and a single microtubule terminates at this struchrre
{as illustrated in lower channel; of. Fig. 5). In other species no such indications of
microtubule-chromosome contact have been found {upper channel). (b} In hypermas-
tigotes extranuclear microtubules are massed in a well-defined spindle. During a sig-
nificant portion of chromosome movement, kinetochores are enclosed in pouchlike
evaginations of the intact nuelear envelope and are not in contact with microtubules
(ef. Figs. 2 and 3). {¢) In Syndinium sp. the extranuclear spindle ocours within a single
cyvtoplasmic channel which traverses the nucleus. Kinetochores protrude through
porelike openings in the nuelear envelope and arve connected to centrioles via chromo-
somal microtubules. Chromosome movement is produced as intercentriclar micro-
tubules elongate (cf. Fig. 4).

Dinoflagellates

Microtubules Outside Nucleus
Chromosomes Inside Nucleus
No Traditional Spindle

Hypermastigotes

Spindle Outside Nucleus
Chromosomes Inside Nucleus

From DF Kubai 1975



Fuoure 4 Birefringence of mature, central spindle in prophase. Flagellar wifis (7 and their basal
structures are now sufficiently scparated so that the clongate-centrioles (E) diverge anteriorly. All four
pictures were fakem with Nikon 40x rectified polanzed light objectives, with crosed polars and
compensator axes oriented variously relative 1o the spindle axis. L, Axes of crossed polarizer and analyzer
and quadrant in which com pensator show axis is oriented. These photographs show how the central spindle
s chearly composed of birelringent fiber bundles which are somewhat twisted relative (o the spandle axn.
Compare with ebectron micrograph Fig. 5. Whers the concentration of fibers Is greatest. adjacent 1o the
centrosomal surface, individual tibers sre not resolved and the birefringence is highest. Both spindle and
aster birefringence appear to terminate at the surface (%) of the spherical centrosome, but in fact a weak,
radially positive birefringence exists within the centrosomes (¢f, Fig, 2B). The dark conical tip seen at the

Fagume 1 Phase-conirast micrograph of Barbulanymphe very early in division. The nuckeus (V) sl lies Tt;: u;:mr pole in {b) is i-:itm made up :t mﬂ;lnnsn:o:bm whic:dm:mhnm the (ew:rllF;!in;k
. . ough the centrosome and terminate at the tip o elongate-centricle. - see in Part 11, - Za,

st dl-“.m_i-'"‘r from fhe two bulbous centrosomes (5). The centrosomes cap the distal tips of the b, Fand 14a. ¢, e, and f). In (b}, the fibers of the mnl.ralsspindle outside of the centrosome are more
ihr‘_am-mnmohu. [E} which are seen as prominent twisted rods at the anterior end of the DIEII'W-TH. bisefringent; they possess 1he same sign of birefringence. and alss lie in the same orientation as the fibers
As A - . . within the but they and appear bright. In (b}, the distal portion of the left
- Itdl'ﬂ- i d::ﬂ:]adm; from ﬂul:lha:urfmm The converging proximal ends of the vwo clongate-centriobes hand elongateoentriole appears in beight compentation. In (a), (), and {d). it appenrs in dark
nd meds and me wi pﬂh;] AN .|1-|¢|1 b i w i i compensation. The distal portion of the right hand elongate-ceniriole which is mostly out of focus appears

i f ¥ fae . TI” 1 B [L]H m_“ i this section as thin dark in bright compensation in (g}, {c}, and i), Long astral rays (A ). some running rangential wo the teardrop-
ngs running at the base of the ﬂiﬁf\"ll kinetosomes, The left and ﬂ.lht I].Ig:.]lu tufis {'nl have ol yal sllapecll nucl.c:;re scen in bright compensation in (a). (k). and {d). In {c} and (d), what appear 1o be short

" [y - - astral rays wi converge postero-medially towards the spindle fact chro 1 spindle

started to scparatc. mﬂj‘ i s ol F R I'.‘Iﬂ'l.ﬁll'hﬂg the wood cockroach intestine crowd around the fibers (CF). They terminate abrapaly on ki hores w:uch are M ”‘ b ‘MO:':‘I; :?nlenr
Barbulanympha. Bar, 10 wm. = 1,370, ugh difficult 1o i radially positive spherulite is visible in the

mm’-ed pujmmqg microscope al the tip of em:ll of these astral rays. These spherulites are in fact the
kinetochores. Time in homin of day on 7426, Bar, 30 gm, * 6340,

Barbulanympha: a hypermastigote
an anaerobic symbiont in cockroach g
From Ritter, Inoue, Kubai, JCB, 1978



Variation in Spindle Poles




ariation in Spindle Poles

A
5 Microtubule Organizing Cente
O
E n
5 1) Centrioles
. e i e 2) Acentriolar
Animal
3 3) Self-Organized
=
&
g

Fission yeast Budding yeast Slime mould Diatom

Figura 1. Diztom MTOC wirastructure in an interphase cell comparned to other MTOC modets. A Electron mecrograph of animal cenmosome
(ieft} andachematic representaton of the pair of centrioles surmoun ded by a pencentriolar matrx (PC M) [rght). = Repninted with permésson from
& Pearson Education, Inc., publish ingas Bengamin Cummings (CampbellN. A. and Reece J. B, Biology, @ 2002). B—E: Electron micrographs of
moentniolar MTOC of yeast (SPE) (B and C), slime mouid (0} and pennate distom (EL The SPE in 5 cerevisise (B) 5 a3 deciike structre
embedded in the NE connecied tocyopizsmic MTs (chTa) and nudearii Ts (i Ts). The haif bridge (HB) is the site of the new SPB sssambiy'™
Reprinted with permission from the Annusl Review of Cell and Dewvelopmental Biology, Volume 20, © 2004 by Annusl Revews, W
annusirewsews.ong. The SPE of & pombe [C) i3 & single dense layer beside e NE [errow).™ Reproduced with permission from Ding
afal, 1997, Mol Biol Call, § 1451-1472, & The Biochemical Society. [, discoideum MTOC (D) is 2 matchbox-shaped fres-leyered structrs 1
Reprinted with permission from e Moleolar Biology of the Cell, Violume 10, © 1999 by the Amercan Socsety of Cell Bolbgy Pennete distom
[Sunrals owals) MC (E) is an extranuciesr structure, sppeanng &3 & well-defined dark granule from whech MT3 radiste amund he infe rphase
nusciews (n) and in 2l directions. ™ Reprinted with permission from Rockelelier Unversity Press, © Tippit and Picket-Heaps, 1977, Onginally
publizhed in The Joumal of Call Biology. T3 T05-T2T.



Self-Organized Spindle Poles

Xenopus laveis (Meiotic Extract)

4 .
o X b
- 'J ; .-

Tirnauer et al, MBC, 2004, 15 1776 10 um



Variation in Spindle Poles

Variation In Importance of Centrioles in Spindle Fu

1) Not Present - Not Important
melosIS IN Most metozan females

2) Present - Not (Very) Important
mammalian tissue culture cells
drosophila

3) Present - Crucial
C. elegans 15t mitosis



Variation in Spindle Structure
And Microtubule Behaviors




Spindles Have Different Shapes a

Xenopus
Egg Extract Human

Tissue Culture m Drosophila s

Tissue Culture 3
¢ Yeast:

~10 um "’



ely Related Organisms Can Have Different Spin

S. droebachiensis S. purpuratus
“green urchin” “purprle urchin”

Victoria Foe
Center for Cell Dynarr

20 um



ely Related Organisms Can Have Different Spin
Cell Extracts

Xen Egg Extracts

_>'<i

Spindles Microtubules /
Assemble Grow Add DNA

N /
S S
< 5= >

Adopted from Ryoma Ohi
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. X. laevis sperm
- . X. tropicalis sparm

25 ;
20
15
10
100 75 50 25 0

Percent X. tropicalis extract

15

£h

(=1

Average spindle length (lum) @

Figure 3. Comparison of spindle length between X. tropicalis and X. laevis.
[A) Spindles assembled around X. loevis sperm nuclei in either X. laevis or
X. tropicalis egg extracts were viswalized using Hoechst dye [blue, DNA)
and the incorporation of X-rhodamine tubulin (red microtubules, X. tropica-
lis), or Alexa Fluor 488 tubulin [green microtubules, X. loevis). Bar, 10 pum.
[B] Mixed reactions with the indicated proportion of X. fropicalis extract
were combined with X. laevis or X. fropicalis sperm nuclei. Spindle length
was measured from pole to pole. A linear relationship was observed be-

tween the proportion of X. loevis extract present and spindle length. Error
bars are the 5D.

Closely Related Organisms
Can Have Different Spindles

Xenopus tropicals

Eggs ~0.6 mm diameter

Genome ~1.7 x 10° bp

Meioses Il Spindle Length ~ 20 micro

Xenopus laevis

Eggs ~1.2 mm diameter

Genome ~3 x 10° bp

Meioses Il Spindle Length ~ 35 micror

Xenopus tropicalis egg extracts provide insight
info scaling of the mitotic spindle

Katherine S. Brown,' Michael D. Blower,' Thomas J. Maresca,' Timothy C. Grammer,? Richard M. Harland,
and Rebecca Heald'



fferent Spindles Within the Same Organism Are Differe

Xenopus laveis

500 um
T Mitosis 2 Meiosis II

e

20 um Evidence for an Upper Limit
to Mitotic Spindle Length

Martin Wiihr,* Yao Chen 2 Sophie Dumont,'3
Aaron C. Groen,! Daniel J. Meedleman, Adrian Salic,?
and Timothy J. Mitchison!

Katanin Disrupts the Microtubule

C. elegans

Meiosis

Mitosis 1

10 um

Lattice and Increases Polymer Number
in C. elegans Meiosis

Martin Srayko,"? E
nthony A. Hyman,

ileen T. O'Toole2? were distributed throughout th
1 s Miiller-Reichert™* (Figure 1C, white spheres; see |



fferent Spindles Within the Same Organism Are Differe

Xenopus laveis

Stage 8 °00um Mitosis 7 Mitosis 2

.




fferent Spindles Within the Same Organism Are Differe

Xenopus laveis

FO 60
504 : . 50 o
s = "g Meiasis Il = ] ‘ -
(@) E > " - - ) L |
S IS | o Miosis 54 £
W Mitosis 2 @ :m' &.‘.
o &7 v Mitosis 4 N0 .
T g Mitosis 5 e
c = 20- 4 Miosis T D an] "
ol E Nosis 'E _
w0 2w - 2 1n.
ol * Stage9 o
0 T T T ' T °© 1 1 a T 1
0 200 400 600 OO 1000 1200 1400 0 250 300

Mechanism Unclear:

Cell Size (pm)
Cell “Diameter”

Confinement?

Cell Size (pm)
Cell “Diameter”

Altered Biochemistry?



fferent Spindles Within the Same Organism Are Differe

C. elegans

] - - Po
8- r::‘;'--l'.. = EI . .'!'.E:a
- |‘|"|‘.l+.. :\_ . 'I!ll
71 . ot
E-- ...‘-I i:- g ]
1 e

Half Spindle Length (um) =
L

Centrosome Size Sets

Mitotic Spindle Length

in Caenorhabditis elegans Embryos
Garrett Greenan,!2 Clifford P. Brangwynne,23 embryonic divisic

Steffen Jaensch,' Jobin Gharakhani,??® Frank Julicher,23." between kinetoc!
and Anthony A. Hyman'2" (p > 0.08), or 1

e

Half Spindle Length {wm)

» Pu

8] |\ b

3 slope =4.86 = 0.2

0.5 1.0 1.5 2.0
Centrosome Diameter (um)



Microtubule Behaviors Are Different
In Different Spindles: Turnover

Xenopus laveis (Melotic Extract)

FRAP

Fluorescence Recovery
After Photobleaching

1) Photobleach Fluoresc
Tubulin

2) Measure Time Scale c
Recovery

(many problems and cavea




Microtubule Behaviors Are Different
In Different Spindles: Turnover

Yeast, S. pombe 40-100 seconds
FRAP (Gardner, 2006)

Yeast, S. cerevisiae ~50 seconds
FRAP (Maddox, 2000)

Xenopus lavies (meiotic extract) ~20 seconds

FRAP, Photoactivation, Single Molecule Dynamics

Drosophila melanogaster (tissue culture) ~20 seconds
FRAP (Buster, 2007)

Sea Urchin Embryo ~20 seconds

FRAP (Salmon, 1984)

PTK2 (kangaroo rat kidney tissue culture) ~10 seconds
FRAP (Rizik, 2009)

Drosophila melanogaster (embryo) ~7 seconds

FRAP (Cheerambathur, 2007)



Microtubule Behaviors Are Different
In Different Spindles: Flux

Single Molecule Tubulin
(Xenopus laveis, meiotic extract)

Photoconvertible Tubulin
(PTK2, Marsupial Tissue Culture)

l=cnled i Ak

Mitchison, JCB, 1989, 109, 637




Microtubule Behaviors Are Different
In Different Spindles: Flux

Xenopus lavies (meiotic extract) ~ 2 um/min

FRAP, Photoactivation, Single Molecule Dynamics, Speckle

Arabidopsis (plant) ~ 2 um/min

FRAP (Dhonukshe, 2006)

Drosophila melanogaster (embryo) ~ 1.5 um/min
Speckle (Brust-Mascher, 2002)

PTK2 (kangaroo rat kidney tissue culture) ~0.5 um/min
Photoconversion (Mitchison, 1989)

U20S (human tissue culture) ~0.5 um/min
Photoconversion (Ganem, 2005)

Yeast, S. pombe Not Measurable

FRAP (Gardner, 2006)

Yeast, S. cerevisiae Not Measurable
FRAP, Speckle (Maddox, 2000)

C. Elegans (15t mitotic) Not Measurable

FRAP



“Microtubule Behaviors Are Differ

5 L5 et -
e n - EXxtract

#ﬁ";{: ars ‘..r,:._-.__
- McDonald, 1979

| LY
o




Microtubule Behaviors Are Different
In Different Spindles: Number

Xenopus lavies (meiotic extract) ~ 100,000 ?

HelLa (human tissue culture) ~10,000 ?
Mclintosh, 1971

PTK2 (kangaroo rat kidney tissue culture) ~5,000 ?
Mastronarde, 1995

Diatoma vulgare ~1,000
Mcintosh, 1979

Yeast, S. cerevisiae ~40
Winey, 1995

Yeast, S. pombe ~40
Ding, 1993



Microtubule Behaviors Are Different
1 Different Spindles: Lengths and Locatior

C. Elegans mitotic (partial)
O'Toole, 2003

Yeast, S. cerevisiae [
Gardner, 2008 U



Microtubule Behaviors Are Different

1 Different Spindles: Lengths and Locatior

C. elegans

C. elegans 2.
J 1st mitotic

melosis

Melosis
- Short Microtubules

-Plus and Minus Ends
Spread Throughout

15t Mitotic
- Long Microtubules

-Minus Ends Located
Near Centrosome




Microtubule Behaviors Are Different
1 Different Spindles: Lengths and Locatior

C. Elegans (15t mitotic) All Minus Ends At Pole
“Long” Microtubules

Yeast, S. pombe All Minus Ends At Poles
“Long” Microtubules

Yeast, S. cerevisiae All Minus Ends At Pole

“Long” Microtubules

PTK2 (kangaroo rat kidney tissue culture) Minus Ends Thr
“Short” Microtubules
C. Elegans (meiotic) Minus Ends Thrt

“Short” Microtubules

Xenopus laveis (meiotic extract) Minus Ends Throughot
(indirect data) “Short” Microtubules



Viicrotubule Behaviors Are Differen
In Different Spindles: Kinetochore:

Microtubules per Kinetochore

Yeast, S. cerevisiae ~1
Winey, 1995

Yeast, S. pombe ~3

Ding, 1993

Human Tissue Culture ~20
PTK2 (kangaroo rat kidney tissue culture) ~20

Mastronarde, 1995
Xenopus lavies (meiotic extract) ~ 20

C. elegans (1st mitotic) 100s ? (holocer



Variation in Molecular Processes

No Mitotic Kinesisn Are Universally Conserved

A Holistic Kinesin Phylogeny
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Figure 3. Distribution of kinesin families among eukaryotes. (A) Cladogram showing the probable evolutionary relationships of the 19
organisms analyzed. (B) Taxonomic distribution of kinesin families: presence of paralogue (dark blue dot), absence of a paral‘ggue from an
incomplete genome (light blue dot), and absence from a complete genome (open dot). Subfamilies are represented by smaller dots. Kinesin
families with a pmposed role in I:le-"ﬂagel]a are indicated (triangle), as are organisms that build cilia/flagella I:square]' {C) Consensus of the
10 most parsimonious trees accounting for the observed kinesin paralogue distribution using family presence/absence as a binary character.
See legend to Figure 2 for organism abbreviations.

But inhibiting specific kinesins can lead to similar phenot



Variation in Molecular Processes

Dynein is Absent in Flowering Plants

Ran-pathway Crucial for Microtubule Nucleation
In Many Spindles



Checkpoint

No checkpoint in early development

Importance of checkpoint different for different organisms
Null mice die

Null flies are okay

Null C elegans are pretty good, but cannot survive dauer



No metaphase in many organisms: yeast, protists

Time of mitosis (from Heath 1980), strongly temperature dependent
Chilomonas and Fusarium =5 minutes

Tradescantia (plant) = 340 minutes
Human Tissue Culture ~ 30 minutes

How accurate is chromosome segregation?



