Abstract

Neuronal migration is an essential aspect of nervous system development; improper or
incomplete neuronal migration can lead to debilitating disorders. The model organism
Caenorhabditis elegartsas 302 neurons and is ideal for studying nervous system development.
Thecytoplasmic adaptor protein, MIB0, isnecessary for the long range anteroposterior
migration during embryogenesis of the neurons CAN, ALM, and HSN. Mugatidhe mig-10
generesult in incomplete migrations of all three neurons. M[ASs a homologue of the
vertebrate proteins lamellipodin and RIAM which are involved in directing actin
polymerization during axon outgrowth and guidance. RiAM knownto interact with proteins
from the Ras GTPase family. The MII® protein has a pleckstrin homology (PH) domain, a
Rasassociating (RA) domain, and a prolineh region. We used a yeast thgbrid system to
investigate which Ras family proteins Mi® intgactswith. Three isoforms of MI&0, MIG-
10A, MIG-10B, and MIG10C, as well as the RAPH domain alowere useas baits No
evidence of interaction was observed for any of the baits uShdse resultdo not rejecbur
hypothesis as the constitutiyedctiveRas clones may need to be usedhere may not be a
direct interaction between MIEO0 and the Ras family membergVe are currently screening a
C. elegansDNA library for interactions withlathree isoformsf MIG-10. In the future we

plan toinvestigate how MIGLO may be involved in the WAVE/SCAR actin nucleation pathway.
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Introduction

Thehuman brain contains 100 billion neurons, and is dependent upon the precise,
complex interconnections amotigese neurons for proper function (Bear, Connors and Paradiso,
2001). Any aberration in this vast pattern of connectivity between neurons oftgrabas
results, ranging from severe mental retardation to death. Directed cell mignadi@xon
guidanceduring embryogenesis and early development is crucial for accurate connectivity to be
established, and, therefore, for correct nervous systemduancti

At the onset of developmerpstmiotic neurons migrate by extending long neurites.
These neurites have growth cones located at the developing tip that guide the neuron to its target
location(Fig. 1) The growth coe receives the directing sigriedm extracellular guidance cues
and then guides the migrating axon appropriately (Bears, Connors and Paradiso, 2001). This
process of neuronal migration is essential for proper nervous system develo panfemnmicéion,
yet much remains to be determiredabut the precise mechanisms involved in neuronal migration

and axon outgrowth.
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Figure 1: Schematic of Neurite and Growth Cone (From:Bear, Connors, and Paradis2003)



Mutations in theC. elegangenemig-10 resultin disrupted neuronal migration, cell
migration and axon outgrowth, indicating MI® plays a critical role in proper development. It
is impotant to determine whicproteinsMIG-10 interacts with to control these events. Ras
family proteins are small @Pases involved in many essential developmental processes including
axon pathfinding, neuronal migration and cystoskeleton rearrangénueatquist, 2006) The
goal of this project was to determimbiich Ras proteins, if an1G-10 interacts with using

yeast twehybrid approach

Guidance Cues

There are four families of guidance cues: netrins, slits, semaphorins and ephrins (Yu and
Bargmann, 2001). Some guidance cues, such aag)aits and some semaphorias
secreted molecules. Thesecreted guidance cues interact with the migrating cell directly.
Other guidance cues, such as ephrins and other semaphagiegpressed on the surface of the
migrating cell itself (Yu and Bargmann 2001). Each family of guidance cues has particular
transmembrane receptors they are known to interact with: netrin proteins bind t4QDCC
and UNGS5, slit proteins to Robo receptors, semaphorimeetaopilin and plexin receptorand
ephrins to Eph receptors (Yu and Bargmann, 200hE guidance cuesrd to their appropriate
receptors, triggering a signal cascade pathway within the growth cone which ultimately leads to
rapid actin nucleation, and thus cetlaxonmigration, in the direction dictated by that guidance

cue(Fig. 2)
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Figure 2: Guidance Cue Attraction and Repulsion. (From:Bears, Connors and Paradiso, 2007) \&jrin

is secreted by cells in the ventral midline of the spinal cord. Axons with the appropriate netrin receptors are attracted
to the region of highest netrin concentration) $t is also secreted by midline cells. Axoaxpressing the robo

receptor grovaway from the region of highest slit concentration-régulation of robo by axons that cross the

midline ensures that they keep growing away from the midline.

Most guidance cues can serve as both attractants and repellents. Some of this
attractant/repellant variability of guidance cues is related to the particular receptor being
expressed and location of its expressibor example, etrin will attract migraing axons
expressing UNEIO/DCC toward the ventral siadé the spinal cordbut will repel migrating
axons expressing both UN@/DCC and UNG5 toward the dorsal side (Lexdtrumpf and
Culotti, 2007). In the majority of cases the UMQ/DCC receptors medmattraction to netrin,

whereas the UNG receptors usually mediate repulsion from netrin (Adteal.,2006).

C. elegansas a Model System

The nematod€aenorhabditis elegans a usefl model system for studying neuronal
migration and axoguidance The animahas an extremely simple nervous systemsisting of
only 302 neurons, and tleatire nervous system connedyvpattern has been elucidated. In
addition, thecomplete cell lineage is kmvn for the entire animal, animadse easilynaintained,
andtheyare translucentending themdeges well to microscopy studies. Many of the genes that

affectC. elegansiervous system development are highly conserved with thoseesf oth



vertebrates. In addition to thesgributes themutations and transgenes that are readily available
for research usmakeC. elegans model organism well suited for nervous system study.
BecauseC. elegansieurons have very little branchirgperrations from normal nervous system

structure is easilyatected.

MIG -10

To gain a better understanding of how neuronal cell migration occurs, the individual
components involved downstream of the guidance cue must be identified and further studies
done to define their role in neuronal cell migratidihe genemig-10 encodes aytoplasmic
protein that is in the signal transduction pathway of guidance cues important for both axon
guidance and cell migratiomhere arahreedifferent isobrms of MIG10: MIG-10a,MIG-10b,
and MIG-10c (Fig.3). MIG-10c is longesisoform, bllowed by MIG10a and MIG10b is the

shortest.Little is known about the individual functions of gsethreeMIG-10 isoforms.
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Figure 3: Isoforms of Mig-10 (From: Wormbase.org 20Q7Two different MIG-10a isoforms are shown. niy
the nar-coding regions are differerthe proteins are identical.

The mutation present mig-10(ct41)results inan early stop codon which affects all
threeisoforms of MIG10 and is knowro be a null mutation (Manset al, 1997). Inmig-
10(ct41) mutant aninals four cell migration pathways are abnorrffaig. 4). Eighty percent of

the hermaphrodite specific neurons (HSN), 94% of anterior lateral microtubule cells (ALMs), as
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well as 73% of left coelomocyte cells (ccLs), and 61% of cassbciated neuroff€ANS)
exhibit incomplete migration in these mutant animals (MaasdrWood, 1990). ®rtening of
the excretory canals is also observed in these mutant animiglsLO mutant animals also
exhibit defects in axon guidance. rimg-10(ct41)animals the IL2 axons do not consistently
form a loop at the nerve ring that is seen in wylde animals (Rusiecki, 1999). Additionally,
themig-10 mutation enhances axon guidance defects in AVM and PVM neurams-thand
slt-1 animals, indicating thaV1G-10 functions downstream of UN€and SLTF1 to mediate
axon guidance (Quinet al.,2006).
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— O

t v
cosl 13N

Figure 4: Wild Type Migration Schematic of Cells Affected by MG-10. (From: Forrester and Garriga,
1997 Arrows begin at initial location of cells. Migratis occur during embryogenesis, but are shown on larvae to
indicate final destination®LM: Anterior lateralmicrotubule cells, CAN: Canalssociated neuronSCEL: Left
coelomocyte cells, HSN: Hermaphrodite specific neurons.

The AVM axon is guided towd the ventral nerve cord in response to both the {8NC
attractat ard the SLTF1 repellent (Wadswortht al.,1996; Hedgecockt al.,1990. Quinnet
al. (2006)found thatMIG-10 functions downstream of both guidance cudgimg to mediate
axon guidance Overexpression of MIAO0 in the absence of UNEand SLT1 results in a
multipolar phenotype with excessivatgrowth; however addition of either guidance cue back
into this system suppresses the multipolar phenotype (@tiian 200§. Finally, vertral
guidance of the AVM axon by either guidance cue is enhanced byliGverexpressn.
These data support a model in whiblk attractive and repulsive guidance cues orient-W0G

dependent axon outgrowth, resulting in a directional response.
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The vetebrate proteis RIAM and Lam#ipodin (Lpd) are homologues &filG-10
(Lafuenteet al., 2004;Krauseet al.2003. All three possess prolirrech regions, a ras
associating domain, and a pleckstrin homology dortfam 5) RIAM was isolatedhrough its
interaction with RA1 in a yeast twybrid systemthe interaction was seen using the both
wild-type RAP1 and activated RAP1 constructs (Lafuentd 2004). RIAM and Lpd are both
involved in actin organization and nucleatidRIAM has been shown ttimulate lamellipodia
formation and cell spreading in T cells (Lafueatal, 2004). MIG-10, RIAM, and Lpd have all
been shown to coimmunoprecipitate with members of Ena/VASP family, as welloaslizes
with Ena/VASP family membeiig thelamellipoda and filopodia ofibroblasts (Quinret al.,
2006; Krauseet al.,2004). Additionally,Lpd has also been showndolocalizein neuronal
growth conegKrauseet al.,2004. Ena/VASP proteins bind to profilin and are known to
participate in actin nucleationthus, we propose that MKEO produces axon outgrowth or cell
migration through its interaction with both an activated-faasily member and an Ena/VASP

family member.

FP4-1 FP4-2 FP4-3 FP4-4

T FPA2 P43 FPA-4

Figure 5: MIG -10, RIAM, Lpd Homology. (From:Changet al.2006 RA: Rasassociating domain; PH:
Pleckstrin homology domain; Proline: prolinieh domain; FP4: motifs fitting the FPPPP consensus for EVH1
binding.
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Ras Family Proteins

Members of the Ras GTPase superfamily regulate many cellular and developmental
events. TheseGTPases cycle between an active @bRnd state and an inactive GIbBund
state. GTPase activating proteins (GAPS) activate GTPase activity favoring thbdoBdstate
of Ras GTPases, whereas GTP exchange factors (GEFs) extmaeP for GTP, thereby
promoting the active state of Ras GTPases (Boeriak 1991). Therefore, Rasmall GTPases
work with heterotrimetidG-proteinsto help transduce extracellulagsals through a conserved
mechanismeading tothe appropriate cytoplasmic or nucleesponse (Lundquist, 2006) (Fig.

6).
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Figure 6: Ras Signaling Overview(From:Zheng and Quilliam, 2003

Members of the Ras GTPase family are knowiédoessential for conveying signals to
the cytoskeleton (Bateman and Van Vector, 2001). Initially Ras family members Rho, Rac, and
Cdc42 were of note as they induced filamentous actin structures, lamellipodia, in fibroblasts
culture (Hall, 1998). Sincthen Ras family members have been shown to be an integral part of

almost all actirdependent processes in eukaryotic cells, including cell migration and axon
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guidance (Schmidt and Hall, 2002). When Ras family proteins are active they ate laible to
downstream effectors in a signal transduction cascade which ultimately neschanges to
actin dynamics.

There are five subfamilies thin the Ras GTPase superfamillye Ras/Ral/Rap family,
the Rho family, the Rab family, the Ran family, and the Arff@anily (Lundquist, 2006) Each
of these subfamilieeasbeen shown to control certain aspect€oklegansievelopment. The
Arf/Sar family controls morphogenesis, microtubule organization and possibly cilia
developmentthe Ran subfamily is irolved n nuclear activitiesuch as import, expodnd
reassembly after mitosithe Rab subfamily direstsynaptic release and trafficking, along with
gene expressiomiresponse to innate immunitiRho family members are critical in actin
dynamics, axon pathftiing, cell migration, and morphogenesiard the Ras/Ral/Rap family
controls cell differentiation and specificatidrundquist, 2006)

TheC. elegangenome contains 56 members of the Ras GTPase superf@asbd on
previous findings 10 of these 56 migens were selected as possible MiGinteractors: LET60,

RAS-2, RAS1, RAR1, RHO1, CED10, CDG42, MIG-2, RAG2 and RANL (Table 1)

Pertinent Pertinent Pertinent
Ras/Ral/Rap Developmental Rho Developmental Ran Developmental
Subfamily Roles Subfamily  Roles Subfamily  Roles
Nuclear
LET -60 Axon pathfinding RHO-1 Axon pathfinding RAN-1 trafficking
Cell migration,
Cell Neuronal migration,
RAS-2 differentiation CED-10 Axon pathfinding
Cell
RAS-1 differentiation CDC-42 Axon pathfinding
Cytoskeleton Cell migration,
rearrangement, Neuronal migration,
RAP-1 Ras regulation  MIG -2 Axon pathfinding
Neuronal migration,
RAC-2 Axon pathfinding

Table 1 Ras Family Members of Interest(From: Lundquist, 2006)
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Although null mutations ofmig-2 andced 10 andrac-2(RNAi)do not show dectable
defects in axon pathfinding individually, pairwise double mutants display severe axon guidance
defects showing that these genes have overlapping, or partially redundant, furictiodguist
et al, 2001; Wuet al, 2002)(Fig. 7). The double mutants show defects in axon guidance, axon
outgrowth and axon branchindemonstratinghat members of the Rho subfamily control
multiple aspects of axon pathfindinG.onstitutively active MIG2, CED 10, and RAG2 also
disrupt axon patimding (Struckhoff ad Lundquist, 2003jFig. 7). Previous genetic evidence
from our lab showed that mutationsaed 10 or mig-2 enhancenig-10 migration defect@n a
mig-10(ct41)background (Tse, 2003)Additionally it was seen thabublemutations n mig-10
andunc73, the GEFor MIG-2, CED-10, and RAG2, arenearly lethal(Tse, 2003) These
findings may suggest that M¥EO interacts directly with both MI2 and CED10 or that these

pathways are in parallel and so MIB may interact with a differé Ras family member.

ced-1(GI12V) constitutive activation

Figure 7: Rho Family Axon Outgrowth Phenotypes(Adapted fromLundquist, 2006).Panels are lateral
views of the posterielateral postdeirid region of adult elegans Anterior is left and ventral is to the
bottom. (A) A wildtype PDE neuron. (B) fig-2;ced10double PDE neuron displaying disrupted axon
growth. (C) A PDE neuron expressiognstitutivelyactive CED-10 showing ectopic neurites and ectopic
lamellipodia and filopodia structures.
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RasassociatindRA) domains are so named due to their propensity for bindingomem
of the Ras GTPase protein family. As seen in FiguMI&-10 shares a strong homology with
RIAM-1, including the presence of a Rassociahg domain. RIAM-1 is known to interact with
the Ras GTPadamily protein, RAPR1 throughbothits Rasassociating domaiand Pleckstrin
homology domainthus helping taransduce the signal that ultimately leads to actin cytoskeleton
rearrangemer(Lafuente and Boussiotis, 2005\Ve believe it is likely that MIGLO also

interacts with Ras family members through its-8asociating domain.

Ena/VASP Family of Proteins

Members of the Ena/VASP protein family are acggulatorsthey are known to protect
the actin barbed esdrom capping proteinghus promoting actin nucleatigBarzik et al.,

2005). Ena/VASP family members contain an Ena/\VASP homology 1 (EVH1) domain, an
Ena/VASP homology 2 (EVH2 domain), and a prelrich regionwhich binds profilin(Krause
et al, 2003). The EVH1 domain has been shown to bind proteins containingRPHRotifthis
motif is present in MIGLO as well as its vertebrate homologlRAM and Lpd(Krauseet al.,
2004)(Fig. 5).

Themig-10 phenotype is similar to that seen in animals mutant foCtredegans
Ena/VASP homologue UNG4, althoughunc34 mutations have more severe effects on more
axons(Forrester and Garriga, 1997). Chaal.(2006)and Quinret al.(2006)have
demonstratethat MIG-10 and UNG34 play overlapping roles in the actin organization involved
in both neuronal migition and axon outgrowtidditionally, an Nterminal piece oMIG-10A

has beentsown to interact with UNE4 (Quinnet al, 2006)(Fig. 8).
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Figure 8: Biochemical Interaction Between MIG-10 and UNG34 (From: Quinnet al, 2006).

In this immunoblot,lie GST:MIG10A protein fusion consisting of the 118t&kminal amino acids of
MIG-10A, including a FPPPP motif shown to bind the 60 KD UNG4 band.Worm lysates from
wild-type (+) orunc34 (-) were separated using columns composed of either GSTIMEN or GST
alone.5% of the starting mati&l (SM) relative to lanes 3 andwlas present Lanes 1 and 2 .

Since MIG10A has been shown toteract with UNG34, we proposéhat UNG34 can serve as

a MIG-10 specific positive interaction control in the yeast-twbrid system.

Project Goals

The ultimate goal of this project wasgain a better understanding of the role that MIG
10 plays incell migration and axon outgrowth, bigterminng which Ras family members MIG
10 interacts with to transdudtiee signals that result in directed cell migration and/or axon
outgrowth. A yeast twdybrid system was used to assess interactions. Thrderfgth
transcripts of MIG10, MIG-10A, MIG-10B, and MIG10C, as well as the RAPH domain of

MIG-10 alone were used as baits and ten different Ras superfamily members were used as prey.

17



Methods

Purificati on felegahsPre-made dDNA Libtaly (Invitrogen)

A C. elegansDNA library was obtained from Invitrogen (ProQuU&3t The aerage
insert size for the library was 1.4 kb. The inserts virethe pEXRADS502E (| n v iptey o ge n)
vector, for dir e cdastTweHybrid 8ystemwith GateveaTeehsotody Y

(Invitrogen). DNA wagpurified from the libraryusingtheP ur e Li nk E Hi Pur e Pl as

Maxiprep Kit(Invitrogen). The purification was done accordingtoRher e Li nk E Hi Pur e

Plasmid Filter Maxiprep Kimanual with slight modificationgnd is briefly described below.

A 5 mL starte culture of Terrific Broth Appendix 2)containing 100 pg/mL of
ampicillin (TB + Amp)was inoculated with one 0.5 mL vial of tlie elegan<DNA library.
This culture was grown for 5.5 hours at 30°C. The 5 mL starter culture was theo used t
inoculate a 30 mL culture of TB + Amp This culture was grown for 12 to 16 hours or until the
OD was between 1 and 1.5 ajpp 20 mL was then taken from this larger culture and set aside
to be used for library amplification. The remaining cultueshen split between two large
centrifuge bottles and spun dowrdad00 x g (6000 RPMpr 15 minutesn the Beckman J2/I
centrifuge Two filter columns taped to the tops of 125 mL flaskserequilibrated with 30 mL
of equilibration buffer 1 (R1) each. The supernatant was decanted from each pellet and the
pellet was resuspended in 10 mL R3 Buffer. The resuspended solution was then transferred to a
50 mL conical tube. 10 mL of lysis buffer, L7, was added to each tube and mixed by inversion.
The solution was then left at room temperature for 5 minutes. 10 mL of neutralization buffer,
N3, was then added to each tube. Tubes were again mixed by inversion and contents then
poured into the filter columns and lysate was allowed to run throughlijitgravity flow. Once

dripping ceased, 10 mL of wash buffer, W8, was added to each column and allowed to flow
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through by gravity flow. Immediately upon cessation of dripping the filter portion of the column
was removed and discarded. 50 mL of W8 was #dded to each column and allowed to flow
through. The columns were then affixed atop 40 mL centrifuge tubes and 15 mL of elution
buffer was added to each column and allowed to flow through. Column was then discarded and
10.5 mL of isopropanol was thexdded directly to the elution tubes. The elutidres were

spun at 15,000 x g (12, 000 RPHK) 30 minutes at 4°@h the Beckman J®1I centrifuge The
supernatant from each tube was then decanted and the pellet was resuspended in 450 pl of
reagent grde water and transferred to a 2.5 mL tube. 900 pl of cold 100% ethanol and 22.5 pl
of 5M NaCl were added to this solution and the tube was ttansferred te20°C for4 hours.

The tubes were then spun for 15min at maximum speadinrocentrifuge. 8pernatant was
discarded and pellets were allowed to air dry for 20 minutes. Pellets were then each resuspended
in 250 pl of TE, these wertden combined into one 1.5 mlp&ndorf tube and stored-20°C.
Approximately 2.2 pgul of DNA were recovered (Amendix 1). Following quantificatiorfiour

100 plaliquots were frozen a80°C.

Library Amplification

The 20 mL set aside from the 300 mL cultureavelated onto 20 ciplates (1 mL/plate)
composed of Terrific Brothontaining agar (Appendix 2nd 100ug/mL ampicillin. These
plates were incubated at®7overnight. The following day 1 mL of TB broth containing 100
pg/mL of ampicillin was added to each plate. The bacterial lawn was then scraped off and the
resultant bacterial solution was added tollof 50% glycerol in a 2.5 mL freezer tube. Each

tube was well mixed and then stored&i°C.
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PCR Reactions

Primers specific for eaalene were designed and ordered through efttsher Operon
or SigmaGenosysAppendix 3.

TaKaRa Ex Tade ( T Ralas usd because is highly efficient, has a lowrror rate,
and 80% of t h eAoyerhangsdocdosing m@-fakedvacbors. The total
reaction volume for each sample was 50 Tie following general reaction mix was used for alll

50 pl PCR reactions:

Reagent Volume
(Initial Concentration) (uL) Final Concentration

TaKara Ex Taq(5 U/ pL) 0.25 1.25 U/50 pL
10X Buffer (Mg**Free) 5.0 1X
Mg?* (0.25 M) 4.0 20m M
dNTP Mix (2.5 mM) 4.0 200 uM
C. elegans cDNA Library (220 ng/ pL) 2.5 110ng/ pL
Forward Primer (5 uM) 4 0.4uM
Reverse Primer (5 uM) 4 0.4uM
Reagent Grade HO 26.75

Table 2: General PCR Reaction Mix
All samples underwent the following cyc@4°C forl minute [Cycle 30X:94°C for30
seconds55°G69°C* for 1 minute and 72°C fod minutg, 72°C for 10 minutesand 4°C
indefinitely.
*Annealing temperatusevaried for each sample according to the primer melting temperasires
indicated ly primer manufacture (Appendi®.3The lowest melting temperature betwdss two

primers was used as the annealing temperature.
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Analysis of PCR

Upon cycle completion 5 ul of each PCR sample was run on a 1.0 % agarose gel
containing500 ng/mL ethidium bromidéromophenol blue was added to each sample as a
marker. Tle samples were run alongside 1 Kb and 100 bp lagNers England BioLabsfpr

comparison The gels were visualized using UV light.

TOPO TA Cloning

ThepCR®8/GW/TOPO® TA Cloning® Kiflnvitrogen) was used for TA cloning of
verified PCR products. Theaction was performed precisely as described in the manual.
Briefly, 4 pl of the correct PCR product was combined with 1 pl opGR®8/GW/TOPO®
vector and 1 pl of the provided salt solution (Invitrogen) . The reaction was incubated at room
temperaturdor 10 minutes. Immediately followinthis incubatior? pl of the TOPO reaction
wasused for a chemical transformation i@me Shot®E. colicells(Invitrogen). TOPO
reactions can be stored-20°C for up to one weekSeveral colonies were grown upiin each
transformation, anglasmid purificatiorwas donausing a QlArep Spin Miniprep kit
(QIAGEN). Slective digestions were performed on each sample to identify insdnts in t
correct orientation. This wamecessaryas the TOPO reaction is not oriation selective, where
as the LR recombination reaction for shuffling the insert into the bait or prey vector is orientation
selective. The digests were run on 1% agarose gels contal@tngg/mL ethidium bromide and
those samples with inserts in thereat orientation were used for the LR recombination

reaction.
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LR Recombination Reaction

TheGat eway E LR Cl on a(hétigen) was asedzto/sindfle e x

correctly oriented insert from the TOPO vecto
(' nvitrogen), or the prey vector, pPDESTE22 (|
in the manual f oHybrid 8ystenP(InvitrQuers. sBriefly, Al of the

appropriate TOPO sample was combined with 1 pl of the appropriate veptarf £1H,O, and

201 of the LR Cl onaseE ddbationat25Folul obRrdteisggK a o n e

was added and the reaction was incubated at 37°C for 10 minutes.

Clone Confirmation

A chemical transformation witbne Shot®E. coli cells (Invitrogen)was performed
using 2ul of each LR reactionSeveral colonies were grown up from each tramsé&tion and
plasmid purificatiorwas donaising a QlApep Spin Miniprep kit (QIAGEN). The resulting
DNA wasdigested with BsrGl (New England BioLabs). Digests were run on a 1% agarose gel
containing500 ng/mL ethidium bromide and the presence of theoppiate insert was
confirmed. These positive samples were sent for sequencing at the DNA Sequencing Center on
Science Hill at Yale University. Vector primers for sequencing were designed according to the
suggested sequencing p-Hybrin8ysten(livittoggnhmanul®r o Que st E
(Appendix 4. Sequencing samples were prepared per center instructions. Briefly, 500 ng of
miniprep DNA was combined with 5 pmol of the appropriate primeraadent grade water
was added to reach a final volumel@ful. Alignments were performed with the sequencing

results and correct samples were then transformed into the MaV203 yeast strain (Invitrogen).
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Yeast Transformations

A fresh streak of the yeast to be transformed was grown on the appropriate media
approximately 2 days before transformation. A 5 mL culture of the appropriate media was
inoculated from the fresh streak. The culture was incubated overnight i€ add@tor. After
12 to 18 hours the entire 5 mL culture was used to inoculate 50 the eame media, the
culture was then allowed to grow for 5 hours in &36haker. After 5 hours the culture was
transferred to a 50 mL conical tube and cells were pelleted by spinning for 5 minutes at 2200
RPM (3/4 speed) im large table topentrifuge Supernatant was decanted and pelleted cells
were resuspended in 1 mL DX LIOAC/TE solution (Appendix pand transferred to a
microcentrifuge tube. The resuspended cells were then spun at 4000 RPM for 1 minute in a table
top centrifuge. Supernatanaw decanted and pelleted cells were resuspended pd 60QX
LIOAC/TE solution. A 5Qul aliquot of the resuspended cells was used for each transformation
and one negative control was includedul ®f freshly boiled single stranded salmon sperm
DNA (Invitrogen10 mg/mL) was added to each paliquot followed by 5ul of the sequenced
miniprepDNA. No DNA was added to the negative control. Cells were vortexed to resuspend
and 30Qul of the PEG/LOAC/TE/DMSO solution (Appendix)3vas added to each wibThe
tubes were briefly vortexed and then incubated &C30r 30 minutes. After 30 minutes the
tubes were again vortexed and placed in‘@Afater bath for 20 minutes. Following this
incubation the cells were spun down for 2 min at 4000 RPM. Tierisatant was decanted and
the cells were resuspended in 20®f autoclaved salin@.9% NaCl) The entire 200 ul was

then plated on the appropriate selective media. The plate was incubated for three d&ys at 30
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Yeast Two-Hybrid Interaction System

Thekitusedvas t he Pr eH@uiceSydtedh framanvitrogenpEXP-AD502E
and pDEST2E , both contaiing the ampillicin resistancegens,e r ¢ used as the fp
and pDEST3E , containing the gentamycin resistancegena,s used as the fdAbai:t
MaV203 yeast straifinvitrogen)was transformedequentiallywith a recombinant bait plasmid
and a recombinant prey plasmid, creating the desired yeast strain to be tested for int@raetion.
two-hybrid interactions wre determined by growth and lack of growth on three different
selective media types: synthetic complete media lacking leucine, tryptophan and uracil, synthetic
complete media lacking leucine and tryptophan containing uracil and 0.2% 5FOA, and synthetic
complete media lacking leucine, tryptophan, histidine and contawvanicus concentrations of

3AT (Fig. 9 (Appendix 2).

O NegativeControl
@ Ppositive Control

-Leu-Trp -Leui Trp-Ura -LeuTTrp -Leui Trp-His+3AT -LeuiTrp + X-gal
+Ura+5FOA

Figure 9 : Schematic of Yeast TweHybrid Interaction S ystem. The yellow represents a negative
control where the two proteins do not interact, and the red represents a positive control where the two
proteins do interact.

Mig10A, Mig10B, Migl0C, RAPH domain, Gex2, Gex3, Unc34, and Wspl cDNA were cloned
in-frame with the DBD of pDEST32. Cdc42, Ced10, Mig2, Rasl, Ras2, and Rhol cDNA were
previously cloned iframe with the AD domain of pEXRD502 these constructs were kindly
provided by Chris Quinn at Robert Wood Johnson Medical ScHasib0, Rac2, Rapl, Sod1,
Ranl,and Unc34 cDNA were cloned-iname with the AD domain of the pDEST22 vector.
Primers were designed using the first and last bases of the appropriate cquergee

Additionally, all CAAX boxes were mutated.
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Replica Plating and Replica Cleaning

Recombinant yeast straitis be tested for interaction along witbntrol yeast strains
werepatched ont&C medidacking leucine and tryptophan, maintenance mgaigpendix 2).
The pattern of patching to the master plate was recorded to ensure accurate result interpretation.
This master plate was incubated overnight at 30°C. Following incubation the master plate was
inverted onto sterile velvet which was securedra replica plating stand. The master plate was
pressed onto the velvet transferring the yeast from the agar to the velvet. The master plate was
then removed and the desired selective media plates were pressttargtivet sequentially,
and orientabn was noted. To confirm that all colonies were transferred to all selective media a
final plate of maintenance media was pressed onto the véilgilates were incubated
overnight at 30°C. The following day all the plates were replica cleaned@sdolEach plate
was pressed onto a sterile velvet, secured over a replica plating stand, and pressed to remove all
visible growth. Each time the plate was removed to check for transfer a fresh velvet was used.
For five plates six to eight velvets warsed in total. Following this replica cleaning the plates
were incubated for 24 to 48 hours at 30°C. After this incubation the plates were removed and

pictures of the plates were taken.

E. coli Transformations

All E. colitransformations werperformed according to the following protocdhe
competent ellswerethawed on iceand the DNA to be transformed was added. The cells were
incubated on ice for 5 to 30 minutes. There was found to be no difference in transformation
efficiency with samfes that were incubated for 5 minutes versus those incubated for 30 minutes.

The cells were then heat shocked2tC for 40 secondsnd immediately transferred back to the
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ice for 2 minutes.250 pl of liquid LB mediavas theradded to each samp@d saples were
allowed to shake &7°C for 1.5 hours The samples were then plated on appropriate selective

media and incubated overnight3at°’C.
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Results
A yeast twehybrid system was used to test the hypothesis that Mi@teracts with a
Ras family member. Each of the MII® protein isoformsvas used asait as well as the RAPH

domain, and tested with each of seWas family members as prey.

Yeast Two-Hybrid System

Four bait constructs, p32RAPH, p32M10A, p32M10B, and p32M10C were created for
use in the yeast twbybrid system all using the same bait vector, pDESE (Table 3) Prey
constructs were made using either the ADBOZctor or the pDESH 22 vector. Briefly, the
coding sequence of the bait and prey genes were fudeaime with either the GAL4 DNA
Binding Domain (GAL4 DBD) of the pDESTE32 vec
Activation Domain (GAL4 AD)ycandtructs.hTée bpitaBdPEE 2 2 Vv
constucts were transformed sequentiafijo yeast (see Methods) and tested for interaction by

growth on selective media.

Construct Vector Construct Insert
p32RAPH p DESTE 3 2 RAPH Domain of MIG10A
p32M10A pDEST E 3 2 Entire MIG-10A cDNA
p32M10B p DESTE 3 2 Entire MIG-10B cDNA
p32M10C p DESTE 3 2 Entire MIG-10C cDNA

Table 3: Bait Constructs.

Media lacking leucine and tryptophan was considered maintenance media, meaning that
any yeast strain containing both bait and a prey plasmid would grow on this media. Maintenance

media growth does not provide any interaction information.

Interaction wagested using the reporter gehtiS3andURA3 Medialacking leucine,

tryptophan, and histidine but containing 20 mM edrinc1,2,4triazole (3AT) is interaction
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selective. Any growth on this media should be indicative of an interaction betwdwaitthad
prey, that would activate thélS3reporter gene within the recombinant yeast strain. TA& 3
is added because th#S3reporter gene is leaky, meaning it is transcribed at a basal level
constantly. 3AT competitively inhibits the enzyme actiyiof theHIS3gene productHigh
expression of this reporter gene resulting from altwiorid interaction will overcome the
growthrinhibitory effect of the 3AT. The concentration of-AT used was determined through
growth experiments using various centrations of 3AT with the control yeast strains. The
concentration seen to best inhibit negative control growth, while still allowing growth of
intermediate interactors, was used. This concentration varied for each experimental yeast strain
tested, duéo the amount of selictivation of bait construetone therefore a few different
concentrations were used for each interaction series.

Growth on media lacking uracil in addition to lacking leucine and tryptophan is also
indicative of interaction, athe URA3reporter gene must be transcribed for the yeast to grow on
the media. Converselgrowth on media lacking leucine and tryptophan, lonta@ining uracil
and 0.2% B-luoroorotic Acid(5-FOA) indicates a negative result; no interaction. Expression
URAB3In the presence ofBOA produces a toxin which kills the yeast cells; thus, yeast strains

containing interacting proteins will die, while those with fioteractors will grow.

Controls

Controlyeast strains, seen in Tables 4 anddfhtainingbait and prey constructsf
known interaction strengthgiere plated alongde experimental strains. Growth of
experimental strains was compared with that of known contrehtylboid strains and presence
of interaction was determine@iwo different sés of @ntrols were utilized as two different yeast

two-hybrid systems were used over the course of these experinkgatsl, also called RaplA,
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is a member of the Ras family of proteins and RalGDS is the Ral guanine nucleotide dissociator
stimulator protein.The wild-type of both proteins are known to interact; two different mutations

were made in RalGDS to decrease interaction strength, resulting in three Krev1l controls.

Control Strain  Interaction Strength

A Extremely Weak
B Weak

C Moderately Strong
D Strong

E Very Strong

Table 4 Control Strains used for RAPH Domain and Mig10 strains. These strains were given to the lab by
Dr. Christopher Quinn at the Robert Wood Johnson Medical School.

Control Strain Interaction Strength

1.MiglOA1: pDESTE22 Test of Migl10aself-activation

2Mi g10B1/ Mi g10B2: pDES" Testof MiglObself-activation

3Mi g10C1: pDESTE22 Test of Mig10cself-activation
4pDESTE32: pDESTE2?2 Test of seHactivationof empty vectors
5. Krevl:RalGDSm2 Negative control

6. Krevl:RalGDSm1 Weak interaction control
7.Krevl:RalGDSwt Strong positive interaction control

Table 5 Control Strains used for Mig10a, Mig10b, and Mig10c strainsAll control strains were made using
constructs either provided by Invitrogen or construtésie specifically for use in this yeast tivgbrid system (see
Methods).

Self-activation controls were included to allow for assessment of baseline growth for
each bait construct. Any apparent growth of experimental strains on selective media was
compaed with growth of sefactivation controls. If the growth of the experimental strains was
the same as that of the satfftivation controlshe experimental strain was said to be negative for
interaction

Control growth was always consistent with expeaatcomes on the histidinelsetive
media, but not on uracslelective media. Strong interacting controls would occasionally not
grow as well on the uracil selective media as they did on the histidine selective media.

Specifically, on the histidine ssdtivemedia the controls all grew in the order estee, but on
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theuracil selective media the Krev controls all exhibited similar growth when compared to each
other and much stronger growth than the otherli@v controls. Importantly,as expectedhe
growth on the uracselectivemedia and on the negative selectieRGA media were always

mirror images of each other Also, weak iteractors grew very littlen both uracil selective

media and 0OA media.

RAPH Domain of MIG -10 Does Not Interact withSelected Ras Family Members

Seven recombinant yeast strains were made each using the p32RAPH construct as the

bait Each strain wamade in duplicatésee Methods) (Table) .6

RAPH Yeast Strains

Bait Prey
p32RAPH1 Cdc42
p32RAPH2 Cdc42
p32RAPH1 Ced10
p32RAPH2 Ced10
p32RAPH1 Mig2
p32RAPH2 Mig2
p32RAPH1 Rapl
p32RAPH2 Rapl
p32RAPH1 Rasl
p32RAPH2 Rasl
p32RAPH1 Ras2
p32RAPH2 Ras2

Table 6. RAPH Domain Recombinant Yeast Strains

Upon completion of strainonstruction each RAPH recombinant strain as well as theoton
yeast strains listed in Tablewere spotted from overnight liquid culturesto platef the
appropriatenaintenance anskelective media. The spotting template is seen in Figuaad

spdting results are shown in Figure.11

30



Increasing streng
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Rap1l

Controls

Ced10

Ras2
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Mig2

Figure 10: Template for RAPH domain interaction series.

&

-Leui Trp 1 His +20mM 3AT

™~

-Leui Trp +Ura +0.2% 5FOA

Figure 11: RAPH Domain Interaction Series.Media for each plate is as shown in panel. Leu: Leucine,
Trp: Tryptophan, His: Histidine,-8T: 3-amino-1,2,4triazole, Ura: Uracil, 5=OA: 5Fluoroorotic Acid.
Panal A does not follow template in Figure 10.
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While the controls grewmainly as expected on each media,indication of interaction was

seen for any of the recombirtareast strains tested (Fityl). Growth on the media lacking

uracil and that coaining uracil and 5OA were mirror images of each other and the strongest
controls grew the best on all of the histidine deficient media. The expatal strains behaved
just asthe negative control, Alid indicating no interaction was present in afyhe

recombinant yeast strains.

Full-Length Mig-10aDoes Not Interact with Ras Family Members Tested

Seven recombinant yeast strains were made each using the p32MIG10A construct as the

bait (see Methods) The recombinant yeast strawmere made in duplicate (Tablg. 7

Mig-10a Yeast Strains

Bait Prey
p32MIG10A1 Cdc42
p32MIG10A2 Cdc42
p32MIG10A1 Ced10
p32MIG10A2 Ced10
p32MIG10A1  Mig2
p32MIG10A2 Mig2
p32MIG10A1 Rapl
p32MIG10A2 Rapl
p32MIG10A1 Rasl
p32MIG10A2 Rasl
p32MIG10A1 Ras2
p32MIG10A2 Ras2
p32MIG10A1 Rhol
p32MIG10A2 Rhol

Table 7: Mig-10A Recombinant Yeast Strains.

Following strain construction, the MitQa recombinant strairas well as the contrgieast

strains listed in Tables 4 andvere patched from fresh streaks omtaintenancenedia lacking
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leucine and tryptophan. This plate was incubated overaightused as the master plate. The
mastermplate wageplica platednto five different selectivenedia plates The following day the

plates were replica cleaned using velvets to remove all traces of growth and incubated overnight.
The template for the mastglate is shown in Figure 12The replica platig results are shown in
Figure 13 The second plate laclgreucine and tryptophdik) was included to show all yeast

strains were transferred from the master plate.
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Controls
Increasing strength

1 Krevl: RalGDSwt StrongPositive Interaction
2 C ModeratePositive Interactio
3 Krevl: RalGDSm1 ModeratePositive Interactio
4 B Weak Positivénteraction
5 A WeakesPositive Interactiol
6 Krevl:RalGDSm2 Weak Positivénteraction
NegativeControl:
7  pDES3%EpDESE 22 No Interaction
Testof Self-Activation:

R No Interaction

8 M10Al:p DESTE 2 : (Same as 7)

-LeuT Trp-Ura -LeuT Trp +Ura +0.2% 5FOA

-Leui Trp i His +25mM 3AT -Leui Trp i His +50mM 3AT -Leu’ Trp Transfer Confirmation

Figure 13: Mig-10A Interaction Series(Pictures/Some Strain ConstructionnSe an 0.0 Wedia | e
composition is as shown in panel. Abbreviations are in Fig. 11 leddadk circle is identifying the
MIG10A1 selfactivation control.All patches exhibiting strong growth on selective media were control
strains. (F) Maintenance media illustrating transfer of all recombinant yeast Btairtee master
replica plate.
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Various concentrations of BT were used so to ensure tHE&S3reporter gene was not
being overly inhibited by-AT. The controls grevprimarily as was expected withd exception
of controls 1,3, and Ghe Krev controlspn the uracil selective platd.he growth on the media
lacking uracil and that containing uracil andF&A were mirror images of each other and the
strongest controls grew the best on all of the histidine deficient mEdiatrol 8, circled in each
panel, was the MIG10A1 sedictivatian control. This control did not show growth on either the
uracil selective plate or tHeFOA containingplate, suggesting a weak s@lttivationwas
occuring Additionally, weak growth o$elfactivationcontrol 8 was also seen on the histidine
selectve media, providing furthreevidence of a weak sedictivation The recombinangtrans
behaved just as the s@l€tivation controtlid, indicating no interaction was present in ahthe

recombinant yeast strains.
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Mig-10b Does Not Interactwith Any of Ras Family Members Tested

Seven recombinant yeast strains were made each using the p32MIG10B construct as the

bait (see Methods)Each of the recombinant yeast stravese made in duplicate (Tablég. 8

Mig-10b Yeast Strains

Bait Prey
p32MIG10B1 Cdc42
p32MIG10B2 Cdc42
p32MIG10B1 Ced10
p32MIG10B2 Ced10
p32MIG10B1  Mig2
p32MIG10B2  Mig2
p32MIG10B1 Rapl
pP32MIG10B2 Rap1
p32MIG10B1 Ras1
pP32MIG10B2 Rasl1
p32MIG10B1 Ras2
p32MIG10B2 Ras2
p32MIG10B1 Rhol

p32MIG10B2 Rhol

Table 8 Mig-10B Recombinant Yeast Strains

After strain construction was completed, the Mi@b recombinant straires well as the control
yeast strais listed Figure 1dvere spotted from overnight liquid culturesto plateof the
appropria¢ selective media. Themplatefollowed for platepreparation is seen in Figutd and

spotting results are shown in Figuté.
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Krev1: RalGDSwt StrongPositive Interaction
C ModeratePositive Interactio

Increasing strength

Full Strength Controls

1:100 Control Dilution Krevl: RalGDSm1 ModeratePositive Interactio

o g b W N P

o B Weak Positiventeraction
. ‘ ‘ . ‘ ‘ . ‘ ‘ 1:1000 Control Dilution
A WeakesPositive Interactiol
Krevl:RalGDSm2 Weak Positiventeraction
_ _ NegativeControl:
7 p DES32pDESE 2 2 No Interaction
RasA\— ‘ ‘ Rapl ‘ ‘ Testof Self-Activation:
~ No Interaction
8 M10B1:p DESTE2: (Same as 7&9)
Ced10
Testof Self-Activation:

~ No Interaction
9 MIG10B2:p DESTE 2 (Same as 7 &8)

-Leu’i TrpiHis +50mM 3AT -Leui TrpiHis +65mM 3AT  -Leui TrpiHis +75mM 3AT

Figure 15: Mig-10B Interaction Series. Media composition is as shown in panel. Abbreviations are in
Fig. 11 legend. Black circle is identifying MIG10B1 and MIG10B2-selivation controls. All patches
showing significant growth on selective media were control strains.

Various concenations of 3AT were usegust as with the MiglOb straingo ensure the
HIS3reporter gene was not beingerly inhibited by 3AT. All dilutions of the controls grew as
expectedwith the exception of the Krev controls, 1, 3 an@rig. 14) each of whictexhibited

similar growth on the uracil selective media. Neither of theasl¥ation controls, 8 and(%ig.
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14), grew on the uracil selective media, but did, as expected, grow ofHDA Bnedia.
Importantly the uracil selective plate and thREGA oontaining plate were mirror images of each
other. Jight growth ofself-activationcontrols 8 and 9 was observed on the histidine selective
media (Fig.15 D, E,F), suggesting the presence of slightaetfzation. All experimental

strains show growtthat wasequivalent teself-activationcontrols 8 and %hus no interaction

was present in any of the MIG10B recombinant yeast strains.
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