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Abstract

For the first time, we reveal a direct interaction between Raplb and the fly
homolog of talin, Rhea. Using a combination of biochemical and biophysical
techniques, the Rapl binding site on Rhea has been successfully mapped.
Additionally, we reveal that an acidic-to-basic K17E substitution, on Rhea,
completely abolishes Rapl binding. Our collaborators have shown that this
mutation results in non -viable embryos and our data links the Rapl:Rhea
interaction to this lethal phenotype. The implications of our find ings support
currently proposed mechanisms of RIAMindependent integrin activation, that
would challenge our understanding of focal adhesion formation. Furthermore, we
propose a double-dependent Rapl integrin-activation pathway, involving Rapl
directly int eracting with the FERM domain, alongside the known Rapl-dependent

recruitment of talin.

Optimisations have allowed us to express both the wild -type and mutant Rhea FO
domain in E.coli BL21(DE3) cells. Efficient purification via Ni-NTAbased affinity
chromatography results in yields of ~50-60 mg/litre being obtained. Using circular
dichroism, it is shown that substitution of the K17 residue does not interfere with
the structural integrity of Rhea; both proteins have identical full spectrum

measurements and T values.

Optimal expression of the conserved G-domain of mouse Raplb was achieved in
the CK60O0K cell line. This region is highly conserved to that in fly (90% identical).
NMRwas used to show direct interaction between drosophila Rhea FOand Raplb;
whil st additionally confirming that Raplb was unable to induce chemical shifts in
the FO-K17E mutant. Triple resonance NMR experiments revealed the location of
the Rapl binding site on the wild -type Rhea FQO, with V15, K17, T18, K37 and E40
being highlighted at the centre of this interaction . Structural models of Rapl:Rhea
FO binding agree with our findings, with the 5 highlighted residues seen to make

close contact with the Rapl switch | domain.

Together this work confirms a direct interaction between Rhea and Rapl whilst
providing biochemical validation for the lethal phenotypes observed in mutant
flies. It also provides further insight into new mechanisms of focal adhesion

formation and integrin activation.
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Section 1: Introduction

1. The GTPase Mol ecul ar Switch Mechai

I n order to umderscandonshéet ween Raplb an

must be put into structural and functiona
key feature of the smal/l monomeric GTPas
active and inacti vtei nfgorans, ma lhecelbyr aswi t
Zeghouf , 2013) . I n the active form, GTPa

binding t oi lGdDPt imhe.n This GTPase switch me:
the regulation of a | amge( @mhemnrmfyi los amed | 21
cycling of GTPases between their GTP/ GDP
nucl eoti de Exchange Factors ( GEFs) whi c|
Activati n@GAPs9t ewihme h( hydr ol yse tghet h@&T PGTtPo
(Wennerber g,Figdddlp5) e 6 ee

GEF

GTPase
Switch

Inactjve State

Fi gurTehe GTPase Switch Cycle and GTPase struc
(left) The classic, simplified, model of the
switch between inactive and active states by
have intrinsically slow GTPase actight e inac
secondary structure of a typical GTPase; Uusua
structures
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The study of this molecular switch domairr
di scovery of t heprhoetteeirnost,r inmeemedc bG t heir
nucl eoti degsi |lbmanAldmdcdMartin Rodbel | erien:

Birnbaumer, 2007). Small GEBfabkesi aref hlioenbd
GTPases, and therefore share the common

GTPases from the G proteins however, is t
the bred agamma subunits, all owing them to
crystal structures of Ras bound to GTP an
(Pai et al ., 1989 and Mil burn et al ., 199
activatioaour sThi st roicnsical vy, however IS

process, facilitating GDP to GTP exchange
proteins is also a slow process. GAPs sp
GDP, in orderofbe GMi®astkesated (Vetter and
The G domain shared between all members o1
25 kDa. It is comprised of 5 alFghoral heliigha
Key features, conserved betwed4dmophdi Rasel

phosphate binding) ,doamad ntshe dtewo gsawitteadh Swi
(sd&igure2A) . These switch domains are the onl
bet ween the active and i naé€igure2kDfWhers odurn
to GTP, the gamma phosphate is able to hy

residues (in switch |1 and || respecti vel
switch domains, pulling them towards the
phpbate is cleaved, the two switch domain
conformati on. Reactivation of the GTPase

exchanged for GTP (Vetter and Wi ttinghofe
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3] ol 32 33 a2 B4 o3 RS 4 B6 oS
— " p—C o CCo— (o - — e — o — ——
P-loop Switch | Switch 1 CAAX sequences

(aa. lQ—ﬂ) (a.a. 32_—}8) (aa. 59767)7 (a.a.186-189)

H-Ras isoform-1  BAGGNE
RalA isoform-2 = BSEE
N-Ras ' BA
S
>

Fig®rSstructukreopfam®d Switch Regions

(At)he GDP bound form of a GTPadarmilirtph et, hd hew
'l in bl wepandB)PienkGTHK bound, &9qtthieveo vfeorrim ya
that the switch domaregianse bhethbhal protwein
active and inactive forms. This i s because
bon@bBt)yhatcornef i gure t he .swlhEgh®apm manadsswitch
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highly conser-Rad-Raihdeakppf noub and Weinberg

1.Qverview of t he Ras GTPase f ami/l

The smal.l GTPases belong to the Ras sup
me mber s. This superfamily can be subdi v
with difsnichcobns: t he Ras, Rab, Rho, Ar f
2005) (see table 1). There are 61 Rab, :
GTPase human genes (Wennerberg, 2005) . [
Ras subfamily has stheckinedexttemeiinve hgpRee d
Srcaodmaaducing viruses identified in the
Barbaci d, 2003) . The Ras proteins are

prolifezhangnand TLthieu,maz2j000r2 )r.ol motodi nmh,e «
related in function to the Arf family, i
the transport of intracellular vesicles

is the | argest subf amiollmsof At he d Rala | elnheel

Rho family has a principal i nvol vement
dynamics (Jaffe and Hall, 2005) . Finall
family, Ran, i's responsible for formati

envel opae@di it inon to mitotic spindle assemb
species (particularly plant) have mul ti g
Ran protein, and it is the most abundan
(Rojas, A and 4dplRacipr &t ei2®d are distinc
GTPases to be considered their own fami/l
the Ras, Rab and Rho families, in that
foll owing GTP hydrolyebservé&ali ket hbdeswt
the other three families, the Ran and Ar
betsa rand when i n t h(eGoGDlFb ebrogu,n dl 9s9t8a)t e

The role of Ras is best under st oeadctitimdat h
protein kimpasd\veMRa&3)i nvhi ch growth factc
receptors, such as Epider mal Growth Fact
i nducing a cascade of intracell ul aardilkign

EGFR di merizepdoampmhldorayultaot es tyrosine res

domain. These phosphorylated residues bi



18
al ., 1993) of the Shc protein. Foll owin
binds ta iSthe own SH2 domain (Wal ker et
terminal SH3 domain th-aichsrealli e r@GmpFobS st

SOS activates Ras, which activates Raf
MEK, which in turon EdRoKees ERKe issamehen tr an:
where it activates cyclinD, fos, CREB ar
(Kim and Choi , 2010). As expected for a
pathway is rife with gaotaerstfioalmaftoronma ICiog
GFRs, Ras and ERK are al/l capabl e of C
reported to be present in 30% of all ca
mi sl eading, due to screening0bl2)as Ne&veror
i n certain cancers, Ras mutations have
colorectal cancer (Prior, Lewis and Matt

Table 1: The Ras Family

Family Subfamily Members (PDB accession codes)
Ras Ras H-Ras, K-Ras, N-Ras (3con),
M-Ras, R-Ras (2fn4), R-Ras2/TC21 (2ery)
Ras extended Ral RalA, RalB
RheB RheB, RheBL1 (30es)
Rap RaplA, RaplB, Rap2A, Rap2B

Ras-3 (4ku4, Ras-like protein from Cryphonectria parasitica)
Di-Ras1 (2gf0), Di-Ras2 (2erx)

RGK Rad, Gem/Kir, Rem1 (2nzj), Rem2 (3cbq, 3g85. 4aii)
Rerg Rerg (2atv), RasL12 (3c¢5c¢)
Rho Rho RhoA, RhoB, RhoC. EhRhol (3ref, 3reg. complex with Diaphanous-
Protein: 4dvg)
Rac Racl, Rac2, Rac3, Rop4, Rop5, Rop7, Rop9

Cdc42 Cdc42, RhoUA (2g3h), TC10 (2atx)
RhoD RhoD (2j11). Rnd1 (2cls, complexes with plexin: 2rex, 3q3j), RhoE/

Rnd3
Rab Rab Rab1,2,3,4,5,6,7.8,9,11,12,14,18.21,22,23,2526,27,28,30.31,33,35,43
RasEF RasEF (2p5s), IFT27 (2yc2/2yc4)
Ypt Yptl,7,8,32,51
Sec Secd
Arf Arf Arfl,245,68,
Arl2,3,5,6.8,10,13
Sar Sar Sarl
Ran Ran Ran, RanE (4djt, Nuclear GTP-binding protein from Encephalitozoon
cuniculi)

Table 1: An overview of thevemdamnber 20df4)t. he I
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FGFR1

BE6686R868888668688888688888888888808888888888888888888880¢ 1868868568066
?i.’i:’F‘EE??."‘,EERT’EPEi??.‘P.EFEE?.,‘EREEREFEERE?EEEF.E.’.EPPiii.?.’ RAARARARARAAR

NTRK2

A

PTPN11 )
FRS2 J =

SoS @

.........

Transcription
factor

Fi gBrTehe Ras MAPKT®athwagnd Chan, 2013)

Growth factors binding to receptors, suc
( EGFR) , on the celll sur face, i nducing a
Upon grHfa@awthlmr binding, EGFBhdsmbBorykat an
residues in its cytoplasmic domain. Thes
Homol ogy (SH2) (Felder et al ., 1993) of

phosphorylati oo, SGecb®2ibinds own SH2 doma
Grb2 also has an N terminal SH3-rdamairm®qgt
of t heGERasSOS. SOS activates Ras, whi ¢
phosphorylates and activatdee MBRKe whi ER
then translocated to the nucleus where i
survival and proliferation factors (Kim

1. Bhe Rap subfamily: key regul ator.
assembl vy

The Rap prodiesaesvewmead in 1988 (Pizon et
seqguence identi-Rays .wi3ehghamaea Kl i giRmsngi o
the two proteins a sequence ideambtigheof
closest related homovleo giss otfoo rRyass ,s hwairtihn gt he
identityYanoeRae k( Af(ds éBeoggd)r2edd The five Rap
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conserved with the exceptio

responsi ble for subcel I[(uRrairorl oacnad i Hsaantcioocn
RasD] ~ RasD2  RRP22
Noey2 p Ras Di-Ras2 RasL10B
RasL1IA NKIRasl

RasL1IB

NKIRas2
FLJ22655

Rhebl

Rerg

Ris/RasL12

Rheb2

Gem

Rad

Reml

Rem2

E-Ras

H-Ras isoform-1
H-Ras isoform-2

as
K-Ras2B

K-Ras2A
M-Ras

R-Ras

Rap2C /

Rap2A
RaplA
Rap2B o Pip

j (@]

RalB

Rit2  RalA isoform-1
RalA isoform-2

Rit]

Fi gurRel ati onship of Rap to members of the R
Phyl ogenetic tr esehoowi nRja st hpartottehienrse are fi ve
RaplB, Rap2A, Rap2B and Rap2C. The Rap isofc
relationship of the Rap proteins to the di
proximity of theh®spoantth&aphypKageonebi antdr &V
2008)

I nterestingly, Rap proteins were initial
expressed, to suppress cell transformat:i
It is possiblel tdhfatt tihe pleeereatsype is due
Ras and Rap for Raf, as both proteins he
effectors (Chen et al ., 1997), with Rap
MAPK pat hway. Howe cer ,t htalte rRea pi 9 reovtied enrs  a
MAPK pathways that challenges this idea.
Ras and Rapl homol ogs are able to both a
i n a context degpencdéental nahne2d@On8 ) )nant , curr
i's that Rap is abipepdtoedewveassf 6 hmatRiasn
regul ate integrins, enhancing cell adhe
capability of transformed cell &acl A&latrhoug
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known that the Rapl pathway is intrinsic
tumour s. I f for exampl e, the Rap pat hwa)
human cancer cells have a tendency tow

(Tggnkova, Wang and MBMemnkatrhy, 28¢8) vat e |
metastatic i ncidence when introduced [
upregulating RaplGAP does the converse (
i's intrinsi oallgye dii aitkedd del |i adhesi on (r

Al teredcRalpdd ybeen studied in devel opmen
shown that | ower organisms have a single
to | et(Kaloixt .y 2T0Mi2sh ths gthHe gcr i ti cal rol e of
the event of highest «césl Il infiegrcaytciloen. ilnn at
It i's hypothesised that Rapla and Raplhb
either of these geneserr ecsfuletnsbriynosa ssurmiily
(Chr zanWowdsnkiacka et ®&Rlapl 2@p®lars to ha-ve

cell juncti@kKndx,.r mdGd 29r osophi | a, Rapl h:
key regul ator of cel l mi grati on, wi t h

mi gration of certdé@diAshaellt @pobpul dt9i9®ns O
i nclude dor sal closure def eoedtes mahdceéVven

( s Eigure5) .

wr . Mutant

wT
Mutant - D
Dorsal closure defects Mesoderm cell migration failure
Fi gbrlkor sal c¢closure and mesoderm cell mi gr at

embryos
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Dor s al cAwistuds penBRapl dealretsegdhoirlisal closure
observed foll owi rCqd wRthylde )d@md ti asmit.oyw c el | mi
failure for nmaAsdhaerm .@dlrlisgl MA9) il lustration

for clarity.

The inherent i mportance of Rap can be
history. Rap was | i kely poacecmsmeon amc etshteor
billion years ago, and possibly precede

comes from a Rap orthobDiogiuygo Pteda Inigu mpm diss
Naegleria ®apb&hAiP and GEF ort holMageaeglsera
gr ub(ewan Dam, Bos .and Snel, 2011)

1. Rap1l, Rhea and Focal Adhesion As:

As mentioned previously¢cebl opgecteonss r

Rapl is intrinsically tied to that of 1in
adhesion assembly (Goul't et al 2010) .

extratell matrix (ECM), the devel opment

could not have arisen-o(rAs znoadii ngt tali,s 20
compl ex and invol ves nfaGaympabdedilt iaonnda |H upnpo
I ntegrin recrfpdoe srecepttorsy that make th
the cell and ECM, are at the heart of th
begin the assembly of :wahtoeathadbegnah =
i nsi de, or out si dei rosit ntsh eléeantititwa yl,n itnh e
signaling mol ecul es l ead to inmbegsidaea
pat hway, complex formation is ini(Sihatad |
Kim and GinsBeubt 01@A, @0dladp)tadr apr ot ei
process is Talin, the fly homolog of whi
domains: a FERM head domain and a Rod d«

talin head domai nF3,s kwtmpirs satdy pif cddllt ii oan 4
N-t er mi nal FO domain containing an extra
to the FX Ghbarmai re)t.Tdle. r o210 d®@)mai n cont-ai ns
and -fhiede cal bundl es ( Gdigurete) et al . , 2013)
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Talin head Talin rod

b Calpain 2 R4 RS Calpain 2
l % * RS h l/
S —-— -

7 D o 2 o ‘ g - — N 4 DD
LTS Ty == Y . T
@ & S R7 RO N ==

F1 F2 F3 Unstructured linker R1 R3
s Linear C terminus

FERM domain Compact N terminu

Nature Reviews | Molecul_ar Cell Biology

FigwoiSeructural overview of Talin, including the
al 2013)

The N-terminal contains an FO domain which is atypical of FERM domains. The FERM
domain also contains the F1, F2 and F3 domains, typical of FERM domains. F3 contains a
phosphotyrosine binding-like domain. This site binds to the cytoplasmic tails of n-
integrins. Proceeding the FERM domain, and an unstructured linker region, is the Talin

Rod domain. This comprises of thirteen helical bundles, each containing 4 or 5 helixes.

FO contains a Rap1 binding site. RIAM binds tothe talin R2/R3 subunits of the rod dom ain

The current moaletl ifrotregirnisni deecti vati on i
i ntegrin activation via a&TRapkratfeogo
mol ecul e) binding to membrane asso¢Gaueéd
et al . RI2ZAM d)itnhdes ttaol i n R2/ R3 subu(ihtag t of
Kim and GinsGeulgt 018l ., 2013) . pAno paodscei
that RdWtMoiimshi bited, and the talin bindi
pleckstrin homaildlggnd P& LB®Bi ndi ng of th
association (RA) domain to Rapl releases
to the talin rod, and all ows the PHhdannga
et al . (s &Qued7). Wegener et al ., (2007) dem
cytoplasmic beta tails are able to bind
and NPxY motif in (&e&gureBtlégualnl yt,aiilnt eqgr i
l ow affinity -Btiadge v atlimaenefha yttlogp | as mi ¢ t
Ant hi s ethaavle. sZhOoOwon, tbhraitd gtehiiss sdailstr upt ed |

integrin activation.



24

FigurModel foout nsmtdegri@haatgi.@dtli8dn

The i nactofvei nsiteagehmwn on the | eft, wi th acHt
the r(icphnhg et )HIn. t h2012ft, active Rapl is b
the membrawaiting RIAM binding. RI AM is sh
inactive form, where the talin binding(RA)I
and pleckst f( mH)h odnormaigrys. On t he right, RI AN
the Rraidho This has released the TB domain
domain allows RIAM to anchor to the membr a
recruited, which binds to the RIAM TB domai

thgi ntegrom|l aymi c tail, activating integrin.
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A
B3-integrin
tail
Fi gBrBi ndi NG notfegrin tail to the talin F3 dol
Talin is in red, integrin yeAhblwj saprtd Bhe, me

et al., 2009).

I nteresti npdryfforsmaidi grsevi ously by the Go
is able to bind directl y(ste@gute®e ®soggest a

alter Ratpilvelependent adhesion mechani sms
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st a(tfei gure taken fra@mlGoult et al
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1.5 Overview of Nuclear Magnetic Resonance

1.5Bdsic Principles of NMR: NMR i n

The content of the following section, on the basic principles of NMR, is from a
series of video tutorials produced by Magritek Ltd and delivered by Sir Paul
Callaghan. All information from this section will be assumed to have come from
this source, unless cited otherwise. The following description of NMR w ill avoid
the quantum mechanics necessary for a deep understanding of NMR, in an attempt
to keep the understanding at a level that is more appropriate to those with little

Biophysical background.

Understanding NMR requires a basic knowledge of how atomic nuclei behave in an
applied magnetic field (B o). A key property of nuclei , that allows us to study them

via NMR is magnetism. This property results in the magnetic dipole of the nuclei

aligning with a magnetic field when placed in it. The further key properties of

atomic nuclei that aid this understanding, are angular momentum (spin) and the

fact that, in the case of 'H, '3C and '°N, the nuclei can exist in one of two
orientations ( Ne$tzor me s, or gzahtlind gtates (seeF i g d B)e The first
isknownasoup spiné in which the orientation
which is the lowest energy state for the nuclei to reside. The second orientation

is o0down spin, 6 which is aligned agai nst
a higher energy level. In order to disrupt the nuclei from their natural orientation,
firstly, a Otorqued (a second el ectromac
orthogonally to the magnetic field. Seco
with time) at the same freq uency (resonance) as the precession frequency of the
nuclear spin. When nuclei are at 90° to the magnetic field, they will precess,

rotating around the axis of the magnetic field, and undergo relaxation until they
re-orientate back along the axis of the ma gnetic field (seeF i g @ E)eWith time,

as the nuclei re -orientate themselves, the precession decreases until the angular
momentum is back at equilib rium. We can say that precession is dependent on the
orientation of the nuclei; it is not observed when the nuclei are in either of their

two natural states. Precession frequency is the time it takes for the nuclei to
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precess a single time, and remains constant at all orientations aside from in the

up or down spin states.

The Boltzmann factor defines the proportion of atomic nuclei in the higher and
lower energy quantum states and is defined by the proportion of magnetic energy
to thermal energy ( Ra t t919e&The froportion of atomic nuclei occupying the
lower energy orientation will increase as either the temperature decreases, or the
magnetic energy increases. At absolute zero all spins will be in the low energ y
orientation, however, at room temperature, thermal energy becomes a factor in
the Boltzmann distribution, and there is a distribution of atomic nuclei in each
state; the thermal energy will allow the atomic nuclei to occupy the down spin
orientation. As expected however, there will be a slight preference for the lower
energy state, so there will be slightly more atomic nuclei occupying this quantum
state (seeFi gaCeThi s i mbal ance in the popul ati
At room temperature, the Boltzmann distribution states that we will have a near
equal number of atomic nuclei in each state. The populations occupying the up
and down spins will cancel each other out and are not seen. The spin excess
however, is visible. This is due to the fact that the low proportion in the spin
excess still equates to a very la rge number of actual atomic nuclei in a given
sample. The Boltzmann population allows us to predict two ways of increasing the
spin excess. Firstly, we could perform the NMR experiments at a lower

temperature. Secondly, we can increase the strength of B o, whilst fixing the

temperature.
Defined
directionin L A Py A
P T cnerey LR
//’ /Z ”’4
Two 4(/
permitted RSN
orientations \‘\\
~ . e ‘I°. ‘o.- ‘|°' -o- -n-
. Applied B, ~ ~ ~ ~ b
A Magnetic
A Field By B c

YA VA A Ve




28

Fi gurO&chematic cartoons illustrating the ba
AMHIN ahWl nuclei are restricted Bwhéwotbei an
are placed in an applied magnet wc t(oipesipd n)t he
againd@wdspin), the m&«&anetgind ni ewWlid.h t he mag
| owe st energy state, alignindsabatestzer b, r i
population is in the up spin orientation. At
all owing the nucl ei to be in either orient
popul ation to have slightly ymesrntetmeudlogianigr
called the spin excess. The spin excess 1is
down spin nuclDdii rdarmgc ealn owtc.i | 1l ating pul se

Larmor freqguency of the natien wfllt hedEtstpapt
nucl ei begin to precess. This precession i

detector coi l, which fades as the nucl ei ref

The precession of an atomic nucleus is known as Larmor precession; which takes
place at the Larmor Frequency. This frequency is directly proportional to the
magnetic field (B o); a larger B o will increase the precession frequency (the Larmor
Frequency is defined as U= n B where gamma is the gyromagnetic ratio
(dependent on the nature of each atomic nucleus)). The last feature of the 1D
NMR experi ment is the <coil. This is res
transverse, oscillating magnetic field at the same frequency as the Larmor
Frequency of the atomic nu clei, applied as a pulse. Not only does this coil produce
the oscillating magnetic field, it also serves as a detector. As the nuclei precess,
their fluctuating magnetic fields produce an oscillating voltage in the coil, which
corresponds to its precession. This signal decays over time, as the precession
returns to its equilibration state, and is known as Free Induction Decay (FID). The
FID is a collection of the Larmor frequencies of all of the protons in a unique
chemical environment within the sample. Ea ch of these will therefore be decaying
at different rates. A FID can be converted via Fourier transform, from a function

of time, to a function of frequency, thereby giving us the 1D  NMR spectrum(see
Figadl@®attl e, 1995)

Due to shielding from electrons, different hydrogen environments correspond to

peaks in different regions of the NMR spectrum.
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1 'H spectrum of a protein |

Backbone HN

aromatic methyls

1

side chain HM

i Jdﬂ‘ Uil 1ﬂ W

.J

Figuridhe different regions o(Albea Einsteip Cotlegd of NMR
Medicine, 2012).

SeeF i g 4 B éor a visual representation of proton NMR.

1. 5B&2sic Principles of NMR: A secol

Having determined a background f or ttwoe
di mensdxmerli ment, the HSQC (heteronucl eal
be briefly explained. HSQCBwdsenhausendan
1980) and is an abundantly wused techni gu
experiment insbkevesftmagneadanzati on bBEt we
(orr€) atomic nucleus it is bonded to (Pa:
of each amino acid has a proton attache
(Fi gurd) . The naturally occurring-14sotso pne
magneticalJl yhacei oaelel,e ttoo boeeb s er vsei gtnhad sn i
proteins are grown upai mi mgiiinsaot onpeed i aas,
nitrogen source. The HSQC plots the rele
t heoupl ed nitrogen. Each amino acid withi
peaki dumBewi th the exception of pridl iimse t(r
only source of nitrogen in the medi a, [

chains of angntmiitni omgelnhree siadvasnt age of
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di mensi on, is that the peaks are disper
making them more easily observed and di
(Rattle, L1k®5)tX he 1D spectra, diffeséentcht
to distinct, broad redgiigmeof the HSQC s
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Fi gurédlSQC spectrumWofsiRawiangObroad regions
residues typically appear.

1. 5B&8sic Principles of HEMRBRer  Tmemlte
Backbone Assignment

Having performed a HSQC, it i's possi bl e
di mension to the spectra and couple th
resonance NMR all ows the assi ¢grhme retx acft te
acid t hat eachhngseak s palrtidoswi ng for mo r
conclusions t o be drawn from the dat a.
experiments involve | ookinlg ahh twhhei |csotr rae
the addi teinen @& (FHifgmiB€) . This allows the |
to be viewed in 3D, so that more relatio
spectra. For exampl e, it now all csws aus ot
us to do the backbone assignment of the
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study, a series of five different triple
compl et e this t ask. The principle of
experi melnlt sgiwe a series of peaks that i
within the amino acid chain.
We have to consider a frame of referenc
nomencl ature designates the amidaqwi tahci dh
precgdami no acitder minnatlhedioNléah di oilb e iansg t |
amino acid I n t hegFigQtur®r The eexipemi ment
magneti zati on, by coupling s)pinbhisuead weoe
detect which amino acid we are | ooking &
detailed explanation of the different ex
covered in the methods section.
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Figurd&chemati c Representation of the difference
A)1D NMR allows us to view the chemical shif
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observed. The arrows indicate the magneti s
C)Transferring the maghttipadiion daor asd ftehen
us a third di mensi on, all owing backbone as

1.6 Project aims:

The aim of this study is to produce work that can contribute towards a
collaborative paper between Dr Goult and Dr Tanentzapf, at the University of
British Columbia, Vancouver. This paper will take a multidisciplinary approach to
understanding a new interaction between Rapl and Rhea/Talin. Dr Tanentzapf
uses CRISPRO insert mutations into endogenous genes and then images and
studies observed phenotypes in drosophila embryos. Alongside this, the Goult lab
use biochemical and biophysical techniques to understand the biochemistry that
underpins these protein interactions. A successful collaboration of this nature was
performed previously in their pap er on talin autoinhibition (Ellis et al., 2013) ,
where studies were performed that produced talin -null mutant embryos, labelled
for integrin and F -actin. They demonstrated that the talin -null mutant could be
rescued with talin -GFP but that recue failed wit h the autoinhibition defective talin
E1777A mutant protein. Dr Goult provided the biochemistry that compared the

WT talin and E1777A mutants, and characterised the autoinhibition process.

talin” + pUbi-talinEGFP

talin” + pUbi-talinEGFP*E1777A

* i &

Figurddal in Autoinhibition Mutants

In their previous collaboration, Dr Goult and Dr Tanentzapf showed that talin -null
embryos (B) could be rescued with talin -GFP (A) but not with the autoinhibition
defective talin E1777A protein (C -D). The asterix in C identifies an open dorsal hole.
The arrow in D shows an un-retracted tail (Ellis et al., 2013) .
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The aim of this study is to produce a similar collaboration. Dr Tanentzapf has
demonstrated that the Rhea FO -K17E mutation is embryonic lethal (unpublished).
Dr Goult has identified a new interacti on between talin FO and Rapl (Goult et al.,
2010) whilst showing that the equivalent mouse talin FO-K15E mutation perturbs
Rapl binding (unpublished). We therefore want to demonstrate that these
interactions are also occurring in drosophila, to link this i nteraction to the

observed lethal phenotypes.

We have therefore set out to answer the following questions:

- Does the Rhea FOWT protein bind Rap1b?

- Does this interaction still occur in the Rhea FO -K17E mutant, or is Rap1 binding
perturbed ?

- Can we identify additional key Rhea FO-WT residues involved in binding to
Rapl?

- Can we identify the location of the Rapl binding site on structural models of
Rhea FO?

- Do our findings agree with the structural models of Rhea:Rapl binding?

- What conclusions will the data al low to be drawn in relation to the current

understanding of focal adhesion formation?



Section 2: Methods

Methods 2.1: Materials and Reagents

Table 2: Materials and Reagents

Source

Composition

Acrylamide

BIORAD

40% Acrylamide/Bis

Solution

Ampicillin

MELFORD
Biolaboratories
Ltd.

IPTG

MELFORD
Biolaboratories
Ltd.

DTT

MELFORD
Biolaboratories
Ltd.

Instant Blue ™ stain

expedeon

Ni-NTA Buffer A

20 mM Tris, 500 mM NacCl,
20 mM Imidazole, /L, pH8

Ni-NTA Buffer B

20 mM Tris, 500 mMNacCl,
500 mM Imidazole, /L,
pH8

Ni-NTA Buffer B (Batch)

20 mM Tris, 500 mM NacCl,
300 mM Imidazole, /L,
pH8




Q buffer A 20 mM Tris, 50 mM NacCl,
2 mM DTT,/L, pHS8
Q buffer B 20 mM Tris, 1000 mM

NaCl, 2 mM DTT,/L, pH8

2M9 Solution A, for 1°N
labelling (per 750ml)

9.375 g NaHPQ, 5.625 g
KHPQ,, made to 750 ml
and autoclaved.

2M9 Solution B, for °N
labelling (per 750ml)

BNH,CI:
Cambridge Isotope

Laboratories, Inc.

BME vitamins
solution 100x;
SIGMA Life Science

3.0 g Glucose, 7.5 ml Milli
Q Oultrapure
ml BME vitamins, 1.5 ml
MgSQ@ (1 M), 0.075 ml
CaCh (1 M), 0.75 ml
Ampicillin (1 mg/ml

stock), 0.75 g SNHCI.
Filter sterilised with 0.2

Ol filter

2M9 Solution B, for 3CN
labelling (per 750ml)

D-Glucose-13Cs was
sourced from
SIGMA Life Science

Same as2M9 Solution B,
for 15N labelling, with the
D-

substitution of

Glucose-13Cs

LB Broth: Low Salt Powder

MELFORD
Biolaboratories
Ltd.

Tryptone 10g/I
Sodium Chloride 5g/I
Yeast Extract 5¢/I

NMR phosphate buffer

(per L)

19 g NaHPQG, 09 ¢
NaHPQ, 2.9 g NaCl, 0.3
g DTT, pH 6.5, made to
1000 ml*

HisPurMNi-NTA Superflow

Agarose

Thermo Scientific

35
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PBS 8 g NaCl, 0.2 g KClI, 1.44
g NaHPQ, 0.2 g KHPOu
/L, pH 7.4
Glycerol Stock (50%) Glycerol: Fisher 20 ml glycerol and 20 ml
Chemical water, filter sterilised.
TEMED BIO-RAD

Ammonium Persulphate Fisher Chemical

Kanamycin sulfate SIGMA Life Science

CaCk/ glycerol 0.1 M CacC}, 10% glycerol:
150 ml stock contained
15 ml glycerol and 2.205
g CaCband 135 ml Milli-Q

ultrapure water

Sample Buffer

SnakeSkin Dialysis Tubing| Thermo Scientific 10K MWCO

All buffers were made with Typel reagent -grade water from a Milli -Q Academic
Ultrapure Water System

Methods 2.2: Universal Protocols

22. Transformation Protocol

Competent cells were in 100 ul aliquots. These were thawed on ice and divided
into 50 pl aliquots. Immediately after thawing, 2 ul of DNA vector was added to
each prior to gently mixing. The cells were returned to ice for a further 30
minutes and then heat shocked at 42°C for 45 seconds. Following this, cells were
allowed to recover for a further 2 minutes on ice. The transformed cells were

then added to the overnight cultures.
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22.2 Overnight Cultures

Following the transformation, the cells were added directly to 10 ml of LB  and
antibiotic (Amp for Rhea constructs in BL21(DE3) cells / Amp + Kan for Rapl in
CK600K cells). The following morning, glycerol stocks were produced and

scrapings of these were added to subsequent overnight preparations.

223Gl ycerol Stocks

300 pl of filter sterilised glycerol (50%) was added to 750 yl of the overnight

culture and stored at -80°C.

224Competenpr €Ephtlation.

A scraping of glycerol CK600Kcell stock was cultured overnight in 5 ml of LB +
Kan. The following day, 5 ml culture was added to a 500 ml flask of LB + Kan. This
flask was incubated at 37 °C until the cells reached an ODsgs of 0.6-0.8. The cells
were then divided into 10x 50 ml fractions and left to cool on ice for 10 minutes.
The fractions were centrifuged at 4000 rpm for 10 minutes at 4°C and the
supernatant discarded. Each pellet was resuspended in 10 ml of ice cold CaClz/
glycerol and left on ice for 15 minutes, prior to a subsequent spin at 3000 rpm for
10 minutes for 4°C. The supernatant was carefully removed and discarded. Pellets
were resuspended in 1 ml of ice cold CaClz/ glycerol and aliquoted into 100 ¢ |

fractions. Aliquots were flash frozen in liquid nitrogen before storing at -80°C.

Competent BL21(DE3)cells were prepared previously by the Toseland Lab.

225LB, Ampicillin SamdckKaLoamyaitmr at i

LB was prepared at 20 g per litre and autoclaved prior to use .
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Ampicillin stocks were at a concentration of 50 mg/ml and ampicillin at 100

mg/ml. These were added to each prep to achieve a 1:1000 dilution.

226. Solubil VeysTent

Prior to induction and harvesting, 1 ml of cells were taken from the culture, centrifuge d
for 2 minutes and the pellets were frozen at -20°C. Pre-induction pellets were
resuspendedin 50001 o fand BoBiGted 2x on ice for 20 seconds each, with 20 seconds
between sonications. Sonications were done on an MSE Soniprep 150 at 14 amplitude
microns. At the different stages of the process, samples were taken for analysis by SDS -
PAGE5S00O!I was taken anld booi |seadnpw5SenhirinasshoD58G. The o r
post-induction pellets were prepared in the same way. The first fra ction represented

thewhole-cel | protein contents of the sample. T
5 minutes, and 50 O was taken to represent the sol
supernatant was discarded and the insoluble pellet resuspended in 45001 of PBS

further50 O1 was takenQl afnda dbtoitdin $ Owelrle obfo islaendp | vei
for 5 minutes at 95°C. When analysing with SDSPAGE, loading volumes were adjusted

according to the OD of pre -/post -induction fractions.

226. 2 Sol ubiVleirtsy oThe st

This method was used alongside the Lysis and Centrifugation Protocol (see 2.2.8),

to determine soluble protein levels present in the 30 ml resuspended cell pellets.
After sonication, 30 Ol of sampl esanpleas t
buffer, t o represent owhol e cel | 6cemtrbugatiamnt s
30 Ol of sample was tak2®0 a@haniple buffea,nod b
represent the oO0solubled contents of t h o
resuspending an insoluble pellet of this size, the insoluble fraction was not taken

for representation on a gel.

227Harvesting Protocol
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Cultures were pooled in 1 L centrifuge pot s and centrifuged at 4000 rpm for 10
minutes. The pellets were resuspended, and aliquoted, in 30 ml of Ni-NTAA
buffer (if His-tagged) or Q-Buffer A (if untagged) per half litre of prep. This was
done to allow effective sonication , by ensuring the cell density was not too high

in each resuspended pellet. Resuspended pellets were stored at -20°C.

228Cel | drwysdiGentr iPfrwg atciod n

30ml resuspended cell pellets were defrosted in a beaker of water at room
temperature. T his freeze-thaw process was used as part of the cell lysis step
(Johnson and Hecht, 1994). Cells were sonicated on ice with 6 cycles of 20
seconds on, 40 seconds off. Each sonicated pellet was then centrifuged for 20
minutes at 18,000 rpm. The soluble fraction was retained, with the insoluble

pellet discarded.

229SDBAGE

Samples were boiled at 95°C for 5 minutes prior to SDS-PAGE analysis.Typically,
5001 of sampl e wal boofi |seadmf@withehenbxabplibreof the
section 2.2.6.2 solubility test, where 30 O lof sample was boiled with 200 O lof
sample buffer).

Denaturing SDSPAGE gels were run at 200V for approximately 40 minutes. Gel
lanes were loaded with 10 O of sampl e, however this
where appropriate , to account for different concentrations; such as in pre - and
post-induction expression tests. Gels were made with a 12% separating and 4%
stacking component, in pre -madegelc assett es, according t

instructions as shown below:
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Table 3: The composition of the gels used for SDS -PAGE

Separating Gel 12% Stacking Gel 4%

40% acrylamide 7.5 ml | 40% acrylamide 1.25 ml

Separating Gel Buffer | 9.4 ml Stacking gel buffer | 4.2 mi

10% SDS 25001 |10% SDS 1250 |
50% sucrose 4.0 ml Water 6.05 ml
water 3.3ml | TEMED 5001
TEMED 6.25 O 1 | Ammonium 1.0 ml

Persulphate

Ammonium 6250 |

Persulphate

Ammonium persulphate was at a concentration of 50 mg/ml.

Separating gel buffer (1 M TrissHCI, pH8.8): 30 g of Tris in 250 ml of water,
adjusted to correct pH with HCI

Stacking gel buffer (0.375 M Tris HCI, pH6.8): 11.4 g of Tris in 250 ml of water,
adjusted to correct pH with HCI

22.10NfNTA Puri fication Protocol

In order to purify the target proteins, affinity chromatograph y was principally
used; a technique that takes advantage of protein binding interactions. By tagging

protein s with a His-tag, they have a high affinity for Ni -NTAresin, meaning they
can be isolated from cell lysates (Alberts et al 2002). In this type of purification,

firstly, the soluble cell lysates are passed through a Ni -NTA affinity column. The
His-tagged proteins will bind to the column whilst the majority of un  -tagged
proteins will pass straight through. A low imidazole (20 mM) Ni-NTA buffer A is

washed through the column to remove as much non -specific binding as possible.



41
Then a gradient of increasi ng imidazole concentration is ru n (up to 500 mM in
these experiments) and the eluted fractions are collected. At a specific
concentratio n of imidazole, the His -tagged proteins are eluted from the column
and in the process are purified and concentrated. Non -specifically bound
impurities are likely separated , from the target protein , by eluting at different
concentrations ofimidazole. FPlwW&as carri ed out atFrracdm ot
were collected from across the A280 peak

the purest fractions pool ed.

22.111 Buffer Exchange Protocol 1:

Protein was loaded onto a desalting column and exchanged into Q-Buffer A using
an Akta Purifier FPLC, at 4 °C.

22.112 Buffer Exchange Protocol 2 :

The pd10 column was washed with 25 ml of phosphate buffer, then 2.5 ml of
protein was added to the column. The protein was then eluted with 3.5 ml
phosphate buffer. This was repeated as required dependent on the volume of
protein. Any remaining protein was made up to 2.5 ml with phosphate buffer and

then run through the column as before.

22 .113Buffer ExchamBgeDiPaby®siel

To exchange from Q-Buffer A to phosphate (NMR) buffer, proteins were dialysed
against 3 L of phosphate buffer at 4° C overnight.

22. 2Mon@Q Chromatography Purificati

In order to get the protein sabove 90% purity, and suitable for biochemical assays,

a subsequent purification step via ion -exchange chromatography was used after
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Ni-NTA chromatography. Proteins were exchanged into Q-Buffer A and run
through an anion exchange MonaQ column. The column is positively charged
and therefore, negatively charged proteins stick to the column and can be eluted
with a salt gradient. When proteins are in a buffer with a pH greater than their
pl, they have a net negative charge, as basic groups of the protein te nd to be
uncharged, while negative charges arise from carboxylic acid groups (Albert et

al 2002). This process was carried out at room temperature.

22. 3Protocol to remove uncl eav-ed
t ags

100 OI-NTA ResilNwas cleaned, in Q-Buffer A (same buffer as the proteins
were in), and then added to the protein. The sample was agitated gently for 15
minutes to allow binding to the resin to occur. This removed any uncleaved
protein, cleaved His -tags and TEV from the solution. To remove the resin, and any
precipitate, the sample was then filter sterilised with a sterile 0.2 -micron filter.

SDSPAGE analysisvas then used to determine to protein purity.

Methods 2.3.1: Rhea Expression and Purification

23.1.1 Rhea Expression Trial

For the initial expression trial, overnight s of BL21(DES3) cells transformed with
petl51-TOPO DNA vectors containing eitherFO-WT or FO-K17Ewere put on. These
overnights were cultured in autoclaved, bevelled flasks containing 750 ml of LB
+ Amp. The volumes of each overnight culture added were adjusted according to
their respective ODses. This ensured that the cultures would be at the same
starting density at time 0. The cultures were incubated and shaken at 37°C for
around 4 hours, until the OD se¢s5 reached 0.5. The cells were induced for 3 hours
with 0.25 mM IPTG. The cells were harvested prior to a solubility test being
performed ( see 2.2.6.1) and then discarded.
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23.1.2 Rhea Expression Optimisatio

Further cultures were grown of FO-WT and FOK17E, as before, but upon reaching

the correct OD, the flasks were then taken out of the incubator, and placed into

room temperature watertocool . Once cool the flasks we
IPTG and incubated with shaken overnight at 18°C. Cells were harvested (see

2.2.7) and stored at -20°C.

23. 1.3 Rhea Purification

Cells pellets were lysed and centrifuged ( see 2.2.8), and the soluble fractions
were purified using Ni-NTA FPLC gee 2.2.10). The main A280 peaks for each
protein corresponded to fractions A1l -Al5, with a second peak arising between
B15B14. These fractions were analysed with SDSPAGE prior to pooling the A12-
A15 fractions for FO-WT and the A11-A15 fractions for Rhea FO-WT and FO-K17E
The protein was desalted into Q -Buffer A (see 2.2.11.1) and cleaved overnight
with TEV (a cysteine protease that cleaves between the Q \S of the ENLYFQS
sequence that links the His -tag to the protein) at 4°C. The following day, the
prep was cloudy, indicating a large amount of precipitation. A fraction was taken
and then the sample was spun for two minutes, and transferred to a clean falcon
tube, to separate it from the precipitate. The sample was purified via ion
exchange chromatography (section 2.2.12). The FO-WT and FGK17E proteins
were present in the flowthrough; the proteins bound very weakly to the column,
but were washed out with the low salt buffer. To check that the TEV cleavage
had been successful in removing the His-tag, uncleaved and cleaved fractions
were analysed by SDSPAGE.The flowthroughs were aliquoted into 1 ml fractions,

flash-frozen with liquid nitrogen and stored at -20°C.

23.1.4 RheRT Expression and Purifi

Isotopic labelling was performed by culturing in 2M9 minimal media. 2x 750 m|
flasks of 2M9 solution A were prepared and autoclaved in bevelled flasks. The

2M9 solution B is not able to be autoclaved and so was prepared and filter
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sterilised into 2x falcon tubes. Prior to growth the 2M9 solution B was added to

the 2M9 solution A to produce 2M9 minimal media.

In order for the cells to become acclimatised to minimal media, overnight
cultures were grown in 2M9. A scraping of the glycerol stocks of FO -WT and FG
K17E was cultured overnight with 10 ml 2M9 solution Aand270 01 of 2 M9 s
B. The following morning, after successful growth, fresh glycerol stocks were

made of these cells, for use with future preps in mini mal media. Adjusted
volumes of overnight culture were added to each flask, which were t hen grown

up and purified as described in section 2.3.1.3. A notable difference is that

additional TEV was added to ensure complete cleavage of the proteins.

23.1.5 Rh@&NaFO7E Expression and Pur

Double labelled Rhea FO-WT was producedusing the same conditions as described
in 2.3.1.4, aside from the use of isotopically labelled, D-Glucose-*3Cs. Additional
TEV was required to obtain complete cleavage prior to Q -Column Purification,
and this was achieved by adding more TEV at room temperature for 40 minutes.
Subsequently, cleaved His-tags and uncleaved protein were removed (see
2.2.13). The protein was put in a 3,000 Da concentrator and spun for 2x 20
minutes at 4000 rpm and concentra ted down to 1 ml, where the concentration

was measured at 5 mg/ml .

The 1 ml of concentrated proteinwas split ;500 Ol was used i mme
anal ysi s, and the other 500 -ZDfC. was f | as|

Methods 2.3.2: Rhea CD Analysis

23. 2.1 Full Spectrum Measur ement

Rhea-WFOwas amg/Omli508kKHd7 BEO0atmgld/.ml9 6f or CD
Ful | spectrum measurements were done at

pitch noni, OO0 Mi n scanning speed, MWMmb5Sbard
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wi dt h, accumul aani dmr oedf 9D&NAA Nd nre a s uweernee n
performed on a Jasco J715 and converted
pr evi @Kellg Jegs and Price, 2005).

23. 2.2 Variable Temperature Experi |

Th¥ariable temperature measurement waa&s
sect2.o3n,&t 1la wavel ennngt hs toafr t2i0NBg at 20AC &
with a data pitch of 2 AC, del ay time o
2AC/ minut e,

Methods 2.3.3: Rhea NMR Analysis

23. 3lD and HSQC of Rhea

All NMR experiments were performed on a Bruker 600 MHz spectrometer
equipped with CryoProbe. To prepare samples for NMR analysis, 25ul of D20
was added to 425 pl of °N labelled sample to yield a 450 ul sample suitable for
NMR Rhea FGWT was at 0.90 mg/ml and FO-K17E at 1.10 mg/ml. Experiments
were done at 298 K, at pH 6.5.

Methods 2.3.4: Rhea Backbone Assignment

23.4.1 Triple Resonance Protocol

13CI5N Rhea FOWT was at 5.0 mg/ml. 25 pl of D20 was added to 425 pl of
double labelled sample to yield a 450 ul sample suitable for NMR. HNCO, HNCA,
HN(CO)CACB, HNCACB and HN(CO)tiple resonance experiments were
performed . Experiments were done at 298.0 K, at pH 6.5. The experiments

were processed using TOPSPIN.
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23. 4B2ckbone AsGvieg nvineenu

The information from this section comes from a series of lecture notes, for a
graduate NMR <course, entitled oOTriple
determinationd6é, from Mark Girvin and Se
of Medicine, NY, 2012 who cite the following authors: Cavanagh, J. ( 2007).
Protein NMR spectroscopy. Amsterdam: Academic Press. Evans, J. (1995).
Biomolecular NMR spectroscopy. Oxford: Oxford University Press. Additional

information comes from Goult et al., 2015

As explained in the introduction, 3D NMR involves coupling spins, so that
magnetization transfer occurs between different atomic species within the
protein backbone. For the assignment in this study, 5 experiments were carried

out to allow peaks to be observed for different carbons atiandi -1.

Notethat thecar bonyl i s typically referred to
and the beta carbon as o0CB6 which is th

on all amino acids aside from glycine).

The first experiment was the HNCO Figure 15A). In this experiment, the
magnetization was transferred from the amide proton to the nitrogen. From

there, it was transferred to the carbon of the carbonyl of the prece  ding residue,
i-1. From CO, the magnetization was passed back to the nitrogen, and then
hydrogen, for acquisition. Having performed a HNCO we observe a single peak

for the CO ati -1 for each amino acid.

<9 il |
\
J\ J A gt - ”
HNCO
K}\C 7l I

/\\\\ J \ r il 7
o e 4 s
HNCA !

Figumdransfer of Magnetisation in HNCO an
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The next experiment was the HNCA (Figure 15B). The magnetization was
transferred from the proton to the nitrogen again, but this time it principally
transferred to the C A at i. We therefore see a peak for this C A. We also observe
a peak for the C A-1, as the magnetization skips across the i-1 CO. Usually this

peak is smaller than for the CA

The HN(CO)CACB was one of the most important experiments, in that it
transferred the magnetization from the proton, to the nitrogen, skipping across
the CO, to the CA1 and CB1. We therefore observe peaks for the CA1 and CB
1 (Figure 16C).

HNCACB

Fi gurbeTransfer of magnetisation in HN(CO)

The next triple resonance experiment performed was the HNCACB. After
transferring from the hydrogen to the nitrogen (Figure 16D), the magnetization
passed to the CA and CB at i. We therefore observe peaks for these. We also see
peaks, for the CA-1 and CB-1, as the magnetization skips over the CO and passes
to these two carbons. This experiment therefore results in four observable
chemical shift peaks CA, CB, CA-1 and CB-1.

| ‘ X‘- -4 5 ¥ E [ i

HN(CO)CA

Fi guridransfer of magnetisation in HN(CO)C
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The final experiment used for the assignment was the HN(C O)CA, where the
magnetization passed to the CA-1 (Figure 17E), which we observe as a single
peak.

2. 3.U4si83ngliIntf loirsnat iBaokbaénsei gnment

The HNCACSB tells us the chemical shifts for the CA, CB, CA-1 and CB-1. For each
residue, their C A and CB values lie at defined chemical shift values (see Figure
19) This means that from the HNCACB, we can predict which amino acid we are
looking at from the C A and CB at i, and which it is next to, from the C A-1 and
CB-1. We simply need to work out which of the 4 peaks are which, and to do this,
we use the other triple resonance experiments, which can be overlaid using the
CCPNMR Anabgis software. In order to determine which 2 peaks belong to i, and
which belong to i -1, the HN(CO)CACB can be overlaid with the HNCACB, which
will mark the CA1 and CB1. The HNCA can then be overlaid to determine which
2 of the 4 peaks are the alpha carbo ns. This means that we can differentiate the

4 peaks using just those 3 experiments.

HN(CO)CACB  HN(CO)CACB
+  HN(CO)CA
HNCACB HNCA HNCACB
) 0 i
] 0 ' ]
v ¢ || o [-60ppm
0 0 |-70ppm

Fi gu8€CPNMR strips identidydin@gB CA, CB, CA

As seenin Figure 18, looking from right to left, we first see the four peaks in the

HNCACB. Toggling on the HNCA allows us to determine that the two middle peaks
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of the HNCACB are alphas. The HN(CO)CACSB tells us that the top peak of the
HNCACB must be theCB 1, whereas the next peak is the CALl. This reveals the
third peak down to be the CA own (at i), leaving the bottom peak to be the CB
own. The HN(CO)CA can be sed as a toggle to quickly determine which peak is
the CA1 when looking at the HN(CO)CACB.

When we look at the chem ical shift values of each peak , the CAatiis at 60 ppm,
and the CBat i is at 70 ppm. This tells us that we are most likely observing a
threonine ( Figure 19) which is a diagnostic residue for backbone assignment. This
is due to the fact that there are only two residues with a beta chemical shift
higher than an alpha chemical shift. The chemical s hifts of the CA1 and CB1 tell

us that we could be observing an arginine.

Ala- H— P
Arg- ] -
Asp — -
Asn= .o 1+ n

ox Cys+ e ]

red Cys e e
Glu+ 4. -
Gin+ H— —
Gly+ - e
His- - - o
Tz - e —
Leuq — —
Lys R i
Met+ i .-
Phe- —
Pro4 H— w
Ser - b
Thrq #———————#——n
Trp - B ——
Tyr< H— -t
val-. T T T T T T

80 70 &0 50 40 30 20 10
*C (p.p.m.)
Fi gur9dhe range of CA and CB chemical shifts
(Girvin and Cahill, 2012)
We can6ét be sure of this initially howe

system that has a corresponding, identical chemical shift for its own alpha and
beta, as that of the alpha and beta minus one of the threonine. We see this
corresponding spin system in Figure 20, in the second row from the left (the
threonine at i+1, to the right). For thei -1 amino acid, it only has one peak for its
own i-1 (i-2 for the threonine), which can be confirmed to be a CA -1 using the
HN(CO)CA. There is only one amino acid without a beta carbon, meaning that the
downstream amino acid must be a glycine. If we then look at the entire sequence

of amino acids for the Rhea FO, we can try to identify G -R-T. In this example, it
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tur ns out that this combination is unique, only occurring once in the sequence.

We can therefore assign these residues as 67G, 68R and 69T.

67G 68R 69T 70L

.~
1

t=45

a-1 a
.IN.‘O_ . l I‘IG?IQ S .’D‘TESI —— Ilh‘].?l i :. — .
8.5 7.5 75 s a0
Fi g 2r0O&An example strip showing sequential, align

This can be confirmed when looking for the i -3 residue of the 69T. In the
sequence, this should be a proline. Proline, does not have an amide and therefore
does not have its own spin system that can be observed at i, however they can
always be seen at the i-1 of its upstream amino acid. Looking at the chemical
shift of the i -3, we see values that are diagnostic of a proline, and these CALl
and CB-1 have no matching beta and alpha own, when looking at all the other

spin systems.

The way that this is carried out in CCPNMR, isby propagating the peaks of the
CA1 and CB1 to the HN(CO)CACSB strips, and theCAand CBowns to the HNCACB
strips. Under the assignment options of the program, you can then set the
HN(CO)CACB as a query, and the HNCACB as a match. Thmeans that when you
click on the strips for a given peak, it will automatically highlight the CA1l and
CB1, and search through every other strip, to look for amino acids that have

similar chemical shifts for their CAandCBowns. I n this waywyowag
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way down the protein backbone, matching up neighbouring amino acids, until
you find diagnostic regions that tell you where in the sequence you are observing.
When selecting the peaks from the HSQC, it can be noted that there are peaks
which are not from the protein backbone. These can easily be distinguished as
side chain amino acids, as they have no proper spin systems, when navigated in
HNCACB.

Having completed the assignment, the chemical shifts were used to calculate
the dihedral angles based on chemical shift indexing with the program DANGLE
which forms part of the CCPNMR package. This created a Ramachandran Plot
output and determined the secondary structure elements of the FO domain
(Figure 36 left).

Methods 2.4: Rap Expression and Purification

24.1 RBPpression Trial and puri fic

Rapl-His and -untagged constructs were transformed into E.coli BL21(DE3) cells

as described previously. Not e t hat oORapldé when menti ol
Drosophila form, -liisk er epfreortreiinng 3tdéo, ObRuats wi
from here onwar ds. The constructs were already prepared previously by the
Goult Lab. Overnight cultures were grown in LB + Amp, and subsequently
transferred to 750 ml flasks of LB + Amp as described in section 2.3.1.1. The
flasks were induced overnight at 20°C, with 0.25 mM IPTG and harvested as
described previously (section 2.2.7). A solubility test was performed ( sections
2.2.6.1 and 2.2.6.2) and the pellets lysed and centrifuged ( section 2.2.8).
Purification was then attempted with Ni -NTA chromatography (see2.2.10), with

the observed peak being analysed with SDSPAGE.

24. 2 RBPpression Trial and puri fic

CK600K cells were kindly gifted by Dr Igor Barsukov (University of Liverpool). The

Rapl constructs were transformed into these cells after being made competent
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(section 2.2.5) and glycerol stocks were made, as described in 2.2.3. Further
cultures were grown of Rapl, as before, with the addition of Kan, due to the
CK600K cell line having Kanamycin resistance. The cultures were induced with
0.20 mM IPTG overnight at 18°C and harvested as described in section 2.2.7.
Cells were lysed and centrifuged, before being subjected to a solubility test (  see
2.2.6.2). The soluble fraction was purified with Ni -NTA chromatography as
before. Two potential Rapl bandswere identified via SDS-PAGE, although both
were in very low yields. The higher molecular weight band was deemed unlikely
to be Rapl due to its size. The lo wer molecular weight band aligned with the His -
Rapl marker and was an appropriate size. Both were sent to be analysed by mass

spectrometry.

Additionally, TEV was added to the fractions eluted from the Ni Column,
containing the Rapl targets, to see ifanin cidence of cleavage could be observed,
which would indicate the presence of the His-tagged Rapl. These were left at

room temperature overnight, mixing with an Eppendorf flea.

24. MouRapExpressibon TKeabK

The expression trial from section 2.4.2 was repeated, but this time, using a
mouse RapDb construct, pre -transformed into CK600K cells (also gifted by Dr Igor
Barsukov). The cells arrived as a lawn of plated cells, so a scraping was used to
inoculate 10 ml of LB + ampicillin + kanamycin. These were left overnight,
incubated and shaking at 37°C. 4 flasks of LB+Amp+Kan were innoculated with 2
ml of Rapl overnight culture. These flasks were incubated and shaken at 37°C
for around 3 hours, until the OD s¢s reached 0.8. before induction with 0.5 mM
IPTG overnight at 30°C. Cells were harvested as described in section 2.2.7.

Expression was analygd with a solubility test (see 2.2.6.1).

24. AMouse Rapl in CK60O0O0OK purificat

Cell pellets were lysed and centrifuged as described previously. 1 mM PMSF was

added after lysis. The construct was untagged and therefore needed to be
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purified via ion exchange chromatography. The construct comprised of residues
1-166 and had a theoretical pl of 4.69 according to UniProt. Therefore, the
protein was run on a Mono-Q column using QBuffer A at pH 8, to ensure the

protein was negatively charged and would bind to the column.

As the column volume was only 5 ml, and the entire soluble fraction was being
loaded onto the column, it was theorised that the column may get saturated with
contaminants, preventing the Rapl b from binding on the first Q -run. This
phenomenon had been previously observed within the Goult Lab, during previous
untagged purifi cation studies. In such cases, the protein would be present in the
flow -through, requiring multiple cycles of Q column until enough contaminants
had been removed to allow target binding. With this in mind, the cytosol was
loaded onto the column and the flo w through was then run onto the column a

further four times, and the eluted fractions were taken for each.

The target was present in the A10 -11 fractions of the first run , so these were
analysed with SDSPAGE and sent for MALDI Mass Spectrometry analysis.The
untagged protein needed to be isolated using size exclusion chromatography so
the A10-11 fractions were pooled and left overnight at 4°C, whilst the
preparative Superdex S200 gel filtration column equilibrated. The gel filtration
column had a 5 ml loop, so the sample was concentrated to 5 ml, and loaded
onto the column. The protein was eluted through the column with the same

buffer that the protein was already in: Q -Buffer A.

Fractions from each peak were run across 2 gels, which located Rap1l in the tallest
peak of the evaluation. The peak showed the protein was purest in fractions E6

to E11, so these were pooled and purified with a final Q-column run.

24. 4.2 Mouse Rapl in CK6O0OOK purifi

Having optimised the purification protocol for producing pure Rap1, the prep was

scaled up to 3 litres, so as to obtain enough protein for the NMR experiments.

Note that 2 mM MgCiwas added to the buffers used for the Q -column, (Q-buffer -
A and B)in this prep. The first half litre prep was run on the Q column, and the
fractions analysed with SDSPAGE.
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After confirming the proteins presence, in the A10-11 fractions (as in section
2.4.4.1), it was assumed with reasonable certainty that the results would be the
same for the remaining five half -litre preps. Each half litre flask of cells was run
separately on the Q column for ease of isolating the Rap; by loading a higher

volume onto the column, it risked the Rap failing to bind to the column.

The 5remaining Q-columns were run, and in each case, the A10 and Al1 fractions
were collected and pooled with those from the first Q -column run. This resulted
in around 50 ml of pooled elution. This was concentrated to 5 ml in a 10 kDa
concentrator and run on the gel fi Itration column as before . The peak containing
the protein s fractions were pooled to approximately 8.5 mland 1 mM PMSF was
added. The protein was exchanged into phosphate buffer using a pd10 column

(see 2.2.11.2) prior to undergoing NMR analysis with Rhea.

Methods 2.5: Rhea/Rapl NMR Experiments

25Rhea FOaamHoRB&NA RMAKIFOE wi t h Rap]

The Rhea FOWT and FO-K17Ewas at a concentration of 39.42 pM in a Shigemi
NMR tube The Rapl was added at a five-fold excess. However, densitrometry of
the SDSPAGE bands using ImageJ revealed that it was a four-fold excess, ~160
UM Rapl NMR experiments were performed at pH 6.5 and 298K, with a total
volume of 350 pl, using the plunger in the Shigemi NMR tube.
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Section 3: Results

Results 3.1: Rhea Expression and Purification

3.1 Rhea Expression Tri al

Initially, for the first expression trial, both the Rhea FO -WT and FOK17E were
predominantly insoluble (Figure 21). In spite of this, t he cultures grew well, with

a large overexpression of protein being observed.

1 2 3 4 5 6 7 1 2 3 4 5 6
A B
14kDa
_> — e ——
6kDa
Fi g@rigri al 1 solubili-Wy ardctKIDE. Rhea FO

solubility tests for Rhea FO -WT (A) and Rhea FOGK17E B). A1/B1 are ma rker lanes. A2/B2
represent pre -induction fractions, A3/B3 show post induction +1hr, A4/B4 post
induction +2hrs, A5/B5 post induction +3hrs/whole cell contents of harvested cells,

A6/B6 insoluble fraction, A7/B7 soluble fraction. Arrow marks proteins of interest.

Expression levels remained relatively constant from two hours onwards (Lanes
2-4), with expression appearing to double between the first and second hours.
Despite good expressim, the soluble fraction of each protein was largely void
of protein, being almost entirely present in the insoluble pellet. It can be

estimated from the gel that we are looking at upwards of 90% insolubility. It is
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likely that at these induction conditions , the protein is being made too quickly,

forming aggregates and ending up as inclusion bodies.

3. 1RIRea Expression Optimisation

In the second trial, the expression conditions were adjusted to slow the rate of
expression, this was achieved by lowering the temperature to 18 °C and the IPTG
concentration to 200 puM. T he optimisations resulted in considerably improved

yields, with the protein being completely soluble (  Figure 22).

14kDa

6kDa

Fi gerar i al 2 solubili-wy arerdtKIDE. Rhea FO
M is the marker lane. Lanes 1 and 3 show the whole cell fractions for the two sonicated
pellets of FO -WT, with 2* and 4* showing their soluble fractions respectively. Lanes 5
and 7 show the whole cell fractions for the two sonicated pellets of FO  -K17E, with 6*

and 8* showing their soluble f ractions respectively.

31.3 Rhea Purification

Having determined the conditions to express soluble Rhea FO-WT and FOK17E,
they were successfully purified as evidenced by a large A280 peak observed for
both proteins (Figure 23A+B). Some of the protein was lost through purification
due to a leak on the Akta. Fortunately, the protein was abundant, so this lost

protein was not critical.
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300(- 5 mmmmnr E— e — .
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Absorbance mAU

Collected Fractions

14kDa

6kDa

Fi g 2r3&iNTA purification of Rhea FO

A-B the nickel column evaluations of Rhea FO -WT (A) and Rhea FOK17E @) with the main
peak being displayed between fractions A11 -Al5 (blue bar) . A second peak was observed
between B15-B14(red bar) , but SDS PAGE showed it be largely non-specific contaminant s
bound to the column. The peak at A2 (green bar) was due to a leak of high imidazole
buffer , a technical issue of the Akta system used. C the fractions eluted from the Ni -
column for FO-K17E (FOWT data not shown). M displays the marker. 1. shows the A2
fraction, 2. A11, 3. Al12, 4. A13, 5. Al4, 6. A15. 7. B15, 8. B14, 9. The flow -through.

The proteins were cleaved to remove their His -tags; the results of which can be

seen in Figure 24.
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14kDa

6kDa

Figkdd EV cl eavage of Rhea FO
1. FO-WT desalted, before TEV addition, 2. FO -WT + TEV before spin, 3. FO-WT + TEV
after spin, 4. FO -WT flow-through of Q -column, Arrow (black) shows protein prior to

cleavage, arrow (red) shows protein after cleavage.

The subsequent round of Q-purification resulted in highly pure Rhea FO -WT, having

separated it from contaminants (Figure 25).
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Fi g®r5¢é on Exchange Purification of Rhea FO
A) A large volume of protein did not bind to the Q -column and was detected in the
flowthrough . The large peak in A280 absorbance (blue trace) is predominantly FO-WT
protein. B) shows the evaluation from the Akta for FO -K17E (FOGWT data not shown). A2
is marked with the green bar and A11 -14 with the blue bar. As expected from the

loading, only a very small peak was o bserved with most FO present in the flowthrough
B) shows the corresponding fractions from B, where M. Marker, 1. A2, 2. All, 3. Al 2, 4.
Al3, 5. Al4, 6. The flow -through as shown in A

The presence of small bands eluted from the Q-column (Figure 25) suggest that
this purification process was effective

to the column, therefore being separated from the protein.

31.4 RMNed&WT Expression and Purifi

5N labelling is relatively costly, so we wanted to be sure that Rhea could be
successfully expressd and purified before undergoing this process. Having
achieved this, the Rhea FO-WT and FOK17E were labelled with °N. This was
achieved using 2M9 minimal media where the sole nitrogen source was °N-
labelled ammonium sulphate. The solubility tests showed that the optimised

conditions from section 2.3.1.2 were highly repeatable in this minimal media

prep, with comparably high expression and solubility of the proteins  (Figure 26).
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Fi g@kmB&xpression and Purification of Labelle

A) N FO-WT / B) **N FO-K17E: M. marker, 1. Whole cell post -induction fraction after
sonication, 2. Soluble protein fraction after centrifugation, 3. Pooled All -A15 of Ni
Column, 4. Desalted protein, 5. Protein after TEV cleavage, 6. Protein after TEV
cleavage after centrifugationto remove precipitation . Arrow indicates protein location
prior to cleavage. * marks protein after cleavage C) Ni Evaluation of *NFOWT. D) Ni
Evaluation of ®NFO-K17E A2 fractions on C) + D) are marked (green bar), as are the
A11-15 fractions (blue bar) an d the contaminant peak (red bar).

When purifying the proteins on the Ni -NTA and Q columns, they behaved
identically to when unlabelled. The ReverseQ process was more dramatic in this
case, with the contaminants, that were removed by the column, being more
visible on the gel (Figure 27A+B. The gel also reveals that the additional TEV
was successful to fully cleave the protein, with a gel being run to clearly
demonstrate the size difference between the His -tagged and fully cleaved

protein ( Figure 27C).
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Fi g®rifé¢ on Exchange Purification and Cl eavage
A) fractions from Mono -Q for ®NFOK17E, M. marker, 1. A2, 2. A12, 3. A13, 4. Al4, 5.

B15, 6. Flow-through. B) fractions from Mono -Q for **®NFO-WT, M. marker, 1. A2, 2. A12,

3. Al13, 4. Al14, 5. B15, 6. Flow -through (small peak) 7 . flow -through (main peak). C) M.
marker, 1. NFOWT desalted before TEV cleavage, 2-3. **NFOWT flow-through 4-5.
BNFOWT A2 6. '*NFO-K17E desalted before TEV cleavage, 7. ®NFO-K17E flow-through,

8. ’NFOK17E A2. All fractions taken were 5001 , b oi | &dof sampletbuffér Gor

5 minutes at 95°C. D) Q-Evaluation of Rhea FO-K17E andE) Q-Evaluation of Rhea FO-

WT, with A2 (green bar) fraction, and A12 -B15 (blue bar) indicated.

31.5 RRé™W FKO17E Expression and Pur |

Having optimised the conditions to give correctly folded, soluble prote in suitable
for NMR analysis, a doubly labelled *3C 15N protein was successfully produced and
purified using the same methods (see Figure 28). Uncleaved protein and cleaved

His-tags were successfully removed from the prep.
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Fi g@B8&xpression and Purification of Doubl e
A) M. marker, 1. Sonicated *C"NFO-WT pellet, 2. Centrifuged *C"*NFOWT, 4. A13-A15
fractions pooled from Ni -Column, 5. Pooled fractions desalted into Q Buffer A, 6.
BCINFOWT after cleavage with TEV before spin, 7. CNFOWT after cleavage with

TEV after spin. B) M. marker, 1. *C®NFOWT after cleavage with TEV after spin, 2.
BCNFOWT after Ni Resin and additional TEV, 3. *CNFOWT after Ni Resin and
additional TEV then subsequent spin and filt ration, 4. Flow -through of Q column
showing purified “CNFO-WT. C) Evaluation from Ni -Column showing peak between
A13-A15 fractions (red bar). D) Evaluation from Mono-Q column run, indicating low

levels of weak binding of contaminants (gel of fractions not shown).

This protein was used to perform triple resonance NMR experiments for the Rhea

FO backbone assignments as described in the Method section2.3.4.

Results 3.2: Unlabeled Rhea CD Analysis

CD analyses allowed us to check whether the folding and stability of the wild
type and mutant Rhea FO remained the same, to ensure that gross structural

changes had not occurred from the K to E substitution.
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CD Full Spectrum Measurement at
. 20°C of Rhea FO-WT
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50000

-100000
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-200000

-250000

Mean Residue Ellipticity deg.cm?dmol?

-300000

100000 CD Full Spectrum Measurement at
o 20°C of Rhea FO-K17E

50000

-50000
-100000
-150000
-200000

-250000

Mean Residue Ellipticity deg.cm?dmol?

-300000

Fi g®Mdhe FulrdumpMedasur ementWT oandkbF@E FO
The top figure shows the circular dichroism full spectrum measurement of Rhea FO-WT

at 20°C. It confirms that the protein is stable and folded, containing a mixture of alpha

and beta secondary structure. The main peak is at ~208 nm. The bottom figure shows
the equivalent full spectrum measurement for the Rhea FO -K17E mutant protein. Both
measurements are identical, revealing that the mutant protein is similarly folded. These
spectra are overlaid in figure 30.

Overlay of 20°C Spectrum Measurement for Rhea FO-WT
and FO-K17E

100000

100000
150000
-200000

250000

300000

®WT @ Mutant

Fi gBrO®verlay of full spectrumWheasnekKrlé&/fke nt s
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Overlaying the full spectrum measurements for Rhea FO -WT and FOK17E shows that the
two proteins have identical folding. The ratio of alpha to beta structure is identical
between both protein s. This allows us to confirm that the K17E substitution has not
resulted in gross structural changes within the Rhea FO domain. This is an important
control for the NMR experiments, as it allows us to conclude that disrupted binding can

be directly linked to the amino acid substitution, and not therefore as a result of the
mutant protein being unrecognizable compared to its wild -type counterpart; if the
changes to the protein are too severe, we would logically not expect binding to occur
and subsequently could not conclude that K17 is a key residue involved in Rap1l binding.

circular dichroism reference spectra for poly-L-lysine
based on data from Greenfield & Fasman 1969 (PMID: 5346380} Table 1

80,000 = alpha helix
193 nm

60,000 — = random coil

40,000

molar ellipticity (deg/m/M)

-60,000 T T | | |
190 200 210 220 230 240 250
wavelength (nm)
Fi gwBridypi cal Reference Spectra for structur:
Dichroism (Minikel, 2015)

The above figure shows the standard reference spectra for alpha helix (blue), beta sheet
(orange) and random coil (grey). This data can be compared to the peaks obtained in a
given proteinds CD spectrum, to predi prdteint he
that is mostly alpha helical for example, will display characteristic peaks at 208 - and 222
nm. The main peak observed in a protein mostly comprised of beta sheet is typically
around 218 nm, whereas random coil typically peaks at 195 nm. These values are
idealistic however, and proteins comprised of all three elements will reveal peaks
somewhere between these values. The full spectrum measurements of Rhea FO -WT and
FO-K17E for example, indicate the presence of alpha helix (with a negative peak arou nd
208 nm) and beta sheet (with a second peak occurring at around 215 nm). When
denaturing the FO proteins, the measurements at 208 nm clearly demonstrated a shift to
random coil following denaturation (data not shown).

The CD analysis revealed that the protein contained a combination of alpha and
beta secondary elements, determined with reference spectra ( see Figure 31), in
good agreement with the structure of mouse FO. An overlay of full spectrum

measurements of the wild type and mutant Rhea FO proteins confirm that their
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folding remains the same via CD (Figure 29, Figure 30), and their thermal
stabilities are similarly almost identical. The melting curves at 208 nm for each
protein have the same T m (midpoint temperature of transition, where 50% of the
protein molecules are unfolded (Allen and Cooper, 1999)) of 74°C (Figure 32).
This shows that the mutation of the surface exposed K17 residue has not
perturbed the structural integrity.  This is an important result as it allows us to
conclude, with confidence, that the biological phenotype is not due to a

secondary effect such as destabilisation of the Rhea.

Overlay of Melting Curves for Rhea FO-WT and FO-K17E at 208nm

0
20 30 40 50 60 70 80 90

50000 Temperature °C

-100000
-150000
-200000
-250000
-300000

-350000

Mean Residue Ellipticity deg.cm?dmol™

WT 208nm Mutant 208nm

Overlay of Melting Curves for Rhea FO-WT and FO-K17E at 208nm

0

20 30 40 50 60 70 80 90
50000 Temperature °C

-100000 74°C
-150000
-200000
-250000

-300000

Mean Residue Ellipticity deg.cm?dmol™

-350000

WT 208nm Mutant 208nm

Fi gBr®Overl ay of mel ti FmWT uawe §FEEMT d eRtheerami nat i

of Tm for each protein
The top figure shows the denaturation (melting curve) of Rhea FO -WT (green) and FO

K17E (orange) from 20°C to 90°C, at 208 nm. The melting curve for both proteins is
identical and reveal a Tm ( midpoint temperature of transition, where 50% of the protein
molecules are unfolded (Allen and Cooper, 1999) of 74°C (calculation of which is shown
in the bottom figure).  This shows that the mutation of the surface exposed K17 residue
has not perturbed the structural integrity.
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Results 3.3: N Rhea NMR Analysis

Having successfully purified the >N labelled protein, 1D and HSQC NMR spectra
were obtained for each. Both spectra show that the proteins were correctly
folded, with the HSQC displaying evenly d ispersed peaks (Figure 33), and the 1D
spectra displaying shifted methyls, indicative of a folded monomeric protein.
Overlaying the spectra confirmed that we indeed had isolated the wild type and
mutant versions of th e same proteins, with a heavy degree of overlap of the

peaks of the two spectra but small scattered differences between them.
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Fi gB3éiSQC and 1D speeWlraneK1lFRlBea FO
Wild-Type (A) and Mutant (B) Rhea FO HSQGpectra. Wild -Type (C) and Mutant (D) Rhea
FO 1D spectra and overlay (E). The spectra of Rhea FO-K17E and FOWT show that the
proteins were correctly folded, with the HSQC displaying evenly dispersed peaks. The
1D spectra displayed shifted methyls, indicat ive of a folded monomeric protein.
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Overlaying the spectra confirmed that we indeed had isolated the wild type and mutant
versions of the same proteins, with a heavy degree of overlap of the peaks of the two
spectra but small scattered differences betweent hem.

Results 3.4: Rhea Backbone Assignment

The assignment of Rhea FO was successfullycompleted ( Figure 34) with all amide
peaks being assignedas well as the CA, CB and CO resonances for each residue,
the only missing assignments were the CO immediately before proline residues.
As explained in the methods, this is due to proline residues not having an amide
and therefore not hav ing their own spin system. The Rhea FO domain contains
three prolines, which were therefore not assigned. For a detailed breakdown of

how the assignment was carried out, see the methods section 2.3.4.
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A completed section of the assignment is shown below (Figure 35).
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Fi gBb€ompl eted Assignment Strips from CCPNNM
The location of 4 assigned sequential amino acids on the HSQC spectra (A) and their
corresponding strips (B), showing the HNCACB and HN(CO)CACB. The HNCACB shows the
alpha and beta carbons of each amino acid, in addition to the alpha and beta carbons

of the residue at i -1 in the N terminal dir ection. The alpha and beta carbon chemical
shifts of 69 are diagnostic of a threonine. The arginine nextto it  was harder to assign
with certainty, however, it is next to a glycine; clear from not having a beta carbon

and a characteristic alpha position . The sequence G-R-T only appears once in the amino
acid sequence, meaning that we can assign these residues with certainty. Further
certainty comes from there being a proline at  the next residue downstream of 67G.
Proline do not have an amide and so do not produce a spin system, and as expected,
there is no matching alpha and beta for the alpha - and beta-1 chemical shifts observed

in the 67G HNCACB. This method allows us to assign the entire spectrum.

Having completed the assignment, the chemical shifts of all the CA, CO and CB

residues were assigned to their corresponding residues, completing the backbone
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assignment. These assignments were then exported in NMRSTAR format and

deposited into the Biomagnetic Resonance Bank (BMRB), a public repository for
NMR data.

As well as providing sequential information, the chemical shift assignments were
used to calculate the dihedral angles based on chemical shift indexing with the
program DANGLE which forms part of the CCPNMR package. This created a
RamachandranPlot output and determined the secondary structure elements of
the FO domain (Figure 36 left). By comparing these to a predicted structural
model created using Phyre, which used mouse talin FO as a template, we could
confirm that the assignment swere correct and also confirm that Rhea FO has the
same secondary structure elements as mouse talin FO (Figure 36 right). These

results reveal that the assignment was successful.
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The Ramachandran Plot predicted sheet structure between residues 16 -21 (A) and a helix
between residues 28-36 (B) which maps accurately to corresponding regions of the Phyre model
(right) (Kelley LA et al. 2015).

Results 3.5: Rap Expression and Purification

35,1 Rapl Expression Trial and pur

Full length Drosophila Ras-like Protein 3 was found to be insoluble in BL21(DE3)
E.coli cells. The cells were very slow to grow, suggesting that the constructs were
inducing toxicity within the cells. Additionally, the thawed cell pellets were very
stringy, suggesting the presence of a large amount of DNA. It appears that the
tagged construct expressed better, however both constructs were insoluble
(Figure 37A). Sonicating the cells in a larger volume was attempted, to test
whether ineffective sonication had resulted in the protein being in the insoluble
debris pellet (Figure 37B). The protein appeared to remain insoluble. Due to their
overexpression, the proteins were easily identifiable on the gel, with their bands
appearing at the expec ted size of around 20kDa. The untagged construct was also

slightly smaller on the gel, further confirming each proteins identity on the gel.

28kDa
_ - [ =]
17kDa
Fi gB8r7f&ol ubility test of Rapl in BL21(DE3)

A) M. marker, 1. Pre -induction His -Rapl, 2. Whole cell fraction for His -Rap1 (also shown
in B1), 3. Insoluble fraction of His -Rapl, 4. Soluble fraction of His -Rapl (also shown in
B2), 5. Pre-induction UT -Rap1, 6. Whole cell fraction for UT -Rapl (also shown in B3),



71

7. Insoluble fraction of UT -Rap1, 8. Soluble fraction of UT -Rap1 (also shown inB4). His-
Rapl is indicated with the green box, UT -Rap1l with the blue box.

Attempting to purify the soluble fraction of the His -tagged construct was
unsuccessful, despite an initially promising A280 peak being observed in the Ni -
NTA purification process (Figure 38).
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62kDa
A 49KDa : ‘B
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28kDa
-
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0- 6kDa
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Collected Fractions

Fi gBBAttempting to purify Rapl from BL21(DE
A) evaluation for the His -Rapl soluble fraction. A280 is shown in green and A260 in red.

The green bar indicates the location of A2, the Blue bar indicates A11 -B14B) Fractions

from Q evaluation. M. marker, 1. A2, 2. All, 3. A12, 4. A13, 5. Al4, 6. Al15, 7. B15, 8.

B14, 9. Flow-through. The only possible target is highlighted with the blue box,

however, it was determined to be slightly too large and at too low a vyield for
meaningful assay.

The peak at A280nm was re-examined and shown to also have high absorbance
at A260nm, suggesting that the peak could be the result of a large amount of
DNA. This idea is supported by the consistency of the pellets upon thawing, and
the slow cell growth rate observed. There wa s a potential target identified from
the gel as being the Rap1l protein ( blue box, Figure 38B), however, it was in too
low a yield for use in the NMR ex periments. Additionally, the identified target
appears slightly too large to be the Rapl.

35.2 Rapl Expression Trial and pur
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We were gifted CK600K cells by Dr Igor Barsukov (University of Liverpool), who
has expertise in working with small GTPases. These cells were more tolerable of
the Rap1l vectors than BL21(DE3) cells, due to a faster growth rate. The results
of this expression test was similarly disappointing however, with there being no

visible overexpression on the gel ( Figure 39).

60kDa
50kDa

40kDa
30kDa

25kDa
20kDa

15kDa

10kDa

Fi gBr9&ol ubility Test of Rapl in CK600K
solubility test of drosophila Rapl -His (1 + 2) and RaptUT (3 + 4). M. marker, 1/3. whole
cell fractions, 2/4. soluble fractions

The gel did reveal several proteins at approximately the right size of the Rapl
tagged construct, however, these proteins were the same size across both th e
tagged and untagged construct lanes, suggesting that they were not the Rap
protein. In order to look for the presence of any Rap1l, even if at low expression,
the soluble fraction of the His -tagged construct prep was purified with Ni -NTA

affinity chromatography (Figure 40).



1600-

Absorbance
mAU

200-

Collected Fractions

30kDa

25kDa
20kDa

15kDa

Fi guW@O&INTA chromatography
A) Ni Evaluation of His -Rapl in CK600K cells displaying a small double peak (400 mAU)

between the A12 and Al4 eluted fractions.

i denti fies

t wo Raj

The green bar indicates A3, the blue

indicates A11-A15 and the red indicates A12-14 B) fractions from Ni column elution. M.

marker, 1. A3, 2. Al1, 3. Al12, 4. A13, 5. Al4, 6. Al15, 7. flow

-through, 8. Sonic ated His-

Rapl from 3.1.5 prep. Green box indicates a potential (but unlikely) target for Rap1,
the red box indicates a more likely candidate for Rapl (despite low yield), the blue box
indicates the presence of His -Rapl (used as a marker). Green and red targets were

analysed with mass spec.

The results were again disappointing, with only a small peak being observed on

the evaluation. Two possible candidates were identified that could have been

Rap1, one of which was a correct size match using a Rap1 marker (Figure 40B).

Figurilattempting
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Rapl

targets

TEV addition to the A12 -14 elutions from the Ni -Column; no cleavage was observed. M.
marker, 1. A12 before TEV addition, 2. A12 after TEV addition, 3. A13 before TEV
addition, 4. A13 after TEV addition, 5. A14 before TEV addition, 6. Al4 after TEV

addition .
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No cleavage was achieved with these proteins (Figure 41), making it likely that

neither targets were Rapl. To confirm this, stabs of the gel (shown in Figure 40B)
were taken and identified as E. coli 30S ribosomal protein S2 and cAMRactivated
global transcriptional regulator CRP (Figure 42), via Mass Spectroscopy,

confirming that they were not Rapl but E.coli proteins

1. R52 ECOZ7 Masz=: ZET7E4 Score: 144 Expect: 2.22-00% Matches: 20
305 riboscmal protein SZ 0S=Eacherichia coli 0127:H6 (strain E2348/69 / EPEC) GN=rpsB PE=3 SV=1
RS2 EC043 Mass: Zg784 Score: 144 Expect: Z.2=2-00% Matches: Z0
305 riboscmal protein 52 0S=Escherichia coli 045:K1 (strain 38E / EXPEC) GN=rpsB PE=3 5V=1
R5Z2 ECO57 Mass: Z&784 Score: 144 Expect: Z.2=2-00% Matches: Z0
305 riboscmal protein S5Z 0S=Escherichia coli 0157:H7 GN=rpsB PE=3 5V=2
RS52 ECOSE Masz=: ZET7E4 Score: 144 Expect: 2.22-00% Matches: 20
305 riboscmal protein SZ 0S=Escherichias eoli 0157:H7 (strain EC4115 / EHEC) GH=rpsE PE=3 SV=1
RS2 ECOTI Mass: ZgTE4 Score: 144 Expect: Z.2=2-00% Matches: Z0
305 riboscmal protein 52 0S=Escherichia coli 07:Kl (strain IAT39 / ExXPEC) GN=rpsB PE=3 S5V=1
R5Z2 ECOEL Mass: Z&784 Score: 144 Expect: Z.Z2e-00 Matches: 20
305 ribosomal protein 5Z 05=Escherichia coli 081 (strain EDla) GN=rpsB PE=3 5V=1
RS2 ECOBW Mass: ZgTE4 Score: 144 Expect: 2.2=2-00% Matches: 20
30S riboscmal protein SZ 0S=Escherichias ecoli (strain K12 / MC4100 / BW255Z2) GH=rpsE PE=3 SV=1
R52 ECODH Mass: Zg784 Score: 144 Expect: Z.2=2-00% Matches: Z0
305 riboscmal protein 52 0S=Escherichia coli (strain K12 7 DHIOB) GH=rpsB PE=3 3V=1
R5Z2 ECOKL Mass: Z&784 Score: 144 Expect: Z.Z2e-00 Matches: 20
305 riboscmal protein SZ 0S=Escherichia coli 01:K1 / RPEC GN=rpsB PE=3 S5V=1
RS2 ECOLS Mass: ZE7E4 Score: 144 Expect: 2.2=2-00% Matches: 20
305 riboscmal protein SZ 0S=Escherichias ecoli 06:K15:H31 (strain 536 / UPEC) GH=rpsE PE=3 SV=1
RS2 ECOL& Mass: Z67E4 Score: 144 Expect: 2.2=2-00% Matches: Z0
305 riboscmal protein 52 0S=Escherichia coli 06:H1 (strain CFTO73 / ATCC 7009%2% / UPEC) GN=rpsB PE=3 5V=2
R5Z2 ECOLC Mass: Z&784 Score: 144 Expect: Z.Z2e-00 Matches: 20
305 ribosomal protein 52 05=Escherichia coli (straim ATCC 873% / DSM 1576 / Crooks) GN=rpsB PE=3 5V=1
1. Score: 179 Expect: £.9e-013 Matches: 15

riptional regqulator CRE OS=E
Score: 179 Expect: €.%e

erichia coli C157:H7 GN=crp PE=3 5V=1
3 Matches: 13

nscriptional regulator CRP OS=Escherichia coli O6:H1 (strain CFT073 / ATCC 700828 / UPEC) GN=crp EBE=3 SV=1
Score: 179 Expect: €.%=-013 Matches: 15
vated glcbal transcriptional regulator CRP OS=Escherichia coli (strain K12) GN=crp PE=1 SV=1
Mass: 23812 Score: 179 Expect: €.9e-013 Matches: 15
vated globel transcriptional regulator CRP OS=Entercbacter aerogenes GN=crp PE=1 S5v=1
CR Mass: 23812 Score: 179 Expect: €.9e-013 Matches: 15
vated global transcriptional regulator CRP OS=Salmonella typhimurium (strain LT2 / SG5C1412 / ATCC 700720) GN=crp PE=1 Sv=1

Score: 179 Expect: €.%=-013 Matches: 15
transcriptional regulator CRP OS=Shigella flexneri GN=crp PE=3 SV=1
¥3711 C Mass: 1040% Score: 32 Expect: 3.7e+002 Matches: 3
Uncharacterized protein CR C3711 0F=Clostridium acetcbutylicum (strain ATCC 824 / DSM 792 / JCM 141% / LMG 5710 / VEM B-1787) GN=CR_C3711 PE=4 5V=2

FigurdMass Spedewofpossithr geRagd

Upper the mass spec of the higher molecular weight target was identified as E. coli 30S
ribosomal protein S2 and lower the mass spec of the lower molecular weight target was
identified as E. coli CAMP -activated global transcriptional regulator CRP, with a high

degree of certainty.

35.3 Mouse Rapl Expression Tri al

It was observed in the literature that most structures of Rapl b had previously
been based off a truncated protein (residues 1 -166, spanning the conserved G-

Domain), in CK600K cells, using a ptac expression system((Edreira et al., 2009),
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(Kupzig et al.,, 2006), (Tucker et al 1986)) . Dr Igor Barsukov (University of
Liverpool) gifted us this construct, which was originally supplied to Dr David
Critchley, by Dr Alfred Wittinghofer at the Max Planck Institute of Physiology; a

leading expert in the structural analysis of small GTPases.

The resulting expression and solubility test from this construct was promising

with a prominent , overexpressed band in the soluble fraction (Figure 43 lane 4).

M
———
— —e
30kDa [ .
—
25kDa | s—
20kDa | . | : : |
15kDa | s
—
Figuwd&ol ubility test showing Soluble Rapl

M. marker, 1. Pre -induction, 2. Post-i nduct i on 0 wh o-inductianénsolulde, 3 . |
4. Post-induction soluble. Fractions were loaded to adjust for pre - and post-induction

ODs (10.4pl or pre-induction and 4.5ul of post induction fractions). The blue box

indicate s the mouse Raplb location.

The truncated Raplb is around 2kDa smaller than the full length protein , as
determined by UniProt, with a mol ecular weight of 18 kDa . At this size, there

was a promising target band on the gel that was over expressed and 100% soluble.

35..4Mouse Rapl in CK®BGmOK purificat

As the construct was untagged, purification was successfully achieved using Q-

column ion exchange chromatography (Figure 44).
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Collected Fractions Collected Fractions
M 1 2 3 4 5 6 7 8 9 M 1 2 3 4 5 6 7 8 9
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30kDa . T
25kDa
—

20kDa

15kDa

Figurdé on Exchange purification of Rapl (1)
A) Q-Evaluation of first cycle of Q indicating presence of large volumes of protein.  A10-
B14 is indicated by the blue bar B) Flow through of first round was loaded onto Q -
column again. The evaluation is shown. The green bar indicates A2 and the red bar
indicates A10-B15. Significantly less protein eluted from the column at the lower part

of the salt gradient. A large amount of protein remained bound to the column until the

high part of the salt gradient washed through the column. Data for successive runs  are
not shown. C) gel fractions from across peak of first Q -cycle. M. marker, 1. A10, 2. A11,
3. Al12,4. Al13,5. Al4, 6. Al5, 7. B15, 8. B14, 9. Flow -through. D) M. marker, 1. A2, 2.
Al0, 3. All, 4. A12, 5. A13, 6. Al4, 7. B15, 8. Flow through from first round, 9. Flow
thro ugh from second round. The blue box indicates the location of Rapl b.

It was found that the target protein bound to the column in the first round of Q-
Purification (Figure 45A+Q. This protein was concentrated down to 5 ml and

loaded onto a preparative Superdex S200gel filtration column .
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Figurn&el filtration purification of Rapl:

A) gel filtration evaluation of the pooled A10 and Al1l fractions  from the Q -column. C1
was taken from the region indicated by the green bar, the dark blue bar indicates D2 -
D4, the light blue D7 -D12 and the red E4E11. The red box indicates the Rapl peak. B)
and C) fractions taken from peaks across the evaluation to identify Rap. M. marker, 1.
C1,2.D2,3.D3,4.D4,5. D7, 6. D10, 7. D11, 8. D12, 9. E2, 10. E7, 11. ES, 12, E9. D)
running the Rapl peak 1. A1l fraction from Q column 2. E4, 3. E5, 4. E6, 5. E7, 6. ES,
7. E9, 8. E10, 9. E11.

Gel filtration was successful in isolating pure Rapl b (Figure 45). An interesting

observation is that the isolated protein was present in two bands on the gel.

Both of these bands were sent for Mass Spec analysis and the results confirmed
that they were both Raplb (Figure 46). It is possible that the two bands on the
gel represent the nucleotide -bound state of the protein, with one band
representing the GDP bound form, and the other the GTP bound form.
Alternatively, one band could represent both GTP and GDP forms, with the ot her

band being an apo form.



RAP1B BOVIN

Mazs:

21040

Score: 342 Matches:

%(5)

Ras-related protein Rap-lb O5=Bos taurus GN=RAPF1B PFE=2 5V=1
Check to include this hit in error tolerant search or archive report

Sequences: 5(5)

78

emPAI: 3.13

Cbserved Mr(expt) Mr(calc) Ppm  Miss Score Expect Rank Unique Peptide
1258.55892 1257.5519 1257.5513 0.48 0 42 0.016 1 u K.YDETIEDSYR.K
1298,7190 1297.7117 1297,7102 1.14 1 3@ o0.082 1 u R, VVGKEQGQNLAR . Q
1319.6321 1318.6248 131B.6187 4.62 1 21 4 1 u K.CDLEDERVVGK.E
1386.6516 1385.6444 1385.6463 -1.39 1 22 0.47 1 u K. YDETIEDSYRK.Q
1494.7788 1493.7715 1493.7878 -10.82 O 46 0.016 1 u K.INVNEIFYDLVE.Q
1554.6921 1553.6848 1553.6933 =-5.42 [ 48 0.0038 1 u R.QWNNCAFLESSAK. S
1643.8663 1642.8550 1642 8600 =-0.61 1 17 11 5 u R.VKDTDDVEMILVGNK.C
1665.9041 1664.8368 1664.9138 -10.18 0 54 0.0017 1 u K. SALTVQFVQGIFVEK. Y
1705.9044 1708.8972 1708.9148 -10.32 1 47 o0.011 1 u K.SKINVNEIFYDLVE.Q

Proteins matching the same set of peptides:

RAF1B CHICK Mass: 21040 Score: 342 hes: %(5) H-TH)]

Ras-related protein Rap-lb O3=Gallus gallus GN=RAP1B PE=Z SV=1

RLF1B HUMBN Mass: 21040 Scoze: 342 hes: %(5) : 9(5)

Ras-related protein Rap-1b OS=Homo sapiens GN=RAP1B PE=1 sSV=1

RAF1E MACFA Mass: 21040 Scoxe: 342 hes: 9(5) i 9(3)

Ras-related protein Rap-1b 03=Macaca fascicularis GN=RAP1B PE=2 SV=1

RAP1B MOUSE Mass: 21040 Score: 342 1 %(5) s: 9(3)

Ras-related protein Rap-1lb OS=Mus musculus GN=Raplbk PE=1 SV=2

RAP1E PRNTR Mass: 21040 Score: 342 Matches: 5(5) Sequences: %(3)

Ras-related protein Rap-1lb ©S=Fan trogleodytes GN=RAF1B PE=2 sV=1

RAP1E POMAB Maszs: 21040 Score: 342 Matches: 5(5) Sequences: %(3)

Ras-related protein Rap-1b OS=Pongo abelii GN=RAF1B PE=2Z SV=1

RAPLE Li Mass: 2104% Score: 342 tches: (5} T 85

Ras=related protein Rap-lb OS=Xenopus laevis GN=raplb PE=Z 5V=1

RAFL1E XENTR Mass: 210495 Score: 342 tches: %(5) s: 9(3)

Ras-related protein Rap-lb OS=Xenopus tropicalis GN=raplh PE=2 SV=1

RAF1E BOVIN Mass: 21040 Score: 351 Matches: %(4) Sequences: %(4) emPAI: 3.13

Ras-related protein
Check to include this hit in error telerant search or archive report

Rap-1b 05=Bos taurus GN=RAF1B FE=2 5V=1

Cbserved Mr({expt) Mr(calc) ppm Miss Score Expect Rank Unique Peptide
1258.5533 1257.5461 1257.5513 -4.18 o 34 0.077 1 U K.¥YDETIEDSYR.K
1298.7079 1297.7006 1297.7102 -7.42 1 37 .11 1 u R.VVGKEQGENLAR . &
1319.6149 1318.6076 1318.6187 =B.43 1 29 0.58 1 u K.CDLEDERVVGK .E
1386.6417 1385.6344 1385.6463 -8.55 1 35 0.11 1 u K.YDETIEDSYRK.Q
1494 7810 1453.7737 1433.7878 =-9.41 o 45 0.02 1 u K.INVNEIFYDLVR.Q
1554.6857 1553.6784 1553.6933 -9.56 0 49 0.0029 1 u R.QWNNCAFLESSAK. S
1643,.8474 1642.8401 1642.8600 -12.12 1 22 3.4 1 u R, VKDTDDVEPMILVGNEK. &
1665.9019 1664.8%46 1664.9138 -11.53 o 5% 0.00055 1 u K. SALTVQEVQGIFVEK. ¥
170%.9025 1708.8%57 1708.5148 -11.15% 1 41 0.03% 1 u K.SKINVNEIFYDLVR.Q

Proteins matching the same set of peptides:

RAP1E Mass: 21040 Score: 351 Matches: %(4) Sequences: 5(4)

Ras-related protein Rap-lb O5=Gallus gallus GN=RAPLE PE=Z SV=l

RAP1E HUMAN Mass: 21040 Score: 351 Matches: %(4) Sequences: %(4)

Ras-related protein Rap-1b OS=Homo sapiens GN=RAP1B FE=1 3V=1

RRP1B MACFR Mass: 21040 Score: 351 Matches: 5(4) Sequences: 9(4)

Ras-related protein Rap-1b OS=Macaca fascicularis GN=RAP1E PE=2 5V=1

Mass: 21040 Score: 351 Matches: %(4) Sequences: 5(4)

Ras-related protein Rap-1b 0S=Mus musculus GN=Raplbk PE=1 5V=2

RAFP1E FANTR Mass: 21040 Score: 351 Matches: %(4) Sequences: %(4)

Ras-related protein Rap-lb OS=Fan troglodytes GN=RAP1B FE=2 5V=1

RAF1E PONAB Mass: 21040 Score: 351 Matches: %(4) Sequences: 2(4)

Ras-related protein Rap-lb OS=Fongo abelii GN=RAPF1E FE=2 5V=1

RAP1E XENLE Mass: 2104% Score: 351 Matches: 5(4) Sequences: %(4)

Ras-related protein Rap-1b OS=Xenopus laevis GN=raplb FE=2 S5V=1

RRP1E XENTR Mass: Z104% Score: 351 Matches: 5(4) Sequences: 9(4)

Ras-related protein Rap-1b OS=Xenopus tropicalis GN=raplb PE=2 SV=1

Fi gumldMass Spec Il dentbfication of Rapl

Mass Spec analysis of thetop band of the gel ( Figure 44C) shown (top) and of the lower
band of the gel ( Figure 44C) shown (bottom). Both eval uations indicate that the Rap 1b
protein had been isolated and was present in both bands on the gel.
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3.5.4.2 Mouse Rapl in CK6O0OOK puri f

Having optimised the purification protocol, the procedure was scaled up to 3

litres, to produce sufficient Raplb for NMR analysis. The results of the scaled up
experiment reveal that the Rapl Q -Purification was comparable to in section
3.5.4.1, as shown by the A10-11 fractions eluted from the first half litre prep

(see Figure 47 lanes 1 and 2).

M 1 2 3 4 5 6 7 8 9

es—

et
==
30D -
25kD - —
20kD

15kD

Figuwrié&ractions from the |1 on Exchange purifi
Q-fractions from across peak of first %2 L prep. M. marker, 1. A10, 2. A11, 3. Al2, 4.

Al3, 5. Al4, 6. Al5, 7. B15, 8. B14, 9. Flow -through. Blue box indicated the location of

Rap1.

It should be expected that the intensity of Rapl seen on a gel should be

approximately the same, in the pooled A10-11 fractions from all 6 half litre preps,
as for the A10-11 of the first 500 ml prep. As seen below (Figure 48 lane 1), the
Rapl intensity appears to have the same intensity as in the first 500 ml prep

(Figure 47 lanes 1 and 2).

After pooling the six A10-11 fractions and concentrating to 5 ml, a large excess of

Raplb was observed(Figure 48 right, lane 2). In spite of this, t he Rap1l that eluted
from the gel filtration column was at a lower yield than expected; the peak
indicated a yield of protein approximately the same, if not slightly less than the

amount observed during the optimization process ( Figure 45). Nevertheless, the
peak was run on a gel and shown to be pure (Figure 48 right, lane s 3-8). The exact
reasons for this loss on the gel filtration are not clear but one possible expla nation

was that some precipitation of the Rapl had occurred at the high concentration.
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; 60kDa
50kDa
40kDa
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25kDa
20kDa

mAU

-y

15kDa

0- 10kDa

E4-E9

Fi guB&el filtration purification of Rapl:
left: gelfiltration evaluation zoomed on the Rapl peak between fractions E4 -E9. Right:
gel filtration fractions M. marker, 1. the pooled A10 -A11 fractions from the 6Q rounds,
2. Fraction 1 after concentrating to5 ml, 3. E4, 4. E5, 5. E6, 6. E7, 7. ES8, 8. EO.

Results 3.6: Rhea/Rapl NMR Experiments

Having purified the Rapl protein, Rhea FO-WT and FGK17E,NMR was used to look
at the binding of Rapl to labelled Rhea. The NMR experimentsshowed that Rhea

FO-WT was able to bind to the Rapl protein ( Figure 49, Figure 50, Figure 53,

Figure 54), with significant shifts being observed. The FO -K17E protein however,

was unable to bind the Rap1l protein, despite Rapl being in high excess (Figure
51, Figure 52, Figure 53, Figure 54).

Having assigned the peaks in the HSQC spectra ¢ection 3.4) it was possible to
identify the residues that the peaks that shifted were. To do this  chemical shift
mapping was used. This is the process of colouring chemical shifts onto the
surface of a protein structure, in order to determine where a binding site lies.

By colour coding the mapping according to the size of the shift difference, the
key residues involved in binding are highlighted on the structure. 5 residues had
particularly large chemical shifts, which mapped to the end of the FO -WT domain
(Figure 54, Figure 55, Figure 56), revealing the Rap1l binding surface on Rhea FO.
These shifts were localize d around the K17 location, with V15 and T18 being in
close proximity in the amino acid sequence. Two of the other shifts, K37 and E40,

are close to the K17 in tertiary structure. The final shift at Q9 is likely to be a
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secondary consequence of the shift caused in T18, which is in close proximity to

Q9 (Figure 55).
ot 67G
ppm -
] 716
)
105 | s 13G 0
) 0 69T
44G 61G o
J 0 4790
110 o
| 24N
00 0
126 ) : 9 g
. ; UL
1 780 :Caor 00 0 wvoo (]
115 Y. °
] 38F 15V
26T qog 7N 25 @ %N a0 O
09 <0 - 0t 257%4%8’? $
1 e 5‘2;%50 18T 34|14F: 35R 62\ 933v8r5°2Q
2 000 00 59%’054 ase © 00
28F  2IF 7R seg 0790 20D
11E0 08" 72¥308
. 82,N52F:K :L 63%5'?0 o5 = 6 o
125 %000 0064L$ 20Q
30A o 63
siL &Y
191 e
63W
0
130 — 0
'140 9'5 9'0 'BIS "'3'0""7'5""7'0""6‘5'pbm
100
ppm - S
B 716
|
o
105 ‘,35
SIG ° 69T
G fe 0
J 3 4(3.
110 Q
- 4N 0 0
] 126 2‘ °q? 0 gm
] § ) s N 1
4 70 ] »;z SPY °$ 0 ?v o® 0
15— .
1 5(: f ]SV
T oawe 7WTN 38 an .
2? ?Hvl 60 7%.;“V 25 0 49 eer ¢
450 ar, 7 “th GT&./IPVBH g
120 ©F § po l 590 g 54509 r ¢
#° ® 'Y b o
28F 21F gs.m 56 [} 790/ ——200
‘E’ A 41A ——
E 2"Qszt= ‘l"<1 R gsi ma %\‘30 : ?
A aan® fo§e ase T 204
125 'V,ﬂ,m} ?ﬂLG‘ L)
1 o) O ek
BiL 13'
1'9I
63w
o] § ’
T e T T T i T gt Islsb[,)m
i gur9®hea-WFOchemical shifts induced by Rap]
op, the speéagtprea RhfeawiFIOd Bott om,
hifts (light green

the addi't

overlay). Significant

[
S



=
A

82

ppm

i gbrO®Rhea-WFOchemical shifts induced by Rap!]
zoomed sectioWTofpltulse RRlpdasphp@ctra i s show

more readily observed



100 —
ppm - 66
| 16
L
105 —
136
h5i o
?v
446 -
0 475
10— ‘
o 24N
7 00
J R
L] o ?v
ic 5 @ o 00
0 ® 0
15— o
]
;sr;m . b 5;» 15/
267
‘ 408 0 1 741 “R )
b $9Q 18R O °,ST ‘sv 0 °
00 : ) BV
120 0 °2‘° ;50 o 5“;8 JK
3%, TR & M
e:‘e’, A 2
21F 55 sse @ 2'908
u: °‘f”‘°f G
w4 " 00 .. N L
ot 8 L 3
125
30A .. o 1.»6"'
s g o8 0
8L e;v
fl
w
130 — z
1 gs g0 T s " &0 7s 70 T g
100 —f
ppm
| 716
L]
105 |
136
. o
sgr
o 616
o @ s
110 | ‘
0
;AN °
SRR
0 e 0 .p 73v.
) 0 v 0
e Q@ g OV 'y ]
<] p :
£
70
267 .W ° 3§D w
0 e (] %" i ® ssg (]
¢ 7IN 530 3R 0 Cie ‘w °
s5iL 0 o9 G0
120 2F ‘zzm T450 U9 2K
[ ] @ e 15T ° ’ 0
! [ ] A 0 0 790@41A 62V 8
82E 21F
R 430 29!
10L 5
R 20 i
27v52F J1E 8‘ '.5.5;; 531 ‘e 304
125 | 63V 0
3oA. “o i ‘65&
e aL >< °
8L 83Y
°
19
gw
1304 []
L e e T L o e e oo e e e e e ) LS s S e e e o
10.0 95 9.0 85 80 75 70 65 ppm
Fi gbri®hea-KETE chemical shifts induced

83

by

Top, the K17E spectra and Bottom, the K17E spectra on its own (blue) and in the
presence of a 4-fold excess of Rapl (pink) The Rapldoes not induce significant shifts

R
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Shift Differences for Rhea FO-WT plus Rapl
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Large Shifts
Medium Shifts
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Fi gbdodel for Rapl: Talin FO Binding
Model for the predicted binding of Rapl (dark grey) to talin FO domain (light grey). The
residues that displayed the largest shifts in the Rhea FO have been coloured onto the
mouse talin FO. This was done by sequence alignment of Rhea and Talin. The Rapl
switch 1 domain has been coloured in cyan, and the FO K17 in dark blue. The side
chain structure for K37 has been shown due to its close proximity to the switch domain
of Rapl. The drosophila shifts ( Figure 55) are coloured onto this mouse model using
sequence alignments between the mouse and drosophila talin FO ( Figure 58). The
model above was created with FoldX by Dr Goult.
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As a control, after running the NMR experiments, a gel was run with a fraction
from each Shigemi NMR tube to determine the concentration of Rapl used in the
experiments, as well as to ensure that the ratios of both Rhea and Rapl were
identical in each experiment. As shown in (Figure 57), the proteins were all added
at identical ratios. Despite aiming for a 5x excess of Rapl to Rhea, it was

confirmed by ImageJ that the Rapl was in fact present in a fourfold excess.

60kDa——
50kDa—

40kDa——

30kDa—

25kDa—

20kDa——

®o®
15kDa——

tokpa— | E—-— - == Rhea

FO-WT FO-K17E

Fi gbrigel of tSthéd fNMHEXperi ments

Gel of the NMR experiments determining if Rhea FO -WT bound to Rap1l (lane 1), and if
the Rhea FO-K17E bound to the Rapl (lane 2). The Rapl was added in ~4x excess to the
Rhea as measured from the band density using ImageJ (Schneider, Rasband and
Eliceiri, 2012) .

8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43

-
[N}
w
IS
5}
=}
~

M L S L R | L G A" K T I @ F QP N T V FDACIKUV I RDK E AV
M L S L + | + G A" KT+ QF + P + T vV + DAC+ + | R + + E A +
M LS L K|I | G A K TMQFEPS T VYDACRMIRER E A L
1 2 3 45 6 7 8 910 - - 1112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
G P SEY GLF I S DE Q Q6 VWL E G R L Y Y I L N D T LEY R RIK
G P + + +|G L F + § D + + + 6 + W L E GN + L YN + B N DT+ E YR + K
G P NDFGLF LS DD K K6 I WL E G K L Y Y M L N D TMEY R KK

42 43 A4 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84

S

Fi gb8&equence alignment of Fly Rhea FO with
The Fly RheaF0 sequence is shown (top) with the mouse Talin FO sequence aligned

(bottom). Green residues are identical, red are different and yellow are  similar amino

acids (i.e. substitution of polar to polar, basic to basic etc.)  (Altschul et al., 1990) .
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Section 4: Conclusions

4.1 Summary

In this study, a direct interaction between Rapl and Rhea, the fly homolog of
talin, has been demonstrated for the first time. Biochemical and biophysical
characterisation have allowed us to map the Rapl binding site on Rhea, and
confirm that a K17E substitution, on Rhea, completely abolishes Rapl binding.
These findings have strong implications for RIAM-independent integrin activation,

that could change our understanding of focal adhesion formation.

Over the course of this study , optimal conditions to express and purify Rhea FO -
WT and the FO-K17E mutant have been elucidated. After optimisation, both
proteins express well in E.coli BL21(DE3) cells and are efficiently purified by Ni -
NTA based affinity chromatography. For both the w ild-type and mutant protein,
maximum yields of ~50-60 mg/litre were obtained. It was confirmed with circular
dichroism that the full spectrum measurements, of the wild -type and mutant Rhea
FO, were identical, as were their T m values. This confirms that sub stitution of the
K17 residue did not interfere with structural integrity , which was supported by
the NMR data

Optimal Rapl protein was achieved using the mouse Raplb 1-166 truncated
construct, in CK600K cells, missing its hyper-variable C-terminal region. This
region is highly conserved to that in fly (90% identical). It was demonstrated using

NMR, for the first time, that the drosophila Rhea FO domain is able to bind to
Raplb. By mutating a single basic lysine 17 residue, to an acidic glutamic acid

residue, with a K17E mutant, the Rhea FO protein is no longer able to bind to

Raplb, even when a four -fold excess of Raplb is present. Triple resonance NMR
experiments enabled the chemical shift changes upon Rap1b binding to be mapped
and revealed the location of the Rapl b binding site on the wild -type Rhea FO. The
largest chemical shift changes were observed for V15, K17, T18, K37 and E40,
which are in the centre of this bi nding surface. To support these findings we
generated Structural models of Rapl:Rhea FO. These dructural models of

Rapl:Rhea FO binding agree with our findings, and these residues with the largest
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shifts all are seen to make close contact with the Rapl, a nd confirms that Rhea

interacts within close proximity of the Switch | domain of Rapl.

Together this work confirms that the fly talin, Rhea, can form a direct interaction
with Raplb and that a K17E mutant abrogates this interaction. The K17E mutant
has been shown to cause lethality in flies and this work provides biochemical
validation that this is likely due to disruption of the Rapl:Rhea binding.

4.2 Discussion

The biochemical data from this study will contribute towards a paper including
work from our collaboration with Guy Tanentzapf, at the University of British
Columbia, Vancouver, who has demonstrated that the Rhea K17E mutation is
embryonic lethal in drosophila. These experi ments are being performed using
CRISPR insertion of the mutant into the endogenous talin gene. The observed
phenotypes of these non-viable embryos, in addition to the embryonic stage at
which death occurs, will allow further conclusions to be drawn aboutt he nature
of the mutation. Strengthening the evidence from the embryology data, will be
experiments to attempt recovery of the Rhea mutant phenotype. If the K17E
mutant can kill a fly embryo, then a rescue with the functional, wild  -type protein

will confirm that the observed phenoty pe is a direct consequence of the mutation.

Our structural work has proposed a biochemical explanation for the observed
phenotypes: Rhea K17E is unable to bind to the Rap1l protein and this interaction
could be key to embryonic viability. It is already kn own that drosophila Rapl
deletion mutants are unable to survive to adulthood, with migration defects
observed during gastrulation (a time of extensive reorganisation in the early
embryo, giving rise to the three germ layers) (Asha et al., 1999). It will be
interesting to compare the phenotypes of Rapl deletion mutants to those seen
with the K17E mutants. Observing defects in cell migration, cell shape, or ovary
and eye disk morphogenesis (Asha et al., 1999) will heavily implicate Rapl

involvement in the let hality resulting from the Rhea K17E mutation.

Rapl evidently has other roles in the cell, including cell -cell junction formation
(Knox, 2002), which will likely contribute to phenotypes observed in Rapl deletion

mutants. We would therefore expect that som e of the Rapl deletion phenotypes
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would not be observed, if purely targeting the Rapl:Rhea pathway. What is
currently unknown is how this pathway links to the classic pathway of integrin
activation through Rapl dependent recruitment of talinviaRIAM( Shat | , Ki m
Gi n s b er gGoultZztal, @013). If the embryonic lethal phenotype is a result
of interaction between Rapl and Rhea, then the classic pathway is unable to
recover or compensate for the lack of this interaction. This could lead to
implicat ions that the adhesion is double -dependent on Rapl, both through the
classical pathway, whereby RIAM serves as an intermediary and also directly
through the FERM domain. Further study will be required to fully understand the
relative roles, and interplay b etween, these different pathways and at which stage
each one is most important. One way to explore this, might be with carefully

designed deletion and substitution mutants of talin, RIAM and Rapl in embryos.

Interestingly, it is already shown that the FO domain is required for integrin
activation in a context dependent manner. Bouaouina et al (2008) show that talin
F3 alone can activate N3 integrins, but
despite the fact that the F3 domain bound both integrins with  similar affinity.
Their key finding, perhaps relating to Rap, is that larger fragments of the FERM
domain, containing FO, are able to activate the betal integrins. Their proposal is
that the FO domain could be key for orientating the talin protein, by some  as of
yet unknown mechanism, in a way that allows integrin activation. This experiment
shows us that there are key processes occurring that are poorly understood and
more complex than our current understanding. The data in this report coupled
with the fin dings of Bouaouina et al, allows us to propose a model whereby Rapl
is involved in orientating the talin molecule, in distinct integrin contexts. It would

be interesting to design experiments to observe how the FERM domain interacts
with integrin, followin g the K17E substitution. It could be that the F3 domain binds
to specific beta -integrin tails, but requires Rapl to anchor correctly to the

membrane, to allow correct integrin  activation (see Figure 59).
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Fi gbr9®apl may serve to anchor and orientate
membrane, allowing integrin activation (unpi

The possibility of Rapl binding to talin was first proposed and demonstrated by
Goult et al in 2010. Sequence alignments of the Rhea FO domain were shown to
have two distinct regions of conservation; on opposite faces of the FO domain. The
first region defines the FO -F1 interface , whereas the second was observed to be
similar to the RalGDS RA (Rasassociating) site (Huang et al, 1998); RalGDS is a
structural homolog of the talin FO domain. One question that arose from the
discovery of this talin RA site, related to the possibility  of Rapl binding being non-
specific; i.e. could other GTPases bind to the site. Goult et al (2010) took one of
the closest-related protein to Rapl (H -Ras) and demonstrated that it fails to bind
to the FO domain. Interestingly however, the membrane targetin g sequences of
various Ras isoforms (H, K, R and N) have been able to increase integrin activation
via RIAM (Lee et al., 2008). This suggests further roles for the GTPases in focal
adhesion assembly and warrants further investigation; particularly when we
consider the fact that a single amino acid substitution can abolish Rap1 binding,

leaving the possibility of other GTPases binding to the Rhea RA site.

Another consideration comes from studies of RIAM function in platelets. A
fascinating study (reviewed: Plow and Qin, 2015) has investigated the previous
conceptions that RIAM is crucial for integrin activation in platelets. The findings

reveal that RIAM-null mice, created through homologous recombination, exhibit
normal integrin function and activation (Stritt et al., 2014). The authors did
controls to test that RIAM was not present in the RIAM -deletion cells, and
demonstrated that pl atel et aggregation

identical in the wild -type and mutant cells. They also used antibodies, that
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selectively bind to integrin in its active form, to show that levels of integrin
activation were also identical in the RIAM deficient mice. The implications for this
study 0 that platelets do not require RIAM for normal integrin function & are
profound: in some cell types, the classic integrin activation pathway does not
apply. This in turn means that integrin must be activated through other pathways,
which adds weight to our argument that Rapl could be involved in a similar
process, through direct int eraction with the Rhea FERM domain. It would be
interesting to take this RIAM -null model, where integrin activation is unaffected,
and design studies to further asses the role of Rapl and Rhea in this context. It
would be expected that a K17E version of ta lin in these models might result in
complete loss of adhesion as both Rapl dependent routes would be knocked out.
It is my opinion that we may be able to best understand these complex protein
interactions, when specific pathways can be selectively switched off, potentially
making platelets a vital platform from which to study integrin activation. Platelets
however, are difficult to generate and manipulate, arising from a complex
megakaryocyte maturation process in vivo (Thon and Italiano, 2010). These
findings do not rule out the possibility that there are other proteins able to
perform the role of RIAM in platelets, so extensive study would be required.
Additional interest comes from Pico- (the fly homolog of RIAM) deletion mutants,
which have no strong phenotype in the embryo according to internal discussions
with our collaborators. This again suggests RIAM-independent integrin activation.
This is controversial however, with more sever Pico -deletion phenotypes being

reported by some (Lyulcheva et al., 2008) .

4.3 Further Work

There is much work to be done which directly continues from our current progress.
Firstly, in collaboration with Marie Anderson in the Goult Lab, crystallography
trials are underway to solve crystal structures of Rapl b:talin2/ talinl (see Figure
60).
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Crystals of Raplb:Talin2 (arrow) have already been prepared in collaboration with Marie
Anderson. These structures have yet to be solved, as of writing. Crystals can be seen

growing in the phase separation.

Crystal structures of the Rhea FERM domain and fly Rapl homolog would further
our understanding of how these interactions are occurring. With more time, NMR
titration experiments would have been performed to allow us to quantitate the
binding of Rapl and Rhea and calculate the binding constants. This would have
been performed by repeating the NMR shift experiments, but using a range of

increasing Raplb concentrations.

Work also needs to be done on determining the cause of the double band of Rapl b
observed during purification (see Figure 48). An initial thought was that
translational errors or protein cleavage could be forming two versions of Rapl.
The Mass Spectroscopy data however, encompassedfragments from across the
same regions of the Rap protein in each band. Unless the cleavage is occurring at
the N terminus, it can be concluded that this is not occurring. More likely, is the
possibility that the distinct bands represent the nucleotide -bound state of the
protein. It is possible that one band could represent the GTP/GDP bound state,
and the other the apo form. Alternatively, one band could represent the GTP
bound state, and the other the GDP bound state. Based on the fact that a source
of external GTP was not supplied to the E.coli, it seems more likely that the Rapl
protein pool fails to reach saturation in the cell, and therefore we have some

protein present in the apo form. Additionally, the Rapl has intrinsic GTPase
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activity, which could have converted all GTP to G DP by the time the protein was
purified. This leads to an extension of work where the intrinsic rate of GTP
hydrolysis is studied in Rapl. This could be extended further by measuring how
these rates change in the presence or absence of different GAPs and GEFs. An
important optimisation to the experiments would be to purify the protein and strip
out any GTP/GDP with EDTA and then supply an external source to saturation. To
overcome the intrinsic hydrolysis, a non -hydrolysable GTP analogue (such as GNP
pnp) could be used in subsequent experiments. The process of nucleotide
exchange has been documented previously (Gorzalczany et al., 2000). This would
likely resolve the double -band issue, and would allow us to more accurately assay

the differences, between the active and inactive forms of Rapl, in Rhea binding.

To strengthen our data, we could perform experiments that show that the Rhea
FO-K17E mutation does not affect integrin binding. This would involve expressing
the entire FERM domain and measuring its binding constant for integrin, and then
repeating this with the K17E mutation present. My current theory however, is that
the FO domain is far away enough from the F3 domain, and FERM membrane
binding residues, to have little effect on integrin binding. Additionally,
experiments performed by Dr Goult have shown that integrin binding can still
occur when labelling different FERM domains wi th (GST); a large 25 kDa affinity
tag.

Another series of experiments that could be performed, are substitutions of
different amino acids on Rhea FO. Then we could assess the ability of the protein
to bind to Rap1l again. Interestingly, K37 on Rhea is in close proximity with the key
switch | domain of Rapl (see Figure 56, Figure 62A); it can therefore be predicted
that a substitution of this amino acid would drastically affect the ability of Rap1

to bind. Interestingly, K37 is one of the key residues that displayed a large shift
on the Rhea FO-WT when in the presence of Rapl. Dr Goult has already performed
this experiment with the mouse talin FO, by substituting R35 (the  conserved K37
residue in Rhea (see Figure 58) for glutamate , and shown that this abolishes Rap1l
binding (Unpublished results). We could also approach this experiment from the
opposite angle and perform triple resonance experiments on Rapl, allowing us to
map the Rhea FO-WT induced chemical shifts. This would allow us to identify
potential targets on the Rapl, to mutate, that would prevent Rhea binding. A

limitation with this experiment however, would be that Rapl likely has a larger
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number of binding partners and downstream effectors , making embryological

studies more difficult to interpret.

Further cell biology and embryology experiments could investigate subcellular
localisation of Rhea and Rap1l, and particular cell types, to explore if this pathway
can be specifically isolated f rom the RIAM pathway. Likewise, if mutations can be
identified that disrupt the RIAM binding site on talin they could be used to tease
apart these two different pathways. This could conclude if these interactions are

occurring in the membrane, at focal adh esions, or in the cytosol.

Ideally, there is a desire to complete the optimisation of the true drosophila Ras -
like protein 3 (the Rapl b homolog), which should prove straight forwards following
the optimisation of the mouse construct. However, sequence alignments of
residues 1-166 of mouse Raplb with the corresponding region of drosophila Ras-
like protein 3, show 90% identity between the p roteins, with most changes being
semi-conserved (see Figure 61). Additionally, the main differences between the

two proteins are not at the binding in terface ( see Figure 62).
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Fi g®oridlouse and Drosophila Rapl are highly

The mouse Raplb sequence is shown (top)with the drosophila Ras-like protein 3 sequence
aligned (bottom). Green residues are identical, red are different and yellow are semi -
conserved amino acids (i.e. substitution of polar to polar, basic to basic etc.)  (Altschul et
al., 1990).
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A) Rapl is coloured in dark grey with the structural differences between it and Ras -like
Protein 3 being shown with red spheres. The switch | domain is shown in light blue.
Rhea FO is shown in light grey.
B) For clarity, the mesh surface of Rapl is shown, to illustrate the spatial separation of

Rapl and Raslike protein 3 differences.

Another potential area for study, is the comparison between the binding of Raplb
to the FO domains of Talinl, Talin2 and Rhea Isoform B. Interestingly, the mouse
talinl FO domain comprises 85 amino acids. Mouse talin2 and Rhea Isoform B
however, each have 87 amino acids. The FO domains of mouse talinl and mouse
talin2 share 76% identity. The FO domains of mouse talinl and Rhea Isoform B
share 51% identity, compared to the 56% identity between talin2 and Rhea. These
two additional amino acids (at position 10 -11), present (but not con served) in both
talin2 and Rhea Isoform B, could have a profound effect on the binding affinity of
these two proteins, to Raplb, when compared to talinl. This is a question that
the lab has begun to answer: could the interaction between Rapl and talin2 have
tighter affinity and thus could a direct interaction with Rap1l play a larger role in

talin2 function?

Our current studies have created a robust pipeline for the expression and
purification of Rapl and fu rther work needs to be done to extend this progress to
other GTPases. Work began on expressing Rab25, a more distant relative of Rap1,
which belongs to the Rab sub-family of Ras GTPases. The intention was to study
the Rab25 in the context of its ability to  bind to the betal cytoplasmic tails of
alphabbetal integrins, in order to understand its role in integrin recycling
pathways. This interaction was first discovered by Caswell et al in 2007. Due to
time constraints, this study remain unfinished, but the da ta obtained was very
promising; it was found that full length His - and GSTFtagged Rab25 constructs
(with petl5b and pGEX4TI expression systems respectively), were largely insoluble
in BL21(DE3) E.coli cells. This is in spite of high levels of overexpressio n (Figure
63). The Rab25-GST construct had a marginal soluble fraction, with which some
preliminary pulldown experiments were performed with betal int egrin (not
shown) . These results appeared to confi
betal integrin bind, but due to time constraints were not confirmed with

appropriate controls.
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Fi gwbrd3&xpression of Rab25 was mostly insol

M, Marker, 1. Pre-Induction, 2. Post -induction Whole Cell, 3. Insoluble Fraction, 4. Soluble
fraction. Rab25-GST location is shown in red, a small amount of soluble protein is

indicated by the red arrow. Rab25 -His location is shown in green.

By extending our findings from Rap1, the next step in this process would be to use
an untagged construct of Rab25, missing the hypervariable C -terminal domain, in

the CK600K cell line with similar induction conditions and expre ssion systems.

To conclude, many aspects of focal adhesion complex formation, and integrin
activation, are poorly understood, despite significant progress in these areas of
research. It is likely that there are many new interactions that are yet to be
documented, that could completely change our understanding of these processes.
The currently described pathways also need much further study to truly
understand, and allow us to apply this knowledge for therapeutic gain. With cell
migration being so key to de velopment and invasive cancer, this is an area of
critical importance for research. The findings of our study shows that this novel
Raplb:Rhea interaction is evidently essential for adhesion, the implications of

which are important enough to warrant consid erable investigation.
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