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Abstract(
(

(
The!actin!and!microtubule!cytoskeleton!play!critical!roles!in!Golgi!and!cilia!

assembly.!Inverted6Formin!1!(INF1)!is!a!novel,!microtubule6associated!protein!that!

regulates!both!actin!and!microtubule!dynamics!and!affects!Golgi!and!cilia!assembly.!A!

non6biased!discovery!based!approach!was!used!to!investigate!the!interactome!of!INF1!

using!BioID!in!combination!with!stable!isotopic!labeling!in!cell!culture!(SILAC).!A!number!

of!INF16interacting!proteins!were!identified!and!validated!in!co6IP!experiments.!The!INF1!

interaction!domains!were!mapped!using!an!extensive!set!of!INF1!deletion!and!point!

mutation!derivatives.!Functional!characterization!of!these!interactions!suggests!a!

mechanism!for!the!effects!of!INF1!on!ciliogenesis.!

!!!!!!!!!!!The!establishment!and!maintenance!of!cellular!architecture!requires!the!

coordinated,!dynamic!regulation!of!actin!and!microtubule!networks.!Our!data!suggests!

that!INF1!plays!a!crucial!role!in!connecting!these!two!cytoskeletal!networks!for!the!

regulated!assembly!of!the!Golgi!ribbon!and!the!primary!cilium.!!
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Chapter(1:(Introduction(

!

1.1(The(Cytoskeleton(

The!cytoskeleton!is!composed!of!intracellular!filaments!required!for!cell!

morphology,!division,!migration!and!intracellular!transport!(Chesarone!et!al.,!2010).!The!

cytoskeletal!networks!include!intermediate!filaments,!microfilaments!(actin!filaments),!

and!microtubules.!Intermediate!filaments!stiffen!under!physical!stress!and!are!necessary!

for!the!mechanical!strength!of!the!cell!(Goldman!et!al.,!2008;!Lowery!et!al.,!2015).!

Intermediate!filaments!are!cellH!and!tissueHtype!specific,!but!are!generally!grouped!as!

keratins,!vimentin!and!desmin,!neurofilament!proteins,!and!lamins!(Fuchs!and!Weber,!

1994).!

Cell!polarity,!motility,!and!subcellular!organization!require!close!coordination!of!

the!actin!and!microtubule!networks.!To!ensure!that!the!two!networks!act!in!tandem!an!

essential!cross!talk!exists.!This!cross!talk!enables!dynamic!microtubules!to!regulate!actin!

dynamics!through!modulation!of!Rho!family!GTPase!activity,!while!actin!stress!fibers!

serve!as!tracks!to!guide!dynamic!microtubules!to!receptors!at!the!cell!cortex!to!facilitate!

microtubule!stabilization!(Nagae!et!al.,!2013;!Palazzo!et!al.,!2001).!

Actin!filaments!are!ubiquitous!among!eukaryotic!cells!and!are!involved!in!

regulating!cell!shape!and!cell!migration.!Actin!filaments!are!generated!from!the!

polymerization!of!monomeric!globular!actin!(GHactin).!Actin!nucleation!occurs!when!GH

actin!dimers!and!trimers!form!a!stable!tetramer!that!initiates!polymerization!(Chesarone!

et!al.,!2010).!The!transient!formation!of!GHactin!dimers!and!trimers!limits!spontaneous!

nucleation!and!this!barrier!is!overcome!by!nucleating!factors!such!as!the!Arp2/3!
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"

complex,!spire!proteins,!and!formins.!Upon!nucleation,!the!actin!filament!elongates!

through!preferential!addition!of!ATPHbound!GHactin!to!the!fast!growing!‘barbed!end’!of!

the!filament.!Spontaneous!hydrolysis!of!ATP!results!in!destabilization!and!disassembly!of!

the!filament!removing!GHactin!subunits!from!the!slow!growing!‘pointed!end’.!Elongation!

may!also!be!inhibited!by!association!of!capping!proteins!with!the!barbed!end!of!the!

filament!(Goley!and!Welch,!2006).!

Microtubules!are!found!throughout!the!cytoplasm!and!are!involved!in!processes!

including!intracellular!transport,!extracellular!sensing,!organelle!positioning,!as!well!as!

cell!division!and!migration.!Microtubules!are!composed!of!cylindrical!polymers!of!

tubulin!formed!by!polymerization!of!soluble!αHandHβHtubulin!dimers!in!the!presence!of!

GTP!arranged!in!a!polarized!headHtoHtail!orientation!(Howard!and!Hyman,!2009).!

Standard!MTs!are!arranged!in!a!singlet!ring!composed!of!13!protofilaments.!Cilia!are!

higher!order!structures!comprised!of!doublet!microtubules!that!contain!a!set!of!ten!

protofilaments!adjacent!to!the!singlet!ring.!The!axoneme!of!primary!cilia!are!made!of!

nine!outer!doublet!MTs!while!the!centrioles!at!the!base!of!the!cilia!have!an!additional!

set!of!ten!protofilaments!linked!to!the!doublet,!generating!a!triplet!(Satir!and!

Christensen,!2007).!PostHtranslational!modifications!including!acetylation,!

glutamylation,!detyrosination,!glycylation,!and!phosphorylation!are!required!to!form!

these!and!other!complex!MT!structures!(Hammond!et!al.,!2008).!Microtubule!organizing!

centres!(MTOCs),!including!the!centrosome!and!the!Golgi,!nucleate!and!anchor!growing!

MTs!(Luders!and!Stearns,!2007;!Wade!and!Hyman,!1997).!

!

(
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1.2(Formin(Homology(Proteins(

Formin!family!proteins!are!a!set!of!highly!conserved!cytoskeletal!remodeling!

proteins!that!regulate!both!the!actin!and!microtubule!networks!required!for!cell!

morphology,!adhesion,!division,!polarity,!and!migration!(Chesarone!et!al.,!2010;!Goode!

and!Eck,!2007;!Higgs,!2005;!Thurston!et!al.,!2012).!Formins!are!defined!by!the!formin!

homology!domains!1!and!2!(FH1!and!FH2).!The!FH1!and!FH2!domains!are!located!in!the!

CHterminal!of!all!formins!except!Inverted!Formin!1!(INF1).!The!prolineHrich!FH1!domain!

contains!a!binding!site!for!the!GHactin!binding!protein,!profilin!(Chesarone!et!al.,!2010).!

As!profilinHbound!actin!monomers!accumulate!at!the!FH1!domain,!the!neighbouring!FH2!

domain!nucleates!and!elongates!unbranched!actin!filaments!(Sagot!et!al.,!2002).!The!

current!model!of!formin!induced!actin!nucleation!and!elongation!is!dependent!on!FH2!

dimerization!with!each!half!of!the!dimer!binding!one!actin!subunit!(Figure!1.1).!A!new!

actin!monomer!is!accepted!when!half!of!the!dimer!shifts!to!open!its!conformation!while!

the!other!half!binds!to!the!most!recently!added!actin!subunit.!The!‘stair!stepping’!model!

continues!to!elongate!the!actin!filament!(Moseley!et!al.,!2004).!The!ability!of!the!FH2!

dimer!to!remain!associated!with!the!growing!barbed!end!of!the!actin!filament!while!

inserting!GHactin!protects!the!filament!from!heterodimeric!capping!proteins!(CPs)!that!

inhibit!elongation!(Cooper!and!Sept,!2008;!Harris!et!al.,!2004;!Kovar!et!al.,!2006;!Pruyne!

et!al.,!2002;!Schirenbeck!et!al.,!2005;!Zigmond!et!al.,!2003).!!

The!FH2!domain!of!some!formins!also!regulate!microtubule!dynamics!placing!

formins!as!cytoskeletal!bridging!factors!that!connect!the!actin!cytoskeleton!and!

microtubule!network!(Bartolini!and!Gundersen,!2010).!The!FH2!domain!binds!and!!
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Figure 1.1. Formin induced actin nucleation and polymerization
The dimeric FH2 domains of formins function to 1) accelerate nucleation; 2) modulate 
elongation; and 3) inhibit barbed end capping by other proteins. The FH1 domain of 
formins has a high affinity for profilin bound actin monomers. Upon recruitment of 
profilin-actin monomers to the FH1 domain, the FH2 domain dimer participates in a 
“stair stepping” model to nucleate and elongate unbranched actin filaments.

Adapted from Goode and Eck, Ann. Rev. Biochem, 2007
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stabilizes!microtubules!as!detected!by!induction!of!microtubule!postHtranslational!

modifications,!acetylation!and!detyrosination.!Microtubule!acetylation!and!stabilization!

are!induced!by!expression!of!isolated!FH1!and!FH2!functional!domains!of!the!majority!of!

mammalian!formins!(Thurston!et!al.,!2012).!!

!! There!are!fifteen!mammalian!formins!that!are!divided!into!seven!subHfamilies!

based!on!their!regulatory!domains:!Diaphanous!(Dia),!forminHrelated!proteins!in!

leucocytes!(FRL),!disheveledHassociated!activators!of!morphogenesis!(Daam),!inverted!

formin!(INF),!formin!homology!domainHcontaining!protein!(FHOD),!formin!(FMN),!and!

Delphilin!(Figure!1.2).!Within!each!subHfamily!a!handful!of!genes!encoding!numerous!

splice!variants!may!be!present!(Higgs,!2005).!Many!of!the!formins!contain!regions!of!

homology,!aside!from!the!FH1!and!FH2!domains,!that!regulate!autoHinhibition.!These!

domains!include!a!CHterminal!Diaphanous!autoHregulatory!domain!(DAD)!as!well!as!an!NH

terminal!GTPHbinding!domain!(GBD),!DiaphanousHinhibitory!domain!(DID),!and!a!

dimerization!domain.!The!DAD!can!mediate!autoHinhibition!of!FH2!domain!activity!via!

interaction!with!the!NHterminal!domains.!Rho!proteins!are!key!regulators!of!numerous!

formin!family!members!by!binding!to!the!GBD!relieving!DAD!autoHinhibition!permitting!

binding!of!formins!to!the!barbed!end!of!actin!filaments!(Higgs!and!Peterson,!2005).!!

!

1.3(INF1(

Inverted!Formin!1!(INF1)!is!a!microtubuleHassociated!formin!family!member.!

INF1!has!a!unique!domain!structure!amongst!the!15!mammalian!formin!proteins.!INF1!

contains!NHterminal!FH1!and!FH2!domains!followed!by!three!domains!of!unknown!!



Figure 1.2. The mammalian formin domain structures.
Mammalian formins are distinguished by their FH1/FH2 domains and are divided into 
seven sub-families. The Dia, FRL, and DAAM sub-families are regulated by auto-
inhibition via interaction between the DID and DAD as well as activation by Rho GTPase 
 binding to the GBD. INF2 only contains the DID and DAD, while the FHOD sub-family is
 regulated by the GBD and DAD. The FMNL2 sub-family contains a DDCC domain while
 Delphilin contains a PDZ domain, and INF1 lacks auto-regulatory domains. DID, Diaph-
anous inhibitory domain; DAD, Diaphanous auto-regulatory domain; GBD, GTPase binding
 domain; DDCC, Dimerization domain-Coiled coil domain

Dia1, 2, 3

FRL1, 2, 3

DAAM1, 2

INF1

INF2

FHOD1, 2, 3

FMNL1, 2

Delphilin

GBD DID DDCC FH1 FH2 DAD

PDZ
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function!and!a!MT!binding!domain!(MTBD)!in!the!CHterminal.!INF1!lacks!the!DID!and!

DAD!regulatory!domains!associated!with!formins!and,!unlike!other!formin!family!

members,!INF1!is!not!regulated!by!autoHinhibition!(Young!et!al.,!2008).!INF1!regulates!

actin!dynamics!through!its!FH1/FH2!domains!and!is!able!to!bind!and!stabilize!MTs!

through!its!MTBD.!The!FH2!domain!of!INF1!is!also!involved!in!the!stabilization!of!MTs!

(Figure!1.3)!(Thurston!et!al.,!2012).!Throughout!the!cell!there!are!two!populations!of!

microtubules:!dynamic!and!stable.!Stabilized!MTs!are!marked!by!postHtranslational!

modifications!including!acetylation,!polyglutamination,!and!detyrosination.!INF1!overH

expression!increases!cytoplasmic!MT!stabilization!and!tubulin!acetylation,!but!not!

detyrosination,!while!endogenous!INF1!is!associated!with!the!MT!network!(Young!et!al.,!

2008).!!!

!

1.4(INF1(and(Golgi!

The!Golgi!consists!of!cis,!medial,!and!trans,cisternae!(Papanikou!and!Glick,!2014).!

In!mammalian!cells!the!cisternae!are!tethered!together!generating!a!perinuclear!ribbon!

that!is!required!to!establish!cell!polarity!and!normal!subcellular!organization!(Yadav!et!

al.,!2009).!Polarized!cellular!trafficking!and!normal!cell!motility!require!proper!

positioning!and!maintenance!of!the!Golgi,!an!actin!and!MTHdependent!process!

(Gurel!et!al.,!2014).!Perinuclear!Golgi!assembly!is!reliant!on!two!cytoplasmic!MT!

networks,!one!originating!at!the!centrosome,!and!the!other!originating!at!the!Golgi!itself!

(Miller!et!al.,!2009).!!

! !



F-Actin Microtubule binding

INF1

Microtubule
Acetylation

FH1 FH2 MTBD

Figure 1.3. The functional domains of INF1.
INF1 is characterized by the C-terminal MTBD and N-terminal FH1, and FH2 domains. 
The FH1 and FH2 domains function as the actin regulatory motif, binding and polymeriz-
ing actin filaments. Microtubule stability is induced by the MTBD, and FH2 domain of 
INF1. 
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Endogenous!INF1!preferentially!associates!with!the!GolgiHderived!MT!(GDMT)!

network!to!regulate!the!formation!of!the!Golgi!ribbon.!Knockdown!of!INF1!expression!

results!in!defective!Golgi!assembly!suggesting!a!role!for!INF1!in!the!function!of!the!

GDMT!network.!INF1!overHexpression!also!results!in!defective!Golgi!assembly!causing!

dispersal!of!the!Golgi!ribbon!into!functional!mini!stacks!distributed!throughout!the!

cytoplasm.!OverHexpression!of!INF1!derivatives!lacking!either!FH2!activity!or!the!MTBD!

do!not!induce!Golgi!ribbon!dispersal.!These!results!suggest!that!INF1!coordination!of!

actin!and!microtubule!dynamics!is!required!for!normal!perinuclear!Golgi!ribbon!

formation!(Copeland!et!al.,!2015).!!

(

1.5(INF1(and(Cilia(

Recent!data!from!our!laboratory!suggests!that!formin!activity!is!required!for!cilia!

assembly!in!mammalian!cells.!When!quiescent!NIH!3T3!fibroblasts!are!treated!with!a!

small!molecule!formin!inhibitor,!smiFH2,!nearly!all!treated!cells!lose!their!cilia.!The!

smiFH2!treatment!targets!the!FH2!domain!inhibiting!formin!activity!suggesting!that!the!

FH2!domain!of!formins!is!essential!for!cilia!assembly!and!maintenance!(Copeland!et!al.,!

manuscript!in!prep).!Amongst!the!mammalian!formin!family,!INF1!expression!has!a!

unique!and!dramatic!effect!on!cilia!assembly.!In!the!majority!(~75%)!of!quiescent!NIH!

3T3!cells!overHexpressing!INF1,!ciliogenesis!is!inhibited.!In!the!small!percentage!of!cells!

that!do!form!cilia,!however,!the!cilia!are!massively!elongated.!EpitopeHtagged!INF1!is!

clearly!present!in!the!cilia.!The!average!cilia!length!is!approximately!3μm!in!control!cells.!

In!contrast,!in!INF1!overHexpressing!cells!the!cilia!have!an!average!length!of!15μm,!with!
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a!broad!range!of!size,!often!exceeding!40μm.!INF1Hinduced!Golgi!dispersion!does!not!

correlate!with!inhibition!of!cilia!assembly!as!INF1!overHexpressing!cells!with!visibly!

dispersed!Golgi!still!assemble!elongated!cilia!(Copeland!et!al.,!manuscript!in!prep).!

As!with!its!effects!on!Golgi!assembly,!the!effects!of!INF1!overHexpression!on!cilia!

assembly!are!FH2H,!and!MTBDHdependent.!OverHexpression!of!a!fullHlength!INF1!

derivative!with!an!inactivating!point!mutation!in!the!FH2!domain!(FL!INF1!I180A)!had!no!

significant!effect!on!the!percentage!of!cells!forming!cilia.!The!cilia!that!formed,!in!this!

case,!were!elongated,!with!an!average!length!of!4.9μm,!and!a!narrower!distribution!of!

size.!Interestingly,!the!expression!of!the!CHterminal!derivative!INF1!486C!that!contains!

the!MTBD!had!similar!effects!on!cilia!number!and!length!as!expression!of!FL!INF1!I180A.!

These!results!highlight!that!the!effects!of!INF1!expression!on!cilia!number!and!length!are!

dependent!on!the!MTBD!and!the!FH2!domain.!When!INF1!overHexpressing!cells!are!

treated!with!the!actinHbinding!drug,!Latrunculin!B,!the!effects!of!INF1!on!cilia!elongation!

are!reduced!and!the!cilia!shorten!to!the!size!of!those!observed!in!cells!expressing!FL!

INF1!I180A.!These!results!suggest!that!INF1!inhibits!disassembly!in!an!FHactin/FH2H

dependent!manner!(Copeland!et!al.,!manuscript!in!prep).!!

A!balance!between!assembly!and!disassembly!rates!determines!cilia!length!and!

disassembly!of!cilia!can!be!induced!in!quiescent!cells!upon!serum!stimulation.!INF1!

expressing!serumHstimulated!cells!showed!inhibited!cilia!disassembly,!and!increased!the!

length!of!the!cilia.!The!overHexpression!of!INF1!blocks!serumHinduced!disassembly!of!the!

cilia!suggesting!that!the!INF1Hinduced!elongated!cilia!result!from!inhibition!of!

disassembly!(Copeland!et!al.,!manuscript!in!prep).!!
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1.6(The(Primary(Cilium(
(

The!primary!cilium!is!an!evolutionarily!conserved!nonHmotile!structure!that!acts!

as!the!cell’s!antenna.!This!organelle!is!enriched!with!sensory!receptors!and!signal!

transduction!complexes!that!capture!and!relay!extracellular!and!intracellular!signals!

(GarciaHGonzalo!and!Reiter,!2012).!The!primary!cilia!participates!in!mechanosensation,!

photoreception,!and!intracellular!signaling!required!for!tissue!homeostasis,!cell!

proliferation,!and!embryogenesis!(Ishikawa!and!Marshall,!2011).!Primary!cilia!are!found!

on!most!mammalian!cells!and!play!an!especially!crucial!role!in!the!function!of!the!

epithelium!of!the!kidneyHcollecting!duct,!in!rod!photoreceptors,!olfactory!receptors,!as!

well!as!for!the!function!of!the!sonic!hedgehog!and!Wnt!signaling!pathways.!In!the!

kidneyHcollecting!duct!primary!cilia!detect!fluid!flow!in!the!ducts!and!tubules!as!well!as!

regulate!cell!division!(Fliegauf!et!al.,!2007;!Pazour!and!Rosenbaum,!2002).!In!the!retina,!

the!membraneHassociated!sensory!molecules!in!the!ciliaHmodified!outer!segments!of!the!

rod!photoreceptor!cells!detect!light!(Wheway!et!al.,!2014).!Olfactory!cilia!detect!

environmental!chemicals!sending!signals!to!the!brain!for!processing!into!sense!and!

smell.!Sonic!hedgehog!and!Wnt!signaling!pathways!regulate!embryonic!development!

through!transduction!of!ciliary!signals!(Jenkins!et!al.,!2009;!Jones!et!al.,!2008;!Rohatgi!et!

al.,!2007).!

!

1.7(Ciliopathies(
(

Given!the!widespread!distribution!of!cilia!on!virtually!all!cellHtypes!throughout!

the!human!body,!defective!cilia!affect!the!function!and!development!of!multiple!tissues!
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resulting!in!a!variety!of!syndromes!collectively!termed!Ciliopathies.!These!include!

polycystic!kidney!disease!(PKD),!retinitis!pigmentosa,!BardetHBiedl!syndrome!(BBS),!

Joubert!syndrome,!and!Meckel!syndrome,!amongst!others.!Common!clinical!symptoms!

of!Ciliopathies!include!obesity,!blindness,!cystic!kidneys,!as!well!as!developmental!

defects!such!as!polydactyly,!and!situs!inversus!(Nigg!and!Raff,!2009).!Blindness!is!caused!

by!retinitis!pigmentosa!resulting!from!photoreceptor!cell!degeneration!that!occurs!

when!protein!transport!in!the!cilia!is!perturbed!initiating!apoptosis!and!eliminating!

defective!cells!from!the!retina!(Crouse!et!al.,!2014).!Cystic!kidneys!result!from!an!

inability!to!assemble!a!cilia!or!defective!ciliary!signaling.!This!is!due!to!mutations!in!

either!PolycystinH1!or!PolycystinH2!that!form!a!receptorHchannel!complex!on!the!ciliary!

membrane!crucial!to!kidney!epithelial!cell!differentiation!and!proliferation!(Fliegauf!et!

al.,!2007).!Developmental!defects!often!result!from!disrupted!sonic!hedgehog!and!Wnt!

signaling!at!the!ciliary!membrane,!as!well!as!protein!transport!within!the!cilia!(Goetz!and!

Anderson,!2010).!!

!

1.8(Cell(Cycle(Dependent(Regulation(of(Ciliogenesis(

Cilia!assembly!and!disassembly!are!synchronized!with!the!cell!cycle.!Cilia!are!not!

present!in!newly!divided!cells.!During!early!G1!and!G0!the!mother!centriole!docks!to!the!

plasma!membrane!and!assembles!the!primary!cilium!(Figure!1.4).!As!the!cell!cycle!

progresses!the!mother!and!daughter!centrioles!duplicate!during!SHphase!to!form!new!

daughter!centrioles!with!the!mother!centriole!remaining!at!the!base!of!the!cilium!

(Pitaval!et!al.,!2010).!Prior!to!mitosis!the!cilium!is!resorbed!through!disassembly!!



!"

#$%&'"()"*%"(+"

#$%&'"()"

,-.*/-/"

,*.01%"213.%-*&1"

4$560.1%"213.%-*&1"
78%19-*5/":':&1;"

4$560.1%"213.%-*&1""
7:5%%13.":':&1;"

2-&-5<"

,-:%*.5=5&1"
20%*<*/*<1"

>5:&15/"

Figure 1.4. Cell cycle dependent regulation of ciliary assembly and disassembly.
During early G1 and G0 the mother centriole migrates to the cell cortex and nucleates a 
cilium. The daughter centriole from the previous cycle generally does not form a cilium. 
During S phase the mother and daughter centrioles duplicate forming new daughter 
centrioles. In the majority of cells, the cilium is resorbed prior to mitosis to ensure 
proper detachment of the centriole pairs from the cortex and migration to the spindle 
poles.

Adapted from Ishikawa and Marshall, Nature Mol Cell Bio, 2011
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at!the!ciliary!tip,!a!process!regulated!by!its!own!signal!transduction!pathway!(Kinzel!et!

al.,!2010;!Pan!et!al.,!2004).!The!scaffolding!protein!human!enhancer!of!filamentation!1!

(HEF1),!the!basal!body!associated!protein!Pitchfork,!and!poloHlike!kinase!1!(PLK1)!

mediate!ciliary!resorption!through!interaction!with!Aurora!A!kinase!(Kinzel!et!al.,!2010;!

Lee!et!al.,!2012;!Pugacheva!et!al.,!2007).!Aurora!A!also!decreases!tubulin!acetylation!

reducing!microtubule!stability!by!activating!the!tubulin!deacetylase!histone!deacetylase!

6!(HDAC6)!(Hubbert!et!al.,!2002;!Pugacheva!et!al.,!2007).!Disassembly!permits!centriole!

pairs!attached!to!the!ciliary!base!to!reposition!to!the!cell!interior!and!move!to!spindle!

poles!where!they!help!position!the!mitotic!spindle!(Pitaval!et!al.,!2010).!!!

!

1.9(Primary(Cilium(Structure(

Primary!cilia!are!microtubuleHbased!organelles.!A!barrelHlike!core!of!nine!outer!

microtubule!doublets,!termed!the!axoneme,!protrudes!from!the!basal!body!(Sui!and!

Downing,!2006).!The!basal!body!is!composed!of!a!cylindrical!structure!of!triplet!

microtubules!derived!from!mitotic!centrioles!(Brown!and!Witman,!2014).!Centrioles!

exist!in!pairs!within!the!centrosome!of!cycling!cells!and!consist!of!one!mature!mother!

centriole!(MC)!and!one!immature!daughter!centriole!(DC).!The!MC!is!distinguished!from!

the!DC!by!the!presence!of!the!9Hbladed!propellerHlike!distal!and!subHdistal!appendages!

(Figure!1.5)!(Paintrand!et!al.,!1992).!The!MC!functions!in!membrane!tethering/docking,!

while!the!DC!anchors!arrays!of!cytoplasmic!microtubules!(Bornens,!2002;!Ishikawa!and!

Marshall,!2011).!The!subHdistal!appendages!(SDAs)!of!the!MC!also!link!to!cytoplasmic!

microtubules!and!are!essential!for!centriole!anchoring.!The!distal!appendages!(DAs)!fuse!!
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Figure 1.5. The structure of the primary cilium.
The core structure of the primary cilium, the axoneme, is MT-based, protrudes from the 
basal body, and is encapsuled by a ciliary membrane. The ciliary membrane contains 
receptors for intra- and inter-cellular signaling. The basal body contains distal append-
ages (transition fibers) that link to the ciliary membrane, and below are sub-distal 
appendages (basal feet) that anchor the basal body using cytoplasmic MTs. Distal to the 
transition fibers is the Transition Zone that contains Y-links connecting the axoneme to 
the ciliary membrane. IFT machinery, the BBSome and motor proteins are responsible 
for cilia extension, maintenance, and function. Cargos are thought to be transported 
into or out of the cilia by bi-directional IFT along the axoneme. MT, microtubule; DA, 
distal appendage; SDA, sub-distal appendages; IFT, intraflagellar transport.

Adapted from Wei et al, Curr Opin Cell Biol, 2015
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to!the!ciliary!membrane!and!there!define!the!border!between!the!plasma!and!ciliary!

membranes!(Anderson,!1972;!Bornens,!2002).!

The!ciliary!membrane!surrounds!the!axoneme!and!is!a!specialized!extension!of!

the!plasma!membrane!containing!the!receptors!and!channels!necessary!for!signal!

transduction!(Bloodgood,!1992).!At!the!base!of!the!cilium!in!some!mammalian!cellHtypes!

a!ciliary!pocket!is!created!by!an!invagination!of!the!plasma!membrane.!!This!pocket!

serves!as!a!docking!site!for!actin!filaments!that!may!act!on!the!positioning!and!function!

of!the!cilium!(MollaHHerman!et!al.,!2010).!The!ciliary!membrane!is!connected!to!the!

axoneme!by!YHlink!proteins.!The!region!containing!YHlink!proteins!between!the!basal!

body!and!axoneme!is!termed!the!Transition!Zone!(TZ)!(Czarnecki!and!Shah,!2012;!

GarciaHGonzalo!and!Reiter,!2012;!Gilula!and!Satir,!1972).!The!TZ!is!proposed!to!act!as!a!

gate!or!pore!that!permits!entry!of!targeted!ciliary!proteins!into!the!cilium!while!

excluding!nonHciliary!proteins!(Craige!et!al.,!2010;!GarciaHGonzalo!et!al.,!2011;!Williams!

et!al.,!2011).!(

Ciliary!proteins!and!cargo!are!transported!to!the!cilium!base!by!intraciliary!

transport!machinery,!termed!the!Intraflagellar!Transport!(IFT)!complex.!Bidirectional!

movement!of!the!IFT!complexes!along!the!axoneme!beneath!the!membrane!sheath!

enables!axoneme!elongation!and!maintenance.!IFT!is!composed!of!two!separable!

complexes,!IFTHA!and!IFTHB,!that!together!contain!a!specific!set!of!IFTHparticle!proteins!

(Cole!et!al.,!1998;!Piperno!and!Mead,!1997).!IFTHB!is!essential!for!assembly!and!

maintenance!of!the!cilia!contributing!to!anterograde!transport,!while!IFTHA!is!required!

for!retrograde!transport!(Haycraft!et!al.,!2003;!Iomini!et!al.,!2009).!!
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1.10(IFT(Regulation(of(Ciliogenesis(

Ciliary!proteins!are!sorted!and!packaged!in!the!Golgi,!then!transported!to!the!

cilia!by!the!BBSome!and!IFT!complexes!(Baker!and!Beales,!2009;!Pedersen!and!

Rosenbaum,!2008).!The!BBSome!is!a!stable!protein!complex!composed!of!seven!BardetH

Beidl!syndrome!proteins!and!BBIP10!(Lechtreck!et!al.,!2009;!Loktev!et!al.,!2008).!The!IFT!

complex!transports!the!BBSome!that!traffics!ciliary!proteins!from!the!plasma!membrane!

to!the!ciliary!base!and!into!the!ciliary!compartment!along!the!axoneme!(Jin!et!al.,!2010).!!

Axoneme!elongation!requires!the!IFT!complex!to!transport!cytoplasmic!dyneinH2,!

receptor!proteins,!and!axonemal!subunits!from!the!cytoplasm,!through!the!ciliary!gate,!

and!along!the!axoneme!to!the!site!of!assembly!at!the!tip!of!the!cilium!(Hao!et!al.,!2011;!

Johnson!and!Rosenbaum,!1992;!Signor!et!al.,!1999).!The!IFTHB!complex!utilizes!the!

kinesinH11!plusHend!directed!motor!protein!complex!for!transportation!to!the!ciliary!tip!

(Pedersen!and!Rosenbaum,!2008).!Upon!arrival!at!the!ciliary!tip,!axonemal!and!receptor!

proteins!are!released!while!kinesinH11!is!inactivated!and!the!minusHend!directed!motor,!

cytoplasmic!dyneinH2!is!activated!(Pan!et!al.,!2006).!Retrograde!IFT!transport!along!the!

axoneme!towards!the!cell!body!is!mediated!by!IFTHA!and!cytoplasmic!dyneinH2!to!

recycle!ciliary!turnover!products!such!as!inactive!receptors!sent!to!the!cytoplasm!for!

degradation!(Mukhopadhyay!et!al.,!2007).!

! Once!the!cilia!reach!a!certain!length!they!no!longer!elongate.!Balancing!

continuous!IFT!driven!ciliary!assembly!with!axoneme!disassembly,!the!mechanism!of!

which!is!currently!unknown,!generates!a!steady!state!equilibrium!length.!The!balanceH

point!length!control!model!suggests!that!the!balance!of!assembly!and!disassembly!is!
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itself!determined!by!cilia!length!as!the!net!rate!of!IFT!cargo!transport!will!decrease!as!

the!length!of!the!cilium!increases!(Engel!et!al.,!2009).!Thus!cilia!length!is!selfHregulated!

by!the!intrinsic!rate!of!IFT!delivery!of!axonemal!subunits!to!the!treadmilling!tip!(Dentler,!

2005).!

!

1.11(Primary(Cilium(Assembly(!

The!assembly!of!the!mammalian!primary!cilium!occurs!through!an!ordered!

pathway!of!distinct!steps!(Sorokin,!1968).!The!MC!is!transformed!into!the!basal!body!

with!transition!fibers!(analogous!to!the!distal!appendages!of!the!MC)!and!basal!feet!

(analogous!to!the!subHdistal!appendages).!Sequential!recruitment!of!various!structural!

and!functional!components!assembles!the!transition!fibers!and!basal!feet,!however,!the!

exact!timing!and!structural!organization!of!this!assembly!remains!largely!unknown.!

Recent!studies!suggest!that!OFD1,!ODF2,!C2CD3,!and!DZIP1!prepare!the!distal!end!of!the!

MC!for!formation!of!the!DAs,!however,!these!proteins!are!not!thought!to!be!DA!

structural!components!(Hunkapiller!et!al.,!2011;!Tateishi!et!al.,!2013;!Wang!et!al.,!2013;!

Ye!et!al.,!2014).!Genuine!DA!functional!components!identified!thus!far!include!Cep164,!

Cep83!(Ccdc41),!Cep89!(Ccdc123),!SCLT1!(sodium!channel!and!clathrin!linker!1),!and!

FBF1!(Fas!binding!factor!1).!Cep83!has!been!reported!to!target!Cep89!and!SCLT1!to!the!

distal!appendages!where!SCLT1!in!turn!mediates!recruitment!of!Cep164!and!FBF1!(Joo!

et!al.,!2013;!Sillibourne!et!al.,!2011;!Tanos!et!al.,!2013).!Assembly!of!both!distal!and!subH

distal!appendages!in!mouse!cells!requires!ODF2,!and!DZIP1!(Ishikawa!and!Marshall,!

2011;!Tateishi!et!al.,!2013;!Wang!et!al.,!2013).!ODF2!recruits!Ninein!to!the!SDAs!where!it!



19"
"

works!with!Cc2d2a!as!a!component!of!the!SDAs!(Graser!et!al.,!2007;!Kodani!et!al.,!2013;!

Sillibourne!et!al.,!2011).!!

The!microtubuleHassociated!protein,!endHbinding!protein!1!(EB1),!and!the!

centrosomal!protein!Cep170,!both!localize!to!the!SDA!(Figure!1.6)!(Guarguaglini!et!al.,!

2005;!Louie!et!al.,!2004).!GSTHpullHdown!assays!and!mass!spectrometry!analysis!show!

that!EB1!and!Cep170!interact!(Schroder!et!al.,!2011).!Cep170!organizes!microtubules!

while!EB1!links!the!minusHend!of!cytoplasmic!microtubules!to!the!basal!body,!thereby!

anchoring!the!cilia!base!and!initiating!ciliogenesis!(Guarguaglini!et!al.,!2005;!Louie!et!al.,!

2004;!Schroder!et!al.,!2011).!!!

The!transition!fibers!form!docking!platforms!for!the!distal!appendage!vesicles!

(DAVs),!the!precursors!of!the!ciliary!vesicle!(CV).!The!vesicle!membranes!are!stabilized!

by!EHD1,!while!the!tHSNARE!Snap29!mediates!the!docking!and!fusion!of!the!small!DAVS!

into!a!single!CV!(Lu!et!al.,!2015).!As!the!CV!is!formed,!Cep164!recruits!TTBK2!to!the!

transition!fibers!to!remove!the!CP110!protein!cap!on!the!distal!end!of!the!basal!body!

permitting!the!initiation!of!ciliogenesis!and!axoneme!elongation!(Cajanek!and!Nigg,!

2014;!Goetz!et!al.,!2012).!Cep164!also!forms!a!complex!with!the!coiledHcoil!protein,!

Chibby!(Cby)!at!the!transition!fibers!(Burke!et!al.,!2014).!The!Cep164/Cby!complex!

interacts!with!the!GolgiHderived!Rabin8/Rab8!protein!complex!to!mediate!further!

recruitment!of!Rab8!vesicles.!These!vesicles!deliver!new!membrane!to!the!elongating!!

ciliary!vesicle!as!the!axoneme!grows!and!forms!the!transition!zone!(Burke!et!al.,!2014).!

The!basal!bodyHciliary!vesicle!migrates!to!the!cell!cortex!where!the!CV!fuses!to!the!!

!



Adapted from Wei et al, Curr Opin Cell Biol, 2015

Figure 1.6. Assembling the primary cilium.
In some mammalian cell types, EB1 and Cep170 interact to ensure linking of MTs to the 
SDA to anchor the mother centriole. DAVs are then recruited to the DAs where EHD1 
shapes and Snap29 fuses the membranes generating the CV. Cep164, located at the DA 
recruits TTBK2 to remove the CP110 cap permitting axoneme elongation. Cep164 also 
helps recruit Golgi-derived proteins, Rabin8 and Rab8 that migrate the basal body to the 
plasma membrane. The ciliary vesicle and plasma membrane fuse and the axoneme 
elongates further. Bidirectional IFT transport regulates and maintains axoneme exten-
sion. Polarized trafficking has been implicated in targeting ciliary cargo to the periciliary 
membrane. The cargo may enter the cilia through lateral diffusion. MT, microtubule; 
SDA; sub-distal appendages; DAV, distal appendage vesicle; DA, distal appendage; CV, 
ciliary vesicle
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plasma!membrane!allowing!further!axoneme!elongation!and!generation!of!the!cilium!on!

the!cell!surface!(Sorokin,!1962).!

!

1.12(The(Golgi,(Centrosome(and(Primary(Cilia(Connection(

The!assembly!of!the!Golgi!ribbon!depends!on!both!the!centrosome!and!GolgiH

derived!MT!networks!(Miller!et!al.,!2009;!Rivero!et!al.,!2009;!Vinogradova!et!al.,!2012).!

The!integrity!and!reHorientation!of!the!centrosome!towards!the!leading!edge!of!the!cell!

are!also!dependent!on!its!connection!with!the!Golgi!(Bisel!et!al.,!2008;!Kodani!et!al.,!

2009;!Kodani!and!Sutterlin,!2009).!A!similar!relationship!is!thought!to!be!present!

between!the!Golgi,!basal!body,!and!cilia.!Trafficking!of!ciliary!components!overcomes!

the!logistical!issue!of!the!primary!cilium!lacking!protein!synthesis!machinery.!

Components!necessary!for!formation!of!the!ciliary!pocket!and!growth!of!the!primary!

cilium!are!targeted!to!the!ciliary!base!and!selectively!imported!into!the!ciliary!

compartment!at!the!transition!zone.!Connection!between!the!Golgi!and!basal!body!is!

thought!to!facilitate!this!trafficking!(Follit!et!al.,!2006;!Greer!et!al.,!2014;!Hurtado!et!al.,!

2011).!Newly!synthesized!proteins!are!transported!from!the!Endoplasmic!Reticulum!(ER)!

to!the!Golgi!where!they!undergo!postHtranslational!modifications,!sorting!into!carriers,!

and!transport!to!the!plasma!membrane,!ciliary!membrane,!and!endosomalHlysosomal!

system.!A!crucial!component!of!the!IFT!machinery,!IFT20,!localizes!to!the!Golgi!and!cilia,!

and!functions!to!produce!transport!carriers!at!the!Golgi!necessary!for!the!formation!of!

the!primary!cilium.!Loss!of!IFT20!results!in!impairment!of!ciliogenesis!(Follit!et!al.,!2006).!

A!similar!role!is!proposed!for!the!small!GTPase!Rab8!in!directionHspecific!targeting!of!
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cargo!components!to!the!ciliary!membrane!(Nachury!et!al.,!2007).!The!Arf!and!Arl!

families!of!small!GTPases!are!involved!in!GolgiHmediated!membrane!and!vesicular!

trafficking!as!well.!Arf4!and!several!Arl!proteins!are!thought!to!participate!in!specialized!

membrane!transport!targeting!the!primary!cilium!(Deretic!et!al.,!2005).!!

!

1.13(Hypothesis(

The!factors!that!regulate!and!mediate!the!effects!of!INF1!on!cytoskeletal!dynamics,!

Golgi!morphology,!and!ciliogenesis!are!unknown.!We!hypothesize!that!INF1!interacts!

with!unique!targets!to!mediate!actin!and!microtubule!dynamics!involved!in!the!

regulation!of!ciliogenesis.!To!test!this!hypothesis!I!identified!and!characterized!INF1!

binding!proteins!using!a!new!proximityHdependent!protein!labeling!technique!termed!

BioID.!!

!

1.14(Biotin(Ligase(Identification((BioID)(Protein(Labeling(Technique(

The!biotin!ligase!identification!(BioID)!technique!utilizes!a!35HkD!prokaryotic!

mutant!biotin!ligase!(BirA*)!fused!to!a!bait!protein!of!interest!(Roux!et!al.,!2012).!The!

mutant!derivative!BirA*!(R118G)!decreases!siteHspecificity!of!its!enzymatic!biotinylation!

activity,!permitting!premature!release!of!highly!reactive!bioAMP!generated!by!the!

combination!of!biotin!and!ATP.!Free!bioAMP!readily!reacts!with!primary!amines!

permitting!promiscuous!biotinylation!of!proteins!by!BirA*!in!a!proximityHdependent!

manner!(ChoiHRhee!et!al.,!2004;!Cronan,!2005).!!
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Biotin!(Vitamin!H)!treatment!of!cells!expressing!the!BirA*!fusion!protein!allows!

covalent!biotin!labeling!of!proximal!proteins!within!<20nm!radius,!generating!a!history!

of!the!fusion!proteins’!numerous!interactions!(Figure!1.7)!(Kim!et!al.,!2014).!Selective!

isolation!of!the!biotinylated!proteins!exploits!the!strong!nonHcovalent!biological!

interaction!between!streptavidin!and!biotin!(Kd!=!10
H14!

M).!BiotinHtagged!proteins!are!

affinity!purified!with!streptavidinHconjugated!agarose!permitting!identification!of!

multiple!events!and!proximity!interacting!proteins!by!quantitative!mass!spectrometry.!

Alongside!identification!of!the!bait!proteins’!transient,!low!affinity,!and!direct!protein!

interactions,!the!strong!nonHcovalent!bond!between!biotin!and!streptavidin!permits!

stringent!cell!lysis!and!protein!solubilization!conditions,!as!endogenous!proteinHprotein!

interactions!need!not!be!maintained.!The!biotinylated!proteins!may!also!be!stained!with!

fluorophoreHconjugated!streptavidin!for!observation!of!the!proximal!interactions!by!

immunofluorescence!(Roux!et!al.,!2012).!!
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Figure 1.7. Biotin-ligase identification (BioID) protein labeling technique.
Cells expressing the BirA*-fusion protein, BirA*-INF1, are treated with 50µM of biotin. 
The BirA*-INF1 fusion protein itself becomes biotinylated as well as biotinylating vicinal 
proteins. The biotinylated proteins are analyzed by staining with fluorophore-conjugated 
streptavidin, or by lysing and solubilizing the cells to affinity capture the biotinylated 
proteins with streptavidin-conjugated agarose beads. The biotinylated proteins are 
eluted and identified by quantitative mass spectrometry. 
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Chapter(2:(Materials(and(Methods(
!

2.1(RTUPCR(Amplification:(

Total!RNA!was!harvested!from!HEK!293T/17!cells!using!RNeasy!Mini!Kit!(Qiagen),!

followed!by!cDNA!synthesis!using!iScript!Reverse!Transcription!Supermix!for!RTHqPCR!

(BioRad).!One!step!RTHPCR!was!performed!with!Taq!DNA!polymerase!to!detect!and!

amplify!cDNA.!The!amplified!cDNA!and!primers!used!are!listed!in!Table!2.1.!!

!

2.2(Plasmid(Construction:(

PCR!products!were!cloned!into!either!pEGFPHC1!(Clontech)!or!pEF!Flag.!The!

restriction!sites!for!the!GFPH!and!flagHtagged!constructs!prepared!are!listed!in!Table!2.1.!

INF1!full!length!and!truncation!plasmids!were!previously!generated!as!EF!plink!

derivatives!with!myc,!flag,!cherry,!or!YFP!tags.!The!INF1!derivatives!were!cloned!into!

pcDNA3.1!myc.BirA*!using!BamH1/EcoR1!restriction!sites.!The!pcDNA3.1BirA*!vector!

was!acquired!from!Dr.!TrinkleHMulcahy!(University!of!Ottawa).!!

(
Table(2.1.(Primers(for(RTUPCR(amplification(of(putative(INF1(interacting(partners(
(
Name( Primer(Sequence((5’U3’)( Restriction(

Enzyme(
Tag(

PFN2! GGA!ATT!CGA!TGG!CCG!GTT!GGC!AGA!GCT!AC!

GGG!ATC!CGT!TAC!ACA!TCA!GAC!CTC!CTC!AG!

EcoR1!

BamH1!

GFP!

ARL2! GGG!ATC!CAT!GGG!GCT!CCT!GAC!CAT!TCT!GAA!GAA!

GGA!ATT!CGT!CAG!TCA!GCT!GTG!AAA!ATG!CGG!CTG!GAA!AT!

BamH1!

EcoR1!

Flag!

(

(

(

(
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2.3(Cell(Culture:(

! NIH!3T3!mouse!fibroblasts!were!cultured!in!Dulbecco’s!Modified!Eagle!Media!

(DMEM,!ATCC),!supplemented!with!LHGlutamine,!and!10%!donor!bovine!serum!(DBS,!

ATCC).!HEK!293T/17!cells!were!cultured!in!DMEM!(ATCC)!supplemented!with!LH

Glutamine,!and!10%!fetal!bovine!serum!(FBS,!ATCC).!!HeLa!cells!were!cultured!in!Eagle’s!

Minimum!Essential!Medium!(ATCC),!supplemented!with!10%!FBS!(ATCC).!UH2!OS!cells!

were!cultured!in!McCoy’s!5a!Medium!Modified!(ATCC)!supplemented!with!10%!FBS.!The!

aforementioned!cell!lines!were!grown!in!5%!CO2!at!37°C.!Trypsinization!was!

accomplished!with!0.05%!trypsin!(ATCC)!for!NIH!3T3!cells,!0.25%!trypsin,!0.53mM!EDTA!

(ATCC)!for!HEK!293T/17!and!HeLa!cells,!and!0.25%!trypsin,!0.03%!EDTA!(ATCC)!for!UH2!

OS!cells.!!

!

2.4(PEI(Transient(Transfection(of(NIH(3T3(Cells:(

One!day!prior!to!transfection!NIH!3T3!cells!were!seeded!at!a!density!of!125,000!

cells/well!(Golgi!dispersion!assays)!or!175,000!cell/well!(acetylated!tubulin!assays)!of!a!

6Hwell!plate!on!acidHtreated!coverslips.!Cells!were!approximately!80%!confluent!upon!

transfection.!50μl!OptiMEM!media!(Gibco)!and!6μl!of!polyethlyenimine!(PEI)!

transfection!reagent!(1:4,!DNA:PEI)!(Polyscience)!were!mixed!with!a!total!of!1.5μg!of!

DNA.!Cells!were!washed!with!2ml!OptiMEM!while!the!DNAHPEI!complex!incubated!at!

room!temperature!for!20!minutes.!The!DNAHPEI!complex!was!added!to!cells!with!1ml!

OptiMEM!in!a!dropwise!manner.!After!5hrs!of!incubation!the!cell!culture!media!was!
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changed!to!2ml!DMEM!+!10%!DBS!(MT!affinity!and!Golgi!dispersion!assays),!or!DMEM!+!

0.5%!DBS!(acetylated!tubulin!assays).!!(

!

2.5(PEI(Transient(Transfection(of(HEK(293T/17(Cells:(

One!day!prior!to!transfection!HEK!293T/17!cells!were!seeded!at!a!density!of!

1.25x10
6
!cells/6cm!dish,!3.125x10

6
!cells/10cm!dish,!or!8.2x10

6
!cells/15cm!dish.!Cells!

were!approximately!80%!confluent!upon!transfection.!OptiMEM!media!(Gibco)!and!PEI!

reagent!(1:5,!DNA:PEI)!were!mixed!with!DNA.!The!DNAHPEI!complex!was!incubated!and!

added!to!preHwashed!cells!as!described!above.!After!5hrs!of!incubation!the!cell!culture!

media!was!changed!to!DMEM!+!10%!FBS.!!!

!

2.6(Calcium(Phosphate(Transfection(of(HEK(293T/17(Cells:(

HEK!293T/17!cells!were!seeded!at!1.25x10
6
!cells/6cm!dish!2hrs!prior!to!

transfection.!In!separate!microfuge!tubes,!0.18ml!of!2X!HBS!(8g!NaCl,!0.2g!Na2HPO4H

7H2O,!6.5g!HEPES,!pH!7.0)!and!5μg!DNA!with!22μl!of!2M!CaCl2!(87.6g!CaCl2H6H2O,!filter!

sterilized)!brought!to!a!final!volume!of!0.36ml,!were!aliquoted.!The!CaCl2/DNA!mix!was!

added!to!the!HBS!and!directly!added!to!the!cells!dropwise.!Cells!were!incubated!for!16H

24hrs,!washed!and!4ml!of!fresh!cell!culture!media!was!replaced.!

!

2.7(Immunofluorescence:((

Cells!were!fixed!24hrs!(Golgi!dispersion!assays)!or!48hrs!(acetylated!tubulin!

assays)!after!transfection!in!iceHcold!methanol!at!H20°C!for!5!minutes!or!4%!
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paraformaldehyde!in!PHEM!buffer!(60mM!PIPES,!25mM!HEPES,!10mM!EGTA,!2mM!

MgSO4,!pH!7.0)!for!10!minutes.!Cells!were!permeablized!for!5H10!minutes!with!0.3%!

Triton!XH100!and!10%!donkey!serum!in!PBS.!Cells!were!incubated!with!primary!

antibodies!(Table!2.2)!in!0.03%!Triton!XH100!and!5%!donkey!serum!in!PBS!at!room!

temperature!for!1hr.!Cells!were!washed!thrice!with!PBS!and!incubated!with!secondary!

antibodies!(Table!2.2)!in!0.03%!Triton!XH100!and!5%!donkey!serum!in!PBS!at!room!

temperature!for!1!hr.!!Cells!were!washed!3X!in!PBS!and!mounted!with!Vectashield!

mounting!media!(Vector!Labs)!with!or!without!DAPI.!Visualization!of!stained!cells!used!a!

Zeiss!Axio!Imager!Z1!fluorescent!microscope!with!AxioCam!HRm!camera.!A!63X!Plan!

Apochromat!objective!lens!was!used!to!acquire!images!that!were!processed!using!

Axiovision!software.!

!

2.8(Immunoblotting(

Cells!grown!in!a!6cm!dish!were!lysed!in!240μl!1x!Laemmli!SDSHsample!buffer,!

separated!by!SDSHPAGE!and!transferred!to!PVDF!membrane.!Immunoblotting!was!

performed!with!antibodies!(Table!2.2)!in!0.2%!TweenH20,!5%!nonHfat!dried!milk!in!PBS.!

Membranes!analyzed!for!biotinylated!proteins!were!blocked!with!0.2%!Triton!XH100,!1%!

bovine!serum!albumin!in!PBS!and!detected!with!HRPHconjugated!streptavidin!in!the!

same!buffer!(1:25,000;!Invitrogen).!!

(

(

(
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Table(2.2:(Antibodies(
(
Primary:(

Antibody( Dilution( Company(
Mouse!antiHacetylated!tubulin! 1:500! Sigma!

Rabbit!antiHacetylated!tubulin! 1:200! Cell!Signaling!

Rabbit!antiHFlag! IF!1:500!!Wb!1:1000! Sigma!

Rabbit!antiHMyc! IF!1:500!!Wb!1:1000! Santa!Cruz!

Mouse!antiHcHMyc!(9E10)! 1:500! Santa!Cruz!

Mouse!antiHalpha!tubulin! IF!!1:500!!Wb!1:1000! Sigma!

Mouse!antiHGM130! 1:500! BD!Biosciences!

Mouse!antiHgamma!tubulin! 1:500! Sigma!

Rabbit!antiHCep170! Wb!1:500/!1:1000! Biorbyt!

Rabbit!antiHGFP! Wb!1:1000! Santa!Cruz!

Mouse!antiHEB1! 1:500! Santa!Cruz!

StreptavidinH568! 1:600! ThermoFisher!

(
Secondary:(

Antibody( Dilution( Company(
Donkey!antiHMouse!488! 7.5ug/ml!H1:200! Jackson!Immunoresearch!

Donkey!antiHrabbit!488! 15ug/ml!–!1:200! Jackson!Immunoresearch!

Donkey!antiHmouse!594! 15ug/ml!–!1:200! Jackson!Immunoresearch!

Donkey!antiHrabbit!594! 15ug/ml!H1:200! Jackson!Immunoresearch!

Donkey!antiHchicken!594! 15ug/ml!H1:200! Jackson!Immunoresearch!

Donkey!antiHmouse!Cy5! 15ug/ml!–!1:100! Jackson!Immunoresearch!

Donkey!antiHrabbit!Cy5! 15ug/ml!–!1:100! Jackson!Immunoresearch!

Donkey!antiHrabbit!HRP! 0.8ug/ml!–!1:30,000! Jackson!Immunoresearch!

Donkey!antiHmouse!HRP! 0.8ug/ml!H!1:50,000! Jackson!Immunoresearch!

(

2.9(Stable(Isotopic(Labeling(by(Amino(Acids(in(Cell(Culture:(

HEK!293T/17!cell!were!seeded!at!1:5!in!either!R0K0!“light”!DMEM!for!the!

control,!and!R10K8!(LHArginine:HCL!(UH13C6,!98%;15N4,!98%),!LHLysineH2HCl!(U13C6,!

98%;!15N2,!98%)!(Invitrogen)!“heavy”!DMEM!supplemented!with!10%!Dialyzed!Fetal!

Calf!Serum!(Invitrogen).!The!cells!were!washed!with!DHPBS!(ATCC),!trypsinized!with!

0.25%!Trypsin,!and!neutralized!with!the!corresponding!R0K0!or!R10K8!DMEM.!The!cells!

were!serially!passaged!and!expanded!in!the!appropriate!media!for!a!total!of!7!days.!The!
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cells!were!seeded!at!8.2x10
6
!in!15cm!dishes!containing!a!single!acidHwashed!coverslip!

with!the!corresponding!media!one!day!prior!to!transfection!when!90%!confluence!was!

reached.!

!

2.10(BioID(Affinity(Purification(and(Mass(Spectrometry:(

The!labeled!cells!were!transiently!transfected!as!previously!described!with!mycH

FL!INF1!in!the!R0K0!DMEM!and!BirA*HFL!INF1!in!the!R10K8!DMEM.!The!DNAHPEI!

complex!was!incubated!in!serum!free!SILAC!media!and!added!dropHwise!to!SILAC!media!

supplemented!with!10%!FBS.!The!cells!were!incubated!for!24hrs!with!50μM!biotin!

(Sigma).!The!coverslips!were!fixed!in!H20°C!methanol!and!stained!with!fluorophore!

conjugated!streptavidin!to!determine!transfection!efficiency.!The!remaining!cells!were!

lysed!in!high!salt!RIPA!buffer,!incubated!on!ice!for!15min,!sonicated!for!1min!(10sec!

on/off),!and!centrifuged!at!4°C!for!10min!at!4000rpm.!The!lysates!were!incubated!

separately!with!100μl!of!equilibrated!Streptavidin!Ultra!Performance!agarose!beads!for!

3.25hrs!at!4°C!on!a!rotator.!The!beads!were!washed!separately!twice!with!high!salt!RIPA!

buffer!followed!by!2min!of!centrifugation.!MycHFL!INF1!and!BirA*HFL!INF1!beads!were!

combined!and!washed!X5!followed!by!centrifugation.!The!biotinylated!proteins!were!

eluted!with!200μl!elution!buffer!(30mM!biotin!and!2%!SDS!supplemented!PBS)!at!98°C.!

The!eluate!was!diluted!with!800μl!sterile!water,!vortexed,!and!spun!at!1000rpm!for!

2min.!The!diluted!eluate!was!concentrated!to!100μl!using!a!speed!vacuum.!The!eluate!

was!mixed!with!1.0μl!1M!DTT!and!boiled,!followed!by!the!addition!of!5μl!1M!

Iodoacetamide!(IAA)!and!a!30min!incubation!in!the!dark.!
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! The!eluate!was!diluted!with!1x!Laemmli!buffer!and!separated!using!SDSHPAGE!

followed!by!coomassie!staining!or!immunoblot!analysis!probing!with!streptavidinHhrp.!

Sections!of!the!coomassie!stained!gel!were!excised!and!subjected!to!inHgel!digestion!

with!the!resulting!tryptic!peptides!being!eluted!and!analyzed!by!LC!MS/MS.!

!

2.11(BioID(GFP(Trap!

HEK!293T/17!cells!were!seeded!in!10cm!dishes!at!3.125x10
6
!one!day!prior!to!

transfection.!Upon!transfection!cells!were!roughly!70%!confluent.!A!total!of!8μg!of!DNA!

mixed!with!OptiMEM!media!and!PEI!followed!the!previously!described!protocol!of!

transient!transfection.!Approximately!24hrs!after!transfection,!the!cells!were!incubated!

for!24hrs!in!fresh!complete!media!supplemented!with!50μM!biotin.!After!two!PBS!

washes,!cells!were!lysed!in!600μl!high!salt!RIPA!buffer!(50mM!Tris,!pH!7.4,!500mM!NaCl,!

0.4%!SDS,!5mM!EDTA,!1mM!DTT,!100μM!antipain,!and!1x!Complete!protease!inhibitor!

[Roche]),!sonicated!for!1min!(10sec!on/off),!and!centrifuged!for!15min!at!13K!rpm.!

Supernatants!were!incubated!with!20μl!GFPHTrap_A!gtaH20!(Chromotek)!slurry!for!1hr!at!

4°C.!Beads!were!collected,!washed!thrice,!and!centrifuged!for!2min!at!4°C.!Bound!

proteins!were!removed!with!70μl!1x!Laemmli!SDSHsample!buffer!at!98°C.!!

!

2.12(BioID(Flag(Immunoprecipitation(

HEK!293T/17!cells!were!seeded!in!6cm!dishes!at!1.25x10
6
!one!day!prior!to!

transfection.!Transient!transfection!and!biotin!treatment!followed!the!previously!

described!protocol.!After!two!PBS!washes,!cells!were!lysed!in!300μl!lysis!buffer!(50mM!
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Tris,!pH!7.0,!150mM!NaCl,!1mM!EDTA,!1mM!DTT,!100μM!antipain,!and!1x!Complete!

protease!inhibitor![Roche])!or!cytoskeletal!specific!buffer!(50mM!Tris,!pH!7.5,!75mM!

KCl,!0.2mM!EGTA,!1mM!NaF,!0.5%!TritonHX!100,!5%!Glycerol,!1mM!PMSF),!incubated!on!

ice!for!10min,!sonicated!for!1min!(10s!on/off),!and!centrifuged!for!15min!at!13K!rpm.!

Supernatants!were!incubated!with!20μl!EZview!Red!ANTIHFLAG!M2!affinity!gel!slurry!

(Sigma)!for!1hr!at!4°C.!Beads!were!collected,!washed!thrice,!and!centrifuged!for!2min!at!

4°C.!Bound!proteins!were!removed!with!50ul!1x!Laemmli!SDSHsample!buffer!at!98°C.!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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Chapter(3:(Results(

3.1(Characterization(of(BirA*UINF1(Derivatives(

The!BioID!vector!encodes!an!NHterminal!myc!epitope!followed!by!the!promiscuous!

biotin!ligase!(BirA*)!and!was!used!to!generate!an!NHterminal!BirA*HINF1!derivative.!

BirA*HFL!INF1!was!used!as!the!bait!protein!for!BioID!AP/MS!to!identify!INF1!interacting!

proteins.!A!series!of!BirA*HINF1!fusion!proteins!were!generated!for!INF1!interaction!

domain!mapping!and!potential!future!fragmentome!work.!The!BioID!vector!was!used!to!

generate!the!following!INF1!mutation!and!deletion!derivatives:!BirA*HFL!INF1,!BirA*H

INF1!∆FH1,!BirA*HFL!INF1!I180A,!BirA*HINF1!1004N,!BirA*HINF1!958N,!BirA*HINF1!485N,!

BirA*HINF1!485N!I180A,!BirA*HINF1!486C,!BirA*HINF1!FH2,!and!BirA*HINF1!958C.!!

To!determine!if!the!BirA*!tag!interfered!with!the!known!effects!of!INF1,!the!

BirA*HINF1!fusions!were!compared!to!the!corresponding!mycHtagged!INF1!derivative,!

and!the!effects!on!Golgi!morphology!and!ciliogenesis!were!analyzed!by!

immunofluorescence!microscopy!(IFM).!The!Golgi!morphology!of!transfected!cells!was!

classified!as!either!perinuclear!ribbon,!intermediate!(compact!circular!ribbon!or!loss!of!

polarity),!or!dispersed!Golgi!(Figure!3.1,!AHC).!The!mycH!and!BirA*HINF1!derivatives!had!

comparable!effects!on!Golgi!morphology;!the!majority!of!mycH!and!BirA*HFL!INF1!

expressing!cells!had!dispersed!Golgi!ribbons,!as!expected.!This!was!also!true!of!the!INF1!

derivative!1004N!that!lacks!a!portion!of!the!MTBD.!In!contrast,!the!majority!of!cells!

expressing!mycH!or!BirA*HINF1!derivatives!that!lacked!or!deactivated!the!MTBD!or!FH2!

domain!had!perinuclear!Golgi!ribbons.!!

!
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Figure 3.1. INF1-induced Golgi dispersion is not affected by BirA* tag.
NIH 3T3 cells were transfected with myc- or BirA*-FL INF1, FL INF1 I180A, INF1 1004N, 
INF1 958N, INF1 485N, and INF1 485N I180A. Cells were fixed after 24hrs in complete 
media. The myc-epitope tag of both myc- and BirA*-INF1 derivatives was stained with 
rabbit anti-myc (red). The cis-Golgi marker GM130 was stained for using mouse 
anti-GM130 (green), and the nucleus using DAPI. The INF1 over-expressing cells were 
classified by Golgi phenotypes: perinuclear (A), intermediate (B), and dispersed (C). 
Results shown in (A-C) were quantified for each myc- and BirA*-INF1 derivative. (N=3, 
100 cells/experiment, error bars = SEM) (Scale bar= 10µM)
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Similar!results!were!obtained!when!comparing!the!effects!of!INF1!overH

expression!on!ciliogenesis.!The!percentage!of!INF1!overHexpressing!serumHstarved!cells!

forming!cilia!were!quantified!and,!when!present,!cilia!length!was!measured.!The!mycH!

and!BirA*HINF1!derivatives!had!comparable!effects!on!cilia!number!and!length!(Figure!

3.2).!In!the!majority!of!mycH!and!BirA*HFL!INF1!expressing!cells,!cilia!were!not!present.!

The!cilia!formed!in!mycH!and!BirA*HFL!INF1!expressing!cells!were!elongated!with!a!wide!

range!in!length.!In!contrast,!the!cells!expressing!mycH!and!BirA*HINF1!derivatives!that!

lacked!MTBD!or!FH2!domain!function!had!only!minor!effects!on!the!number!of!cells!with!

cilia.!The!mean!values!of!cilia!length!were!also!comparable!for!all!the!corresponding!

mycH!and!BirA*HINF1!derivatives.!The!cells!expressing!mycH!and!BirA*HINF1!constructs!

with!a!deactivated!FH2!domain!or!lacking!a!small!portion!of!the!MTBD!had!increased!

average!cilium!lengths!compared!to!control!mCherry!expressing!cells.!The!mycH!and!

BirA*HINF1!derivatives!that!completely!lacked!the!MTBD!had!compact!length!

distributions,!and!comparable!average!lengths!to!control!cells.!!

To!ensure!proper!subHcellular!localization!of!the!small!INF1!derivative!958C,!mycH!

and!BirA*HINF1!958C!were!compared!by!immunofluorescence!detecting!the!mycH

epitope!of!INF1!958C!with!antiHmyc.!Differential!subHcellular!localization!was!observed!

when!INF1!958C!was!overHexpressed!in!NIH!3T3!fibroblasts.!The!percent!of!transfected!

cells!with!cytoplasmic!or!nuclear!localization!were!quantified.!The!majority!of!mycH!and!

BirA*HINF1!958C!expressing!cells!had!cytoplasmic!localization!with!a!small!percentage!

(~30%)!of!the!cells!having!nuclear!localization!(Figure!3.3).!!

!
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Figure 3.2. The effects of INF1 on ciliogenesis are not affected 
by BirA* tag.
NIH 3T3 cells expressing myc- or BirA*-FL INF1 (A,B), FL INF1 

I180A (C,D), INF1 1004N (E,F), INF1 958N (G,H), INF1 485N (I,J), 

and INF1 485N I180A (K,L) were serum starved for 48hrs to 

induce ciliogenesis. Cilia were identified by staining with 
anti-acetylated tubulin and INF1 fusion proteins were detected 
with anti-myc. (M) The percent of transfected cells with cilia 
were quantified. (N) The lengths of cilia were measured using 
Northern Expression software and quantified to illustrate 
comparable mean values, indicated by the red bar, between 
myc- and BirA*-INF1 derivatives. (N=3, 100 cells/experiment, 
error bars = SEM, bar =10µM)
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Figure 3.3. INF1 958C has cytoplasmic and nuclear sub-cellular localization.
NIH 3T3 cells transiently transfected with myc-INF1 958C or BirA*-INF1 958C were fixed 
and stained with anti-myc to detect INF1 958C. (A,B) INF1 958C has both nuclear and 
cytoplasmic localization. (C) The percent of transfected cells with either nuclear or 
cytoplasmic sub-cellular localization were quantified. The majority of myc- and BirA*-
INF1 958C expressing cells had cytoplasmic sub-cellular localization (N=3, 100 
 cells/experiment, error bars =SEM, scale bar =10μm
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3.2(Establishing(BioID(SILAC(AP/MS(Conditions(

BirA*!alone!is!not!an!appropriate!control!for!BioID!screening!as!it!is!distributed!

throughout!the!entire!cell!and!nonHspecifically!biotinylates!all!vicinal!proteins!(Lambert!

et!al.,!2015).!In!contrast,!most!BirA*Hfusion!proteins!are!targeted!to!the!normal!

subcellular!domain!of!the!protein!of!interest!and!selectively!biotinylate!vicinal!proteins.!

The!series!of!BirA*HINF1!derivatives,!as!well!as!mycHepitope!tagged!FL!INF1,!were!

evaluated!as!specificity!controls!for!the!BioID!AP/MS!using!two!methods:!IFM!and!BioID!

affinity!purification!(AP)!of!the!BirA*HINF1!derivatives!followed!by!western!blot!analysis!

(Table!3.1).!IFM!and!western!blot!probing!of!the!biotinylated!proteins!highlighted!

subcellular!localization!and!induction!of!biotinylated!bands!similar!to!those!produced!by!

FL!INF1.!This!suggested!that!none!of!the!BirA*!tagged!INF1!derivatives!would!be!suitable!

negative!controls!as!many!potential!INF1!interacting!proteins!would!likely!be!targeted!

by!these!proteins!as!well.!MycHFL!INF1!was!then!tested!as!a!BioID!AP!specificity!control.!

IFM!showed!that!mycHFL!INF1!had!corresponding!subHcellular!localization!and!function!

with!BirA*HFL!INF1,!however,!immunoblot!analysis!showed!that!mycHFL!INF1!did!not!

biotinylate!vicinal!proteins.!MycHFL!INF1!was!used!as!a!negative!control!because!it!

identified!nonHspecific!biotinylation!and!binding!to!the!affinity!matrix!necessary!to!

identify!background!contaminants!of!the!BioID!SILAC!AP/MS!screen.(

BioID!AP!conditions!for!BirA*HFL!INF1!had!to!be!established!to!ensure!optimal!

protein!expression,!biotinylation,!cell!lysis,!prevention!of!INF1!degradation,!binding!to!

the!affinity!matrix,!and!elution!(Table!3.1).!The!transfection!efficiency!of!BirA*HFL!INF1!

was!compared!across!various!cell!lines!by!IFM.!HEK!293T/17!cells!had!25%!transfection!!
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Table&3.1:&Experimental&conditions&to&optimize&BioID&affinity&capture&of&BirA*@FL&INF1.&
Method& Attempted&

Conditions&
Optimized&
Condition&

Negative#
Control##

BirA*3FL#INF1#I180A,#BirA*3INF1#958N,#BirA*3INF1#
485N,#myc3FL#INF1#

Myc3FL#INF1#

Cell#type#
transfection#
efficiency#

HeLa,#HEK293T/17,#NIH#3T3,#U32#OS# HEK293T/17#

Cell#density#for#
15cm#dish#

9x106#vs#8x106# 8.2x106#

Total#DNA#for#
15cm#dish#

10μg,#15μg,#20μg# 21.6μg#

Transfection#
reagent#

PEI#vs#CaP03# PEI#

Biotin#
treatment##

0,#2,#4,#6,#8,#12,#24,#32,#48hrs#of#50μM#biotin#
treatment#

24hrs#of#50μM#
biotin#treatment#

Lysis#buffer# Low$salt$RIPA:#50mM#Tris,#pH#7.4,#150mM#NaCl,#0.4%#
SDS,#5mM#EDTA,#1mM#DTT#
High$salt$RIPA:#50mM#Tris,#pH#7.4,#500mM#NaCl,#
0.4%#SDS,#5mM#EDTA,#1mM#DTT#
NP340:#50mM#Tris,#pH#8.1,#150mM#NaCl,#0.5%#NP340,#
5mM#EDTA,#1mM#DTT#
Roux$buffer:$50mM#Tris,#pH#7.4,#150mM#NaCl,#1%#
Triton3X#100,#0.5%#sodium#deoxycholate,#0.1%#SDS,#
5mM#EDTA,#1mM#DTT#

High#salt#RIPA#

Protease#
inhibitors#

Sigma#and#Roche#protease#inhibitor#cocktails#alone,#
and#supplemented#with#antipain#

Roche#PIC#+#
100μM#antipain#

Sonication# 1min#(10s#on/5s#off#at#25%),#add#Triton3X#100#to#2%#
final#concentration,#sonicate#1min,#add#equal#vol.#

50mM#Tris#(pH#7.4),#sonicate#1min#
vs#1min#(10s#on/off)#

1min#(10#sec#
on/off)#

Bead#type# Streptavidin#Ultra#Performance#agarose#bead#
(Solulink)#vs#Dynabeads#MyOne#Streptavidin#C1#

magnetic#bead#(Invitrogen)#

Ultra#Performance#
Agarose#

Bead#volume# 4μl,#8μl,#10μl,#20μl,#40μl,#60μl#beads/6cm#dish# 14μl/6cm#
Bead#incubation## 1,#2,#3,#4,#6hr#incubation#on#4°C#rotator# 3.25hrs#
Wash#buffer# Corresponding#lysis#buffer#lacking#protease#inhibitors#

vs#Wash#Buffer#1#(2%#SDS#in#dH20),#Wash#Buffer#2#
(0.1%#deoxycholate,#1%#Triton3X#100,#500mM#NaCl,#
1mM#EDTA,#50mM#HEPES,#pH#7.5),#Wash#Buffer#3#
(250mM#LiCl,#0.5%#NP340,#0.5%#deoxycholate,#1mM#
EDTA,#10mM#Tris,#pH#8.1),#Wash#Buffer#4#(50mM#

Tris,#pH#7.4,#50mM#NaCl)#

High#salt#RIPA#
lacking#protease#

inhibitors#

Elution#buffer# 1X#Laemmli#buffer#vs#30mM#biotin,#2%#SDS#in#PBS# 30mM#biotin,#2%#
SDS#in#PBS#

&
#
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efficiency!while!the!HeLa,!UH2!OS,!and!NIH!3T3!cells!ranged!from!8H20%!efficiency.!

Optimal!cell!density,!total!DNA!transfected!and!transfection!reagent!were!investigated!

by!IFM!and!a!density!of!8.2x10
6
!HEK293T/17!cells!in!a!15cm!dish,!transfected!with!a!

total!of!21.6µg!of!DNA!using!PEI!were!chosen!for!affinity!purification!of!BirA*HFL!INF1.!(

The!BioID!system!requires!addition!of!excess!biotin!to!the!media!of!cultured!cells!

to!provide!substrate!for!the!overHexpressed!BirA*Hfusion!protein!(Roux!et,al,!2012).!The!

biotinylation!of!BirA*HFL!INF1!and!proximal!proteins!were!compared!by!immunoblot!

analysis!and!IFM!for!a!series!of!biotin!treatment!times!(Table!3.1).!The!relative!levels!of!

protein!expression!and!staining!were!also!compared!for!these!times.!Not!surprisingly,!an!

increase!in!biotin!incubation!time!resulted!in!an!increase!in!accumulation!of!biotinylated!

proteins!that!plateaued!after!24hrs.!!

The!optimal!lysis!conditions!necessary!to!solubilize!the!large!cytoskeletal!protein,!

INF1!were!evaluated!(Table!3.1).!A!mild!NPH40!buffer,!high!salt!and!detergent!Roux!

buffer!(500mM!NaCl,!2%SDS),!as!well!as!a!high!and!low!salt!RIPA!buffer!were!compared!

by!BirA*HFL!INF1!affinity!capture!and!immunoblot!analysis.!Sigma!(P8340)!and!Roche!

cOmplete!Tablet!(EDTAHfree)!protease!inhibitor!cocktails!(PIC)!alone!or!supplemented!

with!antipain!(Sigma)!were!also!compared!by!affinity!capture!of!BirA*HFL!INF1!and!

immunoblotting.!The!Sigma!PIC!inhibits!serine,!cysteine,!acid!proteases,!and!

aminopeptidases,!while!the!Roche!PIC!inhibits!serine,!and!cysteine,!but!not!

metalloproteases.!The!high!salt!(500mM)!RIPA!buffer!ensured!optimal!cell!lysis!and!

Roche!cOmplete!PIC!and!antipain!ensured!preservation!of!the!proteins!during!extraction!

and!purification.!High!salt!RIPA!buffer!was!sufficient!to!induce!cell!lysis,!but!sonication!
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was!required!to!ensure!near!complete!recovery!of!biotinylated!proteins.!Immunoblot!

analysis!was!used!to!compare!lysate!that!was!sequentially!sonicated!with!additional!

detergents!or!sonicated!for!1min!to!ensure!complete!cell!lysis.!Sonication!for!1min!

(10sec!on/off)!produced!optimal!lysis.!!

To!optimize!capture!of!the!biotinylated!proteins,!magnetic!and!agarose!beads!

were!compared!by!immunoblot!analysis!of!affinity!captured!BirA*HFL!INF1!(Table!3.1).!

Additional!parameters!tested!include!bead!volumes!ranging!from!4H60µl/6cm!dish,!

incubation!times!ranging!from!1H6hrs,!bead!wash!buffers,!and!elution!buffers.!

Immunoblots!of!biotinylated!proteins!captured!by!the!streptavidin!agarose!beads!

indicated!a!higher!biotin!binding!capacity!compared!to!the!magnetic!beads.!A!bead!

volume!of!14μl/6cm!dish!incubated!for!3.25hrs!ensured!optimal!affinity!capturing!of!

biotinylated!proteins.!Wash!and!elution!buffers!were!compared!by!immunoblotting!to!

ensure!nonHspecific!proteins!were!washed!from!the!affinity!matrix!while!maintaining!

captured!biotinylated!proteins!and!efficiently!eluting!proteins!from!the!matrix!(Table!

3.1).!The!high!salt!RIPA!buffer!and!biotinHsupplemented!SDS!elution!buffer!ensured!

proper!washing!of!the!beads!and!elution!of!the!biotinylated!proteins.!!

To!increase!specificity!of!the!screen,!labelHbased!quantitative!mass!spectrometry!

using!stable!isotopic!labeling!of!amino!acids!in!cell!culture!(SILAC)!was!used!(Figure!3.4).!

SILAC!labels!proteins!with!isotopic!tags!at!the!cellular!level!by!feeding!isotopic!variants!

of!essential!amino!acids!to!the!cells!over!time.!SILAC!was!used!to!metabolically!label!two!

cell!populations,!one!grown!in!heavy!(Arg10Lys8)!media,!and!the!other!in!light!

(Arg0Lys0)!media.!The!labeled!cell!populations!were!used!in!parallel!control!(light,!mycH!



L (Arg0Lys0)

BirA*-INF1Myc-INF1

H (Arg10Lys8)

Combine and wash beads, elute bound proteins,
SDS-PAGE separate and trypsin-digest

LC MS/MS
Analysis

Samples processed on a Thermo Orbitrap
mass spectrometer

Peptides identified and H:L ratios quantified 
using MaxQuant software

In
te

ns
ity

m/z

Harvest cells and prepare extracts in high salt RIPA buffer. 
Sonicate and clear with high-speed spins

Incubate extract with 
streptavidin-agarose

Incubate extract with 
streptavidin-agarose

Note: Myc-INF1 cannot 
biotinylate anything, so 
contaminants will be 
proteins that bind non-
specifically to the beads or 
proteins that are 
biotinylated in vivo, without 
BirA* present, when cells 
are given excess biotin.

Cells are differentially labeled 
in Light (L) or Heavy (H) SILAC 
media for 5-10 days and then 
transiently transfected. The 
next morning, biotin is added 
for 24 hours and the cells are 
harvested.

Figure 3.4. BioID and SILAC AP/MS identification of INF1 interacting protens.
HEK 293T/17 cells were labeled with SILAC followed by BioID affinity purification/mass 
spectrometry (AP/MS) to generate a list of potential INF1 interacting proteins. The 
control cells labeled with light SILAC media were transfected with myc-INF1 while the 
heavy SILAC media labeled cells were transfected with BirA*-INF1. MaxQuant software 
quantified the number of peptides and heavy-to-light ratios of purified proteins to 
identify contaminants and highlight proteins specifically biotinylated by BirA*-INF1.

Adapted from Trinkle-Mulcahy et al, J Cell Biol, 2008
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FL!INF1!transfected),!and!experimental!(heavy,!BirA*HFL!INF1!transfected)!pullHdowns!

were!performed!by!Sarah!Copeland!and!the!two!affinity!captured!samples!were!

combined!for!mass!spectrometry!analysis.!!

!

3.3.(Bioinformatic(Analysis(of(BioID(SILAC(AP/MS((

Over!700!putative!INF1Hinteracting!proteins!were!identified!by!the!BioID!SILAC!

AP/MS!analysis!that!was!performed!in!collaboration!with!Dr.!Laura!TrinkleHMulcahy!

(University!of!Ottawa).!These!proteins!were!ranked!based!on!signal!intensity!and!SILAC!

ratio.!NonHspecifically!bound!proteins!equally!represented!in!both!heavy!and!light!

populations!should!have!a!1:1!heavyHtoHlight!ratio,!whereas!specifically!bound!proteins!

should!be!more!abundant!in!the!experimental!heavy!sample!and!have!a!ratio!greater!

than!1.!Proteins!specifically!biotinylated!by!BirA*HFL!INF1!were!identified!by!a!cutoff!

with!a!heavyHtoHlight!ratio!larger!than!two.!Proteins!identified!as!common!background!

contaminants!that!bind!to!affinity!matrices!were!filtered!out!of!the!putative!hit!list!by!

crossHreference!with!an!established!agarose!bead!proteome!(TrinkleHMulcahy!et!al.,!

2008).!The!list!was!further!reduced!by!crossHreference!with!a!catalogue!of!background!

biotin!hits!(Lambert!et!al.,!2015).!Priorities!were!assigned!based!on!gene!function!

corresponding!to!known!INF1!function!generating!a!shortHlist!of!potential!INF1H

interacting!proteins!from!the!INF1!BioID!interactome!(Table!3.2).!Expected!proteins!such!

as!the!formin!binding!proteins,!profilin2,!and!VASP,!were!identified!on!the!short!list!of!

hits.!The!basal!body!associated!proteins!Cep170,!and!Snap29!were!of!primary!interest!

based!on!data!suggesting!a!role!for!INF1!in!ciliogenesis!(Copeland!et!al.,!manuscript!in!!



Protein Name Gene Name Peptides Ratio H/L

Profilin-2 PFN2 5 15.327

Protein enabled homolog VASP 2 5.0438

Protein Name Gene Name Peptides Ratio H/L

MT associated protein RP/EB family 
member1

MAPRE1 (EB1) 5 12.601

Protein Name Gene Name Peptides Ratio H/L

Centrosomal protein of 170kDa CEP170 8 7.2057

Synaptosomal-associated protein 29kDa SNAP29 2 7.7755

Centrosomal protein of 164kDa Cep164 1 NaN

Actin Associated Proteins

MT Associated Proteins

Cilia/Centrosome Associated Proteins

Protein Name Gene Name Peptides Ratio H/L

Ras-related protein RAB-1A RAB1A 4 4.1166

Ras-related protein RAB-5A RAB5A 2 6.1283

Ras-related protein RAB-14 RAB14 5 23.897

Ras-related protein RAB-2B RAP2B 2 5.3376

Ras-related protein RAB-21 RAB21 2 4.907

ADP-ribosylation factor-like protein2 ARL2 2 2.062

ADP-ribosylation factor-like protein 8A ARL8A 3 4.491

ADP-ribosylation factor-like protein 8B/10C ARL8B/10C 3 4.491

ADP-ribosylation factor 1 ARF1 7 8.7018

ADP-ribosylation factor 3 ARF3 7 8.7018

ADP-ribosylation factor 4 ARF4 6 9.6744

ADP-ribosylation factor 5 ARF5 6 11.93

ADP-Ribosylation factor 6 ARF6 2 5.998

Golgi/Trafficking Associated Proteins

Table 3.2. Prioritized list of INF1 interacting proteins identified by BioID AP/MS

Average Ratio H/L: 2.76    
Average Normalized Intensity: 3.43
NaN: Not-a-Number
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prep).!Arl2!and!EB1!were!intriguing!as!well!given!their!association!with!the!early!stages!

of!cilia!formation!(Davidson!et!al.,!2013;!Louie!et!al.,!2004).!The!identification!of!

numerous!small!GTPases!involved!in!trafficking!as!well!as!MT!associated!proteins!

(MAPs)!were!also!of!interest!based!on!the!role!of!INF1!in!Golgi!assembly!and!as!a!MAP!

(Copeland!et!al.,!2015;!Young!et!al.,!2008).!

(

3.4(Direct(Validation(of(Putative(INF1(Interacting(Proteins!

To!directly!confirm!the!putative!INF1!interacting!proteins!of!the!mass!

spectrometry!analysis!the!list!of!19!prioritized!INF1!interacting!partners!(Table!3.2)!were!

validated!using!BioID!labeling!combined!with!GFP!trap!or!flag!immunoprecipitation!of!

the!protein!of!interest!(POI).!Prior!to!validation!tests!the!optimal!coHexpression!of!the!

epitope!tagged!POI!and!BirA*HFL!INF1!were!investigated!by!immunoblotting.!A!titration!

of!total!plasmid!encoding!the!POI!was!transfected!with!BirA*HFL!INF1!in!HEK!293T/17!

cells!followed!by!biotin!treatment,!cell!lysis,!and!immunoblot!analysis!probing!for!the!

epitope!tag!of!the!POI!and!antiHmyc!to!detect!BirA*HFL!INF1.!The!appropriate!total!

plasmid!encoding!the!POI!was!identified!by!strong!expression!of!both!BirA*HFL!INF1!and!

the!POI!(data!not!shown).!!

The!direct!validation!of!the!mass!spectrometry!results!tested!the!ability!of!BirA*H

FL!INF1!to!biotinylate!a!coHexpressed!GFP!or!flagHtagged!derivative!of!the!POI.!The!

epitope!tagged!POI!or!BirA*HFL!INF1!were!expressed!individually!for!specificity!controls.!

The!transfected!cells!were!incubated!with!biotin!for!24hrs,!lysed,!and!the!solubilized!

proteins!were!pulled!down!via!the!tag!on!the!POI.!The!lysate!was!run!in!duplicate!and!
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probed!for!biotinylated!proteins!using!streptavidinHhrp,!or!the!corresponding!POI!tag,!

either!antiHGFP!or!antiHflag,!to!confirm!pullHdown!efficiency.!A!band!in!the!pullHdown!

eluate!lane!on!the!streptavidinHhrp!blot!that!corresponds!to!the!molecular!weight!of!the!

POI!was!taken!as!a!positive!validation.!It!should!be!noted!that!a!positive!validation!

indicates!a!proximal,!and!not!a!direct!interaction!between!the!overHexpressed!POI!and!

BirA*HFL!INF1.!The!pullHdown!validation!was!complemented!by!immunofluorescence!on!

NIH!3T3!cells!expressing!the!epitopeHtagged!POI!alone,!and!coHexpressed!with!BirA*HFL!

INF1.!Biotinylated!proteins!were!stained!with!fluorophoreHconjugated!streptavidin.!!

The!proximal!interactions!between!INF1!and!the!known!formin!binding!proteins,!

profilin2!(PFN2)!and!vasodilatorHstimulated!phosphoprotein!(VASP),!were!tested!as!

described!(Grosse!et!al.,!2003;!Kovar,!2006;!Pring!et!al.,!2003;!Schirenbeck!et!al.,!2006).!

Endogenous!PFN2!has!cytoskeletal!and!cytoplasmic!localization,!while!VASP!localizes!to!

stress!fibers!and!the!tips!of!actin!bundles!(Figure!3.5)!(Gambaryan!et!al.,!2001;!

Kwiatkowski!et!al.,!1990).!IFM!analysis!showed!GFPHPFN2!localization!throughout!the!

cytoplasm!and!filamentous!localization!was!observed!for!flagHVASP.!Although!a!bleed!

through!control!is!lacking,!when!BirA*HINF1!was!coHexpressed!with!the!aforementioned!

proteins,!BirA*HINF1!appears!to!localize!with!GFPHPFN2!and!flagHVASP.!Immunoblotting!

analysis!of!the!BioID!pullHdowns!showed!strong!biotinylated!bands!corresponding!to!

PFN2!and!VASP!in!the!eluate!lanes!validating!their!proximal!interaction!with!INF1.!

The!INF1!proximal!interaction!with!centrosome!associated!proteins!EB1,!Cep170,!

SNAP29,!and!Arl2!were!tested!as!described!above.!The!centrosomal!protein!of!160kDa!!

(Cep164)!was!also!tested!for!INF1!proximity!interaction.!Endogenous!EB1!localizes!along!
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Figure 3.5. INF1 proximally interacts with formin-associated proteins Profilin2 &  VASP. 
(A-D) Putative INF1 interacting proteins PFN2 and VASP were expressed as GFP- or 
flag-tagged proteins in NIH 3T3 cells with or without BirA*-INF1. The transfected cells 
were incubated with biotin for 24hrs, fixed and stained with fluorophore-tagged strepta-
vidin (red). (E,F) The indicated proteins were expressed in HEK 293T/17 cells with or 
without BirA*-INF1 co-expression. BirA*-INF1 was expressed alone as an additional 
negative control. Following biotin treatment the cells were lysed and the GFP/Flag-
tagged proteins were affinity purified with GFP Trap beads or anti-flag affinity gel. 
 Samples of the whole cell lysate, clarified lysate, unbound fraction, and bead eluate
 were subjected to SDS-PAGE and duplicate blots were probed with streptavidin-HRP (top
 box) or, anti-GFP or -flag (bottom box). Specific biotinylation of the GFP- or flag-tagged
 protein by co-expression with BirA*-INF1 confirmed the interaction between INF1 and
 the protein of interest. (E) Biotinylated GFP-PFN2 was detected in the eluate from
 GFP-PFN2/BirA*-INF1 expressing cells but not in eluates from cells expressing GFP-PFN2
 or BirA*-INF1 alone. The bands below the expected 48kDa molecular weight (MW) of
 GFP-PFN2 were likely degradation products. (F) Flag-VASP also proximally interacted
 with BirA*-INF1 in this assay with an anticipated MW of 55kDa. (Bar= 10μM)
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Figure 3.6. INF1 proximally interacts with basal body-associated proteins EB1 and 
Cep170.
(A-D) Putative INF1 interacting proteins EB1 and Cep170 were expressed as GFP-tagged 
proteins in NIH 3T3 cells with or without BirA*-INF1. The transfected cells were incu-
bated with biotin for 24hrs, fixed and stained with fluorophore-tagged streptavidin (red). 
(E,F) The indicated proteins were expressed in HEK 293T/17 cells with or without BirA*-
INF1 co-expression. BirA*-INF1 was expressed alone as an additional negative control. 
 Following biotin treatment the cells were lysed and the GFP-tagged proteins were affi-
nity purified with GFP Trap beads. Samples of the whole cell lysate, clarified lysate,
 unbound fraction, and bead eluate were subjected to SDS-PAGE and duplicate blots were
 probed with streptavidin-HRP (top box) or anti-GFP (bottom box). Specific biotinylation
 of the GFP-tagged protein by co-expression with BirA*-INF1 confirmed the interaction
 between INF1 and the protein of interest. (E) GFP-EB1 had an expected MW of 63kDa
 and biotinylated GFP-EB1 was detected in the eluate from GFP-EB1/BirA*-INF1 expres-
ing cells but not in eluates from cells expressing GFP-EB1 or BirA*-INF1 alone. (F) GFP-
Cep170 also proximally interacted with BirA*-INF1 in this assay with an expected MW of 
200kDa. (Bar =10μM)
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cytoplasmic!MTs!as!well!as!at!the!centrosome,!and!similar!subHcellular!localization!was!

observed!by!IFM!for!GFPHEB1!(Figure!3.6)!(Louie!et!al.,!2004;!Wen!et!al.,!2004).!CoH

expression!of!BirA*HFL!INF1!and!GFPHEB1!highlighted!similar!subcellular!localization,!

though!a!bleed!through!control!is!lacking.!GFPHCep170!localized!to!the!mother!centriole!

similar!to!reported!endogenous!subHcellular!localization!(Guarguaglini!et!al.,!2005).!

Immunoblotting!analysis!of!the!BioID!pullHdowns!showed!strong!biotinylated!bands!

corresponding!to!EB1!and!Cep170!in!the!eluate!lanes!validating!their!proximal!

interaction!with!INF1.!

IFM!analysis!of!flagHSNAP29!and!flagHArl2!were!similar!to!the!reported!

endogenous!cytoplasmic!localization,!as!was!GFPHCep164!with!endogenous!localization!

to!the!mature!centriole!(Figure!3.7)!(Davidson!et!al.,!2013;!Graser!et!al.,!2007;!Lu!et!al.,!

2015).!When!BirA*HFL!INF1!was!coHexpressed!with!flagHSNAP29,!flagHArl2,!and!GFPH

Cep164,!similar!localization!of!the!epitope!tagged!proteins!and!BirA*HFL!INF1!was!

observed,!though!a!bleed!through!control!is!lacking.!The!BioID!pullHdowns!and!

immunoblot!analysis!showed!strong!biotinylated!bands!corresponding!to!SNAP29!and!

Arl2!in!the!eluate!lanes,!while!a!weak!band!corresponding!to!Cep164!was!present.!The!

weak!INF1!proximal!interaction!with!Cep164!was!expected!given!the!below!average!

SILAC!H/L!ratio!and!only!one!peptide!present!in!the!mass!spectrometry!analysis!(Table!

3.2)!

Numerous!small!GTPases!involved!in!recruitment!of!structural!effector!proteins!

to!the!Golgi!were!identified!in!the!short!list!of!INF1!interacting!partners!(Copeland!et!al.,!

2015;!Donaldson!and!Jackson,!2011).!Caveats!of!validating!these!small!GTPases!included!
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the!bioinformatics!analysis!of!the!MS!results!that!identified!seven!peptides!

corresponding!to!either!Arf1!or!Arf3!(Table!3.2),!as!well!as!many!of!the!small!GTPases!

being!known!agarose!proteome!contaminants!(Copeland!et!al.,!2015;!D'SouzaHSchorey!

and!Chavrier,!2006;!Gillingham!and!Munro,!2007;!TrinkleHMulcahy!et!al.,!2008).!

Nevertheless,!their!function!prompted!direct!testing!of!the!Arfs!for!INF1!proximity!

interaction.!Endogenous!Arf1!&4!localize!to!the!cisHGolgi!while!Arf3!&!5!localize!to!the!

transHGolgi!network!(TGN)!(Donaldson!and!Jackson,!2011).!IFM!analysis!of!GFPHArf1,!H

Arf3,!HArf4,!and!–Arf5!showed!perinuclear!ribbonHlike!localization!likely!corresponding!to!

the!cisH!and!transHGolgi!(Figure!3.8!&!3.9)!(Donaldson!and!Jackson,!2011;!Manolea!et!al.,!

2010).!When!GFPHArf1,!HArf4,!and!–Arf5!were!coHexpressed!with!BirA*HFL!INF1!similar!

localization!was!observed,!though!a!bleed!through!control!is!missing.!Immunoblotting!of!

the!BioID!pullHdowns!highlighted!a!strong!biotinylated!band!corresponding!to!Arf1!in!the!

eluate!lane!confirming!the!proximal!INF1!interaction!with!GFPHArf1.!GFPHArf3,!4,!and!5!

were!not!positively!validated!using!the!BioID!pullHdown!technique.!

The!function!of!Rab5A!as!a!trafficking!protein!prompted!direct!testing!for!INF1!

proximity!interaction.!IFM!analysis!showed!GFPHRab5A!towards!the!cell!periphery!of!the!

cytoplasm!corresponding!to!reported!endogenous!localization!(Figure!3.10)!(Chavrier!et!

al.,!1990).!A!strong!biotinylated!band!corresponding!to!Rab5A!was!present!in!the!eluate!

lane!of!the!BioID!pullHdown!immunoblot!confirming!Rab5A!as!an!INF1!proximity!

interacting!partner!(Figure!3.10).!!

!

!
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Figure 3.7 SNAP29, Arl2, and Cep164 proximally interact with INF1.
(A-I) The interaction between BirA*-INF1 and the indicated proteins was tested as in 
figure 3.5. (G) Biotinylated flag-SNAP29, with an expected MW of 44kDa, was detected 
in the eluate from flag-SNAP29/BirA*-INF1 expressing cells but not in eluates from cells 
expressing flag-SNAP29 or BirA*-INF1 alone. (H,I) Flag-Arl2, with an expected MW of 
21kDa, proximally interacted with INF1 in this assay. A weak band corresponding to 
GFP-Cep164 with with an anticipated MW of 200kDa was detected in the eluate from 
GFP-Cep164/BirA*-INF1 expressing cells. (Bar=10μM)
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figure 3.5. (E) Biotinylated GFP-Arf1 had an expected MW of 54kDa and was detected in 
the eluate from GFP-Arf1/BirA*-INF1 expressing cells but not in eluates from cells 
expressing GFP-Arf1 or BirA*-INF1 alone. (F) A faint biotinylated band was present for 
GFP-Arf3 with an expected MW of 54kDa. (Bar= 10μM)
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Figure 3.9. The small GTPases Arf4 and Arf5 do not proximally interact with INF1.
(A-F) The interaction between BirA*-INF1 and the indicated proteins was tested as in 
figure 3.5. (E) Weak biotinylated GFP-Arf4 was faintly detected in the eluate at the 
expected MW of 51kDa from GFP-Arf4/BirA*-INF1 expressing cells but not in eluates 
from cells expressing GFP-Arf4 or BirA*-INF1 alone. (F) A faint biotinylated band was also 
present for GFP-Arf5 at the anticipated MW of 51kDa in the eluate lane from GFP-
Arf5/BirA*-INF1 expressing cells. (Bar= 10μM)
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Figure 3.10. Rab5A is an INF1 proximity interacting protein. 
(A-F) The interaction between BirA*-INF1 and the indicated proteins was tested as in 
figure 3.5. (E,F) Strong positive results were obtained for GFP-Rab5A with an anticipated 
MW of 57kDa, while a weak band was present for GFP-Arl8A with an expected MW of 
51kDa. (Bar= 10μM) 
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The!small!GTPases!Arl8A,!Arl8B/10C,!Rab1A,!Rab14,!Rap2B,!Rab21,!and!Arf6!

were!also!tested!as!described!and!did!not!positively!validate!using!the!BioID!pullHdown!

technique.!

(

3.5(INF1(Interaction(Domain(Mapping(with(Validated(Proteins(

The!INF1!domains!required!for!the!proximity!interaction!with!profilin2,!VASP,!

EB1,!SNAP29,!and!Cep170!were!mapped!with!the!same!strategy!described!in!section!3.4!

using!a!series!of!BirA*HINF1!deletion!and!point!mutation!derivatives.!!

To!verify!the!reported!profilin2!interaction!with!the!FH1!domain!of!formins,!the!

INF1!proximity!interaction!domain!with!profilin2!was!mapped!(Kovar!et!al.,!2006).!GFPH

PFN2!was!coHexpressed!with!BirA*HFL!INF1,!HFL!INF1!I180A,!HINF1!∆FH1,!HINF1!485N,!and!

HINF1!485N!I180A!(Figure!3.11!&!3.12).!As!expected,!the!immunoblot!of!the!BioID!pullH

downs!highlighted!proximal!interactions!between!GFPHPFN2!and!the!BirA*HINF1!

derivatives!that!contained!the!FH1!domain!(FL!INF1,!INF1!I180A,!485N,!and!485N!I180A).!

In!contrast,!GFPHPFN2!did!not!interact!with!BirA*HINF1!∆FH1!(Figure!3.11).!SubHcellular!

localization!of!the!GFP!and!streptavidin!signals!corresponding!to!the!various!BirA*HINF1!

derivatives!complemented!the!pullHdown!results.!!

Similarly,!the!INF1!proximity!interaction!domain!with!VASP!was!mapped!based!

on!the!known!overlapping!interaction!with!the!FH1/FH2!domains!of!formins!(Barzik!et!

al.,!2014;!Grosse!et!al.,!2003).!FlagHVASP!was!coHexpressed!with!BirA*HFL!INF1,!HFL!INF1!

I180A,!HINF1!∆FH1,!HINF1!485N,!HINF1!485N!I180A,!and!HINF1!FH2!(Figure!3.13!&!3.14).!

The!BioID!pullHdown!and!immunoblot!analysis!showed!strong!proximity!interactions!!
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Figure 3.11. The FH1 domain of INF1 is required for its proximal interaction with 
profilin2. 
The INF1 interaction domain was mapped as in the initial validation in figure 3.5 using 
GFP-tagged PFN2 and various INF1 deletion and point mutation derivatives. (A,B) 
BirA*-FL INF1 or -INF1 ∆FH1 were co-expressed with GFP-PFN2 by transient transfection 
in NIH 3T3 cells. Following biotin incubation cells were fixed and stained with 
fluorophore-tagged streptavidin (red). (C) Biotinylated GFP-PFN2 was detected in the 
eluate from GFP-PFN2/BirA*-FL INF1 expressing HEK 293T/17 cells but not in eluates 
from cells expressing GFP-PFN2 or BirA*-FL INF1 alone. The expected MW of GFP-PFN2 
was 48kDa, the bands higher than GFP-PFN2 were likely oligmers while the lower bands 
were likely degradation product or background. (D) Biotinylated GFP-PFN2 was not 
detected in the eluate from GFP-PFN2/BirA*-INF1 ∆FH1. (Bar =10μM))
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Figure 3.12. The FH1 domain of INF1 is required for its proximal interaction with 
profilin2.
The interaction domain of INF1 was mapped as in figure 3.5 using GFP-tagged PFN2 and 
various BirA*-INF1 deletion and point mutation derivatives. (A-C) BirA*-FL INF1 I180A, 
-INF1 485N, and -INF1 485N I180A were co-expressed with GFP-PFN2 by transient 
transfection in NIH 3T3 cells. Following biotin incubation cells were fixed and stained 
with fluorophore-tagged streptavidin (red). Biotinylated GFP-PFN2 was detected in the 
eluate from GFP-PFN2/BirA*-FL INF1 I180A (D), -INF1 485N (E), and -INF1 485N I180A 
(F). (Bar = 10μM)
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Figure 3.13. Mapping the INF1 proximal interaction domain with VASP.
The interaction domain of BirA*-INF1 was mapped as in figure 3.5 using flag-tagged 
VASP and various BirA*-INF1 deletion and point mutation derivatives. (A-C) BirA*-FL 
INF1, -INF1 ∆FH1, and -FL INF1 I180A were co-expressed with flag-VASP in NIH 3T3 cells. 
Post-biotin treatment cells were fixed and stained with fluorophore-tagged streptavidin 
(red), and anti-flag (green). (D-F) Biotinylated flag-VASP was detected in the eluate from 
flag-VASP/BirA*-FL INF1 (D) and -INF1 ∆FH1 (E), but was not present in the eluate from 
flag-VASP/BirA*-FL INF1 I180A (F). (Bar = 10μM)
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Figure 3.14. The FH2 domain of INF1 is required for its proximal interaction with VASP.
The interaction domain of BirA*-INF1 was mapped as in figure 3.5 using flag-tagged 
VASP and various BirA*-INF1 deletion and point mutation derivatives. (A-C) BirA*-INF1 
485N, -INF1 485N I180A, and -INF1 FH2 were co-expressed with flag-VASP in NIH 3T3 
cells. Post-biotin treatment cells were fixed and stained with fluorophore-tagged strepta-
vidin (red) and anti-flag (green). (D-F) Biotinylated flag-VASP was detected in the eluate 
from flag-VASP/BirA*-INF1 485N (D) and -INF1 FH2 (F), however it was not present in the 
eluate of flag-VASP/BirA*-INF1 485N I180A (E). (Bar=10μM)



60"
"

between!flagHVASP!and!the!BirA*HINF1!derivatives!containing!the!FH2!domain!(FL!INF1,!

∆FH1,!485N,!and!FH2).!In!contrast,!proximity!interactions!between!flagHVASP!and!BirA*H

FL!INF1!I180A,!and!–INF1!485N!I180A!were!not!present!(Figure!3.13H14).!Localization!of!

the!flag!and!streptavidin!signals!complemented!the!pullHdown!results.!

EB1!is!shown!in!the!literature!to!interact!with!the!FH2!domain!of!formins!(Wen!

et!al.,!2004).!To!confirm!this!the!INF1!proximity!interaction!domain!was!mapped.!GFPH

EB1!was!coHexpressed!with!BirA*HFL!INF1,!HFL!INF1!I180A,!HINF1!∆FH1,!HINF1!958N,!HINF1!

485N,!HINF1!485N!I180A,!HINF1!486C,!HINF1!958C,!and!HINF1!FH2!(Figure!3.15H17).!

Immunoblot!analysis!of!the!BioID!pullHdowns!indicated!GFPHEB1!proximity!interaction!

with!the!BirA*HINF1!derivatives!containing!the!FH2!domain!(FL!INF1,!∆FH1,!958N,!485N,!

FH2),!FH1!domain!(485N!I180A),!and!MTBD!(INF1!I180A,!486C,!958C).!Localization!of!

GFP!and!streptavidin!signals!complemented!the!pullHdown!results.!!

The!INF1!proximity!interaction!domains!required!for!SNAP29!and!Cep170!

association!were!investigated!as!described.!Immunoblot!analysis!of!the!BioID!pullHdowns!

showed!that!the!proximal!interaction!between!flagHSnap29!and!BirA*HINF1!was!

dependent!upon!the!MTBD!(Figure!3.18H20),!while!the!FH2!and!MTBD!were!necessary!

for!proximal!interaction!between!GFPHCep170!and!BirA*HINF1!(Figure!3.21H23).!

!

3.6(INF1(OverUexpression(Disrupts(Centriole(Protein(SubUCellular(Localization((

The!INF1!biotin!interactome!highlighted!numerous!SDA!(EB1,!Cep170)!and!DA!

(Cep164,!Snap29)!proteins.!Given!the!known!effects!of!overHexpressed!INF1!on!

ciliogenesis!the!effects!of!INF1!on!SDA!subHcellular!localization!was!investigated!by!IFM.!!
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Figure 3.15. Mapping the INF1 promixity interaction domain with EB1.
The interaction domain of BirA*-INF1 was mapped as in figure 3.5 using GFP-tagged EB1 
and various BirA*-INF1 deletion and point mutation derivatives. (A-C) BirA*-FL INF1, 
-INF1 ∆FH1, and -INF1 958N were co-expressed with GFP-EB1 in NIH 3T3 cells. Following 
biotin treatment cells were fixed and stained with fluorophore-tagged streptavidin (red). 
(D-F) Biotinylated GFP-EB1 was detected in the eluate from GFP-EB1/BirA*-FL INF1 (D), 
-INF1 ∆FH1 (E), and -INF1 958N (F). (Bar=10μM) 
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Figure 3.16. The MTBD and FH2 domain of INF1 are required for its proximal interac-
tion with EB1.
The interaction domain of BirA*-INF1 was mapped as in figure 3.5. (A-C) BirA*-INF1 
485N, -INF1 486C, and -INF1 958C were co-expressed with GFP-EB1 in NIH 3T3 cells. 
Biotinylated proteins were detected with fluorophore-conjugated streptavidin (red). 
(D-F) Biotinylated GFP-EB1 was detected in the eluate from GFP-EB1/BirA*-INF1 485N 
(D), -INF1 486C (E), and -INF1 958C (F). (Bar=10μM)
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Figure 3.17. The MTBD and FH2 domain of INF1 are required for its proximal interac-
tion with EB1.
The interaction domain of BirA*-INF1 was mapped as in figure 3.11 (A-C) BirA*-FL INF1 
I180A, -INF1 485N I180A, -INF1 FH2 were  co-expressed with GFP-EB1 in NIH 3T3 cells. 
Biotinylated proteins were detected with fluorophore-tagged streptavidin (red). (E-F) 
Biotinylated GFP-EB1 was detected in the eluate from GFP-EB1/BirA*-FL INF1 I180A (D), 
-INF1 485N I180A (E), and -INF1 FH2 (F). (Bar=10μM)
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Figure 3.18. The FH1/FH2 domains of INF1 are not required for its proximal interaction 
with SNAP29. 
The interaction domain of BirA*-INF1 was mapped as in figure 3.5 using flag-tagged 
SNAP29 and various BirA*-INF1 point mutation and deletion derivatives. (A-C) BirA*-FL 
INF1, -INF1 ∆FH1, and -FL INF1 I180A were co-expressed with flag-SNAP29 in NIH 3T3 
cells. Following biotin treatment cells were fixed and stained with fluorophore-tagged 
streptavidin (red) and anti-flag (green). (D-F) Biotinylated flag-SNAP29 was detected in 
the eluate from flag-SNAP29/BirA*-FL INF1 (D), -INF1 ∆FH1 (E), and -FL INF1 I180A (F). 
(Bar=10μM)
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Figure 3.19. The C-terminal of INF1 is required for its proximal interaction with 
SNAP29.
The interaction domain of BirA*-INF1 was mapped as in figure 3.5 using flag-tagged 
SNAP29 and various BirA*-INF1 point mutation and deletion derivatives. (A,B) BirA*-
INF1 485N and -INF1 958N were co-expressed with flag-SNAP29 in NIH 3T3 cells. Follow-
wing biotin treatment cells were fixed and stained with fluorophore-tagged streptavidin
 (red) and anti-flag (green). (C,D) Weak biotinylated flag-SNAP29 was detected in the
 eluate from flag-SNAP29/BirA*-INF1 958N (D), however it was not present in the eluate
 from flag-SNAP29/BirA*-INF1 485N (C). (Bar=10μM
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Figure 3.20. The MTBD of INF1 is required for its proximal interaction with SNAP29.
The interaction domain of BirA*-INF1 was mapped as in figure 3.5 using flag-tagged 
SNAP29 and various BirA*-INF1 point mutation and deletion derivatives. (A,B) BirA*-INF1 
486C, and -INF1 958C were co-expressed with flag-SNAP29 in NIH 3T3 cells. Post-biotin 
treatment cells were fixed and stained with fluorophore-tagged streptavidin (red) and 
anti-flag (green). (C,D) Biotinylated flag-SNAP29 was detected in the eluate from flag-
SNAP29/BirA*-INF1 486C (C), and -INF1 958C (E). (Bar=10μM)
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Figure 3.21. The FH1 domain of INF1 is not required for its proximal interaction with 
Cep170.
The interaction domain of BirA*-INF1 was mapped as in figure 3.5 using GFP-tagged 
Cep170 and various BirA*-INF1 point mutation and deletion derivatives. (A,B) BirA*-FL 
INF1, and -INF1 ∆FH1 were co-expressed with GFP-Cep170 in NIH 3T3 cells. Post-biotin 
treatment cells were fixed and stained with fluorophore-tagged streptavidin (red). (C,D) 
Biotinylated GFP-Cep170 was present in the eluate from GFP-Cep170/BirA*-FL INF1 (C), 
and -INF1 ∆FH1 (D). (Bar=10μM)
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Figure 3.22. The MTBD and FH2 domain of INF1 are required for its proximal interac-
tion with Cep170.
The interaction domain of BirA*-INF1 was mapped as in figure 3.5 using GFP-tagged 
Cep170 and various BirA*-INF1 point mutation and deletion derivatives. (A,B) BirA*-FL 
INF1 I180A, and -INF1 958C were co-expressed with GFP-Cep170 in NIH 3T3 cells. Post-
biotin treatment cells were fixed and stained with fluorophore-tagged streptavidin (red). 
 (C,D) Biotinylated GFP-Cep170 was present in the eluate from GFP-Cep170/BirA*-FL
 INF1 (C), and -INF1 ∆FH1 (D). (Bar=10μM)
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Figure 3.23. The MTBD and FH2 domain of INF1 are required for its proximal interac-
tion with GFP-Cep170.
The interaction domain of BirA*-INF1 was mapped as in figure 3.5 using GFP-tagged 
Cep170 and various BirA*-INF1 point mutation and deletion derivatives. (A-C) BirA*-
INF1 958N, -INF1 485N, and -INF1 FH2 were co-expressed with GFP-Cep170 in NIH 3T3 
 cells. Post-biotin treatment cells were fixed and stained with fluorophore-tagged stre-
tavidin (red). (D-F) Biotinylated GFP-Cep170 was present in the eluate of GFP-
Cep170/BirA*-INF1 958N (D). Weak biotinylated GFP-Cep170 was present in the 
eluate of GFP-Cep170/BirA*-INF1 485N (E), and -INF1 FH2 (F). (Bar=10μM)
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GFPHCep170!was!coHexpressed!with!epitope!tagged!FL!INF1!under!ciliogenic!conditions.!

FlagHFL!INF1!I180A!and!mCherry!were!coHexpressed!with!GFPHCep170!as!controls.!The!

percent!of!ciliated!and!nonHciliated!cells!were!quantified!in!terms!of!the!number!of!GFPH

Cep170!puncta!present!per!cell.!

In!the!majority!of!control!cells!(FL!INF1!I180A!&!mCherry)!one!Cep170!puncta!

localized!to!the!base!of!the!cilia!as!expected!(Figure!3.24).!It!was!also!noted!that!FL!INF1!

I180A!accumulated!on!a!set!of!acetylated!MTs!that!converge!at!the!basal!body!(Figure!

3.24!(B)).!In!contrast,!the!majority!of!FL!INF1!overHexpressing!cells!did!not!assemble!cilia!

and!no!Cep170!puncta!were!detected!in!these!cells.!Where!cilia!were!present,!one!

Cep170!puncta!was!present!at!its!base.!Thus!inhibition!of!cilia!formation!by!INF1!

correlates!with!the!apparent!loss!of!Cep170!from!the!basal!body.!

To!confirm!this!result!we!also!tested!the!effects!of!INF1!overHexpression!on!the!

localization!of!the!centriole!marker,!centrin2!(CENT2),!that!is!present!on!both!mother!

and!daughter!centrioles.!EpitopeHtagged!FL!INF1!was!coHexpressed!with!GFPHcentrin2!

under!ciliogenic!conditions!for!IFM!analysis.!In!the!majority!of!control!cells!(FL!INF1!

I180A!&!mCherry),!two!CETN2!puncta!were!present,!with!one!puncta!at!the!base!of!the!

cilia!and!the!other!in!close!proximity,!typically!<0.8μm!away!(Figure!3.25).!In!contrast,!

the!majority!of!FL!INF1!overHexpressing!cells!did!not!assemble!cilia!and!multiple!CETN2!

puncta,!or!two!puncta!>1.6µm!apart!were!observed.!Where!cilia!were!present,!the!

majority!of!cells!had!two!centrioles!>1.6µm!apart!with!one!centriole!at!the!base!of!the!

elongated!cilia.!!

!
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Figure 3.24. INF1 over-expression disrupts GFP-Cep170 sub-cellular localization. 
GFP-Cep170 was co-expressed with either flag-FL INF1, flag-FL INF1 I180A, or mCherry in 
NIH 3T3 cells under ciliogenic conditions. The cells were fixed and the cilia were stained 
with anti-acetylated tubulin (white), while anti-flag detected the flag epitope of the INF1 
derivatives (red). (B) GFP-Cep170 was recruited to the basal body in control, FL INF1 
I180A and mCherry expressing cells. Note the acetylated MTs bound by FL INF1 I180A 
that converge at the centrosome. (C) No GFP-Cep170 puncta were observed in cells 
co-expressing INF1 with no cilia present. Alternatively, Cep170 appears to be recruited 
to the cytoplasmic MTs. (D) A single GFP-Cep170 puncta was observed in ciliated INF1 
over-expressing cells at the base of the cilia. The percent of ciliated (E) or non-ciliated (F) 
transfected cells with the number of GFP-Cep170 puncta present per cell were quanti-
fied. (N=3, 100 cells/experiment, error bars = SEM, scale bar = 10µM)
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Figure 3.25. INF1 over-expression disrupts GFP-CENT2 sub-cellular localization.
GFP-Centrin2 was co-expressed with either flag-FL INF1, flag-FL INF1 I180A, or mCherry 
in NIH 3T3 cells under ciliogenic conditions. The cells were fixed and the cilia were 
stained with anti-acetylated tubulin (white), while anti-flag detected the flag epitope of 
the INF1 derivatives (red). (A, B) In control, flag-FL INF1 I180A and mCherry expressing 
cells GFP-CETN2 was recruited to the daughter and mother centrioles in close proximity 
as expected. The CETN2 puncta of the mCherry expressing cells had an average distance 
of 0.8µM. (C) In cells over-expressing INF1 with no cilia present, CENT2 was recruited to 
both the centrioles >1.6µM apart. (D) In ciliated INF1 over-expressing cells one CENT2 
puncta was recruited to the base of the cilia while the other was distanced. The percent 
of ciliated (E) and non-ciliated (F) transfected cells with the number of centrioles present 
per cell were quantified. (N=3, 100 cells/experiment, error bars = SEM, scale bar = 10µM)
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Chapter(4:(Discussion(

INF1!plays!a!central!role!regulating!cytoskeletal!dynamics,!Golgi!morphology,!and!

ciliogenesis.!We!hypothesized!that,!as!part!of!its!function,!INF1!must!interact!with!

unknown!targets!that!allow!it!to!affect!these!diverse!processes.!The!factors!that!

mediate!these!effects!of!INF1!are!unknown.!Using!a!new!proximityHlabeling!technique,!

BioID,!I!identified!a!number!of!putative!INF1!binding!proteins!that!likely!mediate!the!

effects!of!INF1!on!ciliogenesis.!!

!

4.1(BioID(SILAC(AP/MS(to(Identify(New(INF1(Interacting(Proteins(

Previous!attempts!in!our!laboratory!to!affinity!capture!INF1!using!gentle!cell!lysis!

had!proven!unsuccessful,!perhaps!due!to!its!association!with!insoluble!structures!in!the!

cell.!This!problem!makes!the!BioID!technique!a!particularly!attractive!approach.!BioID!

labeling!offers!numerous!advantages!over!traditional!affinity!purification/mass!

spectrometry!approaches!in!that!it!is!not!reliant!on!preservation!of!fragile!protein!

complexes!during!protein!purification.!Instead,!once!the!covalent!biotin!tag!is!in!place,!

harsh!purification!conditions!can!be!used!to!isolate!difficult!to!extract!proteins!(Roux,!

2013).!The!promiscuous!biotin!ligase!(BirA*)!also!facilitates!the!capture!of!transient,!

indirect,!and!direct!protein!interactions!(Roux,!2013).!

!

4.2(INF1(Proximally(Interacts(with(Known(ForminUBinding(Proteins!

The!known!forminHbinding!proteins,!profilin2!and!VASP,!were!identified!by!our!

BioID!SILAC!AP/MS!screen!and!were!validated!as!INF1!proximity!interacting!proteins!
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demonstrating!the!specificity!and!utility!of!the!BioID!technique.!As!expected,!the!INF1!

proximity!interaction!with!profilin2!required!the!FH1!domain,!while!VASP!required!the!

FH1/FH2!domains!of!INF1.!Profilin!is!well!established!in!the!literature!as!a!forminH

binding!protein!that!interacts!specifically!with!the!FH1!domain!necessary!for!mediation!

of!actin!nucleation!and!elongation!(Sagot!et!al.,!2002).!The!interaction!of!the!FH1/FH2!

domains!of!INF1!with!VASP!is!consistent!with!previous!reports!of!Ena/VASP!interactions!

with!formin!proteins!(Barzik!et!al.,!2014).!In!the!future,!it!would!be!of!interest!to!

investigate!the!effects!of!the!INF1!proximity!interacting!proteins,!profilin2!and!VASP,!on!

INF1Hregulated!actin!dynamics.!!!

!

4.3(INF1(Acts(at(the(SDAs(of(the(Basal(Body((

! Cep170!was!identified!and!validated!as!an!INF1!proximity!interacting!partner.!

INF1!overHexpression!disrupted!GFPHCep170!subHcellular!localization!in!nonHciliated!cells!

suggesting!that!INF1!overHexpression!disrupts!the!SDAs!(Guarguaglini!et!al.,!2005).!We!

also!see!overHexpressed!FL!INF1!and!FL!INF1!I180A!recruited!to!a!subset!of!acetylated!

microtubules!that!converge!on!GFPHCep170!and!the!basal!body!in!ciliated!cells.!This!

suggests!a!model!where!INF1!acts!as!a!part!of!a!complex!with!Cep170!at!the!SDAs!to!

anchor!the!basal!body!to!the!microtubule!network!(Figure!4.1).!INF1!overHexpression!

also!disrupts!the!subHcellular!localization!of!GFPHcentrin2.!The!distanced!centrin2!puncta!

in!nonHciliated!and!ciliated!cells!suggests!that!INF1!overHexpression!disrupts!the!link!

between!the!mother!and!daughter!centrioles!causing!centriole!disengagement!that!!

!



Figure 4.1. INF1 over-expression inhibits ciliogenesis.
(A) INF1 is recruited to the base of cilium by activated Arl2. INF1 acts as part of an 
EB1/INF1/Cep170 complex linking MTs to the SDA anchoring the basal body and permit-
ting initiation of cilia biogenesis (B) INF1 over-expression disrupts the SDA complex 
inhibiting basal body anchoring. INF1 over-expression causes severing of the tight link 
between mother and daughter centrioles. INF1 over-expression also prevents DAV 
docking thus EHD1 and SNAP29 cannot shape and fuse the DAVs to form the ciliary 
vesicle essential to axoneme elongation and generation of the cilium. MTs, microtu-
bules; SDA, sub-distal appendage; DAV, distal appendage vesicles.

Adapted from Wei et al, Current Opinions Cell Biology, 2015
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The!disruption!of!GFPHCep170!and!–centrin2!localization!suggests!that!INF1!overH

expression!inhibits!centrosome!maturation.!

EB1!was!also!validated!as!a!proximity!interacting!protein!of!INF1.!As!with!profilin!

and!VASP,!there!is!precedence!in!the!literature!for!EB1/formin!interactions,!in!this!case!

mediated!by!the!FH2!domain!(Cheng!and!Mao,!2011).!EB1!stabilizes!microtubules!and!is!

required!during!primary!cilium!assembly!to!anchor!the!basal!body!to!the!cytoplasmic!

microtubules.!This!provides!further!support!for!our!model!where!INF1!forms!a!complex!

with!EB1!and!Cep170!to!bind!and!stabilize!microtubules!at!the!basal!body!(Figure!4.1)!

(Louie!et!al.,!2004).!The!validation!of!EB1!also!supports!a!role!for!INF1!overHexpression!in!

the!disruption!of!the!EB1/INF1/Cep170!complex!and!its!function!at!the!basal!body.!!

Cep164!and!SNAP29!were!validated!as!INF1!proximity!interaction!partners.!The!

weak!INF1!proximity!interaction!with!the!DA!protein,!Cep164,!supports!INF1!localization!

to!the!base!of!the!cilium!(Graser!et!al.,!2007).!SNAP29!functions!in!ciliary!vesicle!

assembly!by!fusing!tubulated!distal!appendage!vesicles!suggesting!a!role!for!INF1!as!a!

recruitment!tool!for!SNAP29!to!the!DAs!(Lu!et!al.,!2015).!INF1!overHexpression!may!

directly!target!or!cause!downstream!disruption!of!the!vesicleHdocking!site!where!

SNAP29!helps!form!the!ciliary!vesicle!(Figure!4.1)!Alongside!the!localization!of!SNAP29!

and!INF1!to!the!base!of!the!cilia,!they!are!also!known!to!localize!to!the!Golgi,!further!

supporting!their!proximal!interaction!(Lu!et!al.,!2015;!Copeland!et!al.,!2015;!Copeland!et!

al.,!manuscript!in!prep).!Interestingly,!in!SNAP29!deficient!cells!the!Golgi!acquires!a!

dispersed!morphology!similar!to!that!induced!by!knock!down!of!INF1!(Rapaport!et!al.,!
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2010;!Copeland!et!al.,!2015).!This!suggests!a!role!for!SNAP29!as!either!a!recruitment!

tool!for!INF1!or!a!target!for!INF1Hinduced!Golgi!dispersion.!!

The!small!GTPase,!Arl2,!was!validated!as!an!INF1!proximity!interaction!protein.!

Arl2!is!known!to!recruit!or!anchor!proteins!to!the!base!of!the!cilium,!and!depletion!of!

Arl2!displaces!proteins!from!the!basal!body!(Davidson!et!al.,!2013).!This!suggests!a!

model!where!Arl2!acts!to!recruit!INF1!to!the!base!of!the!cilium,!although!we!cannot!rule!

out!the!possibility!that!INF1!acts!upstream!of!Arl2!(Figure!4.1).!!

!

4.4(INF1(Extends(the(Axoneme(of(the(Primary(Cilium(

! The!INF1!proximity!interaction!with!Cep170!suggests!that!overHexpressed!INF1H

induced!inhibition!of!ciliogenesis!is!caused!by!disruption!of!basal!body!anchoring!to!the!

microtubules.!OverHexpressed!INF1!also!induces!cilia!elongation,!likely!by!interfering!

with!disassembly.!EB1!is!known!to!act!at!the!basal!body!as!well!as!inside!the!cilia,!likely!

at!the!ciliary!tip,!binding!and!stabilizing!microtubules!(Schroder!et!al.,!2011).!This!

suggests!a!second!model!for!the!role!of!INF1!in!ciliogenesis.!Once!assembly!has!begun!

INF1!may!work!with!EB1!to!promote!axonemal!extension!by!stabilizing!the!MTs!and!

inhibiting!disassembly!of!the!axoneme!(Figure!4.2).!!

The!EB1!related!protein,!EB3!is!also!implicated!in!promotion!of!ciliogenesis!likely!

facilitating!vesicular!trafficking!to!the!base!of!the!cilia,!however!EB3!is!not!present!on!

the!BioID!SILAC!AP/MS!hit!list!(Schroder!et!al.,!2011).!In!contrast,!EB2!is!an!intermediate!

hit!with!5!unique!peptides,!and!a!heavyHtoHlight!ratio!of!10.8,!however,!it!has!been!

identified!as!a!BioID!contaminant!(Lambert!et!al.,!2015).!EB1!and!EB2!interact!with!
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Figure 4.2. INF1 over-expression induces cilia elongation.
(A) INF1 enters the ciliary compartment and functions to bind and stabilize microtubules 
to promote axoneme elongation and generation of the cilium. (B) INF1 over-expression 
increases microtubule binding and stabilization inhibiting axonemal disassembly, sever-
ing the link between mother and daughter centrioles, and generating elongated cilia.  
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formins!as!part!of!their!normal!function,!however,!with!opposite!effects!(Wen!et!al.,!

2004;!Goldspink!et!al.,!2013).!EB1!cooperates!with!formins!in!MTHbinding!and!

stabilization!while!EB2!antagonizes!this!effect.!It!would!be!interesting!to!validate!EB2!

using!the!BioID!pullHdown!technique!and!observe!the!effects!of!EB1!and!EB2!expression!

on!INF1Hinduced!microtubule!acetylation!and!stabilization.!!

! !!

4.5(INF1(Interacts(with(TraffickingUAssociated(Small(GTPases(

Arf1!was!identified!and!validated!as!an!INF1!proximity!interacting!protein.!

Interestingly,!endogenous!INF1!and!Arf1!both!localize!to!the!cisHGolgi!(Honda!et!al.,!

2005;!Copeland!et!al.,!2015).!Arf1!promotes!actin!assembly!and!facilitates!Arp2/3!

complexHdependent!actin!polymerization!necessary!for!assembly!and!release!of!

transport!vesicles!from!the!Golgi!(Heuvingh!et!al.,!2007;!Fucini!et!al.,!2000).!In!future!

work!it!will!be!of!interest!to!investigate!Arf1Hmediated!recruitment!of!INF1!to!the!Golgi.!

An!unexpected!validation!is!the!proximity!interaction!between!INF1!and!Rab5A.!

Rab5A!is!primarily!associated!with!early!endosomes!and!currently!there!is!no!link!

between!INF1!and!recycling!(Zhang!et!al.,!2011).!This!validation!may!allude!to!a!new!

function!of!INF1!in!the!endosomalHlysosomal!pathway.!A!role!for!INF1!and!Rab5A!

interaction!may!exist!in!the!recycling!of!ciliary!turnover!products,!such!as!inactive!

receptors,!for!degradation!in!the!cytoplasm!(Chen!et!al.,!2009;!Huang!et!al.,!2009).!

We!were!unable!to!validate!the!proximity!interaction!between!INF1!and!many!

small!GTPases.!Some,!but!not!all,!of!these!small!GTPases!are!known!agarose!bead!

proteome!contaminants!(TrinkleHMulcahy!et!al.,!2008).!The!small!GTPases!may!be!
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background,!or!the!GFP!tag!may!have!interfered!with!the!proximity!interaction!or!the!

manner!in!which!the!POI!folded.!To!fully!explore!the!INF1!proximity!interaction!with!

these!small!GTPases!a!different!tag!or!terminal!location!of!the!tag!should!be!

investigated!using!the!BioID!pullHdown!technique.!It!would!also!be!beneficial!to!

investigate!the!interaction!between!BirA*HINF1!and!the!endogenous!proteins!of!

interest.!

!

4.6(Future(Directions:(

! The!work!presented!in!this!thesis!identifies!numerous!INF1!proximity!interacting!

proteins!using!BioID!and!SILACHbased!quantitative!AP/MS.!The!screen!may!be!repeated!

in!triplicate!to!lend!confidence!to!the!identified!INF1!proximity!interacting!partners.!The!

biotinylated!proteins!from!the!eluate!of!the!BirA*HFL!INF1!AP!may!also!be!separated!

using!SDSHPAGE,!blotted,!and!probed!with!antibodies!corresponding!to!the!endogenous!

proteins!identified!by!the!screen.!To!complement!the!BioID!and!SILACHbased!

quantitative!AP/MS!visualization!of!the!proteinHprotein!interaction!between!INF1!and!

the!proximal!interacting!partners!may!be!observed!in!living!cells!using!Bimolecular!

fluorescence!complementation!(BiFC)!assays.!!

! It!will!also!be!of!interest!to!observe!the!affects!of!depleted!INF1!expression!on!

the!subcellular!localization!of!the!identified!proximity!interacting!proteins.!This!may!be!

observed!using!CRISPR!knockout!of!INF1!and!IFM!staining!for!the!endogenous!proteins!

identified!by!the!screen.!!

!
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4.7(Conclusion(

The!validation!of!the!cilia!and!centrosome!associated!proteins,!Cep170,!EB1,!

SNAP29,!and!Arl2,!as!INF1!proximity!interaction!partners,!and!the!functional!

characterization!of!the!Cep170/INF1!interaction!suggests!a!mechanism!for!the!effects!of!

INF1!on!ciliogenesis.!These!results!suggest!that!INF1!plays!a!crucial!role!in!connecting!

the!actin!and!MT!networks!for!the!regulated!assembly!of!the!primary!cilium!by!

anchoring!the!basal!body!to!the!cytoplasmic!MT!network.!Understanding!the!role!of!

INF1!in!ciliogenesis!may!lead!to!therapeutic!treatments!targeting!defective!ciliary!

signaling!or!assembly!that!are!prevalent!causes!of!Ciliopathies.!!

!

!

!

!

!

!

!

!

!

!

!

!

!
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Figure A1. INF1 proximally interacts with formin-associated proteins Profilin2 & VASP.
Putative INF1 interacting protein PFN2 was expressed as GFP-tagged protein in HEK-
293T/17 cells with or without BirA*-INF1. BirA*-INF1 was expressed alone as an addi-
tional negative control. The transfected cells were incubated with biotin for 24hrs, the 
cells were lysed and the GFP/Flag-tagged proteins were affinity purified with GFP Trap 
beads or anti-flag affinity gel. Samples of the whole cell lysate, clarified lysate, unbound 
fraction, and bead eluate were subjected to SDS-PAGE and duplicate blots were probed 
with streptavidin-HRP (top box) or, anti-GFP or -flag (bottom box). Specific biotinylation 
of the GFP-tagged protein by co-expression with BirA*-INF1 confirmed the interaction 
between INF1 and the protein of interest. (A) Biotinylated GFP-PFN2 was detected in the 
eluate from GFP-PFN2/BirA*-INF1 expressing cells but not in eluates from cells express-
ing GFP-PFN2 or BirA*-INF1 alone. The bands below the expected 48kDa molecular 
weight (MW) of GFP-PFN2 were likely degradation products. (B) Flag-VASP also proxi-
mally interacted with BirA*-INF1 in this assay with an anticipated MW of 55kDa.
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Figure A2. INF1 proximally interacts with Cep170 & EB1.
Putative INF1 interacting protein Cep170 was expressed as GFP-tagged protein in HEK-
293T/17 cells with or without BirA*-INF1. BirA*-INF1 was expressed alone as an addi-
tional negative control. The transfected cells were incubated with biotin for 24hrs, the 
cells were lysed and the GFP-tagged proteins were affinity purified with GFP Trap beads. 
Samples of the whole cell lysate, clarified lysate, unbound fraction, and bead eluate 
were subjected to SDS-PAGE and duplicate blots were probed with streptavidin-HRP 
(top box) or, anti-GFP (bottom box). Specific biotinylation of the GFP-tagged protein by 
co-expression with BirA*-INF1 confirmed the interaction between INF1 and the protein 
of interest. (A) Biotinylated GFP-Cep170 was detected in the eluate from 
GFP-Cep170/BirA*-INF1 expressing cells but not in eluates from cells expressing 
GFP-Cep170 or BirA*-INF1 alone. The bands below the expected 200kDa molecular 
weight (MW) of GFP-Cep170 were likely degradation products. (B) GFP-EB1 also proxi-
mally interacted with BirA*-INF1 in this assay with an expected MW of 63kDa. 
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Figure A3. SNAP29, Arl2, and Cep164 proximally interact with INF1.
The interaction between BirA*-INF1 and the indicated proteins were tested as in figure 
A1. (A) Biotinylated flag-SNAP29, with an expected MW of 44kDa, was detected in the 
eluate from flag-SNAP29/BirA*-INF1 expressing cells but not in eluates from cells 
expressing flag-SNAP29 or BirA*-INF1 alone. (B,C) Flag-Arl2, with an expected MW of 
21kDa, and GFP-Cep164 (MW 200kDa) proximally interacted with INF1 in this assay.
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Figure A4. The small GTPase, Arf1, is an INF1 proximal interacting protein.
The interaction between BirA*-INF1 and the indicated proteins was tested as in figure 
A1. (A) Biotinylated GFP-Arf1 had an expected MW of 54kDa and was detected in the 
eluate from GFP-Arf1/BirA*-INF1 expressing cells but not in eluates from cells expressing 
GFP-Arf1 or BirA*-INF1 alone. (B) A faint biotinylated band was present for GFP-Arf3 
with an expected MW of 54kDa. 
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Figure A5. The small GTPases Arf4 and Arf5 are not INF1 proximal interacting proteins.
The interaction between BirA*-INF1 and the indicated proteins was tested as in figure 
A1. (A) Weak biotinylated GFP-Arf4 was faintly detected in the eluate at the expected 
MW of 51kDa from GFP-Arf4/BirA*-INF1 expressing cells but not in eluates from cells 
expressing GFP-Arf4 or BirA*-INF1 alone. (B) A faint biotinylated band was also present 
for GFP-Arf5 at the anticipated MW of 51kDa in the eluate lane from GFP-Arf5/
BirA*-INF1 expressing cells.  
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Figure A6. The small GTPase, Rab5A,  is an INF1 proximal interacting protein.
The interaction between BirA*-INF1 and the indicated proteins was tested as in figure 
A1 (A,B) Strong positive results were obtained for GFP-Rab5A with an anticipated MW 
of 57kDa, while a weak band was present for GFP-Arl8A with an expected MW of 
51kDa. 

an
ti-
GF

P
St
re
pt
av
id
in
-h
rp

W
ho

le
 ce

ll
Cl

ar
ifi

ed
Un

bo
un

d
El

ua
te

W
ho

le
 ce

ll
Cl

ar
ifi

ed
Un

bo
un

d
El

ua
te

W
ho

le
 ce

ll
Cl

ar
ifi

ed
Un

bo
un

d
El

ua
te

75
63

48

100

180
135

35

25

20

245

17

75
63

48

100

180
135

35

25

20

245

17

99

an
ti-
GF

P
St
re
pt
av
id
in
-h
rp

W
ho

le
 ce

ll
Cl

ar
ifi

ed
Un

bo
un

d
El

ua
te

W
ho

le
 ce

ll
Cl

ar
ifi

ed
Un

bo
un

d
El

ua
te

W
ho

le
 ce

ll
Cl

ar
ifi

ed
Un

bo
un

d
El

ua
te

75
63

48

100

180
135

35

25

20

245

17

11

75
63

48

100

180
135

35

25

20

245

17

A. B.



Figure A7. INF1 proximity interaction domain mapping with PFN2.
The interaction domain of BirA*-INF1 was mapped as in figure A1. Biotinylated 
GFP-PFN2 was detected in the eluate from GFP-PFN2/BirA*-FL INF1 (A), and -FL INF1 
I180A (C), but not in the eluate of -INF1 ΔFH1 (B).  
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Figure A8. INF1 proximity interaction domain mapping with PFN2.
The interaction domain of BirA*-INF1 was mapped as in figure A1. Biotinylated 
GFP-PFN2 was detected in the eluate from GFP-PFN2/BirA*-INF1 485N (A), and -INF1 
485N I180A (B). 
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Figure A9. INF1 proximity interaction domain mapping with VASP.
The interaction domain of BirA*-INF1 was mapped as in figure A1. Biotinylated 
Flag-VASP was detected in the eluate from Flag-Snap29/BirA*-FL INF1 (A), -INF1 Δ
FH1(B), and -FL INF1 I180A (C).  
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Figure A10. INF1 proximity interaction domain mapping with VASP.
The interaction domain of BirA*-INF1 was mapped as in figure A11. Biotinylated 
Flag-VASP was detected in the eluate from Flag-Snap29/BirA*-485N (A), -INF1 485N 
I180A (B), and -INF1 FH2 (C).  
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Figure A11. INF1 proximity interaction domain mapping with EB1.
The interaction domain of BirA*-INF1 was mapped as in figure A1. Biotinylated GFP-EB1 
was detected in the eluate from GFP-EB1/BirA*-FL INF1 (A), -INF1 ΔFH1 (B), and -INF1 
958N (C). 
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Figure A12. INF1 proximity interaction domain mapping with EB1.
The interaction domain of BirA*-INF1 was mapped as in figure A1. Biotinylated GFP-EB1 
was detected in the eluate from GFP-EB1/BirA*-INF1 485N (A), -INF1 486C (B), and -INF1 
958C (C). 
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Figure A13. INF1 proximity interaction domain mapping with EB1.
The interaction domain of BirA*-INF1 was mapped as in figure A1. Biotinylated GFP-EB1 
was detected in the eluate from GFP-EB1/BirA*-FL INF1 I180A (A), -INF1 485N I180A (B), 
and -INF1 FH2 (C). 
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Figure A14. INF1 proximity interaction domain mapping with SNAP29.
The interaction domain of BirA*-INF1 was mapped as in figure A1. Biotinylated 
Flag-Snap29 was detected in the eluate from Flag-Snap29/BirA*-FL INF1 (A), -INF1 Δ
FH1(B),  -FL INF1 I180A (C), and -INF1 485N (D).  
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Figure A15. INF1 proximity interaction domain mapping with SNAP29.
The interaction domain of BirA*-INF1 was mapped as in figure A1. Biotinylated 
Flag-Snap29 was detected in the eluate from Flag-Snap29/BirA*-INF1 958N (A), -INF1 
486C (B),  and -INF1 958C(C).  
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Figure A16. INF1 proximity interaction domain mapping with Cep170.
The interaction domain of BirA*-INF1 was mapped as in figure A11. Biotinylated 
GFP-Cep170 was detected in the eluate from GFP-EB1/BirA*-FL INF1 (A), -INF1 ΔFH1(B),  
-FL INF1 I180A(C), and -INF1 958C (D).  
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Figure A17. INF1 proximity interaction domain mapping with Cep170.
The interaction domain of BirA*-INF1 was mapped as in figure A11. Biotinylated 
GFP-Cep170 was detected in the eluate from GFP-EB1/BirA*-INF1 958N (A), -INF1 485N 
(B), and  -INF1 FH2 (C).  
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