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Abstract
REGULATION OF CORTICAL ACTIN DYNAMICS DURING CENTROSOME
SEPARATION AND CYTOKINESIS IN THEDROSOPHILA EMBRYO

Justin Crest

The cytoskeleton plays a variety of roles during the cell cycle, none more
dramatic than the formation of a bipolar mitotic spindle and the subsequent cleavage
of one cell into two. Proper centrosome separation is a prerequisite for positloning
bipolar spindle. Although studies demonstrate that microtubules and their associated
motors drive centrosome separation, the role of actin in centrosome separation
remains less clear. Studies in tissue culture cells indicate thatautimryosin-based
cortical flow is primarily responsible for driving late centrosome sajmar, whereas
other studies suggest that actin plays a more passive role by serving astanexit
site for astral microtubules to pull centrosomes apart. Here we demenisaiprior
to nuclear envelope breakdown (NEB)Onosophila embryos; proper centrosome
separation does not require myosin Il but requires dynamic actin rearmmgean
the growing edge of the interphase cap. Both Arp2/3- and Formin-medddited a
remodeling are required for separating the centrosome pairs before NEBpd2e A
Armadillo complex appears to link cap expansion to centrosome separation. In
contrast, the mechanisms driving centrosome separation after NEB areldepof
the actin cytoskeleton and compensate for earlier separation defecttuddes show

that the dynamics of actin polymerization drive centrosome separation andsthis ha



important implications for centrosome positioning during processes such as cel
migration, cell polarity maintenance, and asymmetric cell division.

Another vital role for spindle formation is in positioning the site of cleavage
following anaphase separation of DNA. Rappaport’s experiments with sand dollar
embryos showed that cleavage furrow positioning is determined by the relggionshi
between the spindle and the actin cortex. In his embryos, astral microtubuléds, whic
extend out to the cortex were primarily responsible for initiating afyrhowever,
smaller somatic cells seem to position the furrow through the overlappingraliipa
central spindle. This balance between astral and central spindle influenoésvel|
understood however. In the eaByosophila embryo, nuclei divide within a
syncytium yet invaginate cortical actin and membrane, encompassing thenaer
to complete mitosis in close proximity to neighboring nuclei. These furroavs a
considered natural Rappaport furrows since they form at astral microtubulgpoverl
Upon cellularization, the furrow positioning seems to shift from astral microtubule
based to central spindle-based. Our findings show that during the syncytiardiyisi
key conserved central spindle components Centralspindlin complex, Polo, and
Fascetto (Prcl) all localize to regions of overlap astral microtubul@sg furrow
formation. Given that the central spindle does not induce formation of conventional
cytokinesis, finding that all of these components, plus the chromosomal passenger
complex (Aurora B and INCENP), also localize to the central spindle was
unexpected. The lack of furrow formation at the central spindle then is explained by

the fact that the syncytial divisions rely on a maternally supplied form of RRpG
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RhoGEF2, lacking the specific domains that localize zygotically exutédiseGEF
(Pebble) to the central spindle. RhoGEF2 instead localizes to the overlap astral
microtubules of the syncytial divisions. Thus, in spite of proper localization of many
key furrowing components to the central spindle in syncytial embryos, thesfaf
RhoGEF to localize to the central spindle may preclude formation of conventional
cleavage furrows bisecting the spindle. In support of this idea, we bypass themeed f
RhoGEF by injecting constitutively active Rho into the syncytial embryos. Thi
generates ectopic furrows strikingly similar to conventional cleavaganarthat

form perpendicular to the central spindle during the syncytial divisions. While
metaphase furrow formation is myosin independent these Rho-induced ectopic
furrows, like conventional furrows, require myosin in addition to microtubules. These
studies demonstrate that the ed@hpsophila embryo is primed to form furrows at
either the overlapping astral microtubules or central spindle with the shift liattére
being driven in large part by a corresponding shift from maternal-to-zyfgoins of
RhoGEF.

My studies predict that the delivery of RhoGEF2 to the metaphase furrows
must be different than the mechanism that localizes Pebble to the centra ghiadl
Centralspindlin complex). Recently, it has been shown that RhoGEF2 localization to
the metaphase furrows requires vesicle trafficking from the recyelhndosome (RE).
This vesicle trafficking is regulated by the Rab11-GTPase in the REsand it
associated effector, Nuclear Fallout (Nuf). Previous observations of Nug early

embryo show that it accumulates at the RE from interphase to prophase during the
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time when furrows are being made. At prophase, Nuf is phosphorylated, which
coincides with its diffusion away from the RE. | will present evidence that Nuf
localization is regulated by its phosphorylation state and that the mitotiekPal®
directly phosphorylates Nuf, inhibiting its localization at the RE, decreasisigle
trafficking to the furrow. I propose that this mechanism serves as a majpooent
in timing the formation of a furrow and may provide valuable insight into timing
cytokinesis in general.

Finally, the regulation of actin dynamics in cytokinesis has been weledtudi
in terms of actin-interacting proteins such as Cofilin and Profilin. Howdweditect
modifications of actin and microtubules are similarly important for staiofew
ingression and abscission. Here | will present a newly characteygespush pop
that potentially indicates methylation of actin or tubulin as a previously unaguecc
mechanism of regulating the cytoskeleton as well as other potential mitot&ns in
the events of cytokinesis.

The thesis work presented here promotes a broader understanding of
cytokinetic furrow timing and positioning. On one hand, both centrosome separation
and central spindle signaling are vital for proper furrow positioning. On the other
hand, vesicle trafficking and folate metabolism are required for the propegtand
maintenance of a furrow during the cell cycle. A deeper understanding ohbeth t
processes of cytokinesis will provide valuable insight into the mechanismi of ce

division and potentially how they are perturbed in tumorigenesis.
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Chapter 1: Introduction

Mitosis and cell division

Cell division is a complex orchestration of events essential for every arganis
from single-cell to metazoans. Faithful transmission of DNA, organelles and
determinants are critical for cell function and development. In its eshfdrm, it is
the separation of chromosomes by microtubule arrays to either side oll tredcine
subsequent cleavage of the cell. Mitosis was first described during thmel dedbof
the 19" century by simple light microscopy (Flemming, 1965). The importance of
maintaining a healthy karyotype of chromosomes by proper division was als
described at this time in studies with asymmetrically dividing malignenots
(Boveri, 2008). Since then, technology has allowed the study of the smallest of
subcellular structures giving us insight into the many events of a dividindNoglé
of these events are more visually dramatic or defining as cytokinesmstimsingle
cell constricts, dividing the cell into two daughter cells. Here | wékpnt the
relevant history of cytokinesis and my own data that furthers our knowledge of the

complex regulation of this morphogenetic event.

Microtubule-based models of furrow positioning during cytokinesis
Cytokinesis is the event that immediately follows anaphase separation of
DNA. In eukaryotic animal cells, the position of the cytokinetic furrow, composed of

filamentous actin (F-actin) myosin-1l and several other proteins isyaldawn the



midzone and perpendicular to the mitotic spindle, formerly the metaphase plate
(Balasubramanian et al., 1992; Bi et al., 1998; Fujiwara and Pollard, 1976; Mabuchi
and Okuno, 1977; Schroeder, 1968). For over 100 years, the signal that positioned the
furrow has been hypothesized to be the mitotic spindle apparatus (Gurwitch, 1904).
However, this hypothesis was unsatisfactory due to the correlative natimeng
and spatial relation of these two events. The furrow forms at the cortex during
telophase while the spindle forms during anapahase in the center of the cash’tt w
until the 1960'’s that Rappaport, who like many at the time studying cell divisidn use
marine invertebrate embryos, performed the critical experimetitssamnd dollar
embryos that gave new insight into the mechanism of furrow positioning. By
artificially creating a binucleate embryo, he observed that during tloeving cell
division, two furrows formed down the metaphase plate as expected, however a third
ectopic furrow was formed between neighboring centrosomes, where therevesras ne
a nucleus or a central spindle (Rappaport, 1961). Rappaport proposed that the
overlapping astral microtubules must be the signal that initiates the ettopie.
This Astral-stimulation model was sufficient for the cleavage duhiegd large
embryonic divisions and mathematical modeling has confirmed this (Devorg et al
1989).

Work with smaller cells, which generally have smaller asters thaa larg
embryos and the cortex is closer to the spindle, have indicated that signalsrgmana
from the central spindle are the driving force behind furrow positioning (Bringmann

and Hyman, 2005; Wheatley and Wang, 1996). The central spindle is a region of



overlapping antiparallel microtubules which shows a strong accumulation of ty varie
of proteins required for cytokinesis. Studies in grasshopper neuroblasts showed that
continuous signaling from the central spindle was required for furrowinggiama,
1977). Furthermore, in cells that do not have asters and self assemble a spindle,
cleavage furrows still form adjacent to the central spindle (Szollosi et al.,. F&?)

by simply flattening Rappaport’s sand dollar embryos so that the cemitrdlescan
interact with the cortex, it can indeed induce a furrow (Rappaport, 1971; Ris, 1949).
Taken together, these studies suggested a model in which cell size detavimote

population of microtubules induces furrow formation.

Molecular furrow positioning cues and the mitotic spindle

Since this work defining the spindle as the activating component of cleavage,
a lot has been found in terms of the key molecular signals associated with the spindle
that induce this activation. First, furrow formation is primarily driven byndeow
activation of a Rho-GTPase in a stripe at the cell cortex (Bemeint 20@5).
Activation of Rho is required for the polymerization of F-actin and the activation of
myosin-Il (Amano et al., 1996; Watanabe et al., 1997). The overlapping regions of
the microtubules are thought to concentrate Rho regulating proteins (GEFS) to the
cortex (Oliferenko et al., 2009). The accumulation of RhoGEF/Ect2 to the plus-ends
of the microtubules depends on other central spindle proteins that co localize to the
central spindle during anaphase and telophase. Recent cytological metho@lsddenti

that Aurora B, Borealin, Survivin and INCENP, which form the chromosomal



passenger complex and is required for furrow formation, localize to a region of
overlap of interpolar microtubules. Furthermore, this complex is required for the
localization of the centralspindlin complex (mKLP1 and Cyk-4), which is responsible
for binding the RhoGEF/Ect2 and localizing it to the microtubule ends (Severson et
al., 2000; Somers and Saint, 2003). Plk1 and Prcl have also been shown to localize
and interact with these central spindle components as well as being required for
RhoGEF/Ect2 localization (Neef et al., 2007; Petronczki et al., 2007). This model
predicts that RhoGEF/centralspindlin complexes move along the interpolar
microtubules and stably accumulate at the overlapping plus-ends. The diffidilty
this model is in explaining how this central spindle accumulation of RhnoGEF/Ect2 is
transmitted to the cortex, which can be as much as ten microns away. However, this
may be explained by the inability to resolve fine localizations of these comigone
and the microtubules at the cell periphery.

Another model for spindle-based positioning of a furrow is the Polar-
relaxation model. In this model, astral microtubules that interact with tiee pbthe
cell send negative signals that inhibit cortical contraction. This mobeilts
primarily on mathematical modeling and mictotubule density observations.
Microtubule density is lower at the cortex near the furrow induction site déilsity
is highest at the poles of the cell (Asnes and Schroeder, 1979; Dechant and Glotzer,
2003; White and Borisy, 1983; Yoshigaki, 2003). While at the cell equator,
overlapping interpolar microtubules of the central spindle contact the codesead

positive signals to specify cleavage sites. Thus, distinct groups of spindlesateope



together to signal the furrowing site (Bringmann and Hyman, 2005; Glotzer, 2009).
This model attempts to bring together observations from a variety of ged tgto a

more unifying theory.

Cytokinesis and Membrane Trafficking

For years it was thought that a fundamental difference between plant and
animal cytokinesis was that plants require membrane trafficking anélaniim not.
In truth, plants rely on membrane trafficking to a greater extent than animatsler
to build a cell plate formed of fused vesicles at the cleavage site (JU2g6h3. In
comparison, animal cells rely primarily on an acto-myosin contractig which for
the better part of a century is where the comparison stops. However, recentesvidenc
in a variety of cell types and organisms has shown that membrane traffieking i
essential for animal cytokines (Albertson et al., 2008; Otegui et al., 20@k|&td
and Burgess, 2004). For example, several studies have implicated trafficking of
internal stores of membrane (golgi and recycling endosome) are required for
cytokinesis (Lecuit and Wieschaus, 2000; Sisson et al., 2000). Further evidence
comes from the observation that proteins involved in vesicle transport are localized t
the furrow and are required for abscission, as well as a significant number of
membrane trafficking genes that have been identified from cytokinesis sereens
both Drosophila andC. elegans (Echard et al., 2004; Eggert et al., 2006; Finger and
White, 2002; Schweitzer and D'Souza-Schorey, 2004). The delivery of vesicles seems

to play important roles at every step of cytokinesis and is clearly thatdt solely



required for membrane addition, but also trafficking of necessary actin rlarsode

and other furrow components (Albertson et al., 2008; Cao et al., 2008).

Drosophila early embryo

The earlyDrosophila embryo is an excellent system to study these
components of cytokinesis. Upon fertilization, the embryo divides 13 times within a
common cytoplasm also known as a syncytium (Zalokar, 1976). These divisions are
rapid and synchronous, consisting of only an S- and M-phase and rely only on the
presence of Cyclin B to enter mitosis and its degradation to exit (Edgar et al., 1986)
The syncytial divisions are entirely maternally controlled, which all@vgésy
genetic manipulation in the mother. The first 9 divisions occur in the middle of the
embryo, away from the cortex. Nuclei are widely spaced from one anothedgese
network of astral microtubules develops and is necessary to drive nuclei out to the
cortex during cycle 10 (Baker et al., 1993). Upon reaching the cortex, nuclei and their
associated centrosomes and microtubules interact with the actin corlérgesuhe
concentration of polymerized F-actin into apical caps above each nucleuarilarr
Alberts, 1986). These syncytial blastoderm divisions, as they are known, continue
synchronously until the surface of the embryo is composed of a 6,000 nuclei
monolayer.

The close proximity of these dividing nuclei at the surface requires some
degree of separation in order to properly form a mitotic spindle and separate each

nucleus during mitosis. Starting in interphase, apically positioned centrosomes



migrate around the nuclear envelope until they are 180° apposed from one another,
roughly the equator of the nucleus and approximately 3 um below the cortinal acti
During this time of centrosome separation, the actin cap is uniformly expamdihg
neighboring cap edges collide. During mid-interphase to metaphase, theyprimar
components of actin, membrane and myosin ingress from the surface to 5-7um,
encapsulating each nucleus laterally. These structures have been shown to be
compositionally analogous to cytokinetic furrows and are termed metafpinases
(Miller and Kiehart, 1995; Stevenson et al., 2002). In addition, mutations that affect
cytokinesis in a variety of cell types have similar affects on metaeghasw

formation (Glotzer, 2005; Miller and Kiehart, 1995; Stevenson et al., 2002; Strickland
and Burgess, 2004). However, metaphase furrows seem to rely more on vesicle
trafficking than on acto-myosin contraction since inhibition of myosin haséditftbet

on their formation (Royou et al., 2004). Regardless, the Badsophila embryo has
shown to be a remarkable system for exploring the regulation of furrow formati

and was the primary system used in the following work.

Overview

Here | present a comprehensive study of cortical actin dynamics iselhéy r
to mitotic spindle positioning, furrow positioning and the timing of furrow foromat
| will show that inDrosophila embryos, centrosome separation prior to nuclear

envelope breakdown, requires Rhol and Diaphanous-dependent actin polymerization.



| will also show that furrow positioning in the syncytial divisions exists in two
competing states (astral versus central spindle positioned) and untilrcadhida

astral positioning is chosen do to the use of a maternal RhoGEF2. After
cellularization, a zygotic RhoGEF localizes to the central spindle, makmththi
dominant furrow positioning signal. Lastly | will describe two mechanisms of
regulating furrow formation. The first will show how Polo kinase directly ragsl

the activity of Nuf, which activates or inhibits vesicle trafficking to tleaehge

furrow. Second, | will show a phenotypic description of a newly characterized gene
Pops that indicates a novel role for folic acid metabolism and potentially byl

of the cytoskeleton in furrow formation and cellularization in@inesophila embryo.



Chapter 2: Cortical actin dynamics contribute to the early stage of centsome

separation

Introduction

Centrosomes play important roles during both dividing and non-dividing cells.
The primary role of centrosome pairs during mitosis is to organize microtubtdes
a functional bipolar spindle. Not only is a spindle essential for dividing chromosomes
into the appropriate compartment of the dividing cell, but proper positioning and
orientation of the spindle is essential for cleaving the dividing cell properly during
cytokinesis. The primary way a bipolar spindle is positioned is through thatedul
movement of centrosome pairs to apposing sides of the cell.

Conventional models of centrosome separation describe pushing and pulling
forces derived from motors on the overlapping microtubules emanating from the
centrosomes (Cytrynbaum et al., 2005; Robinson et al., 1999; Sharp et al., 2000). A
more complete model of centrosome separation has shown it to include both nuclear
envelope-dependent and -independent mechanisms (Rosenblatt, 2005). Current
evidence has shown that the mechanisms on either side of NEB to separate
centrosomes are very different. Prior to NEB, the minus-end directed motonDg/nei
primarily responsible for moving centrosomes by anchoring to the nuclear envelope
and to the actin cortex while moving along microtubules (Uzbekov et al., 2002;
Vaisberg et al., 1993; Whitehead et al., 1996). After NEB, however, centrosames ar

driven apart primarily by myosin-II driven cortical flow (Rosenblaitlet2004).



Additionally, in vivo studies suggest actin plays a passive role by serving as merely
an attachment site of astral MTs to pull centrosomes apart (Buttrick 20@8;
Cytrynbaum et al., 2005; Robinson et al., 1999; Stevenson et al., 2001). The role of
actin and the interaction with dynein prior to NEB is less clear, however.

Here | will present studies using the eddiyosophila embryo to demonstrate
an active role for actin dynamics in positioning the centrosomes priorBo Nie
first 13 divisions of thérosophila embryo occur rapidly, synchronously, and within
a syncytium (Zalokar, 1976). From interphase of cycle 10 until cellulemeat cycle
14, nuclei divide near the cortex of the embryo and these divisions a termed “Cortical
blastoderm divisions”. The close proximity of the nuclei to neighboring nuclei and
spindles creates a need for physical barriers during mitosis. Draligatitase nuclei
reorganize the cortical actin into structures that surround each nuclei and sptildle
metaphase when these structures are deconstructed. These structeresedre t
“Metaphase furrows” (Sullivan and Theurkauf, 1995). This system is ideal % stud
cellular events of mitosis since structures are clearly visibleeauperficial depth.
Furthermore, the synchrony of the divisions and the ease of genetic and
pharmacologic manipulations provide huge amounts of information from a relatively
small amount of embryos. In these embryos, centrosomes can be seen attached during
telophase and early interphase and are apically localized to a cap of actounl
that centrosomes separation correlates with the actin cap expansion thapoocurs
to metaphase furrow formation. Furthermore, we show that proper centrosome

separation during interphase does not require myosin Il, but requires dyaziimic

10



rearrangements at the growing edge of this interphase cap. Both Anp@/Belmin-
mediated actin remodeling are required for separating the centrosomiegbaiies
NEB. The Apc2-Armadillo complex appears to link cap expansion to centrosome
separation. In contrast, the mechanisms driving centrosome separatidvEdBtare
independent of the actin cytoskeleton and can compensate for earlier separation
defects. These studies show that the dynamics of actin polymerization drive
centrosome separation and this has important implications for centrosomenpagiti
during processes such as cell migration, cell polarity maintenanceyanohasic

cell division.
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Materials and Methods

Fly Strains and Genetics

Germline clones ofiaphanous® or Arpc1™%™

were generated using the FLP-
DFS technique (Afshar et al., 2000; Chou and Perrimon, 1996; Stevenson et al.,
2002). These two mutants afApc2”® were acquired frorBloomingtonDrosophila
stock center.sponge®™ was a gift from Eric Wieschaus. For live embryo imaging,
we used the following stocks: GFP-alpha-Tubulin (a gift from Thomas Kaufman,
(Grieder et al., 2000), GFP-Moesin (a gift from Daniel Kiehart, (Edwardk, €t997)
and GFP-DIg (Discs Large) (FlyTrap Project, (Quinones-Coello et al., 2007). Al

stocks were raised at 25°C on standard corn meal/molasses media.

Live Embryo Analysis

Embryos were prepared for microinjection and time-lapse scanning confocal
microscopy as previously described (Tram et al., 2001). All the reagents were
injected at 50% egg length and were diluted approximately 100 fold in the embryos
(Foe and Alberts, 1983). Fgponge, diaphanous andArpcl mutant embryos,
Rhodamine-conjugated tubulin (10mg/ml, Cytoskeleton) or Rhodamine-conjugated
actin (10mg/ml, Cytoskeleton) was injected into the embryos at late ¢ydeeharly
cycle 11. The following drugs were injected at cycle 11 anaphase: DMSO alone
(Sigma-Aldrich), LatA (10mM in DMSO, Sigma-Aldrich), Y-27632 (50mM and

2mM, Tocris), Jasp (ImM in DMSO, Calbiochem), C3 exotransferase (1mg/ml,
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Cytoskeleton) and colchicine (0.5mM, Sigma-Aldrich). GFP-DIlg was used to mar

the furrow membrane (Cao et al., 2008).

Confocal Microscopy and FRAP analysis
Confocal microscope images were captured on an inverted photoscope
(DMIRB; Leitz) equipped with a laser confocal imaging system (TCE &€ica)
using an HCX PL APO 1.4 NA 63X oil objective (Leica). ImageJ software ¢Naili
Institutes of Health, Bethesda, MD) was used to quantify the confocal images.
FRAP analysis were performed as previously described (Cao et al., 2008).
Imaging was controlled by the Leica Confocal Software MicrolakerAive
prebleach scans of an entire image, 10 bleaching scans (0.7s each) with 100%
intensity of 488 nm and 543 nm over the region of interest in the actin cams x10
10um) were performed. After photobleaching, fluorescence recovery was neahitor
10 times every 0.7s and 60 times every 2s, and 10 times every 5s. The recovery of
fluorescence intensities was measured with Microlab. The intensity bfe¢aehed
cap area was normalized to the background nonbleached area. Recovery percentag
was calculated as the final plateau intensityrglinus the first intensity after
photobleaching ¢) all divided by the difference between prebleaghajid
postbleach §) intensities ([¢- lg)/[l - lg]). The fluorescence intensity of each time-
point (k) was transformed into a 0-1 scale calculated pylf)/[l - 1o]). The values
of relative intensities versus time were plotted using Excel (2007; Mi¢ypantl the

recovery i, was measured from the plots.
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Image Quantifications and Statistics

Centrosome pair distances were quantified in the optical section with the
strongest centrosome signal (GFP-Tubulin or injected Rhodamine-Tubulin).
Centrosome pair angles were measured using the angle tool in Imagediby file
vertex at the approximate center of each nucleus. In Jasp-injected embhgagtal
centrosomes can separate further during subsequent prometaphase and metaphase,
spindles tend to fuse with each other. To avoid secondary defects due to spindle
fusion, we analyzed centrosomes only prior to NEB in Jasp-treated embryos.

For cap expansion analysisne-lapse confocal images were taken of either
GFP-Moesin or Rhodamine-actin injected embryos from NEF to NEB of cycle 12. A
z-series was taken every 30 seconds during this time period with z-stepsuoh 0.75
starting at the very surface of the embryo. Cap expansion was measured using
ImageJ. Confocal sections representing just the actin cap were used in all
experiments. The freehand tool in ImageJ was used to encircle each cap, which
allowed an area measurement. Four individual caps were measured in each embryo
from the beginning of cycle 12. These four were followed every minute until the
boundaries of each cap could no longer be differentiated from that of neighboring
caps. In C3 treated embryos, caps were tracked only until 4 minutes afteriéBF w
the cap boundaries became indiscernible. 3-4 caps per embryo were measured by this

method with at least 3 embryos analyzed per genotype/drug treatment.
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Student’s t-tests (two-tailed, equal variance) were performed to ariag/ze
data. For each embryo, multiple mitotic apparati were quantified and averhgse. T
averaged values were then used for statistics to estimate the varianeerbetw
embryos under the same treatment. Error bars represent the starmfanfl tber mean
(SEM) from at least three independent experiments. For videos, imageskeesd
over time were cropped in ImageReady (v9.0; Adabe)converted to QuickTime

(Apple) videos using PNG losslessmpression.
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Results

Centrosome separation is concomitant with actin cap expansion

To define the role of the actin cytoskeleton in centrosome separation, we
examined centrosome separation in eBrlgsophila embryos. During the rapid
synchronous divisions in the syncytialosophila embryo, the nuclei divide on a
plane just beneath the plasma membrane, providing a means to simultaneously follow
centrosomes, MTs and actin dynamics (Fig. 2.1A). During these divisions,
centrosomes duplicate during telophase when actin caps form directly above each
centrosome pair. Centrosome pairs migrate along the nuclear envelope @t nucle
envelope formation (NEF) and move to the opposite poles (close to 180 degrees)
before nuclear envelope breakdown (NEB) (Fig. 2.1A arrows, Fig. 2.2A-Enduri
this time, lateral expansion of the actin caps occurs (Fig. 2.1A-B). Centrosome

separation is concomitant with actin cap expansion (Fig. 2.1A).

Disruption of F-actin cytoskeleton prevents centrosome separation @k, but
not after, NEB

To investigate the roles of the cortical actin cytoskeleton in centrosome
separation and spindle assembly, embryos expressing GFP-Tubulin werelinjecte
with Latrunculin A (LatA) just prior to NEF. Since F-actin is constaniiying over
in the furrows (Cao et al., 2008) and caps (Fig. 2.8C), LatA injection resulted in a

rapid loss of F-actin from both these structures and prevented furrow invagination in

16



the following cell cycle (Fig. 2.6). In wild-type uninjected cycle-12 epabr the

distance between centrosome pairs at cycle 12 NEB is abou¢fg. 2.4A and

2.5A). DMSO injection had very little effect on centrosome separation (Fig. 2.4B and
Fig. 2.5A-C). In LatA injected embryos, approximately a quarter of theinucle
clustered during early interphase, which resulted in failed centrosomeatsapand
multipolar spindles (Fig 2.3). To avoid secondary effects on centrosometsepara

due to LatA-induced clustering of nuclei, we only quantified centrosome separation i
nuclei that did not cluster (the same criteria also applies to the other gertstig or
manipulations). For the unclustered nuclei, LatA did not appear to affect centrosome
splitting, as the centrosome pairs were clearly distinguishable and eldfacin each
other after NEF (Fig. 2.4C). However, during the interval between centrosome
splitting and NEB, centrosomes failed to separate normally (Fig. 2.4C, Z3BA-

The distance between centrosomes#@.8um) was significantly shorter and the
separation angle (68.1°) was also significantly smaller at NEB of cycle-12 than in
control embryos injected with DMSO (#@.5um and 1585°), indicating a role for

actin in early separation of centrosomes (Fig. 2.4C). Defects in eathpseme
separation were also observed in embryos derived from females homozygous for the
sponge (spg) maternal-effect mutation (Fig. 2.4D and 2.5A-C), which lack both actin
caps and furrows (Postner et al., 1992). However, following NEB in LatA treated
embryos and embryos laid Bgonge mutant females, sister centrosomes separated

fully to ultimately establish a bi-polar spindle during prometaphase-metaffigs
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2.4C-D, 2.5C), indicating that a nuclear envelope and actin independent pathway

compensates for the earlier actin-based separation defects.

Actin turnover is required for centrosome separation before NEB

To determine whether actin dynamics are required for centrosome smparati
the actin-stabilizing drug, Jasplakinolide (Jasp), was injected into embryos
immediately prior to NEF. Similar to LatA-mediated inhibition of actin
polymerization, Jasp-mediated actin stabilization strongly inhibited centios
migration before NEB (Fig. 2.4E, 2.5A-C). The respective pole-pole distance and
separation angle were $&4um and 9825° in Jasp-treated embryos, compared to
7.4+0.5um and 1585° in DMSO treated control embryos. Since both disruption and
stabilization of F-actin inhibit early centrosome separation, these dgjastuhat

actin turnover is important for proper centrosome separation before NEB.

Inhibition of actin turnover during interphase prevents actin cap expasion

Injecting Jasp before NEF resulted in strong actin accumulation at the cap
(Fig. 2.6). In control embryos, actin caps expanded laterally from NEF throtigh ea
interphase and eventually made contact with one another (Fig. 2.7A-B). In contrast,
actin caps failed to expand and actually shrunk over time after Jasp tredtigent (
2.7A-B). FRAP analysis indicated the Jasp-induced defects in actin capierpans
could be due to failed actin turnover at the cap. Actin turnover ratg¢s(tthe

interphase caps in untreated (N=10 embryos) or DMSO (N=10 embryos) injected
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embryos were 18494.7s and 17£2.2%, with most of the actin (843.4% and
85.0t4.3%, respectively) recovered in the photobleached region after 80s (Fig. 2.8C-
D). However, in Jasp-treated embryos, only 28.6% of the total actin recovered

after 80s (N=10 embryos), with a very slow turnover halftime of£f03s (Fig.

2.8C-D).

Thus inhibition of actin turnover results in failed actin cap expansion and
failed centrosome separation. Previous studies have demonstrated that centrosome
separation is not required for actin cap expansion: centrosome separation fails i
colchicine-treated embryo but there is very little effect on actin cpansion

(Stevenson et al., 2001). Our experiments confirm this finding (Fig. 2.4F and 2.7A).

Disruption of Arp2/3, an actin branching complex, strongly inhibits actin cap
expansion and centrosome separation

To test the converse relationship, whether actin-cap expansion is required for
centrosome separation, we analyzed mutants in Arpcl, a key component of the
Arp2/3 complex. The Arp2/3 complex has been shown to localize to the margins of
the actin caps and promote cap expansion, presumably through its actin branching
activity (Stevenson et al., 2002). In control embryos, actin caps expanded to their
maximum size (117#4.1um?%) 5 min after NEF. However, the cap sizeipcl
embryos (the progeny @frpcl mutant maternal germline clones) had only increased
slightly 5 min after NEF and from then on maintained an almost constant size until

NEB (63.%7.8um? Fig. 2.3A-B). This is about half of the maximum cap size
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observed in wild-type controls. These data are consistent with the puligiodd
phenotype (Stevenson et al., 2002). ConcomitaAtlpcl mutant embryos displayed
a significant reduction in the distance and angle of separation betweearsoardr
pairs at NEB (6.20.2um and 1367°, compared to 840.2um and169t1° in wild-

type controls, Fig. 2.4G and 2.5A-C).

Blocking Formin/Diaphanous and RhoA activities also interferes with cap
expansion and centrosome separation before NEB

Cap expansion driven by Formin-mediated actin bundling is also required for
centrosome separation before NEB. Diaphanous (Diapitbsophila Formin
homolog, is required for actin bundling and metaphase furrow formation (Afshar et
al., 2000). Initial cap size was normaldia embryos (the progeny dfa mutant
maternal germlines) but cap expansion was strongly inhibited, with the cagi size
NEB (76.6:4.4um?) reaching only 65% of the normal cap size (Fig. 2.7-8). Inhibition
of RhoA, the upstream regulator of Diaphanous (Padash Barmchi et al., 2005),
through C3 exotransferase (C3), resulted in stronger defects in cap expansion (Fig
2.7-8). Corresponding decreases in centrosome separation before NEB were observed
in dia and C3 treated embryos (Fig.2.4H-1 and 2.5A-C). Together these studies

demonstrate that cap expansion is required for centrosome separation.

Apc2 mutant embryos exhibit relatively normal cap expansion

20



The Apc2-Armadillo complex in the fly early embryo has been shown to
regulate centrosome separation (Buttrick et al., 2008). Based on its [boalipa
cortical sites where actin and MTs interact (McCartney et al., 2001), prwpssed
that the Apc2-Armadillo complex facilitates centrosome separation through
stabilizing the interaction between the actin cortex and astral MTsi(Butral.,

2008). Alternatively, since we have shown actin cap expansion is required for
centrosome separation before NEB, it is possible that the Apc2-Armadillo comple
facilitates centrosome separation by directly promoting actin cap egpaiisi
differentiate these two possibilities, cap expansion was examifgat2mutant
embryos.The initial cap size and the cap expansion ragpg2 embryos are very
similar to that observed in uninjected control embryos (Fig.2.Tétonfirm that
theseApc2 embryos were defective in centrosome separation, Rhodamine-labeled
tubulin was injected into these embryos to follow centrosome movements. Our data
showed very similar centrosome separation defects before NEBAL6&mpared to
169t1° in wild-type controls, Fig. 2.4J and 2.5B) as previously published results
(Buttrick et al., 2008). Becauggc2 embryos do not disrupt actin cap organization
(McCartney et al., 2001; Webb et al., 2009), the effects on centrosome separation
were not as dramatic as those observed for the actin inhibitors and thus we did not
observe significant differences in distance in which the centrosomes se&rgte
2.5A). In addition, after NEB, the incomplete separated centrosome pagslerto

correct the earlier defects and achieve full separation by metaphgs2.4kt). Taken
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together, these suggest that Apc2-Armadillo complex functions downstreatmof ac

cap expansion to regulate centrosome separation before NEB.

Myosin Il-driven cortical flow is not required for centrosome sepaation before
NEB

Actin-myosin Il driven cortical flow has been proposed to separate
centrosomes after NEB in mammalian cultured cells (Rosenblatt et al., 2004). To
determine whether myosin Il, similar to actin, facilitates centros@paration
during the cortical divisions iBrosophila embryos, we relied on the small molecule
inhibitor Y-27632, a drug that inhibits Rho kinase, which in turn blocks myosin Il
light chain kinase and thus myosin Il activity. We used a drug concentration (50mM
that has been proven to effectively block myosin Il activity in our system (Rayou e
al., 2004). Significant delay into mitosis was often observed after Y-27632 injection
(from cycle 12 NEF to NEB, 1455296 s versus 58815 s in control embryos).
Unlike LatA injection, myosin Il inhibition by Y-27632 had only a very mild effect
on centrosome separation before NEB and the metaphase spindle length was about
the same as that in control embryos (Fig. 2.9A-C). The relatively normabseme
separation and spindle formation after inhibiting myosin Il is consistent wit
previously published results (Royou et al., 2004). Thus, it appears that centrosome
separation during the cortical divisions in twsophila embryo does not rely on

myosin Il activity.
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Discussion

Centrosome migration around the nuclear envelope relies on actin dynaos

In the earlyDrosophila embryo, centrosomes migrate to opposite poles prior
to NEB. Microtubules and the motor protein dynein are required for this period of
separation (Cytrynbaum et al., 2005; Robinson et al., 1999; Sharp et al., 2000).
Another minus-end directed motor, Ncd, slides anti-parallel microtubules as a brake
against dynein (Cytrynbaum et al., 2005; Sharp et al., 2000). However, these motors
alone are not sufficient for separation of centrosomes prior to NEB since dggicha
treatment produces defects and mathmatical models also support dynein/actin-
dependent separation (Cytrynbaum et al., 2005; Stevenson et al., 2001). Our data plus
another study also suggests that aster microtubules a linked to the actin goinex b
Armadillo-APC2 complex prior to NEB (Buttrick et al., 2008).

Our results show that cortical actin is actively involved imtiesome
separation prior to NEB. Similar to dynein mutants, centrosoniegofanigrate
completely when treated with the actin disrupting drugs, LatrimcAl and
Jasplakinolide (Robinson et al., 1999; Sharp et al., 2000). In dissectisgdbiic
role of the expanding actin cap, we genetically disrupted theateymof caps or
limited their expansion resulting in reduced centrosome distangeallyFwe
demonstrated that the actin regulators RhoA and Diaphanous are deépire
centrosome separation before NEB. Therefore, we propose thgtothieng edge of
the actin cap and the following invagination drive centrosomes bhpatte cortical

interaction with dynein and this expanding cap is dependent upon Rhol and
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Diaphanous. Furthermore, we propose one potential connection betweenrdghe ast
microtubules and the growing edge is the Apc2-Armadillo complex of proteins.
Mammalian tissue culture cells offer another role for aptior to NEB.
Cortactin, an F-actin binding protein was shown to be required foraggwaprior to
NEB (Wang et al., 2008). This model proposes that phosphorylated QCortacti
localizes to the centrosome and serves as an attachmenbebuagen centrosomes

and F-actin. This provides direst force to separate the centrosomes.

Nuclear envelope independent centrosome separation serves as a backinen
centrosome migration fails before NEB

Despite the lack of separation in our treatments, once a bipolar spindle forms
after NEB, the centrosomes rapidly move to a proper orientation. Actin appears to be
dispensable for separation after NEB. Since the actin cortex is abolisheatuiide
motors that crosslink the newly formed spindle are most likely generatingrtee f
for this correction. Moreover, since the effect is not seen prior to NEB, the most
likely candidates would be active during prometaphase. One possibility is teakine
KLP61F, which is released from the nucleus at NEB. It has been proposed that it can
counter the inward forces generated by Ncd by sliding antiparallel micretuapéart
(Sharp et al., 2000; Sharp et al., 1999). Nonetheless, our data proposes that the
spindle can both elongate and correct orientation of the spindles in a nuclear envelope

and actin independent mechanism.
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Figures

Figure 2.1.Centrosome separatlon is concomltant Wlth actln cap expansm(A)
Cycle 12 syncytial blastoderm. Green depicts GFP-moesin; redtsié@hodamine-
tubulin; x axis represents time; y axis represents depth.i@ssare shown, starting
from the cortical surface (z = 0) to8n below the surface (z = 48m) at 1um
increments. At telophase, actin caps form at the cortical gugad initiate lateral
expansion. This cap expansion is shown in the top panel, where gapsnbeapse
are seen initially from time 0:00 to 6:40, after which GFP-mmpasarked actin has
filled the entire frame. Concurrently, centrosome pairs sepdram each other
(arrows). See also Figure S1. (B) Panels depict the methodasfuniey actin cap
area in wild-type embryos expressing GFP-moesin. The freebahthtimageJ was
used to outline individual caps at the beginning of cycle 12. Each capasured
every minute until it can no longer be distinguished from its neighlfcale bars
represent 1@m.
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Figure 2.2.Centrosome separation during nuclear cycle 12Centrosome pair
distances were measured during nuclear cycle 12 in five uninj&f&€dTubulin

embryos, represented by different colors. Filled arrows inditetdite of nuclear
envelope breakdown (NEB). Open arrows indicate the time point beitiegion of

anaphase A. Standard errors are calculated from the variancel@f witlcin each

embryo.
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Figure 2.3.Clustering of nuclei in LatA injected embryos produces acondary
centrosome phenotypesGFP-Tubulin embryos injected with 10mM LatA during
late anaphase of cycle 11. Arrows indicate centrosomes that tprefpastop
migrating after nuclear collisions. Note the multipolar spindlenkd between these
nuclei. Arrows indicate prematurely halted centrosomes due to rohgstef nuclei.
Scale bar: 10 microns.
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Figure 2.4.Cortical actin reorganization is required for centrosome segration
before nuclear envelope breakdownTime-lapse images of: (A) Uninjected GFP-
Tub embryo. See Movie S1. (B) Dimethyl sulfoxide (DMSO)-injec®@BP-Tub
embryo. (C) 10 mM latrunculin A (LatA)-injected GFP-Tub embryo. (D) Rhodamine
tubulin-injected spg embryo. (E) 1 mM Jasp-injected GFP-Tub emigFy 0.5 mM
colchicine-injected GFP-Tub embryo. (G) Rhodamine-tubulin-injectegpcir
embryo. (H) Rhodamine-tubulin-injected dia embryo. Centrosomes in diAraod
embryos were imaged more apically than controls, indicating aedlawnigration
toward the midline of the nucleus. (I) 1 mg/mL C3 exotransfergeeted GFP-Tub
embryo. (J) Rhodamine-tubulin-injected Apc2 embryo. Schematic drawimgbe
right side of each image series (A-J) illustrate the degreemfosome separation
from nuclear envelope formation (NEF) to nuclear envelope breakdown (NEB).
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Quantification of centrosome separation prior to niclear envelope breakdow.
(A) Mean distance beteen centrosome pairs at NEB.) Mean angle betwee
centrosome pairs at NEB with respect to the nudeater. The centrosome pairs
dia embryos faed to migrate basally but were able to separatenfeach othe
normally at a focal plane abc the equator of each nucleus.) (@ean centrosom
pair distances at metaphase. The following abbtievis are used: N, total number
embryos counted; n, td number of nuclei counted; NS, not statisticaligngficant.
Error bars represent the standard error of the r{fe&M) from at least three differe
embryos.
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Interphase

Figure 2.6.The effects of LatA and Jasp on actin Cap expansion and fuosw
invagination. 1mM Jasp, 10mM LatA, or DMSO control were injected into GFP-DlIg
embryos, which have been previously injected with Rhodamine-actin, @taseaof
cycle 11. Furrow invagination and actin distribution were imagedhduwycle 12.
Scale bar: 20 microns.
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Figure 2.7.Actin cap expansion Is driven by Arp2/3- and RhoA-Diaphanous
mediated actin remodeling.(A) Actin-based cap expansion was imaged after NEF
in wild-type untreated, DMSO-treated, Jasp-treated, colchicgadeid, C3-treated,
Arpcl, dia, and Apc2 embryos. In each row, cap expansion is illustratddttegd
lines. Schematic drawings on the right side of each imagess#ustrate actin cap
expansion (actin is in red) relative to centrosome separation from NEF to NEB.
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Figure 2.8 Quantification of actin cap expansion and inhibition of actn turnover

by Jasplakinolide. (A) The rate of actin cap area expansion after NEF in thg-dr
treated and mutant embryos imaged in Figure 2.7. The following ahtioes are
used: N, total number of embryos; n, total number of caps counted.(B and C)
Fluorescence recovery after photobleaching analysis of actin turratvehe
interphase cap in untreated and Jasp-treated embryos, showing riblerescence
intensities of Rhodamine-actin at the caps after photobleaching. piidt#each
intensities were arbitrarily set to 1. Scale bars reprek@&pm. Error bars represent

the SEM from at least three different embryos.
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Figure 2.9.Disruption of myosin Il by Y-27632 has a very mild effect on
centrosome separation before NEB(A) 50 mM Y-27632 was injected into GFP-
tubulin embryos. Prolonged interphase, nuclear swelling, and centrostankrdent
from the nuclear envelope were observed. A lower drug concentratioi] failed

to produce any of these phenotypes (data not shown). Scale barnmtpi€sen. (B)
Mean angle of centrosome pairs at NEB of uninjected embryby'&27632-treated
embryos. Because the 50 mM Y-27632 injection induced prolonged interphase, t
centrosome angle of Y-27632-treated embryos was also meas@@@l .after NEF,
the equivalent timing of NEB in control embryos.(C) Centrosomeanlst at NEB
and metaphase of uninjected embryos and Y-27632-treated embingomciease in
centrosome distance in Y-27632-treated embryos at NEB was due twudlear
swelling phenotype induced by this drug injected at 50 mM. The following
abbreviations are used: N, total number of embryos; n, total number di nucl
counted. Error bars represent the SEM from at least three different embryos
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Chapter 3: RhoGEF, ectopic furrow induction and positioning Rappapot-like

furrows in the early Drosophila embryo

Introduction

Cytokinesis, the final event of the cell cycle, produces two distinct daughter
cells through the formation of an acto-myosin based contractile ring. This ring form
perpendicular and midway to the spindle apparatus during anaphase and telophase
(Barr and Gruneberg, 2007). An outstanding issue in the field is understanding the
mechanisms that position the contractile ring. Classic work by Rappaport in sand
dollar embryos demonstrated that overlapping astral microtubules aréa$een
establishing furrow position (Rappaport, 1961). Subsequent to this, studies in
elegans and mammalian tissue culture cells determined that the overlapping
microtubules of the central spindle also play a key role in inducing furrow famati
(Bringmann and Hyman, 2005; Wheatley and Wang, 1996). Current models suggest
that, in fact, both of these microtubule populations are acting in concert to position
the cleavage furrow, however it has been shown that, in specific cell types, one
population may play a more prominent role than the other (reviewed in(von Dassow,
2009) .

Recent studies have made significant progress regarding the mechanisms by
which the central spindle establishes furrow position (reviewed in (D'Aving, et al
2005; Gaitti et al., 2000). The central spindle is composed of overlapping anti-parallel

microtubules that form during anaphase/telophase and loss of the central spindle
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results in a failure to initiate furrow formation. ldentification of protemplexes
associated with the central spindle, centralspindlin and the chromosomal passenge
complex, provide molecular insight into how the central spindle might position the
furrow (reviewed in (Oegema and Mitchison, 1997). During anaphase, bundling of
overlap microtubules at the central spindle provides an essential scaffoldutb recr
and position components that drive the formation of the contractile ring. An early ste
in this process is driven by Prdrsophila Fascetto), which promotes the bundling
and crosslinking of microtubules to form the central spindle (Mollinari et al., 2002).
Once formed, the chromosome passenger complex (CPC), consisting of Aurora-B
kinase, INCENP, Survivin, and Borealin/Dasra, recruits a second complex, called
centralspindlin, to the central spindle (Carmena, 2008). Centralspindlin consists of t
plus-end motor protein kinesin-MKLP{osophila Pavarotti) and the RacGAP50C
protein Prosophila Tumbleweed). Localization of the centralspindlin complex at the
central spindle is required for furrow ingression (Mishima et al., 2002). Polo kinase
binds or phosphorylates several of these central spindle proteins, including Prc1 and
RacGAP50C and is required for furrow formation (Ebrahimi et al., 2010; Rape,
2007).

Taken together these proteins are thought to set the stage for positioning and
formation of the contractile ring. The current model is that RhoGEF binds
Centralspindlin, which accumulates RhoGEF to the plus-ends of the microtubules
(the midpoint of the central spindle) near the equatorial cortex (D'Avino and Glover,

2009; Somers and Saint, 2003). The most peripheral microtubules of the central
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spindle are in fact close to the cell cortex. Once recruited and corticaiiypped,
RhoGEF binds and locally activates cortically localized RhoA, a GTPsgensble

for actin polymerization and myosin activation via the Rho pathway (Gregory et al.,
2010). While this model is satisfying, several studies indicate that in sohtypesl

the central spindle is completely dispensable for furrow initiation. For eeamptea
urchin embryos, both the central spindle and the astral microtubule arrays can
independently induce normal cytokinetic furrows (von Dassow, 2009). Further
support comes from the ectopic furrows formed in sand dollar embryos, which are
induced solely by astral microtubules (Rappaport, 1961). In addition experiments in
which cells with monopolar spindles enter anaphase form ectopic cleavagyesfatr
sites where astral microtubules interact with cortex (Canman et al., 2008aHu e
2008).

Given these studies, it is of interest to determine the relative roles of the
central spindle and astral microtubules in situations of unconventional positioning of
the cleavage furrow. For example, during the cortical syncytial divisi insect
embryos, cytokinesis furrows, known as metaphase furrows, encompass rather than
bisect the spindle. Also in contrast to conventional cytokinesis, these furrows form
during prophase/metaphase in order to isolate each spindle and prevent it from
inappropriately interacting with neighboring spindles. In addition, unlike
conventional cleavage furrows, metaphase furrow ingression is myosin independent
relying exclusively on vesicle mediated membrane addition (Rothwdl| €089;

Royou et al., 2004). During anaphase/telophase these furrows are dismantled and new
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metaphase furrows form in the next cell cycle. Despite the spatio/tehaiberences
between conventional furrows and metaphase furrows, they are structadally a
compositionally identical and the formation of both requires microtubules (Miller
1995; Stevenson et al., 2002).

The mechanisms positioning metaphase furrows are unclear. They are
analogous to Rappaport furrows and overlapping astral microtubules between
neighboring spindles may induce furrow formation. Supporting evidence comes from
the observation that metaphase furrows form only after the nuclei are ateesuffi
density such that overlap of astral microtubules occurs. In addition, disrupting
microtubules prevents metaphase furrow formation (Riggs et al., 2007). RhoGEF2,
the maternally-supplied RhoGEF, relies on microtubule based vesiclekiragficom
the recycling endosomes (Cao et al., 2008). The roles, if any, of the other central
spindle proteins in forming these furrows have yet to be determined. Furthetmore
is unclear whether other critical furrow components localize to the cepiralle
during anaphase/telophase as observed in conventional furrows. Failure to localize
one or more of these key components would explain the lack of furrow formation at
the central spindle.

To further understand the mechanisms by which metaphase furrows are
positioned, we analyzed the localization of the central spindle proteins during the
Drosophila embryonic cortical divisions. We find that Fascetto, Polo, and
Centralspindlin all localize to the metaphase furrows from interphase tphmasta

Our findings also show that despite the lack of cytokinetic furrow formation at the
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central spindle, embryos properly localize all of these central spindlensoteth

the significant exception of RhoGEF. Based on this finding, we bypassed the
requirement for RhoGEF by treating embryos with a constitutively active dbr

RhoA. Strikingly, this resulted in ectopic furrows that are positioned over the
prophase nuclei. Additional experiments suggest a model in which the transition from
unconventional metaphase furrows to conventional cytokinetic furrows during
Drosophila embryogenesis, is driven primarily by the transition from a specialized

maternal form of RhoGEF (RhoGEF2) to zygotically expressed RhoGEF (Pebble).
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Materials and Methods

Fly strains and genetics

All Drosophila strains were maintained on standard cornmeal-molasses food
at 25°C. Wild-type Oregon-R strains were used as controls unless otherwise noted.
Live imaging of Rhol and Polo relied on w, GFP-Rho1l (Bloomington) and w;;P{w+,
GFP-Polo} transgenic lines. Sqh-GFP (Royou et al., 2004) and DIg-GFP (FlyTrap
Project; (Quinones-Coello et al., 2007) transgenic lines were used to follow myosin
and membrane dynamics. His2Av-RFP flies (Pandey et al., 2005)and GFP-Moesin
(D. Kiehart, Duke University, NC; (Edwards et al., 1997) transgenic linesuseck
to follow chromosome and actin dynamics. The UAS RNAi stock, sqhHMS00437,
was obtained through the FlyTRIP center at Harvard University and expressed using

Gal4 under the alpha-tubulin promoter VP16[V37] (Bloomington).

Immunohistochemistry

Embryo collection and preparation for immunofluorescent analysis was
performed as described in (Cao et al., 2008). Alexa488-conjugated phalloidin
(Invitrogen) was used to stain F-actin, and Propidium lodide was used to stain DNA.
Primary antibodies used included: Rb anti-RhoGEF2 used at 1:500 (S. Rogers, UNC-
Chapel Hill, NC; (Rogers et al., 2004), Rb anti-Fascetto was used at 1:100 (M. Gatt
University of Rome, ltaly; (Verni et al., 2004), Rb anti-INCENP and Rb anti-Auror

B antibodies were used at 1:500 (W. Earnshaw, University of Edinbugh, UK; (Adams
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et al., 2001), Rat anti-Tumbleweed at 1:300 (M. Murray, University of Melbourne,
Australia; (Somers and Saint, 2003). Goat anti-rabbit Cy5 and Goat anti-rat Cy5

(Invitrogen) secondary antibodies were used at 1:300.

Live analysis

Embryos for microinjection and time-lapse confocal imaging were pre:gare
previously described (Tram et al., 2001). All embryos were injected at 50% egg
length. Rhodamin-labelled actin or tubulin (Cytoskeleton, Inc.) was injected ¢both a
10mg/mL) between cycles 10 and 11 in order to allow for even incorporation.
Constitutively active RhoA (Cytoskeleton, Inc.), previously described in (Calg, et
2008), was injected at 1mg/mL (2 mM Tris pH 7.6, 0.5 mM MgClI2, 0.5% sucrose
and 0.1% dextran) immediately following telophase of cycle 12. Colchicine (Sigma)
was injected during interphase of cycle 13 at 0.5mM (dH20). Cy5-labelled histones
H2A/B (gift from E. Homola, University of Alberta, Canada) were injectddamst
one cycle prior to cycle 12. All buffer injections used 2 mM Tris pH 7.6, 0.5 mM

MgCI2, 0.5% sucrose and 0.1% dextran.

Constitutively active-RhoA injections

RhoA* was injected at the beginning of cycle 12 in embryos also injected
with Cy5-Histones and Rhodamine Actin. Alternatively embryos derived frochst
bearing the Moesin-GFP transgene were used to label actin. A digital zoamseudas

to capture a 13000 frarea including and surrounding the injection site. After

44



injection of either RhoA* or buffer, images from the surface to a depth of 6 microns
at 1 micron intervals were taken every 30 seconds. In order to focus on the #reas wi
the highest concentration of RhoA*, we quantified the ectopic furrows in a 5600pm
area centered on the injection site. Ectopic furrows were counted in each entbryo a
then divided by the number of nuclei in the 5008jarea to obtain an ectopic furrow

percentage.

Confocal microscopy, image quantifications, and statistics

Confocal images were acquired using an inverted photoscope (DMIRB; Leitz)
with a TCS SP2 (Leica) laser confocal system. For all images, alMCXPO 1.4
NA 63x oil objective (Leica) was used. Images were processed using ImageJ
(National Institutes of Health). Figures were made using Photoshop anchtbust
(Adobe).

Student's t-test (two-tailed, equal variance) was performed on ectopic furrow
data and significance was set at P <.005. Videos were converted to QuickTime

(Apple) videos using PNG lossless compression.
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Results

Normal and ectopic localization of central spindle proteins in the early
Drosophila embryo

Given the current model of furrow positioning by the centralspindlin complex,
we determined the localization of these and other core furrow components during
metaphase furrow formation in tBgosophila embryo. Using both live and fixed
fluorescent analysis of cycle 12 embryos, conserved central spindle components wer
localized during interphase, prophase, metaphase and telophase (Fig. 3.1A-B). We
found that Fascetto (Feo, Prcl homolog), Tumbleweed (Tum, RacGAP50C
homolog), and Polo (Plk1 homolog) all localize to the site of metaphase furrow
formation (Fig. 3.1A). Of these components, Feo is the first to co-localizeheith t
actin-rich metaphase furrows during interphase. By metaphase, Feodsguonctate
in the furrow. Tum has no specific localization to the furrows during interphase, but
becomes localized to the furrows at metaphase. The other member of the
Centralspindlin complex, Pavarotti (Pav, mKLP1 homolog) was previously shown to
localize to the metaphase furrows from interphase to metaphase as webrasinig
the spindle from prophase to anaphase (Minestrini et al., 2003). Polo is weakly
associated with the furrows during interphase, and strongly localized to rineSur
during prophase and metaphase. The components of the Chromosomal Passenger
Complex (CPC), Aurora B (AurB) and INCENP, have little to no significant

localization to the furrows at any time of the cell cycle.
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We next examined whether these proteins localize to the central spindle
during the cortical syncytial divisions as they do during conventional cyto&ind's
found all of these proteins (Feo, Tum, AurB, Polo, AurB, and INCENP) show nearly
identical localization to a small region between recently divided nucleienthe
central spindle is formed (Fig. 3.1B). This result indicates that despiteckhefla
conventionally positioned cleavage furrows, the central spindle proteins are still
regulated and localized properly as in somatic cells. These findings weieeatesl
and left unresolved the explanation for the lack of a cleavage furrow at thal cent
spindle. Therefore, we examined the localization of components downstream of the
centralspindlin complex.

Central spindle proteins are thought to position the furrow through localized
activation of Rho1l at the cortex (Piekny et al., 2005). It has been shown previously
that Rhol is tightly localized to the metaphase furrows (Padash Barmth2en&)

(Cao et al., 2008), therefore we tested whether it was also present at the cortex
immediately apical to the central spindle as found in mammalian asdgans cells
(Yonemura et al., 2004; Yuce et al., 2005). Fig. 3.2B shows a cortical stripe of Rhol
forming during mid-interphase. By prophase, we observed a band of RhoA 0.5-1um
below the cortex, directly above the nucleus. At metaphase, this subcortical band of
Rhol is more clearly defined and is positioned perpendicular to the plane of division.
However, by telophase no localization to the equatorial cortex is observed. Thus, the
position of this cortical stripe of Rhol is equivalent to that found in cells undergoing

conventional cytokinesis, however the timing is altered. During cyclel4, afte
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cellularization, when conventional furrows are first formed, Rhol is conaehimat
the equatorial cortex during late anaphase and telophase (Albertson et al.]r2008)
contrast, here we observe this stripe from interphase to metaphase in th@kyncyti
embryo.

Given these results, we conclude that all of the necessary central spindle
proteins localize to the central spindle of syncytial embryos properly artdexefore
potentially competent to accumulate RhoGEF to the central spindle. However, the
lack of cortical Rhol localization may indicate the crucial missing compdoent
inducing a furrow down the midzone. Furthermore, the metaphase furrow laoalizat
may indicate potentially novel roles for these proteins outside of the centrakspindl
We also examined the localization of RhoGEF which targets and activates Rhol.
Drosophila expresses both zygotic and maternal forms of RhoGEF, known as pebble
and RhoGEF2, respectively (Hime and Saint, 1992; Padash Barmchi et al., 2005).
During the zygotically controlled post-cellularization divisions, Pebblesisomesible
for activating Rho1l at the site of furrow formation and is located at the plussénds
the central spindle near the equatorial cortex (O'Keefe et al., 2001). €l rol
Pebble in the maternally controlled pre-cellularization divisions is less ab loss of
Pebble does not disrupt metaphase furrow formation (Lehner, 1992). These divisions
appear largely driven by RhoGEF2. In contrast to Pbl, maternal RhoGEF?2 Istalize
the site of metaphase furrows and loss of RhoGEF2 produces profound disruptions in
their formation (Padash Barmchi et al., 2005). In accordance with previous studies

we observe a clear concentration of RhoGEF2 at the site of metaphase furrow
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formation from interphase and until metaphase (Fig. 3.2A). However, we find
RhoGEF2 does not localize to the central spindle or equatorial cortex duringsmapha
and telophase. This lack of RhoGEF localization to the central spindle may also
explain the lack of a conventionally positioned cleavage furrow during the cortical
syncytial divisions.

Sequence analysis provides insight into the failure of RhoGEF2 to localize at
the central spindle. Two protein domains (RADECL and BRCT1) in the N-terminal
region of Pbl are required for RacGAP50C binding (Somers and Saint, 2003). While
Pbl and RhoGEF2 both possess functional GEF domains (DH and PH) in their C-
terminus, RhoGEF2 does not contain the RacGAP binding domains in its N-terminus
(Fig. 3.3). This readily explains the lack of RhoGEF2 localization at the tentra
spindle and with previous work demonstrating that RhoGEF2 relies on an alternative
vesicle —based mechanism for localization at the metaphase furrows @ao et
2008). RhoGEF2 mutants do not have post-cellularization cytokinesis phenotypes
indicating its primary role is in metaphase furrow formation (Padash@aret al.,

2005). The conventional RhoGEF, Pbl, is zygotically required immediately in the

conventional divisions following cellularization (Lehner, 1992).

Ectopic RhoA activation induces furrows down the central spindle
Our findings identified RhoGEF2 as the only component absent from the
central spindle in syncytial embryos. Therefore, we were interested in the

consequences of bypassing the requirement for RhoGEF. We accomplished this
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through injecting amn vitro purified form of mammalian RhoA that is constitutively
active due to a point mutation in the GTP binding region of the protein (Cao et al.,
2008). Embryos bearing the Moesin-GFP (actin binding protein) transgene, were
injected at the beginning of interphase of cycle 12 with Cy5-labeled Histones
followed by a RhoA (1mg/ml) injection. Within a 5000fiarea around the injection
site (30-35 nuclei), 20%=1.3 of the nuclei (N=8 embryos) of RhoA injected embryos
ectopic furrows form at the same position as conventional furrows: in the center and
perpendicular to the central spindle (Fig. 3.4A). Buffer injected embryos produced
ectopic furrows in 1.6% +0.7 (N=11 embryos) of the dividing nuclei. Unlike
conventional furrows, these ectopic furrows form during prophase and metaphase.
These furrows ingress to depths of 3-4um and nuclei below these furrows are
displaced basally.

To determine the orientation of these ectopic furrows in relation to the mitotic
spindle, Moesin-GFP embryos were injected during cycle 11 with rhodamine-
conjugated tubulin. This was followed by an injection of active RhoA at the
beginning of cycle 12 interphase. All ectopic furrows formed perpendicular to the
spindle and bisected the region between the centrosome pairs (Fig. 3.4B).
Furthermore, these furrows contain actin, myosin and membrane, all core components

of conventional cytokinetic furrows (Fig. 3.4C).

Both ectopic and conventional cleavage furrows require overlapping

microtubules
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Anti-parallel overlapping microtubules play a key role in positioning and
initiation of the cleavage furrow in many cell types (Glotzer, 2009). Thersfe
addressed the role of microtubules in the formation of these ectopic furrows.dsmbry
were injected with RhoA at the beginning of interphase of cycle 12 then immediately
injected with Colchicine (a microtubule depolymerizer). In accordandepsgvious
studies which demonstrated that microtubules from interphase through metaphase ar
not required for metaphase furrows formation (Riggs et al., 2007). However, ectopic
furrows formed at a rate of 2.2%+0.9 compared to 20%=+1.3 when RhoA* is injected
alone (Fig. 3.5). Thus, unlike metaphase furrows, ectopic furrows are sensitive to
microtubule depolymerization during interphase and prophase. Given the position of
ectopic furrows, it is likely that like conventional furrows overlap spindle
microtubules play an important role in positioning the furrows. Thus, although RhoA-
induced ectopic furrows form earlier in the cell cycle (prophase/metgpthase
conventional cleavage furrows (anaphase/telophase), both appear to depend on
overlap anti-parallel microtubules for furrow establishment and position.

Despite the incorporation of Myosin in metaphase furrows, its role in furrow
formation is not clear since metaphase furrows form properly in the absence of
myosin (Royou et al., 2004). Therefore, we tested whether formation of RhoA-
induced ectopic furrows require Myosin. We expred$a8-sqgh™ during oogenesis
using VP16 alpha-tubulin Gal4 driver and observed no effect on metaphase furrow
formation in buffer-injected embryos, nor did it result in a significant amount of

ectopic furrows (1.8%=z=1.2 of nuclei in 5 embryos; Fig. 3.5). Upon injection of these
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embryos with RhoA we found no significant increase in ectopic furrow formation
(0.6%=0.6 of nuclei in 5 embryos). This indicates that Myosin is a structural
component of these ectopic furrows and like conventional furrows is required for
furrow formation. These results indicate ectopic furrows are functioegliwalent

to conventional furrows and distinct from metaphase furrows.
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Discussion

These results show that in tBeosophila embryo, prior to cellularization,
almost all of the central spindle proteins required to make a furrow are atrdie as
overlap and incorporated into the metaphase furrows. Additionally, all of these same
components are at the central spindle as well, however, the inhibition of furrowing
here is due to the lack of RhoGEF localization to the central spindle and the lack of a
cortical band of Rhol (Fig. 3.6). After cellularization, RhoGEF/Pebble, which can
bind to the central spindling complex, localizes to the plus-ends of the central spindle
and activates cortical Rho1(Albertson et al., 2008). Our model predicts a gahple
elegant mechanism of rapidly changing furrow position in the developing erbipry

use of structurally different RhoGEFs.

Localization of central spindle proteins to astral microtubules

Our observation that all of the components were localized to the astral
microtubule overlap was unexpected. With the exception of the chromosomal
passenger complex, which has been shown to be transported by its association with
the chromosomes, therefore we would not have expected this complex to associate
with astral microtubules. Some evidence centralspindlin has been shown to lacalize
the tips of astral microtubules in mammalian cells, although only in astertitatt
the equatorial cortex of the cell (Nishimura and Yonemura, 2006). It is likely tha

localization of the centralspindlin complex to the sites of metaphase and d¢onaknt
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furrow formation rely on distinct mechanisms. Potentially, vesicle ¢faffg may

play a role in their localization as it does for RhoGEF2 (Cao et al., 2008).
Interestingly, the localization of RhoGEF2 to the metaphase furrows cedhjzathe
cellularization furrows may in fact be mediated by two different mechanishe
cellularization localization is dependent on the binding of the zygotically esqates
Slam protein through RhoGEF2's PDZ domain (Wenzl et al., 2010). Further evidence
for this is that ectopic localization of Slam induces a similar ectopic tataln of
RhoGEF2. Although the mechanism is unclear, Slam is thought to recruit RhoGEF2
to the site of the furrow canals by way of binding to its PDZ domain, leading to a
stable accumulation of RhoGEF2. However, Slam is not present in the metaphase
furrows during the pre-cellularized divisions (Lecuit et al., 2002; Stein et al.,.2002)
Therefore, an alternative mechanism of positioning RhoGEF2 during thesiemsyvi
might involve the Pav (mKLP1) motor protein to drive localization of RhoGEF2
containing vesicles to the metaphase furrows. The early embryo may lrefac

perfect system to study localization mechanisms of other components as well.

Temporal regulation of furrow formation

The experiments described here were able to elucidate the spati@nbiéer
between syncytial and cellularized epithelium as they relate to tloavfurr
components; however, they call attention the unknown nature of the timing
differences. Although, ectopic activation of Rhol was able to induce midzone

furrowing, it did so during pro-metaphase rather than telophase. The fact that this
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coincides with the timing of robust furrow formation seems more than just a
coincidence. To account for this, of the components we looked at, the only one that
we can say is temporally shifted is the cortical stripe of Rhol. This striparappe
throughout interphase and until metaphase. It would be interesting to look at whether
all of the cortical components are behaving similarly, which may indicate tha
upstream components that interact with Rho1 or anillin, for example, are differently
regulated during the syncytial cycles. Based on evidence from other ed] typ
Tumbleweed may be the most likely protein to affect these cortical canfsosince

it appears to have central spindle independent roles related to anillin and Rhol(Yuce
et al., 2005) . How this timing regulation is shifted after cellularization ihhanbig
guestion. Some indication may come from experiments where the mid-blastula
transition (MBT) is delayed. The MBT is a series of events that occurs during
cellularization resulting in an elongated interphase due to the inclusion of gap, phases
degradation of maternally supplied transcripts and proteins, and the initiation of
zygotic transcription (Edgar et al., 1986; Edgar and O'Farrell, 1989). Delagisg t
events with transcriptional inhibitors or genetic tools results in extraahgigcycles

14 and 15) that continue to make metaphase furrows and delay cellularization (Edga
et al., 1986). This lends support to the idea that zygotic transcription is key to shifting

the timing of and positioning of the furrow to the midzone at telophase.

Developmental switches between astral and central spindle dominance
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Rappaport’s classic experiments in large invertebrate embryos and more
recent studies on experimentally induced monopolar spindles demonstrate that even
in cells in which furrow position is dictated by the central spindle, astrabtalmles
have the potential to induce furrows (Canman et al., 2003; Hu et al., 2008; Rappaport,
1961) . In many respects, metaphase furrows which form between neighboriag aster
of theDrosophila syncytial cortical divisions are natural versions of these
experimentally induced ectopic furrows. As with ectopic furrows formed upon
monopolar spindle induction, during metaphase key furrowing components which
normally associate with the central spindle, localize at the astradtoidcie plus-
ends. We suspect these components are likely to be localized at astral microtubule
plus-ends in Rappoport furrows. The mechanisms guiding this ectopic localization are
not known. In syncytiaDrosophila embryos, studies demonstrated that RhoGEF2
transported to the metaphase furrows via recycling endosome derived vésadeaxt (
al., 2008; Rothwell et al., 1999). Whether other furrow components rely on similar
vesicle-based transport mechanisms is not known.

The lack of furrows at the central spindle duringEmesophila cortical
divisions is surprising because key furrow components are localized both at the
central spindle as well as overlapping astral microtubules. This is explaytbe
fact that the maternally supplied RhoGEF, RhoGEF2 lacks the RacGAP binding
domain, and thus does not localize at the central spindle and activation of Rho-
GTPase fails. Simply by providing activated Rho-GTPase, we induce conventional

central-spindle based furrows. Normally, however, the switch from astsalllio

56



central spindle-based furrow formation is likely driven by expression ofytiiz

form of RhoGEF (Pebble), which localizes at the central spindle and promotes centr
spindle based contractile ring formation. Taken together, these reslidste that

the earlyDrosophila embryo is poised to form either astral-based or central-spindle
based furrows. With key furrowing components localized at both the astral
microtubules and central spindle, localization of RhnoGEF and activation of Rho-
GTPase are the rate limiting factors driving furrow position. Thisegjyais
advantageous given that a dramatic shift from astral-based to central fjgiseite
furrow position must occur in a very short period of time at the mid blastula

transition.
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Figures
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Figure 3.1.Central spindle proteins localize to the metaphase furrowsand the
spindle midzone.(A) Localization of central spindle proteins (grayscale and green)
during metaphase furrow formation in both live and fixed cycle 12 ywsbArrows
indicate colocalization with actin furrows. DNA is cyan and kradc red in all
panels. Scale bar equals 5 um. (B) Telophase localization oélcepindle proteins.
Arrows indicate accumulations of these proteins at the spindle midedween two
recently divided nuclei. Scale bar equals 10 pum.
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Figure 3.2.Spindle and cortical localization of Rho pathway components(A)

RhoGEF2 (grayscale and green) localization during metaphase fiommation and
midzone formation at telophase. Arrows indicate colocalization of ER@Gand
actin furrows. (B) RhoA-GFP (grayscale and green) locatinaf).5-1um below
embryo cortex. Arrows in left and right panels highlight a conceuratripe of
RhoA forming directly above each nucleus (red). Nuclei in right [san&ve been
superimposed from a lower z-plane in order to highlight nuclear morphaiod
orientation with respect to the RhoA stripe. Actin is not labeled in these images.
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RacGAP binding region (Somers and Saint 2003)

GEF domain
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Figure 3.3. Schematic representations of conserved protein domains in
RhoGEF/Pebble and RhoGEF2 RacGAP binding regions are comprised of
RADECL and BRCTI domains of Pebble (Somers and Saint, 2003). RhoGEF2 does
not have the equivalent domains and instead has a PDZ domain, whighiieddor

its binding of Slam.
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Figure 3.4.Ectopic furrows induced by activated—RhoA* injection are simiar to
cytokinetic furrows. (A) Living embryos injected during interphase of cycle 12 with
either buffer or activated RhoA (RhoA*). GFP-Moe (green) labelsctir and
injected Cy5-Histone (red) labels DNA. Time following injectisnindicated above
each panel. Actin is shown at a depth of 3-4um below the cortee. tNat arrows
indicate the formation of ectopic furrows above nuclei, which haven be
superimposed from a lower z-plane in order to show nuclear orientatidn a
morphology. To the right of each treatment is a schematic aiss section through
one nucleus at prophase. Note that the ectopic furrows in RhoA*-injeatedyos
basally displace nuclei from the cortex (see schematic) A@&n labeling Moe-GFP
(green) embryos were injected with RhoA* and rhodamine-labeled tufeli) at
the beginning of interphase. Images are of one prophase nucleusiéawctih cortex
(Oum) to the bipolar spindle (4um). Arrow indicates the ectopimvurforming
above the nucleus. Asterisks label the tubulin rich centrosomes opitides (C)
GFP-Sgh (green) embryos labeling non-muscle myosin and Cy5eldbaktones
(red) were injected with buffer or RhoA*. DIlg-GFP (green) embryabeling
membrane were treated similarly. Both membrane and myosin ageveddsin the
ectopic furrows. Scale bars equal 10um.
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Metaphase RhoA*-induced Ectopic Furrows
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Figure 3.5.Ectopic furrows require microtubules and myosin. Pharmacological
and genetic methods were used to disrupt spindle microtubules (colrhacide
myosin (sqi'®) in embryos injected with buffer or RhoA*at the beginning of
interphase of nuclear cycle 12. The embryos were imaged tiloouthe following
metaphase and the percent of ectopic furrows was quantified gioa @& 5000urh
(graph). Colchicine embryos were labeled with GFP-Moesin ang-HBtone.
Colchicine was injected immediately after RhoA*. Note the lackrganization of
the condensed chromosomes at metaphase indicative of spindle defetfs? S
embryos were injected with rhodamine actin (green) and Cy5-his{oeadsprior to
cycle 12. Bars in graph represent the averages of at leasbifyos. (***) indicates a
significant difference (p>.001) from the associated buffer confchle bar equals
S5um.
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Figure 3.6.Schematic of spatio-temporal differences of furrow determmants in
the syncytial and cellularized embryos. Apical surfaces have been removed.
During the syncytial divisions, central spindle proteins are ilbe@lto the metaphase
furrows as early as interphase, and have midzone localizatibelophase with
exception of RN0OGEF2. Note the premature equatorial stripe of Rhoheatdtence
of a stripe during anaphase/telophase. The cellularized epithlieisra basal cortex
and shows localization of the central spindle components, including RhaGtEE
midzone during anaphase/telophase, which coincides with an equatopal afri
Rhol.

63



Chapter 4: Vesicle-mediated furrow formation is regulated Polo-dgendent

phosphorylation of Nuf.

Introduction

Cytokinesis is the final step in cell division, which physically divideswite t
daughter cells from one another. This process is driven in large part by the darmati
of an acto-myosin based contractile ring that forms at the equatoriexk eord
invaginates the membrane down the midzone during anaphase and telophase.
Although much is known about the steps of initiation, progression and abscission of
cleavage furrows, many questions still remain. One unresolved issue is hovhall of t
furrow-associated components are recruited to the site of cytokiriesiknbwn that
microtubules play a pivotal role in furrow formation (Rappaport, 1961). The current
model proposes that overlapping microtubules serve as accumulation sites for a
majority of these components. Some of these components, such as the centralspindlin
complex, have associated microtubule motors (mKLP1) which are thought to
transport them along these microtubule arrays (Mishima et al., 2002; Yuce et al.,
2005). However, the mechanisms by which the other central spindle components (i.e.
PRC1, RhoGEF) or cortical components (i.e. Rhol) are not as well understood.
Recent work describing the role of membrane trafficking in cytokinesis evaalr

the solution to some of these questions (Cao et al., 2008).
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Previously it was thought that cytokinesis in animal cells was solelye\aathi
through actin-myosin contraction as opposed to plant cells which, due to the rigidity
of the cell wall, primarily rely on membrane trafficking to the midzone whicamgor
the new cell periphery (Jurgens, 2005). However, many studies now suggest a new
model of animal cytokinesis which incorporates an essential role of vesftlking
to the furrow (Albertson et al., 2008; Otegui et al., 2005; Strickland and Burgess,
2004). These vesicles have been implicated in both trafficking of furrow components
as well as simply membrane addition. In Br@sophila embryo, the ER and golgi
have been identified as playing a role in furrow formation (Rothwell et al., 1999;
Sisson et al., 2000). Maternal effect mutant screens in the early syncydigoem
have been used to identify genes that affect the formation of metaphase furrows,
which are cytokinetic furrow analogs, that form during the 11 digtisions prior to
cellularization (Sullivan and Theurkauf, 1995). These structures form outside of the
spindle rather than bisecting it and occur from interphase to metaphase rather than
anaphase/telophase. Despite this, they have been shown to be a powerful genetic tool
to understand cleavage furrows in general. To this end our lab has identified the gene
Nuclear Fallout (Nuf) as a critical component for metaphase furi@iggs et al.,

2003; Rothwell et al., 1999).

Nuclear Fallout (Nuf) was identified as a homologue of the mammalian
Rabl1 effector FIP3 (Rothwell et al., 1998). In mammalian cells, FIP3 has been
shown to be required for both furrow ingression and abscission events (Hickson et al.,

2003). Similarly, inDrosophila embryos, Nuf has been shown to be required for
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furrow integrity (Riggs et al., 2003; Rothwell et al., 1999). These results lend support
to the growing model of membrane trafficking in cytokinesis. The speoitcthat

Nuf plays seems to be in the activation of recycling endosome (RE) traffjcki
specifically, by way of its interaction with Rab11, an RE associated GTRals#1 is

a key activator of RE vesicle trafficking and relies on its associationefiebtor

proteins, such as FIP3, for targeted vesicle delivery. Loss of this imaraesults in

weak localization of actin and actin remodelers, such as RhoGEF2 and Rhol, to the
site of furrow formation (Cao et al., 2008; Riggs et al., 2007). The regulation of these
events within the cell cycle is less clear.

Previous work found that Nuf does not always associate with the RE during
the cell cycle. In fact, Nuf accumulates at the RE throughout interphase dnd unti
metaphase when it rapidly becomes diffuse (Riggs et al., 2007). This timing
correlates with the formation of metaphase furrows which form throughout inderpha
and fall apart during anaphase and telophase. Furthermore, it has been shown that Nuf
is highly phosphorylated during prophase which coincides with its diffusion from the
RE (Riggs et al., 2007). Whether this phosphorylation and localization of Nuf are
related to one another or merely correlative has yet to be shown.

Here we show that Nuf localization to the recycling endosome is affected by
Polo kinase. Perturbing Polo activity and protein levels in the embryo results in
changes of Nuf localization to the RE. Using in vitro assays we also find tleisPol
sufficient to phosphorylate Nuf at two residues. Specific staining of these

phosphorylated residues shows that these phosphor-isoforms do not localize to the
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RE. Therefore, we propose a model in which regulation of vesicle traffickisugdel
to furrow formation is directly through Polo. This suggests a model in whichevesic
trafficking may play in important role in timing the formation or destruction of a

furrow.
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Materials and Methods

Fly strains

Stocks were raised as described in chaptRuft/TM3, S (Rothwell et al.,
1999),pol0'%TM6C, Tb, S (Bloomington),UASp-Polo* (Bloomington),GFP-Nuf/
CyO (Riggset al., 2003), alphaTub-Gal4: VP16 (Bloomington)Sgh-GFP ((Royou et

al., 2004) Moesin-GFP (Cao et al., 2008).

Embryo Fixation and Immunostaining

Collection and fixation of embryos were described in chapter 2. The primary
antibodies used include: Rb anti-Nuf (1:250; (Rothwell et al., 1999), Rb anti-pNuf
S225 (1:30; (Otani et al., 2011)). Secondary Alexa 488-conjugated antibodies were

used at 1:300 (Molecular Probes).

Confocal microscopy and FRAP

Confocal microscopy was performed as described in chapter 2. FRAP
techniques was performed as described in chapter 2 with the exception that a 5um
area was used for bleaching which was sufficient to cover the entire Nuf
accumulation around the centrosome. For quantification, the unbleached centrosome

pair was used for comparison.

Embryo western immunoblots
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Immunoblots of staged embryos were prepared as previously described
(Riggs et al., 2007). Collected embryos were dechorionated in 50% bleach for 2 min,
extensively rinsed, permeabilized in heptane, and transferred into a muitture
equal volume of heptane and methanol (containing 1 mM Na3VO4) for fixation.
Embryos were rinsed three times in ice-cold 99% methanol with 1 mM Na3VvO4 and
rehydrated with embryo buffer (EB) containing 10 mM of NaF. The embryos we
then stained with EB containingug/ml Hoechst 33258 for 3—4 min, rinsed twice in
EB, and transferred to 40%EB/60% glycerol. Embryos were staged visuallytlusing
DAPI channel of a fluorescent microscope. Handpicked cycle 13 embryos (4 per
sample) were dissolved in 2x SDS sample buffer and run on SDS-PAGE and

immunoblotting using standard procedures.

Kinase assay

Full length Polo kinase cDNA was cloned into a Gateway Baculovirus
expression construct (Invitrogen) with a 6x Histidine tag. Sf9 cells wézeted and
then harvested on a nickel column at a concentration of 0.5mg/ml. GST tagged Nuf
(Rothwell et al., 1999), was purified using glutathione sepharose beads to a
concentration of Img/ml. Dephosphorylated Casein (sigma) was dissolved inovater t
1mg/ml. Kinase reactions were assembled using 5ug of substrate(QaG&ST-
Nuf), 0.05mM ATP, 0.05pg Polo-6His, 5uCi A¥Pand kinase buffer (Tavares et

al., 1996). Extracts from Sf9 cells infected with empty virus were used aslcontr
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kinases at 0.5mg/ml. 25ul reactions were carried out at 30°C for 20minutes then

boiled in 2x sample buffer and run on SDS-PAGE.

Nuf Pulldowns and co-immunoprecipitation

Immunoprecipitation experiments were carried out on extradisasophila
embryos aged 0—4 h. Homogenization, incubation, and wash steps were in 50 mM
HEPES, pH 7.4, 150 mM KCI, 0.9 M glycerol, 0.5 mM dithiothreitol (DTT), and
0.1% Triton X-100 supplemented with protease inhibitors, plus 2 mM
phenylmethylsulfonyl fluoride (PMSF). Rb-anti Nuf antibodies and M-Ig@adtes
(Santa Cruz Biotech) were allowed to bind to Protein A Sepharose beads (Sigma) a
then incubated with equal amounts of embryo extract (~0.6mg of total protein in
300ul) overnight at 4°C. Beads were washed three times, the last two without
TritonX-100. Each pellet was boiled in 20pL of 2x SDS buffer and run on SDS-
PAGE. Antibody taDrosophila Arpl (Gridlock) was used to probe (Haghnia et al.,

2007).
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Results

Nuf is turning over at the recycling endosome

Previously, our lab has shown that Nuf accumulates pericentrosomally at the
recycling endosome from interphase to metaphase. At metaphase, Nuf rapidly
dissociates and becomes diffuse in the cytoplasm (Riggs et al., 2007; Rotlakell e
1999). In order to further understand the nature of this accumulation, we first asked
whether Nuf is stably associating with the recycling endosome or whethiéurining
over. To answer this question we assayed GFP-Nuf embryos using Fluorescence
Recovery After Photobleaching (FRAP). GFP-Nuf embryos were allowaeMeop
until early interphase of cycle 13. Pairs of centrosomes were selectethigsis
where one was bleached over ~9s in an area that diminished Nuf fluorescemoe to ze
and which encompassed the entire centrosome and pericentrosomal regioredl his a
was allowed to recover and was standardized to the complimentary, unbleached
centrosome. We found that Nuf recovered to near 100% after 102s+7.8s. The
recovery of 50% fluorescence was reached after 11s+1.3s (N=9) (Fig 4.1).
Furthermore, following recovery, the amount of Nuf at the centrosome was not
significantly reduced compared to the unbleached centrosome. Thus, during
interphase, Nuf does not seem to be stably associated with the recyclingne@dos
and is in fact turning over relatively quickly. Therefore, Nuf must be constantly

recruited to the RE from interphase to prophase.
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A dosage-sensitive interaction between Nuf and Polo

Previously, we have shown that Nuf is phosphorylated from interphase to
prometaphase (Riggs et al., 2007). The highest level of phosphorylation observed is
in prometaphase coinciding with nuclear envelope breakdown (NEB). Taking this
into account we used a previously published genetic screen (Cao et al., 2008) to
genetically identify mitotic kinases that interact with Nuf and may it fac
phosphorylate it. The strategy of the screen was to reduce Nuf protein Wl b
in the early embryo by usinwf* heterozygous mothers. All of these embryos were
fixed and stained to assay metaphase furrow morphology. In contrasntd the
homozygous embryos, heterozygotes displayed normal furrow morphology (Fig. 4.2).
Next, candidate mitotic kinases (Cdk1, Polo, Mei41, etc.) were crossed into this
heterozygous background. By themselves, the heterozygous kinases did not produce
furrow defects (Fig. 4.2), howevewlo™/nuf* embryos showed a synthetic furrow
phenotype exhibited by weakly defined actin furrows (Fig. 4.2) and breaks in the
furrows. None of the other kinases tested, six in all, produced phenotypes. Thus, Polo,
or a downstream target of Polo, interacts with Nuf and is required for proper furrow

integrity.

Misexpression of Polo alters Nuf phosphorylation and localization
To test whether Polo could affect the phosphorylation and the localization of
Nuf we live imagedsFP-nuf/+:polo’/+ and compared t6FP-nuf/+ embryos.

polo'”/+ embryos had significantly more Nuf localized during the interphase to
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prophase duration (Fig. 4.3A). Furthermore, when Nuf is no longer visible at the
centrosomes from metaphase to telopha&FiR-nuf/+ embryospolo'®+ embryos
had reduced, but significant amounts maintained at the centrosome region throughout
mitosis (Fig. 4.3A).

Next we tested whether increasing Polo activity also affects Nuizatah.
Using a constitutively active UAS-driven polo*, we overexpressed this isoform in
embryos and fixed and stained for Nuf localization (Fig.3B). At prophase, Nuf is
normally at the centrosome in wildtype embryos. Upon expression of active polo we
saw almost no accumulation of Nuf to the centrosome during prophase. Therefore,
reducing polo results in an increase of Nuf localization to the centrosome while
increasing polo results in its premature removal from the centrosome.

Given these results we asked what the phosphorylation state of Nuf is in these
genetic perturbations. Embryos frambulin-Gal4; UAS polo* mothers were fixed
and staged and run on SDS-PAGE. Compared to wildtype, CytJ&A3pol o*
embryos show an increase in the higher isoforms of Nuf (Fig. 4.3C). Conversely,
reducing Polo levels with either a heterozygous null alf@kot%+) resulted in a
reduction of the higher isoforms of Nuf (Fig. 4.3C). Thus, Polo levels can either
directly or indirectly affect the state of Nuf phosphorylation, which may be
responsible for its dynamic localization.

Taken together, these data indicate a significant link between the
phosphorylation of Nuf and its removal from the centrosome by the end of prophase.

Furthermore, this link is likely mediated by Polo kinase.
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In vitro purified Nuf can bind to in vitro purified Polo

In order to determine whether Nuf and Polo directly interact we performed
pulldown assays using bacterial purified GST-Nuf. This was bound to glutathione
covered sepharose beads and incubated with bacterial purified MBP-tagged Polo.
These beads were then washed, boiled and run on an SDS-PAGE. Western blotting
using an MBP antibody detected Polo in this fraction and not significantly in GST
bound beads (Figure 4.4A). This indicates that Nuf and Polo directly interact with one

another.

Polo can directly phosphorylate Nufin vitro

In order to test whether Polo was sufficient to phosphorylate Nuf we
performed an in vitro kinase assay using baculovirus purified Polo and bacterial
purified GST-Nuf. Figure 4.4B, an autoradiograph of the assays, shows the positive
control, Casein, was strongly phosphorylated by Polo. Similar levels of
phosphorylation were also observed in GST-Nuf reactions. Negative controls used
extract from Sf9 cells that were infected by baculovirus not containingolbari3ert.
Only faint bands can be seen for GST-Nuf in these lanes which may be due to
background kinases or endogenous levels of Polo. From these gels, the slowest
moving bands (~100kDa) were excised and liquid chromatography tandem mass

spectrometry (LC MS/MS) was used to identify two phosphorylated residues, S225
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and T227 (Fig. 4.4B). Interestingly, a genome-wide phosphorylation study

previously found that Nuf is phosphorylated at these sites as well (Zhai et al., 2008)

Nuf phosphorylated at S225 does not localize to RE

A recent study found that Nuf is phosphorylated by IKK follicle
producing cells (Otani et al., 2011). Interestingly, they mapped this phosphorylation
site to S225 as well. Using the S225 specific antibody they generated we tested
whether in the syncytial embryo if pS225 Nuf would be able to accumulate at the RE.
Cycle 13 embryos labeled with pNuf antibody showed no accumulation of pNuf at
the centrosome (Fig. 4.4C). Therefore, phosphorylation of Nuf at S225 by Polo is

sufficient to prevent Nuf from localizing to the RE.

Nuf binds the central component of the Dynactin complex Arpl

In order to identify binding partners for Nuf, we purified GST-labeled Nuf
and bound it to Glutathione Sepharose beads. Wildtype embryo extract from 0-3hr
AED embryos was flowed through both GST and GST-Nuf columns. Bound proteins
were eluted under high salt conditions and run on SDS-PAGE. Coomassie stains were
used to identify unique protein bands in the GST-Nuf eluate. Bands were excised and
underwent Tandem-mass spectrometry. A band at the 40-70kDa range wa®dlentifi
as Arpl (gridlock). Arpl is a major component of the Dynactin complex that
specifically binds to the cargo being transported by Dynein. A Co-IP ofypédt

extract was then performed using Protein-A beads coupled to Nuf antibody. Bound
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proteins were eluted under denaturing conditions and subjected to SDS-PAGE.
Western Blotting using an antibody to Arpl showed a 74kDA band, which
corresponds to Arpl and a 36kDa band, which most likely corresponds to actin since
it has been reported that this antibody cross reacts with actin (Haglahia2€07).
Therefore, we propose that Nuf interacts with Dynein and specifically thadDg
complex to translocate to the RE. This is supported by evidence that Nuftterac
with dynein, however since dynactin serves as linker between dynein and as carg

our result may be more direct binding (Riggs et al., 2007).
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Discussion

Nuf localization to the recycling endosome is regulated through phosphosation
by Polo

Our data show that Polo kinase directly phosphorylates Nuf at two specific
residues. Furthermore, perturbations of Polo activityvo results in both changes in
localization and phosphorylation of Nuf. We propose a model where
unphosphorylated Nuf can bind dynein/dynactin motor complexes on astral
microtubules and accumulates at the recycling endosome (RE) located
pericentrosomally (Fig. 4.6). Previously, we have shown that dynein co-
immunoprecipitates with Nuf and inhibition of dynein results in the gradual loss of
Nuf at the RE (Riggs et al., 2007). One potential mechanism for phosphorylation
regulating Nuf is that it affects either its dynein interaction or Rab&tacation. The
latter is less likely due to the phosphor-sites not being in the Rab11 binding domain.
The interaction with dynein is a model we favor since similar proteins have been
shown to be regulated this way. The protein Nlp, for example, localizes to the
centrosome via its dynein interaction. Phosphorylation by Polo causes Nlp ts lose it
binding to dynein and accumulation is rapidly lost (Casenghi et al., 2005).
Interestingly, a recent report found that in hair follicle producing celly asophila,
Nuf trafficking of RE vesicles was found to be directly regulated byllKknase
which phosphorylates Nuf and affects its association with dynein (Otani 20H1).

Moreover, they found that phosphorylation was at S225, one of the sites found in our
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study. This lends support to our model that Polo phosphorylation at these sites does in
fact alter Nuf/dynein interactions. A third possibility might be intéca with an as

yet unknown kinesin that removes Nuf from the RE. It is still not clear whetlsasthi

the case however since inhibition of dynein does not result in rapid removal of Nuf
from the RE, but rather a more passive diffusion-like removal (Riggs et al., 2007).
Another, outstanding issue is the identification of the phosphatase that
dephosphorylates Nuf, presumably allowing it to translocate to the RE again. One
large-scale screen of interacting proteins showed an interaction hetiwéand the

phosphatase Csw, but more direct evidence will need to be pursued.

Nuf phosphorylation is a timing mechanism for furrow formation and
destruction

The proper timing of furrow formation is important in syncytial divisions as it
is in somatic divisions. Ill timed furrow ingression can result in the inappropriate
separation of DNA or cell determinates or simply a failure of cytolsredstogether.
Our model suggests that in our cell type, Nuf regulated vesicle traffickirsgdsto
specifically time when a furrow is started, maintained and deconstructediniinig
is cleverly achieved through the activation of Polo, which likely serves as an
inhibitory signal to furrow formation at prometaphase. Following mitosis, Bolo i
inactive through the next interphase, which allows Nuf to accumulate and build a
furrow by trafficking of RhoGEF2 (Cao et al., 2008). Given the unique cell cycle

timing of metaphase furrows; this may be a syncytial specific method uatieg
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furrow formation. Although it may be that Nuf/Polo interactions are utilized in
somatic divisions for previously undescribed furrow initiation events that set up the
components required for cytokinesis upon entry into mitosis. In terms of the
conserved mammalian homologue of Nuf, FIP3, recent evidence has suggested that
too is extensively phosphorylated during the cell cycle (Collins et al., 2012)ihkdey
that Cdk1-CycB directly phosphorylates FIP3 and alters its subcelluldizbagn

and function. However, the described phosphor-sites are not conserved in Nuf .

Therefore Drosophila may simply use Polo as its major regulator rather than Cdk1.
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Figure 4.1.Nuf turns over at the recycling endosome throughout interphse.

GFP-Nuf embryos were live imaged during interphase of cycle His Pof

centrosomes were either bleached (arrow) or unbleached and thmiestience
recovery was measured over time. Bleached GFP recoverystaadardized and
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Figure 4.2.Polo kinase genetically interacts with NufA genetic loss of function
screen for kinases that interact with nuf. Heterozygous nsutznkinases and nuf
were found to have normal furrow formation based on actin stainingn(jgreolo, a
positive interactor, is shown in the top row crossed to bothtifeallele and a
deficiency that uncovers thauf locus. Negative interactors are seen in the bottom
panels.
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Figure 4.3.Polo kinase affects both localization and phosphorylation of NufA)
Stills of live imaging GFP-Nuf/+ and GFP-Nuf/+;polo10/+. Nufdgn) accumulates
around the tubulin rich (red) centrosomes. (B) Fixed prophase cycle i/am
Nuclei are stained in red an either Nuf or P-S225 Nuf are stained in g&8molo*
embryos show a lack of accumulated Nuf compared to wildtype E}ékh blots of
methanol fixed embryo with either normal levels of Polo (wildtypedluced levels
(polo™/+) or excess constitutively active PoldAS polo*). Phosphorylated isoforms
(p-Nuf) of Nuf are reduced ipolo'®+ and increased iAS polo*.
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Figure 4.4.Polo binds and phosphorylates Nuf at two siteis vitro. (A) Sepharose
beads were bound to bacterial purified GST or GST-Nuf. Beads n&rbated with
purified MBP-Polo. Beads were washed and bound protein was eluted and run on
SDS-PAGE then probed for MBP. (B) vitro kinase assay was performed using
baculovirus purified Polo and bacterial purified GST-Nuf. Casein uwsexl as a
positive control. Extracts from negative Polo cells were usedegative controls.
Coomassie gel of Casein and GST-Nuf are shown in blue. Phosphbr@&ie-Nuf
was analyzed by LC MS/MS for phosphorylated residues. Ser-225 artPThwere
the only identified as being phosphorylated. (C) pNuf antibody (Otaai.,e2011)
staining against phosphorylated S225 (green) and DNA (red) of prophesel3
embryo.
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Figure 4.5.GST pulldown and Immunoprecipitation identify Arpl as a Nuf
interacting protein. (A) Sepharose beads bound to GST or ®&if were incubate:
with wildtype embryo extract. Coomassie gel banthefproteins bound to G:-Nuf
were idenfied by mass spectrometry identifying Arpl, a cament of the dynacti
complex. (B) Immunoprecipitation of Nuf using a ydbnal antibody to Nu
incubated in wildtype embryo extract. Arpl antibodsys used to identify
precipitated Arpl. IgG was usas a negative control.
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Chapter 5: Folic acid metabolism is required for proper cleavage fuow

regulation in the early Drosophila embryo.

Introduction

Drosophila cellularization is a specific developmental stage that requires
dramatic cytoskeleton as well as nuclear morphogenesis and coincides with the
timing of maternal-zygotic transition. Cellularization occurs afteraligdy,
synchronous nuclear divisions that occur in a syncytium. These 13 divisions are
controlled primarily by mRNA or protein provided by the mother during oogenesis
Cycles 11-13 occur near the cortex of the embryo and feature dramatic
rearrangements of cortical actin into invaginating furrows that encorepahs
nucleus (Sisson et al., 1999; Sullivan and Theurkauf, 1995). At cellularization in
cycle 14, these “metaphase furrows” surround each nucleus and fuse to form a
cellular epithelium (Mazumdar and Mazumdar, 2002). This process requires many of
the components of cytokinetic furrows (anillin, septins, membrane, etc.) aswell a
specific array of microtubules (Miller and Kiehart, 1995; Stevenson et al., 2002).
Lastly, it requires the contractile force of actin and myosin to fusehegttat is
synonymous with cytokinesis (Miller and Kiehart, 1995; Warn et al., 1980).
Identifying the major upstream regulators of these processes isaathairstill
requires attention as no major kinases have been implicated despite the work shown

in the previous chapter.
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In order to identify new regulators of cellularization in the early embryo, we
employed a strategy of EMS-and P-element based screens that haieddent
maternal-effect mutations that disrupt cellularization (Castrillad.e1993; Poodry
et al., 1973; Sullivan et al., 1993). The fruitfulness of these screens is evidenced by
the identification of many novel genes involved in cell-cycle regulatoapés, mei-

41 and dweel), actin remodelingstrambled, RnoGEF2 anddiaphanous), and
membrane traffickingnuf, rab11 and dynamitin). However, by their very nature,
these screens rely on female sterility, which overlooks genes requirgdyéticzas
well as maternal development due to the lethality of the homozygote animal. An
alternative method for examining the maternal-effect of zygotic leth&dsemploy
temperature-sensitive alleles. After rearing at the permissmpdrature, females
homozygous for the temperature-sensitive allele can be placed at tlativestri
temperature and their embryos examined. Additionally, zygotic phenotypes can be
examined by raising homozygous animals at restrictive temperatweif
embryogenesis. Therefore, we performed an EMS screen that identifiedahate
effect lethal mutations that were also temperature sensitivesalléhese lines were
specifically screened for phenotypes related to actin organization atrtbe during
the late syncytial and early cellularized epithelia. One of these ,grishgop

(pops), is reported here.

The following study presents the cloning and characterizatipashfpop.

Our results show that Pops is a homologue of the mammalian Folypolyglutamate

synthase (FPGS), which is required for add glutamate to folic acid asns &ém cell.
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The folic acid pathway is a series of enzymatic steps that converts rédlicedid
into substrates fatle novo purine synthesis or S-adenyl methionine (SAM) which is
used by methyl transferases for general substrate methylabendh, 2006). Folic
acid deficiencies in mammals has been linked to failures in neural tube csure
morphogenetic event that requires a high degree of cytoskeletal remd&alinoget

al., 2009). We propose a novel role of folic acid metabolism in regulating the
cytoskeletal changes required for cellularization which may give biguasight into

the regulation of actin and microtubules during embryonic development.
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Materials and Methods

Screen for temperature-sensitive zygotic lethal mutations

X-linked lethal mutations were generated and identified by mutagemazing
males with ethylmethylsulfonate (EMS). These mutagenized malesmaded to
females homozygous for FM7A. Single virgin females from the F1 were drtasse
FM7A male siblings at 2&. Lines failing to produce non-FM7 males were scored
as lethal mutations. This yielded 4090 lethal lines out of 9312 EMS-treated
chromosomes. Assuming a random distribution of the lethals on the X chromosome,
each EMS-treated chromosome carried on the average 0.57 lethal mutations. A
Poisson distribution of the 4090 lethal lines indicates that 3026 (74%) carry one lethal
mutation, 885 (22%) carry 2 lethal mutations and 179 (4%) carry 3 or more lethal
mutations. Of the 4090 lines, only 231 were homozygous viable at the permissive
temperature (18-2C), therefore only these viable lines were kept as balanced stocks
and classified as temperature sensitive zygotic lethals (ts zygotils)etAdter

retesting these stocks, only 213 were found to be workable temperature sensitives

Embryo Fixation and Immunostaining

Collection and fixation of embryos was previously described in chapter 2. The
primary antibodies used include: anti-Dah (1:300, Ref), anti-alpha tubulin DM1A
(1:250, Sigma). Secondary Alexa 488-conjugated antibodies were used at 1:300

(Molecular Probes).
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Fixed and live imaging
All confocal microscope images were captured on an inverted
photoscopéDMIRB; Leitz) equipped with a laser confocal imaging sys{E@S
SP2; Leica) using an HCX PL APO 1.4 NA 63x oil objecfiveica). Wide-field
images For live imaging, embryos were collected for 1hr on grapeggareand
allowed to age for ~45’ at 29°. They were then hand dechorionated and desiccated
for 4-6min at room temperature. Desiccated embryos were coveredoicaktain oil
and placed on a temperature-controlled stage set to 29°. Rhodamine-labeled actin or

tubulin injections were performed at this point according to (Cao et al., 2008).

Synthesis and injection of dsSRNA

Genomic DNA from Oregon-R flies was used to PCR fragmen@@643,
GFP. A 576bp fragment of the first exon of CG2543 was amplified using the
following primers: TAATACGACTCACTATAGGGAGACCACATCTTGGGAT
TTCATGTTTTCG and TAATACGACTCACTATAGGGAGACCACCATGCTTTC
CAGAGTGTGAGC. A 300bp fragment of the 3 exonGFP was amplified using
the following primers: TAATACGACTCACTATAGGGAGACCACGCCATCACG
AGATTTCGATT and TAATACGACTCACTATAGGGAGACCACGCTGAAGC
CAGTTACCTTCG. The first 27 nucleotides of each primer encode for T7
polymerase promoter sites. To ensure that no errors were introduced into the
sequence a high fidelity polymerase, Pfu Turbo (Stratagene), was usedR@Rhe

These DNA templates were vitro transcribed using a T7 RiboMax Express RNAI
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System (Promega) and the sense and antisense strands were allowed toRixiAeal
was dissolved in injection buffer (Spradling 1986) to a final concentration of2.5

and injected into dechorionated embryos (cycles 8-10) at an approximate volume of
85pL. Injected embryos were allowed to develop &C2mtil reaching cycle 14, at
which point the halocarbon oil was washed away with heptane and the embryos
transferred to a 1:1 heptane/PBS mixture for 45 seconds before adding an volume of
16.5% formaldehyde + 18% paraformaldehyde (EM Sciences). The embryos were
fixed for 22-25 minutes at 25°C and devitellinized by hand with a needle under a

dissecting microscope.
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Results

Identification of temperature-sensitive maternal-effect lehal lines

Our EMS screen identified 213 temperature sensitive zygotic lethal liaes. T
determine which of these mutations had a maternal effect, we tested homozygous
mutant females from 81 lines by mating them to wild-type males. Thessesrwere
maintained at 29C for three days, after which egg hatching rates were determined.
We performed an initial screen of 43 lines to determine zygotic lethality of
homozygotes at restrictive and permissive temperatures (Table 5.1). iffasypr
screen found 21 temperature sensitive lines that yielded viable homozygotes at
permissive temperature, but few to none at restrictive temperature. The viab
homozygote females of these 21 lines at permissive temperature enataed us
perform a secondary screen for maternal effect sterility. Of the 2] li8dswad
reduced hatching rates (<55%) when mothers were kept at 28C for 3 days. The
embryos from these lines were checked for normal egg morphology and ethasifi
maternal-effect lethals. These maternal-effect lines wetedtésr specific defects in
metaphase furrow formation and cellularization. Several genes of tritanes out
of this initial screen as well as a second screen of the original 81 lines, which
included the gene which we report hgnesh pop (pops), due to its severe defects in

cellularizing and metaphase furrow formation.

Maternal and zygotic affects ofpops embryos

Raisingpops animals at 29°C from late embryogenesis (24hrs after egg
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deposition) develop normally through larval instars with brains and imaginal discs of
appropriate size and morphology by late third instar. Despite this, nearly all of the
animals undergo abnormally long pupariations followed by a failure to fullyesclos

from their pupal cases (Fig. 5.2Bjead eclosion is achieved in all animals, however

full eclosion from the pupal case occurs in less than 2% of animals. Dissbetieg t
animals from the pupal cases we observe a depression running laterallyleeross t
mesonotum and a majority of them missing the two most caudal bands of hairs on the
dorsal aspect of the abdomen (data not shown).These phenotypes were not seen in
pops® animals raised at 29°C after third instar indicating that FPGS may beegkqui

for developmental patterning in the larval instars, but not pupal development.

Temperature induced defects are not immediately rescued by redung
temperature

The temperature sensitive allelepops, pops®, was initially characterized by
hatching rates of homozygous mothers kept at permissive (22°C) or restrictivg (29°C
temperatures for 3 days. This results in hatching rates of less than 5%tis¥g ini
wanted to evaluate the kinetic nature of the ts-phenotype. Therefore, we pdréorme
temperature profiling assay on the early embryo using hatching rajase Bi.3
shows a hatching rate profile of two sets of homozygops® mothers with hatching
rates taken every 24 hours. Embryos from these mothers were collected over 3 hours
at their respective temperature, which would give a range of embryosyaenl to

cellularization, at which time they would be down shifted to 22°C until hatching.
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Presumably this would tell us whether the observed lethality prior to celatlarz
could be rescued or whether the perdurance of the maternally loaded abnormal
protein is unaffected by an acute temperature shift. For this analysis, thegpeemi
control was kept at 22°C for the duration while the experimental group was shifted
from restrictive to permissive. On day one, hatching rates of both were taken at 22°C
to establish the relative fecundity of the two groups. Next the experimeoigl yas
shifted to 29°C. On day two, eggs were collected and allowed to develop at 22°C.
This was repeated on each day. By day 4 the hatching rate of the experimental
mothers was less than 5%. At this point the experimental mothers were dowinshifte
to permissive temperature to follow the recovery. After 4 days at permissive
temperature, hatching rate returned to within 10% of the control flies. Since the
embryos did not recover to control levels after being shifted to permissive following
egg collection, we assume that the changes in the Pops protein with respect to
temperature are not quickly recovered or the downstream affects of itsrmitizht
state are not nullified by shifting to 22°C during the syncytial divisions.dstiegly,
when the experimental mothers were shifted back to permissive tempertdieres
hatching rates did not recover fully until 3-4 days. This may indicate a more
pleiotropic downstream affect of having the mutant form of Pops expressed in the
maternal germline for so long.

Next we performed a temperature shift profile looking at the zygotic
expression of Pops and its associated pupal lethality (Fig. 5.4) In addition to yhe earl

maternal phenotypes pbps®, which result from shifting to restrictive temperature
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during oogenesis, we also observe that if the shift occurs at progressigebtdaies

of development that embryos do hatch and viable larvae are produced. If theisipshift
performed during embryogenesis up until mitiistar, animals develop until adult
pupae, however, nearly all fail to completely eclose from the pupal case.upshift

is performed from late'3instar to late pupae, however, then a majority of the

animals eclose into viable adults (Fig. 5.4).This indicates that a critialogenental

time for Pops is during early embryogenesis and larval development, but not pupal or

adult stages.

pops® is an allele of a novel gen€G2543

In order to identify the gene mutated in pops® allele, meiotic
recombination with the multiple markem f v c v and deficiency mapping were used
in combination with the restrictive temperature lethality. Based on this &)apys®
was isolated to the cytologic interval 11B1-11B7. Further meiotic mappihgwdt
P-element insertions carrying the mini white (w+) gene narrqaps® down to an
interval of 11B2-11B5PG44, a P-element insertion in©G2543. failed to
compliment both zygotic and maternal lethal phenotypgems®.

Immuno-cytology analysis qfops® during cellularization showed a lack of
actin furrow formation, which resulted in nuclear abnormalities and falloot the
cortex (Fig. 5.5). The P-element of CG2543 (PG44) was then crossed to dpop mutants
to get embryos fromops¥CG2543°%* mothers at 29°C. These embryos showed

similar furrow abnormalities and more extreme nuclear fallout phpastysimilar
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results were seen with dsRNAI injection of CG2543 into wildtype embryos (Fig. 5.5)
CG2543 is a homolog of a widely conserved protein folylpolyglutamate

synthase (FPGS, Fig. 5.6B). FPGS is a cytoplasmic and mitochondrial enzyme,

which catalyzes the addition of glutamate to folic acid upon entering the cell or

mitochondria (Moran, 1999). Glutamated folic acid results in a cascade of one-

carbon transfers that are involved in two separate biochemical pattdeagso

purine and thymidine synthesis, and methylation of DNA, proteins, catechols and

lipids (Moran, 1999). Sequencing of CG2543 inbps® line revealed one

nucleotide substitution at nucleotide 1363. This substitution changed the codon from

threonine to isoleucine (Fig. 5.6A). Interestingly, this amino acid residigkesas

the putative P-Loop domain of CG2543, which along withC?Heop, makes up the

ATP-nucleotide binding pocket (Saraste et al., 1990).

pops® exhibits cytoskeletal and nuclear defects at cellularization

Cellularization is a critical step in early embryogenesis, which surrounts ea
nucleus with membrane and actin to form a cellularized epithelium. From fixed
analysis, about 50% @bps embryos at 29°C develop to cycle 14 interphase.
However, ~80% of these embryos exhibit severe defects: very littlar-aaci
membrane recruited to the ingressing furrow (Fig. 5.7A). Additionally;atubules
fail to form the “inverted baskets”, which guide cellularization. Furtherptbee
furrow canals, which normally accumulate Dah , one of the prerequisite proteins

required for stable formation of membrane and septins to the furrow, fail to
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accumulate Dah ipops® embryos (Fig. 5.7B; (Zhang et al., 1996)).

Live imaging of pops® reveals an interphase arrest and deregulation of actin
furrows

Live analysis opops® embryos carrying Histone-GFP fail to develop past
cycle 12 or 13 in 3 out of 9 cases. Of the 6 embryos which failed to develop to cycle
14, 4 arrested in cycle 12 and 2 arrested in cycle 13. Furthermore, all of these
embryos arrested during interphades-GFP/+ embryos at 29°C display a 15min +
1.8min (N=10) interphase duration in cycle 12 and 25min £ 2.6min interphase
duration in cycle 13 (N=10) (Fig. 5.8) .

pops® embryos at 29°C in cycle 12 arrest after 16min+3.5min (N=5)
interphase which is evidenced by a lack of chromosome condensation indicative of
prophase and the loss of nuclei from the cortex. The actin furrows were observed to
form normally during interphase, but retract rapidly in concert with the nueliéan
(Fig. 5.8). Since FPGS is known to affect purine synthesis, we asked whether the
phenotypes observed were due solely to replication stalls from lack of nuclelstides.
order to artificially stall replication, we injected wildtype embrgp29°C with
aphidicolin (Fig. 5.8). These embryos exhibited a similar interphase arhesi, w
lasted on average 58min+8.6min (N=3). Following this arrest, nuclei would fall away
from the cortex, however, actin furrows remained intact throughout the arrest and

fallout suggesting that thaops® phenotype is distinctly different from a replication
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stall. Interestinglypops® embryos appear to lack the ability to arrest the cytoskeleton

when the nucleus is arrested.
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Discussion

Push Pop may regulate the level of cytoskeletal methylation

Push Poppops®), a mutant in the folic acid pathway, has revealed a
previously undescribed requirement of Folic acid derivatives during cytokikedic
acid plays to fundamentally important roles in the delinovo purine synthesis and
methylation of proteins and lipids (Moran, 1999). Embryos deficiepoms exhibit
nuclear arrests corresponding to a lack of nucleotide synthesis. The purhessynt
aspect of the folic acid pathway may account for these nuclear phenotypas simpl
though a stall in replication, however additional cytoskeletal defectssarelaserved
that cannot be explained by replication stalls.

One possible explanation for this comes from evidence that actin and tubulin
subunits are methylated at their binding regions, which affects their polwatieniz
dynamics (Moephuli et al., 1997). In eukaryotes, evolutionary conserved residues in
Actin, His73, and Tubulin, Lys394, have been shown to be methylated. However,
assigning function to these modifications has been difficult since mutationsé the
residues do not alter a variety of functionsivo or in vitro (Solomon and
Rubenstein, 1987; Szasz et al., 1993). However, these studies do not preclude the
involvement of methylated residues in cytokinetic events. Therefore, we favor a
hypothesis that reduced methylation of actin in the blastoderm divisions oflthe ea
embryo alter the dynamic nature of the ingressing furrow, which requees@r

timing and positioning to function properly. Given this, it would also be of interest to
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study cycles 4-7 which occur in the middle of the embryo and are charatteyiae

series of microfilament-dependent axial expansions (Baker et al., 1993).

Methylation of the cytoskeleton may account for folic acid-related
morphogenetic movements

At restrictive temperature, a small percentage of embryos can detudad
develop to gastrulation. Given that the dramatic morphogenetic movements that are
associated with gastrulation are in large part driven by cytoskeletshcthons and
redistributions, it would be interesting to study the effects of Push Pop in skesnsy
Ventral furrowing occurs early in gastrulation and forms a tube-likeyafle
epithelial cells. Testing Push Pop embryos during this event may provide novel
insight into these cell movements. By comparison, several human diseases involving
closure of the neural tube show a direct correlation with folic acid metabolsna S
bifida has been shown to be greatly reduced by supplementation of folic acid (MRC,
2003). The connection between closure defects and folic acid, however, are still
unclear. Evidence in rat embryos suggests that hypomethylation of actin ama tubul
result in the loss proper apical basal distribution and a lack of columnar cell
morphology in the cells of the presumptive neural tube (Moephuli et al., 1997). Since
the bulk of neural tube defect literature has focused on the methylation of DNA and
gene regulation as the culprit it would be interesting to study the methylatioa of
cytoskeleton, especially in such a genetically malleable organism sDchsaphila.

Another explanation might be in the methylation required generally focyeé
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regulation. For example, the activity of the mitotic initiating phosphatast Hfas
been shown to be regulated through its direct methylation (Tolstykh et al., 2000).
PP2A has many cell cycle targets and knocking it down itlesophila embryo
results in a host of effects on the cytoskeleton (Kotadia et al., 2008). Furthettmeore
effect on DNA methylation also cannot be ignored. Very little transcription is
occurring during cycles 12 and 13, but at cellularization there is a burst of zygotic
transcription. Any phenotypes observed during or after this time could bb/great

affected by changes in gene expression.
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Figures

2Zygotic Lethality Maternal Sterility
Temp : 28 Temp : 20 tslts viable? | Temp : 28 wildtype | % hatch | % hatch | Mat. Effect ?

Line tsits total % tsits total % diff. in % ts (Yes/Noj hatched total % control rate ratio Yes/No)
280 0 38 0 19 72 264 264 Y 1 33 3 OR-R 67 4 Y
319 32 82 39 17 38 44.7 5.7 Y 10 185 5 OR-R 67 7 Y
316 0 52 0 3 43 7 7 Y 10 142 7 OR-R 67 10 Y
299 0 49 18 41 439 43.9 439 Y 74 334 22 OR-R 67 33 Y
211 2 35 5.7 16 929 16.2 10.5 Y 79 274 288 OR-R 88.3 33 Y
226 0 79 0 8 48 16.7 17 Y 20 80 25 OR-R 67 37 Y
242 0 52 0 13 48 271 274 Y 72 268 27 OR-R 67 40 Y
310 0 45 0 6 57 10.5 10.5 Y 221 611 36.2 OR-R 88.3 41 Y
208 0 35 0 22 141 15.6 156 Y 174 524 33 OR-R 67 49 Y
178 0 50 0 4 123 33 3.3 Y 38 120 31.7 OR-R 63 50 Y
185 9 56 16 37 110 336 176 Y 112 333 34 OR-R 67 51 Y
182 1 58 17 2 95 21 0.4 Y 150 335 448 OR-R 88.3 51 Y
286 0 114 0 21 48 43.8 438 Y 417 879 47.4 OR-R 88.3 54 Y
271 21 31 67.7 23 34 67.6 -0.1 Y 766 1355 56.5 OR-R 88.3 64 N
174 8 7 1.3 15 97 15.5 4.2 Y 360 614 586 OR-R 88.3 66 N
258 20 108 18.5 17 58 293 10.8 Y 652 1092 59.7 OR-R 88.3 68 N
216 0 49 0 28 61 45.9 45.9 Y 330 719 46 OR-R 67 69 N
209 0 75 0 29 132 22 22 Y 1649 2558 64.5 OR-R 88.3 73 N
221 0 7 0 6 48 12.5 125 Y 9 16 56 OR-R 67 84 N
255 0 75 0 1 67 15 15 Y 507 678 748 OR-R 88.3 85 N
102 0 28 0 23 116 19.8 19.8 Y 1274 1597 80 OR-R 88.3 91 N

6 0 29 0 0 118 0 0 N - - - - - - -
42 0 70 0 0 108 0 0 N
193 0 59 0 0 135 0 0 N
200 0 38 0 0 168 0 0 N
205 0 67 0 0 89 0 0 N
206 0 56 0 0 86 0 0 N
207 3 67 4.4 3 113 27 1.7 N
214 0 53 0 0 109 0 0 N
234 0 55 0 0 56 0 0 N
236 0 53 0 0 45 0 0 N
241 0 81 0 0 52 0 0 N
263 0 73 0 0 42 0 0 N
265 0 920 0 3 36 8.3 8.3 N
274 0 47 0 0 41 0 0 N
2717 3 64 4.7 1 47 21 -26 N
284 0 81 0 3 58 5.2 5.2 N
287 0 52 0 0 35 0 0 N
296 0 35 0 0 32 0 0 N
308 0 47 0 0 36 0 0 N
322 0 57 0 0 26 0 0 N
177 5 55 9.1 0 65 0 -9.1 N
257 0 107 0 0 107 0 0 N

Table 5.1 EMS screen identified 43 temperature sensitive maternaffect lethal
mutations. Homozygous EMS lines were raised during larval development at 28C
and 20C and scored for zygotic lethality. Lines that showed >1%B4ctien of
viability at higher temperature were considered for furtherystivthternal sterility
was tested in lines that produced viable homozygotes. These motrersarsed at
28C for 3 days then eggs were collected and scored for hatchachihkyy rates
below 60% were considered maternal effect temperature sensities.allel
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Figure 5.2.pops® exhibits embryonic lethal phenotype at cycle 13 and zygot
lethal phenotype at pupal eclosio. (A) Fixed embryos frompops®-homozygous
mothers raised at restrictive temperature displagtaibrmal nuclear morphology
cycle 13. Nuclei (red) have abnormal shiand spacing at cellularizati indicative
of metaphase furrow defe. (B) Zygotic lethal phenotype gfops*-homozygous
animals raised at restrictive temperature durimgalastages die while attempting
eclose from the pupal casScale bar equals 50microns.
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Figure 5.3. Perdurance of mutant pops® at restrictive and permissive

temperatures. At day 0, females homozygous fpops were placed at either 22°C

(control) or 29°C (experimental). After each 24hr period, embrya® wollected
and allowed to develop at 22°C until hatching (36hrs). After 4 daygxierimental

line was placed at 22°C to recover and collections were agaile ®very day. For
both control and experimental, N>120 embryos per day.
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Figure 5.4. Temperature shift profile of zygotic lethal pops® phenotype.
Homozygouspops animals were raised at permissive temperaand upshifted t
29°C at 24hr interval#Animals shifted during embryogenesis failed to hahifting
after larval development creased survival rate dramaticaljercentage of adul
eclosed was scored.
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Figure 5.5.CG2543°* and RNAi phenocopypops® homozygotes Embryos fixed

at during cellularization with F-actin (green) and DNA (rqajps® homozygotes at
restrictive temperature show no actin rich furrows and have unorgamiméei at the
cortex. Transheterozygougops® and CG2543PG44 (a p-element insertion into
CG2543) and injected dsRNA of CG2543 both showed similar, yet more severe
phenotypes. Scale bar equals 10 microns.
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A)

MAACLLRYLVRQSRKPRSLVVSRESSHCSRMSTYSTVTNLSTVKMQRIQHA
AFRSGVSLAERVLNPPQQSINGNHVSGNIQCSSDNNNKDTNAAFELAIKQNS
LQSNDAAIRNSMSNSRVDTKADTIKYLERSGLPLETVEQLSFIHVAGIKGKGS
TCALTESLLRHQGFRTGFFSPHILFTNERRIDGQLLSKDKFTEQFWKVYNRL
WDLREHDHDMPAYFKFLTILGFHVFVAENVDVVVLEVGIGGEHDCTNIVRN
VRTVGITSLGLEHTELLGRTLPEIAWQKAGIIKTGSHVFTHVTQPECLEVRQR
TKEHSATLYEVPPTEDYFRSKAYAPIWQTFSNLIRLNGSLAIQLAQDWLS@G
KQQHTPNEVKMDPQLLDGLISTHWPGRCQLIEWHGMRLHLDGAHTLESMEV
CTDWFEKNVRDSVNPKILIFNRTGESGFAPLLKLLNRTCDFDMVCFVPNLA'S
TPNAPSQVMVRFSPEMQLNRARIIASAWSDLCATEQKKDVGQVYNTLTDAF
TAIRQRFPQATDNEGQLEVLVTGSIHLLGAAISALDLIDDPKSRTDK

Q-Loop

P-Loop
Thr to Iso mutation

B)

Fly, [ ]

Human, [ ]

Hothing detected 20 & a0 & 40 & S0 & €0 & 7O & B0 & S0 &% 100 &

Figure 5.6 Pops is a homologue mammalian FPG$A) pops® allele amino acid
sequence. Sequences which make up the ATP-binding pocket, P-loop (undedine)
Q-Loop (red), are highlighted. Note the T to | mutation in the P-Loop duoniB)
Protein sequence similarity alignment of Pops and Human FPGS isoform A.
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Figure 5.7 pops”® fails to organize actir and Dahduring cellularization. (A) ts161
embryos fail to form the inverted “baskets” of nottrbules (red) necessary f
cellularization furrows (green) to form. Excessraguncta are also observbasal to
the nuclei (B) Dah, a protein required for furrow invagimatiand the recrtment of
septins, is not properly localized pops® embryos at cellularizatioiScale bar equa

10microns.
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Figure 5.8.Interphase arrest of pops® embryos is different from aphidicolin
arrested embryos. Cycle 13 embryos of wildtype (22°C), aphidicolin-injected
(29°C) andpops®/pops® (29°C). Both aphidicolin treated and pops embryos exhibit a
failure to entire mitosispops® embryos show a premature loss of nuclear integrity at
the cortex due to the retraction of the actin furrows at 17min.oWwsrmpersist
throughout for aphidicolin treated embryos.
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