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Summary

G proteincoupled receptors (GPCRs) arrahsmembrane (7TM) alpha helical membrane

proteins involved in a myriad of physiological functions and have implications in many
diseases. GPCRs are important targets for ~35% of commercial drugs. ActivatRDRs By

external signals and through coupling to different G proteins or arrestins, results in cyclic
adenosine monophosphate (CAMP) response, calcium mobilization, or phosphorylation of
extracellular regulated protein kinases. Structural studies haveigeovdetailed insight into

the receptor architecture in active and inactive states of the receptors. However, GPCRs are
dynamic and have a complex energy landscape as they regulate complex downstream
signaling processes. The thermostatideNJ| Sa@lrererdt O NI OAR)is 2 prbtaiypical

class A GPGMdely used in structural studies and is activated by catecholamine ligands,
adrenaline, and noradrenaline. Althougfil y & ONR &G f AR GrNpe@lisraaNS & 2 F
there is little known about théntracellular loop JICL3) connecting transmembrane helices

5 and 6. It is usually truncated in crystallographic studies as it interferes with the lattice
formation and is replaced with T4 lysozyme to enhance crystal contacts. In some active state
crystal structures (3SN6, 3POG) of GPCRs, the ICL3 is present but cannot be resolved using X
ray diffraction because of its highly dynamic natufaus, a more suitable technique such as

nuclear magnetic resonance (NMR) spectroscgpeededto study the dynart nature of

GKA&a f2¢ O2YLIX SEAGE NBIA2Yy Ay (KSaSARNBOS LI
O2y F2NXI A2yt Reyl YA O#R tansmémbRhe (ddmail with theO KA Y S |
flexiblel/ [ o ¥ NP Y:ARK(WKYLB)yThe position of ICL3 is clogbdé G protein binding

site and hypothesized to have a role in binding specificity of the receptor with intracellular
binding partners. This thesis provides a comprehensive analysis for characterization of the

O2y F2NXI (A 2y | fARNKRE3ychiMerad tespahse toia range of ligands and

intracellular binding partners such as G protein mimetic nanobodies, miniG protein, and



endophilin SH3 domains using NMR and biophysical techniques. In Chapter 3, successful
cloning, expression in insect cells and puki O I (i ARNYCLRcHiméra in detergent micelles
together with expression and purification of intracellular binding partners such as endophilin
SH3 domains is discussed. Optimisation of buffer conditions and preliminary NMR
experiments were carried outo determine protein quality and stability. In Chapter 4,
extensive NMR studies carried out usifq NMR and®*C NMR are described. The
characterization of ligand bound and ternary states with different binding partners suggests
that the hICL3 imparts a2nNB | O A @S 1! OKILMI[ @G SONAGYS NI JAR. & 02 Y
Intermediate conformation states can be observed indicating changes in exchange processes
depending onthe type of ligand bound to the receptor which indicates that the hICL3
modulates the reeptor activity and interacts with the ICLZurthermore, distinct

O2y T2 NXNI A 2 YARNIRLB bolnd to @nitalddiSt arid inactivating nanobody, active
state bound to agonisind activestate nanobody,a second active state bound to miniG, and

a SH3 domain bound stasee observed Chapter 5 discusseise biophysical characterisation

2 T GARKICLB wherihe dissociation constankd for Nb6B9, miniG and SH3 domain using
microscale thermophoresis wagbtained with all binding partners showing nanomolar
affinities. The cAMP response in presence of a range of ligands was recorded using cellular
Faale O2YLI NAYBKOUKBoAREKA VB NI |

In conclusionthe i 1ARhICL8onstruct due to the presencef hICL3 shows a more dynamic
0SKI@A2dzNJ Ay O AR bohshdicta Thig sugdigésts ihit $:1ARNICL3 construct
dynamics representsi KS g A §AR indrd_dosely as the flexible loop imparts more
plasticity to the receptor at the intracellular da. The i ;ARhICL3shows a smoother
conformational landscape, allowing the receptor to adopt various intermediate

conformations tending tavardsthe activestate.
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Introduction
1.1 Gprotein-coupled receptors

Gprotein-coupled receptors (GPCRSs) are cell surface receptors with 7 alpha helical segments
that span the membrane. GPCRs share a common architecture, consisting of a single
polypeptide with an extracellular#rminus, an intracellular ®@rminus and 7 hybphobic
transmembrane domains (TMIM7) linked by three extracellular loops (E€EAL3) and

three intracellular loops (ICH1/ [ o0 SELJX I AyAy3d ¢K& Dt/ wa | NB
NE O S LJi 2 NIH ¥ ThedGRimihugN#&PCRSs is folded intoeighth helix which is parallel

to the phospholipid bilayeand is anchored to the membrane via a palmitoylation si@ver

800 genes encoding GPCRs have been identified in humans making the GPCR family the

largest and most diverse family of integral membrane protéins

Extracellular side

phospholipid
bilayer

palmitoylation

Cytoplasmic side

Figurel.l: Schematic of secondary structure common to GPCRs. Transmembrane regions marked as TM1

7, helix 8 as H8, intracellular loops 1€3.4And extracellular loops EGR2.

GPCRs are expressed in diverse tissue types and mediateranadrcellular responses
through extracellular signals such as hormones and neurotransmitters facilitatimigle

variety of physiological functions. Over half the GPCRs have sensory functions, guch as
olfactory, taste, light perception and pheromongsaling* while the other half consists of
non-sensory GPCRs that signal via binding of ligands that range in size from small molecules,

peptides to large proteinS. GPCRs are targets for the majority of clinical drugs used in



cardiovascular ailments, asthma, migraine, rheumatoid aingritancers and treatment of

epilepsy to name a fe®’?,

1.2 Classification of the GPCR superfamily

One of the most frequently used systems to classify GRsed on sequence homology
dividing theminto classes A, B, C, D, E, andwhere subclasses are assigned using roman
number nomenclaturé . The AF system is degined to cover all GPCRsder one umbrella

in both vertebrates and invertebrates. The classes represented are as foldass

A (rhodopsinlike), Class Bsecretin receptor family)Class @netabotropic glutamate)Class
D(fungal mating pheromone reptors),Class HEcyclic AMP receptors) ar@ass
F(frizzled/smoothened). Of these, classes D and E are not found in vertebrates. An alternative
classification scheme "GRAF&"Glutamate Rhodopsin Adhesion Frizzled/Taste2 and
Secretin categorises veebrate GPCRs into five classes, overlapping with thRE A
nomenclature!!st3, Although the primary and secondary structure between different classes
of GPCRs consist ofrgiderable variations, they all share a signature architecture of seven
segments of 285 hydrophobic amino acids traversing the membrane as alpha helical

structures and can interact with heterotrimericpBoteins?.

The GRAFS system of classificatiam be elaborated on as follows

Glutamate family (class C¥§ The glutamate family of receptors includes metabotropic

glutamate receptors, a calciusensing receptor and GABReceptors, as well as three taste
type 1 receptors and a family of pheromone receptors (V2 receptors) that are found in

abundance in roderst but are absent in humaris

Rhodopsirfamily (class A§ The Rhodopsin family is the largest of the five and is the best

structurally characterised family. The receptors bind to a wide variety of snwécules,
neurotransmitters, peptides and hormones, together with olfactory receptors, visual
pigments, taste type 2 receptors and five pheromone receptors (V1 receptors). The
Rhodopsin family is further subdivided into four classess i X !  InyWlogeneticl & S R

analysisshown inFgure 1.2 2. The GPCRdb categorises the class A receptors based on the

NS



types of lgands such as peptide receptors, protein receptors, aminergic recgpipid
receptors, melatonin receptors, nucleotide receptors, steroid receptors, alicarboxylic acid

receptors, sensory receptors and orphan receptdrs

Rhodopsin 1iami|y (class A)

Y o

Figurel1.2: Classification of Rhodopsin familjto subfamilies for aminergic receptotsading up to -

adrenergic receptor subtype

Adhesionfamily ¢ The adhesion family receptors are phylogenetically related to class B

receptors, from which they differ by possessing large extracellut@riNini that are cleaved
by autcLINR 1 S2f @aAd FTNRY GKSANI t¢a R2YFAya 4 |
ThsGP$ ASa GAGKAY | YdzOK f I Nfokolysisinduringh (GAK)a A RdzS

domain which is essential for aufwroteolysis!®.

Frizzled/TasteZamily ¢ This family consists of 10 Frizzled proteins (FZDO)J) andthe

smoothened receptor $MO). The FZDs are activated by secreteddipcoproteins of the
WNT family and are implicated in cancers, whereas SMO is indirectly activated by the
Hedgehog (HH) family of proteins acting on the transmembrane protein Patched (PTCH).
Frizzled receptorshare a large extracellular domain (~2B00 amino acid longyvhich

contains nine conserved cysteines to which the WNT ligand Btnds

Secretinfamily (class B)encoded by 15 genes in humans. The ligands for receptors in this

family are polypeptide hormones of72l41 amino acid residuedine of the mammalian



receptors respond to ligands that are structurally related to one anotijieicagon, glucagen
like peptides (GL-B, GLF2), glucosedependent insulinotropic polypeptide (GIP), secretin,
vasoactive intestingdeptide (VIP), pituitary adenylate cyclaaetivating polypeptide (PACAP)

and growthhormonereleasing hormone (GHRH)

1.3 GPCR signaling

GPCRs function by detecting an external stimulus and translating the signal through
association of intracellular binding partners. After ligand binding, GPCRs undergo
conformational changes, causing the activation of complex cytosgjitaléng networks,
resulting in a cellular responsé As part of the canonical G protein signaling paradigm, G
proteins that ardocated on the plasma membrane's cytoplasmic surface become active when
an agonist inducgea conformational change in GPCRbe Gprotein mediated signaling
system works by ternary complex formation consisting tieé receptor, ligand and a
heterotrimeric G proteinkftG protein) which in turn activates an intracellular effector protein.
This complexity allows for convergence and divergendbeateceptorG protein interface as

well as at the QGorotein and effector inteface where each component can be regulated
independently by additional proteinsihe htG proteinO2 y & A a (i-&ubufit{D B af - b
subunit(D J) and a' -subunit(G). The @ subunit bnds tothe GPCR through tHehelix 5 of

its Ras domain®. Coupling of the awvated receptor andhe htG, promotes exchangeof
guanosine diphosphaté&sDB with guanosine triphosphatedTH on the G proteinh -subunit.

¢CKS | OGA QI (O SRIzoDBYtA (6 RdeyaR 2h\OA | (1 Sa  EddPleg wilidh S N
leads to the binding of th dissociated subunits to downstream signal@ffipctorssuch as;
enzymes, ion channels or regulatory proteins. Theprotein "-subunit undergoes GTP
hydrolysis to form GDP by inherent GTPase actupgn whichthe signaling is terminated.

The resulting GDB 2 dzytaRdzd dzy A (i 6 Acgripbex formingih&t6 proteincomplex
ready to enter a new cycle in presence of actigeeptors?’. A schematic representation of

the G protein dependensignal transduction cycle is illustratedFigure 1.3.

9
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G protein dependent signaling G protein independent signaling

GIRK channel Adenylyl cyclase G-protein coupling Receptor GRK mediated receptor Arrestin coupling
activation activation and activation activation phosphorylation and activation

Agonist

)

NL
cL

Inactive arrestin

""" "on internalization
SR & ? Desensitization

R £ 1 Activation of
‘-‘Cyc/;,,g i %A MAPKs, SRCs, ...

t 1 Endosome H
Reassembly of heterotrimeric G-protein 196 Y f i \

degradation

Figurel.3: G proteincoupled receptor signal transduction.

Receptors regulate multiple intracellular signaling cascades including G pdegeéndent and G protein
independent pathways. Agonist binding activates the receptor by inducing conformational changes that
involve an outward shift of the transmembrane domain (TM6). The activated reciespatale tobind to a

variety of intracellular signaling proteins including G proteipsrple, green and magenfaGRKsofang8

and arrestins (inactive arrestiyellow, acive arrestin red). Coupling of heterotrimeric G proteins to the
NEOSLII 2N GNRAIISNB ydzOf S2ARS SEOKI y3aS (puplefadds SR 0o @&
Di (green, magentadubunits. GT® 2 dzy R Dh &adzodzyAdGa OF y yWi2ywldgelightt S (G KS
pinkh > KAt S DI OFy -koyiple8 Miva@ily redtifyitigkpotadsiurhJNERNN&EsA (GIRK,
lavender colourell G proteinmediated signaling is terminated by hydrolysis of GTP and reassociation of

Dh gAGK DI+ {2 he®rdthdér. Giglofein hoepeténsighling led byctivation of the

receptor followed byphosphorylation by GRKs and subsequent coupling to arrestin. Arrestin coupling to

the receptorresults indesensitization and arrestimediated activation of downstream effector proteins

like mitogenractivated protein kinases (MAPKs) or SRC kinases.tiAreedivation also promotes the
internalization of the receptor into endosomes followed by degradation or recycling of the receptor to the
plasma membrane. NL, N lobe of arrestin; CL, C lobe of arrestin.

Figures were made using BiorendBiorender.compased on figure b¥ilgeret al., 201821



The htG proteinmediated signaling is a versatile signaling system as thera auenber of

different subtypes of5 proteinh-& dzdo dzy A 1 & G K| ( -SuBunits ére dividedih®f f & ©
four families based on structural similarity and functional properties- &h> O M0

Dk D | yiR DB LYy G201t GKSNB NS mp DM3 p Di
Most GPCRs activate more than oBeproteinsubtype and therefore activation of a GPCR

usually results in activation of sevéra & A Ay | £ G NI y & R-deDuhits as/vellas 4 O RS

the dissociated3 ‘complex(Fgurel1.3).

As most receptorsanactivate more than one type of G proteirne activation pattern ofc
proteins decides the cellulaand biological respons&ome receptors appear to interact with
only a specific G proteinubtype depending on the cellular system and therefolesading to
a defined G protein mediatedsignaling pathway. However, characteristic patterns of
receptor-G protein couplindnave beerdescribed forthe majority of receptorsTherefore, it
is known that eme receptors favour interaction with certafa proteinsubtypes'®. One such
example ighat of thei -adrenergic receptosubtypes- i 1ARandi 2AR Bothi 1ARand’ ;AR
are stimulated by epinephrine, norepinephrine, and isoprotererBdth can stimulate the
activity of protein kinase A (PKA) through the Gs pathway that also involves adenylyl cyclase
(AC) and cyclic adenosine monophosphate (CAMM)lei 1ARis Gs coupled, 2ARcouplesto
Gs andGi proteins 22 24, Therefoe, the differential signaling of 2ARin comparison td 1AR

can be explained by its ability to couple to Gi proteins.

In addition to theG proteindependent signaling cascades, GPCRs also interact and signal
0KNRdzZaAK 20 KSNJ ST 7T Sudedigshhd GRERIkBAses JGRES)zArKestihszand!
GRKs were discovered as a temmponent system which switches off the receptor. The
activated receptor is phosphorylated by kinases on the cytoplasfteoinal tail which leads

to arrestin binding initially tahe Gterminal domain and then to the agonisbund helical

core of the receptor. This blocks tkeproteinbinding site of the receptor thereby diminishing

the G proteinsignaling cascade. This process is described as receptor desensifizdbibPER
arrestin coupling leads to arrestin mediatedtivation of downstream signaling proteins like
mitogen-activated protein kinases (MAPKSs) or SRC kin@&sgsrel.3). Arrestin binding also
promotes clathrin mediated receptor internalization into endosomes followed by

degradation or recycling of the reptor. There are four members a@he arrestin family,



arrestinl and arrestind are mainly found in the eye whereas arres@nand arrestin3 also
1Y 26yl NBXS & ( Aayfestin? r¢gspectively are ubiquitously expresséd

Thee are seven serine/threonine proteikinases that make up the GRK family. These kinases
share a common structural architectucensisting of the Merminal domain D185 aa) and a
variablelength carboxyterminal domain D105¢230 aa). The Nterminal domain is
important for receptor recognition and for intracellular membrane anchoring. It further
consists of an RH domain (regulator of G protein signalling homolblgg)GRK fanyican be
divided into three groups based on sequence homggtorhodopsin kinase or visueRK
subfamily (GRK1 and GRK?7), ithadrenergic receptor kinases subfamily (GRK2/GRK3) and
the GRK4 subfamily (GRK4, GRK5 and GRR&L and GRK7 are expressed in retinal rods and
cones respectivelyGRK2, GRK3, GR&hd GR& are ubiquitously expressed in mammalian

tissueswhile GRK4 is present in testirebellum,and kidney?”.

1.4 Ligand binding to GPCRs

GPCRs can activate more than dgpe of G protein, and also signal through G protein
independent pathways. Therefor&§PCR signaling is compbad dynamic. This complexity

in GPCR signaling is likely to be indispensable for their physiological functions. Many GPCRs
show a considerable amount of basal, agoimstependent activity; which eans that the

GPCR can activate its G protein in the absence of an agdnldte activity of receptors can

be either increased or decreased byjnding todifferent classes of ligand8. Hence, ligands

for a given GPCR can show different efficacy profiles for coupling to distinetliisggn

pathways Receptor activity can be regulated by different classes of ligamgsnds that fully
FOGAGIGS GKS NAOIS2HNR2AENAAND DREEYRAGIKE G Ay RdzC
GKS NBOSLII2NJ G alF Gdz2N> Ay3 O2yOSYyiNIrdA2ya N
GKS olFalrt FOGA@AGE INB OFffSR GAYDBSNES | 32YyA
that have no effect on the basal activity but make the receptor cavity competitively
inaccessible to other ligands (Figube The effect of specific ligand binding can either cause

an increase or decrease in the receptor actigitpis is defined as ligand etacy=°.



100 4 Full agonist

Partial agonist
S

504

Biological response

Basal activity Neutral antagonist

———

Inverse agonist

Drug concentration

Figurel.4: Schematiaepresentation ofigand efficacy. The effect of differeatasses dfigandson a GPCR

with detectablebasal activityFigure adopted fronWackeret al., 201731

15] -Adrenergic receptors

i+ RNBYSNHAO NBOSLIi2NBR 61 ! wo NS OflFaa !X wkKz?

ligandssuch asadrenaline and noradrenaline and bind toGhtproteirs. There are three

ddzo e liSa Ay i KE Ky ddignerdiSngceprtoss Tvhich bind G proteirs

Ay GKS I OGA @ yiR RR NaSiyl SiNFdA OF KNS KWEENER HdngR m2 [
D hin the activated state which interacts with adenylate cyclase thereby increasirayttie

adenosine monophosphateAMB concentration in cells. CAMP activates protein kinase A

(PKA) which phosphorylates the calcium channel regulatory proteins resulting in effluX of Ca

ions in the cells. Increased levels of Qans result in heart muscle contractioGiventhat

the i ARshavea keyfunction in regulating the cardiac outputiey havebeen the target of

extensive drug research against cardiovascular diseaBes.reasoning for targeting -

adrenergic receptors wa® simplyfind a compound whiclcompetes with and blocks the

binding ofnatural agonists,which would reduce heart rateMany drugsknown asblockers

have been developetb A Y KAOA G i !w F2NJ GNBFGYSYyd 2F | NNK
dysfunction®2 Thei ! wa | NB KAIKE& AAYATI NI Ay LINAYI NEB



subtypes; the residues surrounding the ligand binding pocket are identical. Despite these
similarities,the i 1AR selective antagonisCGP2012A birsthe i ;AR 50€fold stronger than

the i AR Furthermore, the >AR selective antagonigtiCl 118551 is 55fld and 66%fold is
strongerfor thei ARthan for thei ;AR Yy BARIrespectivel§.

16Structurala G dzZRABR 2 F |

Structuralbiology of GPCRs has been challengwing to the instability of GPCRs in vijtro
especiallydetergent extractionalong with difficultiean obtainingsufficiently highreceptor
guantities Additional difficultyis to find a membrane mimicking environment that is best
suitable for receptor solubilisatiorwhile ensuring functional reconstitutionstructural
integrity of thereceptorsand poential for activation The first ever GPCR structure obtained
was for Rhodopsiwhichis highlyabundantin membrane surfaces of rod ceiad stablein

the darkwhen coupled to retinalRhodopsin @uld be obtained from natural sources like
bovine rodouter segmentn sufficient quantities for crystallisatiamsing nony -D-glucoside
detergent micelle** 35, Thispaved the way forward for crystallisation of GP@Rs hadedto
recognition ofover 350uniquereceptorligand complexesf class A GPCRs alone in the past

two decadesl|{ttps://gpcrdb.org/structure/statisticy 36.

16 crystal structures of 1AR from turkeyNileleagris gallopavpbound to different ligands
crystal structures with nanobody bound to the receptor with partial agonists and agpassts
well as onestructure with formoterol andarrestin boundhave been solvedTable 1) The

i 1AR from turkey hag9: A RSY (A (& @ARiiKiheldr&Smedaizy legion and is
more stable than the human receptam detergent micelle§’® ¢ KA & YI 1 SAR G KS
0 GAR) a more suitable candidate for crystallographic studies. Even smprove the
stability, structural and conformational heterogeneity and expression levels, some
modificationswere A y I N2 R dzO SAR ségBenadé K0 &naldlé crystallographic studfes

The N terminal residues3, the residues 24271 and 277278 in ICL3 were deleted and the
Gterminal was truncated at residue 368. The truncation of these flexible, disordered regions
was aimed to help in crystal lattice formation. Anotheutation of C116L was found to
increase the expression levelé&lanine scanning mutagenesis was used to explore the

feasibility of thermal stabilisation of the receptor. The melting temperature (Tm) of the

1C


https://gpcrdb.org/structure/statistics

receptor was monitoredvhile aminoacids other tharalanine were added to some of the key

positions in order to retai full functionality andmaintain stability of the receptor.The

mutation Y227A gave a shiftof 8&@a A YA f I NJ Ydzi A2y a G§KHAR Ay ONS
were combined(please see Ciper 3.1 for detailed evolution of constructs)n addition to

the previously mentioned changes to the sequence, further thermostabilising mutations

R68S, MO0V, Y227A, A282L, F327A, and F338M were adtled T 2 NXW H@ i¢ M 108 Yy & (1 NIz
that hadan overall Tm of 52.8 y€ompared to32 °Cfor the non-thermostabilised receptor

Anultral KSNX2a Gl ot S 02 yudiwabzoadey furghaidérthancirig neteptor
thermostablility by inducing more mutations ducas an introduction of a salt bridge
comparable to the2 Yy S Aywd i Ly | RRAGAZ2Y (2 GKSNM3Rall oA
contained D200E, D322K, 1129V and Y343L which resulted in the Tm being increased to 61.7
°C%, The thermostablised constructs were further investigated to ensure the agonist binding

ability. The antagonist binding affinity is natffected by the introduction of the m23

mutations but the binding affinity of the agonisoprenaline is reduced by 6%old, which
indicatesthat the thermostabilisatiorcauses theeceptor to be more inactive. Furthermore,

it was demonstrated that the modified receptshows low basal activity of about 79 This

construct was further truncatedt the Gterminus whichproduced a construct referred to as

a1 0 mdes*® Additionally, the palmitoylation site was mutatfdlom C358A; this was

necessary because insect cell expression, palmitoylation is not very efficient gesilts in

heterogereous receptor palmitoylationThis construct was call¢diAR36m2338,

The extensive modifications ultimately allow&édiAR to be crystalizepublished in 2008

Protein Data BaniPDB) ID: 2VT4)which could retain the structural and functioraitributes

2F (KS aARITRSIwasIemdnstrated by molecular dynan(ietD) simulationsby

O2YLI NAYy3I GKS ONEaill 1AR B 2TeaaotNdiezén$quareydBviatiorh £ R G & L
(RMSD values computed foCa atoms ofH dpc  NB & ARRIA/B4)A T KOG IGHAR G 2 F
(2RR) indicatechighly similaoverall topology & (1 K Sv (AR Thee extracellular loop 2

of the recepta adopts a helical conformation stabiksl bythe N&A 2y 206 & SNIARR Ay |
crystal structure®3. The intracellular loop 2 (ICL2) ¥ 1ARis helical, which has not been

2 0 & S NI SARligah@hbeand structure becaus# perturbations caused due to stabilising

entities such aghe T4 Lysozyme othe Fab fragment. The residue Y149 from ICL2 was
obsened to interact with the DRID138“°, R139°, Y1465Y) motif viaa hydrogen bond with

11
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D138 wWSaARdzS4 | N® ARSYUGAFTASR dzaAy3a GKS . I ff
the first number refers to the transmembrane helix on which the residue resfdes
Furthermore,this structure(2VT4)bound to antagonist cyanopindolol showed no evidence
F2NJ a A 2fgrndion b&@wednéR> (from the DRY motif) and®3° as seen inthe
Rhodopsin structureThe ionic lock is proposed to be an essential contact for stabilising
receptors in the inact state by connecting TM helices 3 andJpon activation, this ionic
lockis brokenallowingthe TM6 outward movemenwhich is a characteristic of activatioin
antagonist bound receptdsinactive,but the absence ahe ionic lockis surprisingHowever,

MD simulationsof the re@ptor showthe presence othe ionic lock- & & S SAR crfstaNJ |
structures®. Therefore, it is speculated théte absence ofhe ionic lock intie inactive crystal
structureis an artefacof crystal packing. This demonstrates that GPCRs are coamudethe

level of activity of a GPQRes notdepend ona single factorln the past4 years, many more

& G NHzO (i daR®éundaofligahds andtracellular binding partners have been released.
These structureprovideA Yy 8 A A3 K& Ayid2 GKS | QRAGEF GA2Y YSOKI

No. | PDB ID Pub. Year | Structure details

1 VT4 2008 ti 14AR bound to cyanopindolol

2 2Y0Q6 2011 ti 1AR lound partial agonist dobutamine

3 2Y0146 2011 ti 1ARbound partial agonist dobutamine

4 2Y 0246 2011 ti 1AR lound agonist carmoterol

5 2Y0346 2011 ti 1AR lound agonist isoprenaline

6 2Y04%6 2011 ti 1AR lwund partial agonist salbutamol

7 2YCWH 2011 ti 1AR lmundantagonist carazolol

8 2YCX7 2011 ti 1AR lbund antagonist cyanopindolol

9 2YCY/ 2011 ti 1AR lmund antagonist cyanopindolol

10 | 2ycz’/ 2011 ti 1AR lmund antagonist iodocyanopindolol

11 | 3ZPQ® 2013 ti 1AR4-(piperazinl- yl)-1Hindole bound
(compound 19)

12 | 3ZPRs# 2013 ti 1AR 4methyl2-(piperazinl-yl) quinoline
bound

13 | 4AMI4® 2012 ti 1AR bound biased agonist bucindolol

14 | 4AAMJ* 2012 ti 1AR bound biased agonist carvedilol

15 | 4BVNPO 2014 ti 1AR cyanopindolol bound

12



16 | 4GPO?! 2013 Oligomeicti 1-Adrenergic Receptor

17 | 5F8UP2 2015 ti 14AR cyanopindolol bound

18 | 5A8FE? 2015 ti 1AR 7methylcyanopindolol

19 | 6H7X3 2018 ti 1ARwith agonist isoprenaline and nanobod)
Nb80

20 | 6IBL> 2018 ti 1ARwith agonist formoterol and nanobody
nb80

21 | 6H7L53 2018 ti 1ARwith partial agonist dobutamine and
nanobody Nb6B9

22 | BH7M?>3 2018 ti 1ARwith partial agonist salbutamol and
nanobody Nb6B9

23 | BH7N®® 2018 ti 1/ARwith partial agonist xamoterol and
nanobody Nb6B9

24 | 6H70°3 2018 ti 1ARwith weak partial agonist cyanopindolol
and nanobody Nb6B9

25 | 6TKCH# 2019 ti 1ARwith agonist formoterol coupled to
arrestin-2

26 | 7TBTSS 2020 | dzY I AR Bound to epinephrine and
nanobody 6B9

27 | 7TBUG 2020 | dzY I &R bBound to norepinephrine and
nanobody 6B9

28 | 7TBUT6 2020 | dzY I AR bBound to bound to BI67107 and
nanobody 6B9

29 | 71BVQS 2020 | dzY I iR bound to carazolol

30 | 7JJ07 2020 Heterotrimeric Grotein by Isoproterenal
bound toti ;AR

Tablel.1: List of all 1ARpublished structures usingystallography and cry&M studiedill date.
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¢ K SARihas been used as a model system for studying GPCR activation. The crystal structure
of the active statel ;AR bound to a G protein indicates tHatge conformational changes

occur at the intracellular side which is the intracellular coupling interfaicéhe receptor
displayed in Figurd.5. The TM helice$, 6 and 7 rearrange to accommodate G protein
binding. TMé6rotates and swings outaway from the helix bundley 14v. TM5 and TM
undergoslight inward movements and rotatidf°°. The ligand binding pocket also undergoes
rearrangements polar moieties from the ligand form hydrogen bonds \@#f-*?and Set45,

pulling the upper portion of TM5 toward TM6 andusang the binding pocket to contract in
volume. From crystal structure and MD simulation studies, it has been confirmed that
motions of several key residuestegorised ast O2 Yy SOG 2 NE 2 NJ dbasdd y a YA &
on their spatial position on the receptaesult in conformational changes in the binding
pocket coupling themto those at the intracellular coupling interfac&his happensn
response to the inward movement of TMthe residuelle>“%shifts away rfom its position
separatingfrom Pro>*°and Ph&#4[PIF motif] This permitghe lower half of TM&o move
outwards resulting in G protein couplirf§ Thisconfirmsthat there is @ allosteric network

of residues in TM3, TM5, TM6, and TMhich servesas a central hub for sensing and
responding to conformational changeA review ofconformational changes upon activation

as seerusing crystal structures and MD simulatidos several receptors has been discussed

in detailby Latorracaet al. 20176,
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Inward movement of TM7

Binding pocket NPxxY motif

e.g. TM5 movement

Pro7.50
0

S ©
2) agonist /<

TM5

<

Outward movement of TM6

Connector region

/
(as viewed from EC side)
Pro5.50 11e3.40 <
Phe6.44 E E

Figurel.5: Structural rearrangements defining the hallmark of activation in Class A GPCRs upon ligand
binding and G protein (or G protein mimetic) couplilmactive state structure (light pinlPDB 2RH} and

active state (dark purplePDB: 3SN@re overlayed to show differences in helix positicarsd side-chain
orientationsas highlighted in the three distinct spati@gionsc ligand binding pocket, connector region
(conserved residues, prolinispleucineandphenyhlanine form the PIF motif) antie NPxxY motif shown

at the cytoplasmic side. TM6 helical movement is sheeparately highlighting the outward movement

by 14 A upon activation as displayed by the arrfModified figure from Leorracaet al.2017%%
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1.7 Strengths andimitations ofstatic structure determination techniques

GPCRs undergo large conformational changes upon intracellular partner coupling together

with ligands. Several structural studies have indicated that GPCR TM helices can adopt
multiple conformational states other than the active and inactive states, thatdstinct

causing variable response in downstream signdlrfg *. Comparison of crystal structures

2 T 1AR bound to ligands of different efficacgveals that all structures look remarkably

similar to each othef3464% The mly changes observed are at the residue interactions seen

in the ligand bindingpocket.¢ KS f A3y R O60AYRAY3I L}RO1SG | LIS N
described in the previous section for higher efficacy ligasdsh as isoprenaline. This
contraction of ligand binding pocket is attributed to the formation of hydrogen bonds
between catecholamine ligands anthe residuesSef#?and Set4® on TM54. The recently

LJdzo f AAKSR ONRAGEf ad NHzDwzNE/ER FEREVGASNGind dE 02 Y L.
ligands and activating nanobody or G proteiare reviewed(Figurel.6). The most obvious
observation was that the six crystal structures are almdsentical,and the efficacy othe

ligand bound only affected the residues directly in contachwiite ligand but hadittle to no

effect on the overall structure of the ternary complex receptor.
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active state active state

Nanobody Nanobody
@ 6H7N xamoterol @ 6H70 cyanopindolol @ 7BTS epinephrine
@ 7BTS epinephrine @ 6H7J isoprenaline ¢ 7JJO isoprenaline

Figurel.6: Structures of 1ARin ternary active state conformation. The structures forAR (dark pink-

6H7N) bound to xamoterand H 1AR(red - 7BTS)ound to epinephrineshow almost identical helical
arrangement when bound to active state stabilizing nanobody (green) Nb80 and Nb6B9 respectively.
Similarly, active ternary staté AR structures bound toyanopindolo(low efficacyand isoprenalinghigh
efficacy full agonistjdentical conformationsFurthermore,ti ;AR coupledto G protein (pink -7JJO) in

presence of isoprenaline overlaggacty with epinephrine bound, nanobody coupled AR (red 7BTS).

17



A simple clustering dll structures published till date forARs, bound to various ligands, of
varying efficacy, and structures bound to intracellular binding partners such as Nb6B9, Nb80,
miniG, G protein and arrestirvas carried out using GPCRdiirudure analysis
(https://gpcrdb.org/structurel). The structuresould be classified as either active or inactive
Figure 1.7a. Furthermore, changing the parameter for clustering GPCRs based on TM6
distance calculations from the helical core upon ligand and intracellular partner binding
resulted in broadly two clusters agairactive and inactivelf at all,very minor differences

TMG6 distance exist for ternary state receptor complefegurel.7b).

Theseobservatiors based on structure alignment and GPCRdb clusteringiarsurprising

and comparable tgpreviously reviewed crystal structures of ligand bound states of the
receptors. Even if ligand efficacy influences the receptor dynamics, structural studies with
crystallography can only access the most energetically favourable conformation. Additionally,
thed SNy I NB O2 Y LARS ¥ BAR stbiked & RNSDiof 0.5 A, making the ternary
complexes virtually identicalTheseobservations stress the need for dynamic studies of
GPCRs using techniquése NMR spectroscopy to investigate ligand related comfational

changes.
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Figurel.7: Clustering of Adrenergic crystal/crEM structuresa) based ordegree of activation observed
Only active or inactive states have been captured regardless of the efficacy of ligands baasédpn
%TM6 outwardnovementc degree of TM6 outward movement is observed to be variable depending upon

the ligand and IBP bound. The structures that are only ligand bound seem to show more inactive like state.

18LY NI OSt fdzft  NJ ARYRAY 3 LI NIYSNAR F2NJ |

Thesimplistic idea that GPCRs are monomeric proteins that interact mainly v@ipidteirs

after agonist binding i®utdated. The signalling and trafficking of most GPCRs involves
receptor interactions withG proteirs, GRKSs, arrestins and other receptorsadidition to

these widespread canonical GPCR associations, there are many other types of GPCR
interacting proteins that can interact with particular receptors to fi@e receptor activity.

The diversity of protein networks associated with GPCRs isaitgfisee Table 1.2), which

makes the understanding dhe physiology, pharmacology and pathology of GP@Bre

difficult. However, this diversity and specificity offers the opportunity to discover novel

LK NI O2f 23A0Ff G(G22fa OAYHO 52 2T -inRHEeludgros T DO
binding partner (IBP) interactions. The first cytoplasmic proteins that were found to interact

aSt SO0A DS uAR subtype Kverel edd®philins 1/2/8. The primary effect of this
interaction is to promote agonighduced internalization of the receptor and to decrease its
O2dzLJ Ay3a G2 Dad ! y20KSNI Of  aa 2ARatgdp@taSAy a 4
containing the PDZ (PSIB/Discslarge/Z0Om K2 Y2t 2380 R2YIAYy @gKAOK
motif at the Gl S NI A yARf The2fdllowing table gives an overview of the studies targeted

G2 Ay@SadAa3alrasS MR ARSYGATE L.ta F2NJi
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Interaction
Interactor Impact Reference
site

MAGI2 Gterminal Promotes agonisk Y R dzeAR Riterhalization 66
PSD95 Gterminal Attenuates agonispromoted GPCR internalization 67
CAL Gterminal @ Y S Yo akpragssSon 68
GIPC Gterminal @ 9wY OUGAGIGAZ2YS y2 STTFSOU 2y °
MAGI3 Gterminal @ 9wY | OGAGlIGAZY 7
PDZGEF Grerminal Required for agonishduced Ras activation vidasmediated cCAMP "
signaling
DLG4, SAP90 Gterminal @ | 3 gngidced internalization, no effect on cAMP signaling 67
SAP97 Gterminal m t-YBRAFGSR NBOSLIi2NJ LIK2aLK2NH ™
Endophilin 1/2/3 | ICL3 Receptor internalization 65

TablelHY h@SNWBASS 2F 1y26y O2iG2L) WARYAO AY(GISNI OlAzy LI

1.9 Endophilin SH3

Endophilin, is a cytoplasmic protein with Gterminal Src homology 3 (SH3) domaimat

mediates protein interactiorand an N-terminal BinrrAmphiphysirRvs (BARJomain that

binds to membrane lipids and induces curvatlEadophilins were found in 1977 bgreening

an embryonic mouseomplementary DNACDNA expression library with a proline rich

peptide ligand for SH3 domaii¥’4 There are three isoforms of endophilinendophilin 1

(SH3p4), endophilin 2 (SH3p8) and endophilin 3 (SH3p13). Endophilinptassex inthe

brain, endophilin 2 is expressed time brain andthe testis while endophilin 3 is expressed

more ubiquitously. The SH3 domains of the endophilins are highly conserved throughout
different species. Endophilin dimerises through itselNninus, and participates at multiple

stages in clathrirtoated endocytosis, from early membrane invagination to synaptic vesicle
uncoating’. Endophilin 1 is known to hetemimerize with endophilin 2. Both itst@rminal

SH3 domain and &rminal BAR domain are required for endocytosis. Through its SH3
domain, endophilin binds to prolinech domains (PRDs) in endocytic proteins such as
synaptojanin and dynamin. SeveqlproteinO 2 dzLJt SR NB OS LJi:ARNdGrEaina dzOK |
proline rich domains (potproline motifs) within their intracellular domains. Such motifs in

other proteins are known to mediate proteiprotein interactions such as with SH3 domains

6, In 1999, Tangtal.,ideni A FASR SYyR2LIKAfAY {1 o RAR6varya Ay
i AR with higkaffinity (Kd=47+/-9 nM), using yeasdtvo hybrid system and pull down assays
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confirming their findings by coimmunoprecipitatioA. new study usednodel membranes

with a membane densityomn nn NS OSLIi2NAE LISNJ >YH NBLINBaSy

ICLNBIA2Z2Y FARBRY (GKS |

It was observed that the ICli8able to recruit endophilin to membranes ¥iee SH3 domain
of endophilin Most notably,endophilin recruited vidCL3 gets sorted into highly curved
membrane tubules indicating that thendophilin properties t@ssociate witlthe membrane

andto induce membrane curvaturean be facilitated by ICL3 interactifi.

Thebasic® R 2F GKS {1l o R2YFIAYy O2yaAhiai-gandviEhsl y
The domain has a globular shape with a diameter of about 30 A. Thad\Gtermini are
close in space which explains the ability of these domains to taindariable positions in

different proteins. Most of the conserved residum the SH3 family are found in the elements

by

forming the secondary structure. Many of these conserved residues come close in space to

form a ladder like structure (Figufe8); the core is formed by aromatic residuesurrounded
by the RTloop and the rsrc loop. This core defines the pqdyoline sequence motif binding
pocket of the SH3 domairf&

PxxP binding site

Figurel.8: Structural representation of SH3 domain depicting poly proline binding site drett t#atures
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SH3 domains are known to have specific preferences for arginine and leucine residues, as
revealed by combinatorial peptide libraries with the Src and phosphatidylinoskota®e

(P13K) SH3 domaiffs®’ These studies identified two classes of ligands for both SH3idema

class I, with the consensus sequence RXLPPZP (Z = L for Src SH3; Z = R for P13K SH3; X means
no clear consensus was found), and class Il, with the sequence XPPLPXR. The binding modes

are illustrated in Figuré.9.

a b

Class | CgPTPPPF_‘R N Class Il N

X } .
"7
b/, D

QPAVPPR C

Figurel.9: Structuralbasis of an SH3 domain binding to a Class | or |l peptide. Schematic representation of

{1l o R2YIAY NBO23yAlAz2zy 2F | LISLIWARS Ay ®RThelkk dzaQ o/
handed PPII helix of the peptide is shown as circles (residues) connected by sticks (amide bonds). Conserved
residues found at the liganbinding site of the SH3 domain are shown in rectangles. a) TheFb&t&SH3

domain in complex with @eptide derived from AH2 (PDB code: 2P4R). The peptide contains the class |

motif and is bound in the plus orientation. b) The p40phox SH3 domain in complex with a p4ighed

peptide (PDB code: 1W70)
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1.10 Intracellular loop 3 of 1AR

As discussed in the previous section for structural studiesAiR(1.6) and limitations odtatic
structure determination techniqueg1.7), we know that the GPCR conformational landscape
is very complex and not fully captured ¥yay crystallography. In all crystal structure studies

of GPCRs, the flexible regions swhN-termini, ICL3 and Germini are truncated.The
structures ofinactive GPCRs reveal high structural conservation (RMSD ~1rb tid¢
intracellular side of the TM regions that are involved in G pradeit arrestincouplingleading

to downstream signaling Among the intracellular domains of GPCRs, ICL3 is highly variable
in length across GPCRgdas. It ranges from 5 residues in length in GPCRs like CXCR4 up to
hundreds of residues in some other receptofée variations in sequence motifs and length
are relatively closely related in receptor subtypes as it is postulated to have ia releepta
selectivity of different G proteins The ICL3 regions in crystal sturet constructs if present

are disordered (example PDB ID: 3SN6) or are replacedfission proteinHowever, there

are indications that in some GPCRs, the I&is3a propensity téorm h -helical structuress,

This has also been shown fofARICL3by MD simulation studie¥. It is also known from
active state crystal structures that tHEM5 and TM6 undergo extension of the helices by at
least two to threeturns4’. On the contrary, hei ;ARICL3 has been shown to basceptible

for proteolysis demonstrated by hydrogen/deuterium exchange coupled with mass
spectrometry (HDXSY®. Figurel1.10 shows sequence alignment foiARICL3 region from
different speciedo highlight the variable length and sequence compositlors evident that

the regions adjacent to helix 5 and 6 show haggimservation in sequence composition. The
closest related sequences are of human and momk@&RICL3 with high sequence lengthca
similarity. There is a large discrepancy in the ICL3 sequence length and composition between
turkey and human receptorlt is not well establishedf ihi ;AR ICL3adopts secondary
structuresor how it is involved in molecular interactions withinding partnersThis builds a

strong case to study theCL3and its role on ;ARstructural dynamics.
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Bovine/1-39
Dog/1-49
Cat/1-48
Human/1-52; C
Monkey/1-55§ C
Turkey/1-29
Mouse/1-41:
Pig/1-43
Rat/1-41
Sheep/1-39
Frog/1-22

&
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c
C
C

helix 5

Figure 1.10: Sequence alignment of1AR (verified sequences from UniPjotThe sequence alignment
shows conserved residues in the ICL3 across spange®cated closer to helix 5 and helix 6 adjoining
regions Poly proline rich sequence is present across species but with varying composition. The human and

monkey sequencearerichest in poly prolines andiffer in sequence length by only 3 residues.

1.11 Exploring complextauctural dynamicsofi 1AR usindNMR and Molecular
dynamics simulations

Previous studiepublishedfrom our lab used*C methionine NMR antF NMR tcexplore

the conformational landscape of tAR®®87, The receptor used in this case, hradersedsome
thermogabilising mutations in positics VOOM-53 A227¥58 and L282%? leaving fewer
thermostabilising mutations in the receptor construct. This made the receptor closer to the
wildtype. For 13C NMR, Smethionine residues were replacddaving 7 natural methionine
residues as NMR probe¥$C methionine labelled,aurylmaltose neopentyl glycolLMNQ
solubilized receptor was then studied By-13C heteronuclear multiple guantum coherence
(HMQQ NMR. The results of this studgvealed several conformational states ofARIn
solution at physiological temperaturkigand binding modulatese equilibrium between an
inactive state (I;and a more active state (A). The A state is more likely to confecellular
binding partners like G3heligand bound state A also showedt®ong correlation for ligand
efficacy.On ternary complex formation however, the ligands modulate a second equilibrium
between a moreactivesignalingstate AG+ and AGvhere, AGrepresents a preoupled state

of ti 1AR8687,

1%F NMR experiments werrried out to exploreghe local dynamics atelix 6 and helix 7 for

ligand induced conformational states observed&y NMRThe same construct was used for
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19 NMR, with additional mutations @163 and C85 positions to be able to label only single
methionine at position 344 in TM7. Furthmore, to investigate the TM6 dynamics, the C344
was replaced by serine and a cysteine was introducéiteaA282 positionHere, it was shown
that the C344robe on TM7 is in a conformational equilibrium between inactive;gutve
and signaling active ates(Figurel.11). The ligand bound receptor shows three statest,)

and A. istate is themore energetically favoured state for the receptor but ligand binding
with high Gs efficackesults in a conformational change tioe Iand A state Therefore, the

l> and A statesvere intermediates of activationThe {/I> equilibrium is likely governed by
rotamer toggle of Y3433 but the change in equilibrium fronh/I>to A requires large helical
displacementsBinding of intracellular partner @&seates two states as discussed before: AG+
and AG. The relative equilibrium between AGHd AG is determined bythe Gs efficacy of
ligands that bind to the receptor. Thigas proposed to be the basis for partial agonism.
Furthermore this suggestshat AG is a higher energy state thatlaxes into AGThe AG+
state was shown to be very dynamigth the 1°F NMR experimentsuggesing that some

ligands wergoopulating substates of AG#2,

P2, & P3,& P5

“(1112) (AG+)

H

P 6 ‘-'_;'-'.'.'.'.'.'.'.'.'.'.'.'.’.'.'.‘.'.'.’.'.'.‘.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.'.‘.'.'_'_'_'_‘_'_‘_'_'_'.E_.E

(AG-)

Figurel.11: Model for activation ofit;ARas proposed in théSFNMR experimentsvhere P corresponds

to NMR peak observed in the spectfigure adapted with permission froRreiet al, 202028

¢CKS oFaA0 adNHzOGdz2NT £  FSI (i dzNB.AR tBrdughiextr&celMa £ S O dzt
agonist binding and cytoplasm(@ proteinrecognition are known as derived from static
structures of the inactive and nanobody bound ternary receptor (PDB: 6HJ, 6H7M structures
deposited by Warnet al., 2018°) and fromabove discusseNMR studies$®%°. These well

supported models suggest that tree are many conformational equilibria that affect the
activation process ofi tAR However, the molecular details of ligand binding, how the
activation signal is transmitted to the cytoplasmic side of the receptor@ruioteinbias in

signaling are not completely understood. The role of the loops in the receptdracellular
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binding partner interactions is unclear. Until now it has not been possible to resolve if the
intracellular loop forms any secondary structures to facilitate the specificity of binding.
Therefore,NMR is a good approach to study the dynamic intrinsically disoddezgions in

I 1AR as a starting point. This will also give insights into molecular mechanisms of interactions.
As discussed in the previous sections, ltiienan ICL3 seems to interact with several binding
partners and containa polyproline rich region thais known to bindo SH3 domaind-ence,

in this thesis, | explore the conformational landscape eARwith human ICL3 chimeras a

suitable construct
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Aim of the thesis

The broaderaim of the work presented in this thesiss to obtain deeper insights intthe
structural dynamics ofthe i 1ARby using NMR spectroscopyrevious studies othe i ;AR
done in the lab and in other groups useARconstructs that do not contain the ICL3. As
discussed in the introduction, this loopimsthe proximity ofthe intracellular protein binding
site and seems to interact with binding partnerBy introducing the ICL3 from the human
i 1AR, characterisation of areceptor that iscloser to wildtypecompared tothe other
constructsis possiblelt is evident that slution NMR spectroscopy is a powerful tool which
provides valuable informatioabout the conformation and dynamics of membrane ios.
The specific questions this study attempts to ansaes:
1 What roles does the ICL3 play in receptor basal acti¥ity® does it compare to the
0 iARP
1 Can we correlate the flexibility of ICL3 with selective bindaigligands and
intracellular binding partners?
9 Does the ICL&dopt any secondary structures?
1 Is the receptor binding affinity to various intracellular partners affected by presence
of ICL3?

1 What are the differences iconformations when the receptor binds different IBPs?

Chapter 2 discusses in detidié protocol design and optimisaticgs well as thexperimental
techniques employedthroughout this study.Cloning ofthe hICL3 anditAR chimera
construct was my first goalfter introducing the hICL3 fragment, expressiemmd purification

of ti ;ARhICL3 by solubilisation in LMNG was optimised based on previously established
techniques in the lalbivhich is discussed in Chapt&rFurthermoee, Cloning, expression, and
purification of endophilin SH3 domaiwhich requireoptimisation are outlined in Chapter 3.

With this construct, NMR experiments were carried out by labelled expressiod post
purification labelling protocols to introduceNi\R probes!F and3C HMQC NMR experiments
describing the local and globahanges in conformations of the receptor are discussed in
Chapter 4. Biophysical characterisation of the receptounderstand the signaling output,

binding affinitywith IBPsand structural changes in the hICL3 are discussed in Chapter 5.
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Chapter 2




Methods

All the materials, reagents, chemicals, assay Kkits, instruments and equipment used in this
work are listed in the Appendix Table 1

2.1 Site directed mutagenesis

The insertion ohuman intracellular loop SHfCLJand point mutations were performed using
New England BioLabNEB Q5polymeraseor PfuUltrall in a 50 L reaction volume following
0KS YI ydzFf I O0 dgiedhiy&l@ntslaNmiese 2w0 ddlyderase kits are summarized
in Table 2.1Specific conditios and primer details are mentioned tine relevant sections in

Results chapter 3.

Primer design

The polymerase chain reactioPCR primers were designed using commercially and freely
available software and online tools. These primers were testesllito with the software
Snapgene and the annealing temperature was optimised with the online tool
Wncalculator.neb.cor®2 Optimal annealing temperatures werselected such that the
difference in annealing temperature betweéorward and reverse primesnot more than5

JC andboth are not higher than 7QIC. Characteristics such as secondary structure formation
and dimerizéion were checked for using the online ordering tool from Merck (formerly
SigmaAldrich). All primers were purchased from Megoikd are listed in Chapter 3 discussing
cloning of constructsPCR reaction conditions for reagents used are outlined in tablariti

step temperaturesettings for thermocycler are summarised in table 2.2.
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NEB Q5 polymerase kit PfuUltra 1l polymerase kit

Ingredient Volume (L) | Ingredient Volume (L)

5X Q5 Reaction buffer 10 10x PfuUltra Il buffer 5

10 mM(dNTP) mix 1 10 mM (dNTP) mix 1.25

Mn >a FT2NBl NH25 Mn >a FT2NBI NJ1

Mn >a NBOSNAES25 Mn >a NBOSNAJ{1

Template DNA (1ng) 1 Template DNA (10 ng) 0.72

Q5 polymerase 0.5 PfuUltra Il polymerase 1

GC enhancer (if used) 10 -

ddHO Upto 50| | ddHO Up to 50° |

Table 2.1: PCR reaction conditi@srecommended by the kit manufacturer.

1x Initial denaturation 98JC 30 seconds

30 cycles | Denaturation 98JC 8 seconds
Annealing $ 20 seconds
Extension 72J3C 25sec/kb

1x Final extension 72JC 2.5 minutes
Cooling hold H

$The employed annealing temperatures were obtained from NEB Tm calculdtom

https://tmcalculator.neb.comand were specifically designed for each primer set.

Table 2.2:Thermocycler settings foPCR reactiorstep temperatures as recommended by the kit
manufacturer

2.2Dpnl digestion of template DNA

The enzyme Dpnl (Thermo Fisher Scientific) was tseligest methylated template DNA

once the polymerase chain reaction was completed. This ensured the presence of only

desired, mutated / w LINP RdzO0 6KAOK ¢l & TFdz2NII KSNIJELINROSA
colicells together with transfer plasmid.
Dpnl dgestion was performed by adding=[ Syl &YS G2 wp >[ t/ w LN

incubaion at 37JC for 1 hour.
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2.3Phosphorylation of PCR products

The doublestranded PCR products if directly transformed could lead to inefficient
transformation. To pevent this, phosphorylation with T4 Polynucleotide Kinase (Thermo

Fisher Scientific) was performet4 DNA Ligadauffer 10x, T4PolynucleotideKinaselO U/ |
enzymeand10 mMATPwere each added at>[ @2 t7dz¥S 508 L RA3ISaiGSR t
G2 YIS + FAYyLt NBIOUGAZ2Y @2f dzy SIC®rB0minutes. >[ ® ¢

2.4 Ligation of phosphorylated PCR products

The phosphorylated PCR products were ligated using T4LgE#e enzyme (Thermo Fisher
Scientific) to form circular doublstranded DNA. TADNA 3| &S 0 dzF ¥ S Nigasem >[ 0 X
SyT @8YS 6H Jdr[ &7 erydRdeddrthe phosphorylated reaction nibdzNB o6 mn > |
to form the 20> [volume reaction mixtureThe reaction was incubated for a minimum of 2

hours at 37JC. The enzyme was heat inactivated atl65or 20 minutes. The ligated product

gl a (NI yaT 2 NacliBellsitogain@r whhitransfieplasmid.The resulting plasmid

DNA construct was isolated using a commercial Miniprep kit (Qiagen) and used for
transfection in insect cells.

Ly OlF&asSa gKSNBE (KS LINAYSNB 6SNB 200l AYySR AY

step was omitted.

2.5Preparation of competent Eoli5 | ph  OSf t &

Ingredients:
Inoue buffer 55 mM Manganese dichloridéMnCp), 15 mM Calcium chloridg
(Cad)), 250 nM potassium chloriddKC), 10 mMpiperazineN,N -
bis(2ethanesulfonic acidjPIPERH 6.7
LB Medium 10 g/L tryptone, 5 g/L yeast extract, 10 @badium chloridéNaC)
LB Agar 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 17.%agdterial
agar
Super optimal broth | 20 g/L tryptone, 5 g/L yeast extract, 0.6 g/L NaCl, 2.5 mM K(
(SOB) medium mM MgC}, 10 mMMagnesium sulfatéMgSO2

Table 2.3Ingredients used to make buffers and media used in preparation of competent cells.
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Protocol:
1. Noncompetent Ecoli5 | ph OSf f & ¢ BuNdSbroth ILEBNA&r Rlate2with |
no antibiotics and incubated at 3C overnight.

2. A single bacterial colony was picked and was used to inoculate 25 mL LB medium in
250 mL Erlenmeyer flagindincubated at 370C for 68 hours.

3. 10 mL of the starter culture was used to inoculate 2503uper Optimal BrothSOB
medium overnight at 20C in a 1 Litre flask while shaking. Atogmical density at 600
nm (OD600 of 0.55absorbance units (AUdhe flask was placed on ice for 10 minutes.

4. The cells were harvested by centrifugation (2500 x g, 10 minutel;)4and the
supernatant was completely and thoroughly removed while maintaining the
temperature of 4JC (subsequent spis performed at 4C).

5. Cells were resuspended in iceold Inoue buffer by swirling and centrifuged as in step
4.

6. Cells were resuspended in 20 mL of i®ld Inoue buffer with 1.5 mL dimethyl
sulfoxide(DMSQ and mixed by swirling.

7. The mixture was icubated for 10 minutes on ice and subsequently aliquoted at a
@2t dzYS 2F pn >[ -toblédimdzafigatues/ a G SNRAf ST LINB

8. The tubes containing cell suspension were flaslzen in liquid nitrogen and stored
at -80JC until use.

2.6 Transformatiorof chemically competenE.coli

LB Medium 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl
LB Agarl0 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 17.5 g/L bacterial agar

Protocol:

~

1. Chemically competent or ultracompete® coliOSt t & Ay pn > £ Al dzz
on ice.

2. m >[ LJX I & ¥20Rng)svas addéavaitine cells and incubated for 30 minutes
on ice.

3. The cells were heathocked at exactly 4X for 45 seconds.

4. Heat shocked cells were placed on ice and incubated for 2 minutes.

5. pnn >[ 2F [. YSRAdzY 461 & | RRGHE 466@minit&sS OSft f
with shaking at 250 rpm.
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6. mnn >[ 2F OStft adzalLlSyairzy ¢l a alljatke R 2y iz

antibiotics and incubated at 3IC overnight.

2.7 Bacterial expression of endophilki SH3 domain in BL21(DHESIL cells

BL21RIL cells were transformed with the pET28b (+) vectors containing the gene of interest.
Colonies were picked and indated in a 50 mL starter culture supplemented with desired
antibiotic. The OD6® for the largescale expression was monitored every 30 minutes. 160
>a A&a2LINRBLRf GKA23LFE1FO002LRBNYy2aARS oLt ¢DO
domain once the OD600 ke was between 0:6.9 AU. The cells were incubated for an
overnight expression at 18 ¥@ile shaking at 250 rpnior isotopic labelling expression hH

was substituted foammonium*°N chloride [Vector map in Figure 2 Appendix]

2.8 Purification ofendophilin A1 SH3 domain

Buffers used:

Lysis buffer 20 mM TrisHCI pH 8.0, 200 mM NaCl, 50 mM imidazole, 0.5 T (2-
carboxyethyBphosphin(TCEPand protease inhibitor cocktail

Buffer A (wash buffgr 20 mM TrisHCI pH 8.0, 200 mMaCI, 50 mM imidazole and 0.5 mM
TCEP

Buffer B (elution buffer 20 mM TrisHCI pH 8.0, 200 mM NacCl, 250 mM imidazole and 0.5
mM TCEP

SEC buffer0 mM TrisHCI pH 8.0, 200 mM NacCl

The bacterial cells from 1 L expression culture were sedimented by ceyatidn at 4200 g

for 15 minutes and resuspended in the lysis buffer to be incubated for 10 minutes at 4 °C.
After incubation, the cells were lysed usiihg highpressure homogenizekvestinemulsiflex

C5 The cell debris and unbroken cells were pelleted by centrifugation at 40,000 g for 15
minutes. The supernatant was loaded omtblisTrap FF column equilibrated with buffer A for
nickel affinity chromatography. Elution of the protein was performe@dging buffer B with

¢ 12.5%, 25% followed by 100&eating a step gradierdf buffer B.
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2.9Gel filtration chromatography of endophilihl SH3 domain

The nickel affinity purified fractions of endophifl SH3 domain were concentrateising a

3 kDa cutoff Amicon concentratat a volume of 503> [ The sample was loaded ong&ogel
filtration column equilibrated with the SEC buffer and washed with the same buffer.
modified the purification protocolfrom 4-(2-hydroxyethyl}1-piperazineethanesulfonic acid
(HEPESo TrisHClbasedbuffer to purify rat endophilin SH3 domaifs This modification
was done so that the purified SH3 domaimigrisHCI buffer compatible to be added to the

receptor NMR samples. The modified buffer composition is outlined in the previous section.

2.10Expression of Nanobodies

The expression vect@ containing appropriate DNAnd the expression protocolaere
obtained from Dr Andras Solt (former PhD student in the InlanobodiesNb60 and Nb6B9
containing plasmids pET28b (+) and pET26b (+), respectively, were transformed into
chemically competent BL21 (DE3) cells and grovieBimedia supplemented with kanamycin

Fd | FAYLE O2yOSyidN} A2y 2F pn >3IkY[ D 9ELNSB
overnight culturein LBgrown at 37 °C to an OD600 density of 0.1 AU and grown to a density
of 0.8 AU at 37 °C. Induction washeved with IPTG at a final concentration of 0.5 mM.
Expression cultures were grown at 25 °C for 16 hours before harvesting by centrifugation
(3500 g, 20 minutes, 4 °C).

Alternatively, nanobodies were expressed in Superbroth antlnction media (Formedm),
where the overnight culture was prepared in LB, and 0.5 mL was used to inoculate the

expression culture, regardless of overnight OD or culture volume.

Media used:

LB medial0 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl

Superbroth media32 g/L tryptone, 20 g/L yeast extract, 5 g/L NaCl

SOB media20 g/L tryptone, 5 g/L yeast extract, 0.6 g/L NaCl, 2.5 mM KCI, 10 mM, Mg Cl
mM MgSQ
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Autoinduction Superbroth was either prepared from a commercial powder or made from the
following constituents. Thedse ingredients were dissolved and autoclaved together. Trace

elements were sterile filtered, and the mediave supplemented before us®%

Composition for autoinductiosuperbroth media

Base ingredients: 35 g/L tryptone, 20 g/L yeast extract, 3.3 Agimonium sulphate
((NH4»S04, 6.8 g/LMonopotassium phosphatédKRhPQ), 7.1 g/LDisodium phosphate
(NaeHPQ), 0.5 g/L glucose, 2.0 gfL-lactose, 0.15 g/IMagnesium sulfat§MgSQ), 5 g/L

glycerol

Trace elements:

Ingredient Stock concentration Volume per 500 mL
Iron trichloride(Fe) 5 mM 0.2 mL
Salt mix 1000x 0.5 mL
CaCGl 100 mM 0.5 mL
Ammonium chloriddNH:C) | 10 % 5 mL (=1g/L)
Antibiotics 1000x 0.5 mL
Zinc sulfatgZnSQ) 0.1M
Composition of 1000x sa MnCp 0.1M
mix Boric acidH:BO 0.1M
Copper(ll) sulfatéCuSQ) 0.1 M

Table 24: Trace elements ingredients used to make autoinduction superbrot

2.11Purification of Nanobodies

Buffers used

Resuspension Buffer: 20 mM THEIpH 8.0, 150 mM NaCl, protease inhibitor cocktail
NINTA Buffer A: 20 mM T+iCI pH 8.0, 150 mM NaCl

NiNTA Buffer B: 20 mM T¢l8Cl pH 8.0, 150 mM NacCl, 250 mM imidazole

CatEx Buffer A: 50 mM Sodium Ascorbate pH 4.8, 75 mM NaCl

CatEx Buffer B: 50 mM Sodium Ascorbate pH 4.8, 1 M NaCl

Desalting Buffer: 10 mM TrisiCl pH 8.0, 150 mM NacCl
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Cell lysis andickel affinity chromatography
¢tKS OSftfa oSNB KIFINBSaGtGSR o0& OSYUGNRTFdAIFIGAZ2Y ¢

resuspension buffer. A total of 100 mL of resuspension buffer was used for a culture volume

of 4 L. The resuspended cell mixture wasged several times throughe Avestinemulsiflex

G5 to break up cell wallsnembranesand chromosomal DNA

¢tKS feariasS gra 02ttt SOGSR o0& OSYUGNRTFdAdAlNGAZ2Y
25.50 rotor and subjected to nickel affinity chromataghy on Akta Pure (GE Healthcare) at

n e/ ® ¢KS f&alrdsS 61 a NHzy 20SNI I WNiNVAuffdrA & ¢ NI L
A with a flowrate of 1 mL/minute. The column was then washed with 6ININIT Abuffer A

and 50 mL with 6%NINTA buffer B to rem@e contaminating proteins. Nb6B9 was
subsequently eluted with 100% buffBiNTA buffeB.

In preparation for a cation exchange chromatography, Nb6B9 containing fractions were
pooled and transferred into a dialysis membrane with a 3.5 kDa molecular weigbff and

dialysed against 2 L CatEx buffer A.

Cation exchange chromatography

To remove residual protein contaminants, the dialysed sample was further purified using a 1
mL cation exchange RESOURCE S column (GE Healthcare). The column was equilibrated with
CatEx buffeA. The sample was loaded onto the equilibrated column to allmdihg. A linear

gradient from 75 mM NaCl (CatEx buffer A) to 1 M NaCl (CatEx buffer B) was applied to
gradually elute proteins from the column. The Nb6B9 was identified as the major elution

peak.

Desalting
Finally, the Nb6B9 preparation was transferretb a buffer suitable for NMR and compatible

with receptor preparations. A 5 mL HiTrap Desalting column (GE Healthcare) was equilibrated

with Desalting buffer and the protein, previously concentrated to a sample volume of 0.5 mL,
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was applied to the columrfor buffer exchange. The Nb6B9 was concentrated to a

concentration of around 1 mM for use in receptor binding experiments.

2.12 SaposirA expression and purification

SaposirA (SapA) was expressed and purified using the pra@stéblished in lab by Henry
ChihTa Chier?*. The SapA plasmidas a kind gift from Dr. Janet Deatwthe lah The

sequence of the construgs as following:

Human SapA

MGSLPCDICKDVVTAAGDMLKDNATEEEILVYLEKTCDWLPKPNMSASCKEIVDSYLPVILDIIKGEMS
RPGEVCSALNLCESLQ

SapA was expressatE. coli SHuffle® T7 cells grown at 30 °C mddiasupplemented with
Mnan >3k Y[.The yradahvast nforitofetbr approximately Shours until theOD600
reached valuef 0.8.Cells were then induced with 1 mM IPTG, and incubated overnight at 16
°C.The cellswere harvested by centrifugation (5,000 g, 30 mand @ll pellets were
resuspended iranionexchange buffer (50 mM T#4Cl, pH 7.4, 25 mM NaCl) with protease
inhibitor cocktail (Sigm&ldrich) Cells werdysedusingemulsiFlexC5 (Avestinby applying
three runs Soluble proteins were separated by centrifugation (40,000 g, 30 min,ah8d)e
supernatant was incubated at 85 °C with gentle mixing for 15 min to denature ptbtgins.

The solution beconmgcloudy after the heating steas proteins precipitate Precipitated
proteinswere separated bycentrifugation (40,000 g, 30 min, 4 °C) and discarded. The anion
exchange purification was performed using a 5 mL HiTrap QSepharose column (GE
Healthcare) equibrated with aniorexchange buffer. Elution used g30D% lineagradient of
elution buffer (50 mM Tri¢dCl, pH 7.4, 1 M NaCl). Fractions wetecked by SDBAGE and
those containing SapA were pooled and concentrated uamgcon Ultral5 (3,000 MWCO).
The sample was further purified by sksxclusionchromatography using a HiPrep 16/60
Sephacryl 200 (GE Healthcare). The sample was aliquoted, flash frozen and stored-in the

80 °Cfreezer.
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2.13Baculovirus generation

The pBacPak8 system forl O dzf 2 @A NHza AR®nEtRISg) Wak @s¢d fob tirhsfection
of SF9 insect cellall steps of the protocol below were performed under sterile conditions
with sterile reagents in a dedicated laminar airflow hood for insect cell culf\ector map

in Figure 1 Appendix]

Step 1: SF9 insect cells grown in serum fre@08flll media (Gibcd) at midlog growth phase
were seeded into a Hell plate such that each well contained 0.5 mL insect ceills

0.8x1C¢°/mL cell density.
Step 2: The pBacPak8 DNA containing the desired gene wastbghred at 55)C for 1 hour.
Step3: Transfection was performed using the FlashBac Viral DN®xX{drd Expression

Technologies) to generate baculovirus containing the desired constructs. Transfection

reactions were made into two separate mixes as described below:

Mix A Mix B

n >J | Sttt FSOUAY o6¢tn >[ Cfl &K. | O 5b!

p n S£900 Il media Moy >[ omnny3dk >[0
p n >900 Il hedia

Table 2.5: Transfection reaction mixture for baculovirus generation

Transfection mixes A and B were mixed and incubated for 30 minutes at room temperature.
Step 4: The combined reaction mixture was added to the seeded cells and incubate8 for 3

hours at 27JC under gentle shaking at 60 rpm.

Step 5: After a minimum intation of 3 hours, the cells were allowed to adhere to the plates
(no shaking for approximately 1 hour). The medium containing Cellfectin was removed, and
1 mL of fresh S900 Il media was added. (Cellfectin, if left for longer than 5 hours, is toxic for

insect cells.)

Step 6: The cells were incubated for 5 days al@With shaking at 60 rpm.
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A positive control was used to verify the success of transfection, using an enhgiremssd

fluorescent protein GFP construct Hgure2.1).

Subsequently, viral stock from day 5 was used to gendnatepassageR1) virusstockwith

cells at 1 million cells/mL in 10 mL and was incubated for 48 hours under shakingG@t 27

mann >[ 2F tm aiG201 ¢l a dzia SR simg andl was Bddateco n Y[
for 48 hours under shaking at 2T to generate the higher virus titeesecond passage virus

(P2), followed by third passage virus stock @Bjable for protein expression.

Clavg 2

| B =
-

promoter p

N

pAS062 - pOET1-gw-trGFPuv
5231 bp

Figure2.1: Schematic representation of GFP gengOET1 plasmid. Transgenic GFP (trGFP) gene
(neon green) is present just after the polyhedron promoter sequence
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2.14Expression of isotopical§G--Y S i KA 2 y A y @Rproteid B¢ a SHRAR)

C 2 NARiexpression, Sf9 or Sf21 cells, grown in serum free SF4 (Bioconcept) media were
centrifuged (500 g, 10 minutes) and washed with stgshlesphatebuffered salingPB$to

reduce the carryover of unlabelled methionine. The washed cells were diluted demssity

of 3 x 16 cells/mL into methionine deficient SF4 media (Bioconcept) or ESF 921 media
(Expressiorg/stems) at half the intended final culture volume. The culture was then infected
with 4 mL of high-density viral stock (8, and incubated for 5durs, before supplementing

the culture with 250 mg/L ofGmethyl methionine and diluting to a final density of 1.5 £ 10
cells/mL The initial reduction in culture volume ensured optimal aeration in the initial phase

of the viral infection. Cells were gronini H T  Tr/H odi&2aNd weng harvested by

centrifugation (3500 g, 15 minutes), when viability dropped to 80%.

Fornonf | 6 St f SR S RARIMS maihad?wés idertical, except that the cells were
grown in unlabelled SF4 (Bioconcept)lasectXPRESS (Lonza) medium and no methionine

supplementation took place.

215t dZNA FAQARIA2Y 2F |

Buffers used:

Solubilisation buffer20 mM TrisHCIpH 8.0, 350 mM NaCl, 3 mM Imidazole, ER€A
complete proteaseinhibitor Cocktail Roche, 2%MNG

Equilibration buffer20 mM TrisHCI pH 8.0, 350 mM NaCl, 3 mM Imidazole, 0.02% LMNG
Elution buffer:20 mM TrisHCI pH 8.0, 350 mM Na@§0mM Imidazole, 0.02% LMNG

The frozen insect cell pellet was thawed with solubilisation buffensisting 0f20 mM
Tris(Hydroxymethyl)MethylameHydrochlorieé (TrisHCI) pH 8.0, 350 mM NaCl, 3 mM
Imidazole ethylenediaminetetraacetic aci(EDTA-free complete proteaseinhibitor Cocktail
(Roche), 2%auryl Maltose Neopentyl GlycgIMNQ) and stirred for 1 hour. The solubilised
cells were clarified by centrifugation (Beckman Optim&QK ultracentrifuge at 4 °C, 175,000

g for 45 minutes) and the soluble fraction was loaded onto a nickel affinityntolu
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The column was washed with equilibration buffer and weakly bound impurities were washed
out with a 50 mM imidazole wash. The receptor was eluted with &hation buffer
supplemented with 250 mM imidazole. The final sample was exchanged into 20 sAMICIri

pH 8.0, 250 mM NaCl, 0.02% LMiKBg a HiPrefy' 26/10 Desaltingcolumn.

The sequences of receptor constructs used in this study are as ouithiriédure 2.Delow:

I 1ARMet2D5

MGAELLSQQWEAGLSLLLALVVLLIVAGNVLVIAAIGSTORLQTLTNLFITSLAVADLVMGLLVVPFGAT
RGTWLWGSFLCELWTSLDVLCVTASIWTLCVIAIDRYLAITSPFRYQSLMTRARAKVIILTVWAISALVSE
IMLHWWRDEDPQALKCYQDPGCCDFVTNRAYAIASSIISFYIPLLIMIFVYLRVYREAKEQIRKIDRASK
SRVAAMREHKALKTLGIIMGVFTLCWLPFFLVNIMANRDLVPDWLFVAFNWLGYANSAANPIIYCRSPLC
KAFKRLLAFPRKADRRLHHHHHHHH

i 1ARMet2D5hICL3 cimera

MGAELLSQQWEAGLSLLLALVVLLIVAGNVLVIAAIGSTOQRLQTLTNLFITSLACADLVMGLLVVPFGAT
RGTWLWGSFLCELWTSLDVLCVTASIWTLCVIAIDRYLAITSPFRYQSLMTRARAKVIICTVWAISALVS
IMLHWWRDEDPQALKCYQDPGCCDFVTNRAYAIASSIISFYIPLLIMIFVYLRVYREAKEQIRKIERRFL

GGPARPPSPSPSPVPAPAPPPGPPRPAAAAATABRABKRRPSRAAMREHKALKTLGIIMGVFTLCWLI
FFLVNIVNVFENRDLVPDWLFVAFNWLGYANSAANPIIYCRSPDFRKAFKRLLAFPRKADRRLHHHHHEF

Figure 2.2: Aminb OA R & SIljdzSy 0Sa 2 FARME20DS LINYARMEOIBYCGLE diiirdn & |
the chimeric sequence, thenderlined amino acidsorrespond tohICL3For further details please refer to
Chapter 3 section 3.2.

2.16[ I 6 St t A YAR with 2,2 dirflidroéthanethiol (TET) f8PF NMR

Buffer used:

Buffer GF35020 mM TrisHClat pH 8, 350 mM Na@,02 % LMNG

¢ K SARiwas expressed and purified as described above. diffez! affinity purification, the
NEOSLIi2N) ¢l a O2yOSYydGN)r GSR (42 wmn >a |4 pnn >
molar excesswas addedg=n >a 0 (2 LINRGSIKON RKSdz VIENARS 2 6 S YR
and 4n -@ithiodipyridine (soldas Aldrithiol4™, SigmaAldrich) was added in a tenfold molar
excess(mnn >al0 G2 | OGAQGIGS a2t oSyl SELRaSR Oeal
for 10 minutes at 4 °C withentle stirring. After incubation, Aldrithigff™and GSSG were

removed bybuffer exchangénto buffer GF350at509 [ @ C2f f 2 Ay 3 0 dzF F SNJ ¢
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D{{ D | yR wmTrifluorcethanetBiah\fere added, and the solution was incubated for
30 minutes a#4 °C with gentle stirringrigure 23 outlines the schematic representation for

the reaction mechanism involved in cysteine labelling!¥6NMR using TET.

The labelling reagents were subsequently remolrgfuffer exchangénto buffer GF350and
the protein was further purified by alprenolol affinity chromatography and eluted with either

atenolol or alprenolol.

/im F
F
Iji ii [I mls EN 2. Disulphide ll “ Iﬂsl-s\/k,:

SH ) :
B4AR 1. Activation N_ Exchange
TET Labelled Receptor
= | E
F
N.__S.
Mo Ss N Hs\)<F
Z TET
Aldrithiol

Figure2.3: Schematic representation of cysteine side chain labelling in ssteyw reaction with Aldrithiol
activation followed bydisulphide exchanged TET binding.

2170 f LINBy 2t 2f NBAAY | RARAYAGE@ OKNRYIl (23N L

Buffer used:

Buffer GF35020 mM TrisHClat pH 8, 350 mM NacCl, 0.02 % LMNG
Buffer W1:20 mM Tris pH 8, 1 M NaCl
Buffer W2: ¢hanol 20 %

t dzNR F A Ol AR @itfi al@éholalirésh yiéldehighly pure and functional receptor. The
RS al f,ARSMAs diluted with cold GF350 to a total volume o280mL. The alprenolol
column was washed with buffers W1 and W2 to remove any residually bound proteins and
ligandsfrom previous runs.The column was then equilibrated with buffer GF350 and the

f I 6 S {AR @d® bound to the column by running the sample three to four times over the

column bed at a flowrate of 0.2 mL/minute.

Columnwashing step was performedith 25 n{ 6 dzF ¥ S NJ D AR wvas eltitgf Rith(i K S

either 0.1 mM alprenolol or 1 mM atenolah GF350Especially in the case of the low affinity
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antagonist atenololextensive incubation time@etween 1216 hours) in the presence of the

ligand were necessary to fully elute the receptor from the column.

2.18L y O 2 N1J2 NAR(inoSspsirdAEMNG picodiscs

Buffer used20 mM TrisHCI, pH 7.4, 250 mM NacCl

i 1AR solubilised in 0.02% LMNG at a concentratiappfox.50> awas mixed with Sagsin
A(SapA) G I { I LARYrdtia &f B:45i1The assembly mixture was topped up with
buffer (20 mM TrisHCI, pH 7.4, 250 mM Na@})500>L and incubated at room temperature

for 10 minutes. Excess LMNG was removed by addition of 80% w/v Amberlite XAD2 beads
(SigmaAldrich) incubated aB5 °Cfor 45 minutes under shaking at 600 rpm. Beadsewe
removed by centrifugation (2,000 g, 10 minutes). The sample was analysed for homogeneity
by analyticakize-exclusion chromatograph{SEusing a Superdex 200 Increase 10/300 (GE

Healthcare).
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2.19SDSPAGE and Western Blots

The followng recipe was used to castsodium dodecylsulfate polyacrylamide gel

electrophoresi{SDSPAGIEgels. First, 12% resolving gel was made and cast, followed by the

6% stacking gebf which the ingredients are outlined below.

12% Acrylamide Resolving Gel

Finalconcentration 2 Gels 4 Gels
Water - 492mL |82mL
30% Acrylamide/Biscryl 37.5:1 12% 6 mL 10 mL
1.5 M tris pH 8.8 375 mM 3.75mL |6.25mL
10% sodium dodecylsulfate (SDS) 0.1% MPA >HpPpA 3
10% ammonium persulfate (APS) 0.1% MPA >HPpA 3
Tetramethylethylenediamine (TEMED) - Mp >[|Hp >]
TOTAL VOLUME - 15 mL 25 mL
6% Acrylamide Resolving Gel

Final concentration 2 Gels 4 Gels
Water - 273 mL | 4.75mL
30% Acrylamide/Bigcryl 37.5:1 6% 1mL 1.8 mL
0.5 M tris pH 6.8 125 mM 1.25mL |2.25mL
10% SDS 0.1% pn >[|dn >]
10% APS 0.1% pn >[|dn >]
TEMED - y > Mp >
TOTAL VOLUME - 5mL 9 mL

Table 2.6: Ingredients for SIPAGE gegdreparation

Purified protein amples were prepared with 1x final concentration of lithium dodecyl
sulphate (LDS) loading buffe(invitrogen) Gels were run in NUPAGE MES buffer (Life
technologies), or in equivalent custemade 2(N-morpholino) ethane sulfonicacid (MES)
running buffer (50 mM MES, 50 mM Tris base, 1 mM EDTA, 0.1% SDS) farZlhinutes

The gels were stained with InstantBlue (Expedeé&@geRuler prstained protein ladder
26616 (ThermoScientificjvas used alongside samples
NEaz2f SR 3ISta ¢SNB
methanol activated polyvinylidene difluoride (PVDF) membrévdlipore) in 1x NuPAGE
Transfer buffer (25 mM bicine, 25 mM #iss pH 7.2, 1 mM EDTA, 0.05 mM chlorobutanol,

For western blot analysisi K S 0NJF yaFSND

10% methanol) at 30 #r 1 hour.After transfer,membrane was blocked in 4% Bovine serum
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albumin (BSA) in Trisuffered saline (TB%).05% Tween20 (TBST) for 1 hour and
subsequently washed with TBST for 5 minutes, repeated 3 times. The membrane was probed
with nickel conjugagd horseradish peroxidase (HRP) in a 1:5000 dilution in TBST as instructed
in the SuperSignal West HisProbe Hih¢rmo Scientific)The probed membrane was washed
extensively with TBST and incubated with 2 mL SuperSignal West Pico Luminol Enhancer and

2 mL Stable Peroxide for 1 minute. Probe binding was visualised on a FujaiRKI.

2.20Calibration of size exclusion columns

Calibration was done using the Gel filtration Molecular Weight Calibration Kit (Sigma,
#MWGF200)The void volume waseasured using blue dextran dissolved in 50 mM-HG$
pH 8, 150 mM KClI, to a final concentration of 2 mg/mL. Blue dextran has an approximate mass

of 2000 kDandtherefore elutes in the void volume.

The following proteins were dissolved in 1 mL of 3@ frisHCI pH 8, 150 mM KCI to the

indicated concentrations.

Marker Molecular Mass/kDa Concentration/(mg/mL)
Cytochrome C 12.4 2

Carbonic Anhydrase 29 3

Albumin 66 10

Alcohol Dehydrogenase 150 5

I -Amylase 200 4

Table2.7: Calibratiormarkers used for size exclusion chromatography (SEC)

The molecular masses were plotted against the measured retention volumes. The points were
fitted with an exponential curve. The fitting was done in Excel and Graph Pad Prism. Superdex
S200 Increase column was calibratedl based on these values) equation to calculate the
molecular weight Mw) of an unknowncompound based on its retention volume (x) was

derived.
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2.21Protein concentration determination

Proteinsconcentration was determined usifganoDropwith absorbance measurements at
280 nm. The absorbanceneasurementat 280 nm (A280) wavelength is ideal because
tryptophan, tyrosine phenylalanineand disulphide bonds dflave absorbance maximum at
280 nm.TheNanodropallows protein concentrations to be measureidthout dilution with

protein concentrations up to 400 mg/mL.

This method assumes thatgiein solutionat 1 mg/mL(0.1 %)gives amabsorptionvalue of
1.0 AU with 10 mm path lengtfheactual absorption of &.1 % proteirsolution variedor
different proteinsdepending onthe number of absorbing residues preseiitherefore,a
correction factor is neededMultiplying themeasured A280 valuey the inverse of the 0.1 %

absorbance gives the correct protein concentration for the given protein solution in mg/mL.

6O &1 CRO0EGMD1%I ¢ & 6)(83¥20 0(0dj- (D 1H6 p

2.22 Circular DichroisniCD)

Buffer composition: 50 mMsodium phoghate buffer(NaP pH 8.0, 50 mMSodium fluoride
(NaB, 0.02% LMNG

Protein samples were purified using size exclusion chromatography using above mentioned
buffer to avoid strong UV absorbance by HHiSI and NaCl frotte usual buffer. CD spectra
were recorded at 28 by scanning between Bhmand 250 nm on an Aviv 410 spectrometer

60! OAD . A2YSRA-Oimntuvette/ Eadhisangia dowtained 0.1¥mg/ml protein in a
@2t dzy S B All CiDsspectra were analysesing CDP#5. CD spectra of the buffer
solutions were subtracted from the sample spectra and smoothed using a window width of
11 and apolynomial ofdegree 2. Spectra were reported as the average of three scans. Data

for each experimental condition are reported as the average of three independent samples.

Y- Fpmda ©® & oCwy
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Here, —is the observed ellipticity (millidegrees),the path Ength (cm),c the protein

concentration (M) andh the number of peptide bonds.

Molar residue ellipticity (MRE) is calculated as:

()

— Y- oCwy

The CD spectra were recorded for the Apo receptor (receptor in buffer with no ligands or IBPs
bound) and reeptor with IBPs boundsince the molar mass &fb6B9 is 12.9 kDa, miniG is
26.4 kDa and SH3 domain of endophili®.2@kDa.The intracellular binding partners at 0.1
mg/mL concentration were added to receptor samples at70mg/mL This results in
concentrations of IBP beimguch higher than that of the receptoras they are much smaller

in size. Thereforethe adding stp describal ensures a manjold excess of intracellular
binding partnersThe ligands were not added in thisseaas they would interfere with the UV

absorbance.

2.23 Microscale thermophoresis

i 1AR protein samples purified by nickel purification were used to further prepare samples for
labelling with Monolith N¥ Protein Labelling Kit RELMALEIMIDE (Cat Nr: LOO%he AR
buffer used during this process was GF350, taking care that no imidazaducing agents

were present in the sample as it could impact the quality of protein labelling.

¢ K SARIconstructs used here, already had reactive cysteines present in the hICL3 region.
i 1AR protein used for labelling was kept in a concentratiogeaof 2 M to 20‘ M at 100

‘ L volume. For calculation of the molarity of the sample, the following equation was used:

c(Protein) [Mol] =c(Protein) [mg/m] / Mw (Protein) [Da]

30°‘ L of DMSO was added to the solid fluorescent dye yielding #¥8tock solution. 100
“ L of dye solution (in GF350 Buffer) with a concentratida 8 G A YS & .ARMBS NI (K|
prepared. The protein sample and dye were added in a 1:1 volume ratio (2fiGal volume)

and incubated for 30 minutes atel in the dark.
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To remove unreacted dye the gravity flow columns provided in the kit were used. The elution
fractions containing only the labelled protein were used to determine labelling efficiency
spectioscopically by measuring absorption at 280 nm and using a correction factor of 0.027

for protein adsorption at 280 nrwith typical labelling efficiency being more than 95%

The labelled proteins were stored €80¢ in PCR tubes and flash frozen until further use to

measure thermophoresis onMonolith NT.115 Instrument (Nafemper)

2.24 cAMRGIlo™Assay

Sf9 insect cells grown in-$90 Il media in their mitbg phase at 1.5 million cells/mL cell
densitywereuS R (2 S E LIND AR redept@ corsButta iNdhabelled form. Insect
cells were incubated a7 ¢ for approximately 48 hours while monitoring the cell growth
and viability.Sf9 insect cells with a viability of > 90 % and cell density no less than 1.3 million
cells/mL were used. The cAMEHat Assay (Promega) was performed on cellsuspension

The cdk were centrifuged at 500 g for 2 minutes and resuspended in PBS buffer to ensure a

serumfree environment for conducting the assay.

Sf9 insect cells were aliquoted in Greiner microthamitrac-200 96well plates at 20,000 cells
per well at 10 L volume as recommended in thgsay protocol brochure. The cells were then
treated with the desired ligand at 1 mM ligand concentration alaiiigp the induction buffer

for 30 minutes. 20 L lysis buffer was added to each well followed by 15 minutes incubation
with shaking at room temperature. The cAMP detection solution was prepared by combining
and mixing of 2.5 L protein kinase A per 1 naf cAMRGIo™ reaction buffer. 40 L cAMP
Detection solution per well was added and mixed by shaking f&(38econds. This mixture
was incubated for 20 minutes at room temperature.‘800f roomtemperature Kinaseslo
Reagent was added to eaclhamber and mixed for 3660 seconds. The mixture was
incubated for 10 minutes at room temperature without shaking and the luminescence
measured using a plateeading luminometer.Regular sf9 cellikells that were unexposed to

baculovirus) were used as control.
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2.25 NMR spectroscopy

1H 1D experiments

NMR experiments were recorded on a Bruker Avance AVIII 800 spectrotét80Q MHz)
equipped with a 5 mm TXI HCN/z cryoprobe-1IHspin echo experiments were recorded
with 8 scans and an acquisition time of Ql@5seconds, recording 1024 data points. Water

suppression was achieved with €239 18Q Watergate sequence.

2D [H, 13C]Heteronuclear Multiple Quantum CohereniaMQQ experiments

2D 13C spectra were recorded at 308 K using AKEOFASH *C HMQC experimetftwith

the backtransfer CH refocising step shortened for optimal sensitivity in combination with
the delayed onset of*C decoupling duringH detection. With the no#®Gattached'H spins
actively returned to the-axis, the interscan delagould be shortenedo 0.5 s, enabling rapid
pulsing with 98% recovery of equilibrium magnetization between scans. 100 complex pairs
were recorded irthe 3C dimensionresulting in a evolution period of 25 ms (spectral width
4,000 Hz) and the direct (1H) dimension was acquired with 10,000 Hz speiclital 1024
points (51 msY.

Spectra were recorded with 32 to 512 scans, depending on the stability of the sample and the
required signatto-noise ratio. Where higher sensitivityasrequired, multiple experiments

were typically recorded and added (i.e. 512 scans were recorded as two experiments of 256
scans). Spectra were reconstructed using the Azara processing package (W.rBouche

Cambridge; unpublishedJhe data were analysed using CCPN Analysf8.v2
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1D*°F pulse acquire experiments

All onedimensional®F NMR experiments were recorded using a pulse acquire sequénce a

308K on a Bruker Avance Ill AV600 NMR spectrometer equipped with a 5 mm HFCN/z cryo
probe.

Depending on the protein concentration of the sample 5,000 to 30,000 scans were recorded.

All spectra were multiplied with a 20 Hz line broadening and Fouaastormed.
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Construct design, expression, and purification of proteins for NMR experir@eyits |
I RNBY SNAA ARNBEOSLII 2NJ 061

The aim ofthe experiments detailed in thi<hapter is to successfully desiguitable
expressionconstructsand to optimise expression and purificatioof the proteinsfor the

solution state NMR studiegescribed in Chapter As discussed in Chapter 1, most studies of

Class A GPCRs use highbglifiedexpression constructshereflexible regions such as Aind

Gtermini, and the intracellular loop 3 (ICL3) connecting TM helix 5 dral/é been deleted
Theimpactof the presence oflisordered domains such as the ICL3 on receptor activity and
functionis unknown and largely unexpkd and shall be the topic of the next Chaptei$e

intention of this study is t@xplore whetheidCL3 is involved neceptorbinding to intracellular

effector proteins.The choice othei 1AR construct to be used in this study was made based

on a prevg dza ( deAR|GBRY & il NHzOihARDS i & @ redently had been
comprehensively characterised using NMR in the lab. The construcimedgied froma

i 1ARI  n-m23 constructreceived from the Tate group (MRC LMB, Cambridge) through the
removal of five solvent exposed methionine residd&ss shown inFigure 3.1.¢ K SARI

Met2np O2y ad NHzOG | £ & 2-tefl Rernt andRGLB RgichRiyadditisn tdil KS b
other mutations(see table 3.1 for detailsyhe position of ICL3 at the cytoplasm issel to

the G protein binding site where ICL3nhigothesizedo play a role inreceptor interaction

with its intracellular binding partnersThe ICL&om humani ;ARis rich in polyproline amino

acid sequences and has been shown to interact with &#3ains via pull down assay¥.

Since the turkey ;ARICL3 is smaller in sequence length and varies considerably from the
humani jARconstruct ICL3 in segnce length as well as contefitigure3.2), it was decided

that a chimera construct with human ICL3 (hICL3) woeldhbre relevant in this caseTo

study the effect of human ICL3 tme receptor dynamics anthteraction of the receptor with

AYGONI OSttdzE I NJ 6AYRAY 3 LI NIy SARBVMELNKdzYYHFY] Aly73[ ol K
OKAYSMRMet2a f KL/ [ 0 ¢ O 2eggeinéiizOpiocols that welpreviously
Sadloft AaKSR Ay G(GKS I 0 ARAEsolutidntate )W DdiesOSt ¢
using*3G#-methionine labelling and®F labelling, functioNB f | 1§ SR RaARMe&f2A O0a 2 F
NpKL/ [ o OKAYSNARO NBOS LI @®mnditidn¥ddh beSekpored. & y S+ NI LIK
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Figure 3.1: Snake diagramiagfAR Met2n p

G.

O 2 yEnédMdizinis showing truncationgdeletions (D)

native disulphide bridgesn yellowand positions corresponding tthermostabilisingmutations, reporter

methionine residuesire highlightedn orangeandred respectively
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BlARMet2-a5hICL MG AL L willABILS L

L
L
1B1AR-Met2A5 FRATLVYV wiLw L
B1ARMet2-a5hiCL3 B F AT L V V wLw FL

-
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BlARMet2-AShICL3 y y | IV v A I . 1
tB1AR-Met2AS VAAM AL I
B1ARMet2-AShICL3 -v AA M-A l_. IL
tR1AR-Met2A5 IR C F AF LL
B1ARMet2-AShICL3 IR C F AF LL

human_ICL3/1-52
turkey_ICL3/1-29
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Figure 3.2: Sequencalignment showing comparison for amino acid residues of @RMet2k pand

ti ARMet2n p KL/ [ o O2y ad NHzO

Ff A3yYSyids NBaiARdzSa

O2 NNB a LJ

box b) alignment of amino acid residues from turkey and humgkR ICL3 for comparison showing

variability in sequences.
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31. NA ST KR dosiliet ar@l &volition of ARMet2n p KL/ [ o OKA YSNJ

Structural and functional studies of GPCRs have used mutagenesis to stabilise the membrane
proteins such that acombination of point mutations along with deletion of flexible,
disordered regions leads to hightttermostability andexpression yieldsvhile insertion of

fusion proteins help with forming good crystal contad¢hile the static structural methods

benefit from fusion proteins and truncations of flexible regions; thetations introduced
increase the thermal stability of the receptorHence NMR measurementsof the

thermostabilised receptors at near physiological temperatuaes mademore accessible.

The turkey ;ARamino acid sequence is 82% identicalko8 K dzAR Vhe humari ;AR
has been difficult to purify as comparéalthe turkeyi 1ARasit is unstable in detergent? but
the turkeyl 1ARis more stable than humah;AR%L Hence the mutated turkey receptor

i 1ARmM23 with enhanced thermostality was first used to obtain the crystal structure in
presence of antagonist cyanopinddfolMany variations of this construct have been used in

x-ray crystallography structurd (i dzR A 18R, a tabElatéd history of these is as follows:

Construct name| Alterations to WT sequence mutations | NMR Referencelyear
probes
ti trunc N-term deletion (2G19G) 1 NA 43/2008

Gterm deletion (425E483A)
C116L (to increase yield)

I AR34- N term deletion (2&33A) 1 NA 102/2003
424/His6 Gterm deletion (425E483A)
C116L (to increase yield)

1 36-m23 N term deletion(2G-32E) 8 NA 1032011
Gterm deletion (367t483A)

C358/A¢ removal of palmitoylation site
C116L (to increase yield)

Deleton of ICL3 (244€71R & 275R
278S)
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Stabilising mutations m23:
R68S, MOI0V, Y227A, A282L, F3Z

F338M

i n-m23 I 0-m23 + (T277 + S278) 8 NA 47/2011
I ARIM50 I n-m23 + (1129VD322K Y343L) 11 NA 502014
i 44TS 44-m23 + (1129V, Y343L) E130gV| 11 NA 1042015

thermostabilising

i 1ARa S (i H k| Thermostabilising: 4 M90, 86/2017
R68S, F327A, E130W2FF& M153,
M178,
Natural methionine replaced: M223,
M44L, M48L, M179L, M281M338A M283,
M296

Reversed to wildtype:
VI0M, A227Y, L282A (ICL3)

Palmitoylation site:

C358A
ti ;JARMet2- Thermostabilising: 4 M0, This study2018
KL/ [ o R68S, F327A, E130W2FA M153,
np M178,
Natural methionine replaced: M223,
M44L, M48L, M179L, M281M338A M283,
M296
Reversed to wildtype:
VI0M, A227Y, L282A (ICL3) HhICL3(
Palmitoylation site: 249M)

C358A
Insertion of hICL3 (3%290G)

Table3.1Y [ A 3AR coBstucts leading up to the chimefigAR+ hICL3 construct formatioResidues

for human ICL3 were renumbered as 244S= residue 1 and so on to unambiguously number the NMR probe
in the hICL3¢ hence leucine249 from hICL3 was mutated to methionine {hiQL2a{9M}. Natural
methionine M44, M48, M179, M281 were mutated to Lewior Alanine to reduce spectral crowding in

13C methionine studies.

#residue249 in the hiICL3 mutated from L to fd have a new methionine probe directly reporting the

dynamics of hICL3
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3.2Cloning of human intracellular loop 3 into baculovirus vector

¢ K SARI constructs used in this project were in baculoviral transfer vectors pBacPAKS
(ClonTech) and pOEBLh ET 2 NR S E LINB & & A 2:(RMét&® eoyfstrict2wAss Sa 0 ¢
made by Andras Solt by reversing thermostabilising mutations such as VO0OM, A227Y, L282A
and introducingfive methionine replacement mutations teeducespectral crowdingf. The

wildtype methionine residues selected for mutations wéne solvent exposei44L, M48L,

M179L, M281A, M388A artle remaining sevenativemethionineresiduesM1, M90, M153,

M178, M223, M28&ndM296 were used as NMR probes té¢-e-methionine labelling.

¢t KSIARMet2n p KL/ [ o O2 y & GshgizdRa S0 Hik pY tekdiior Sd&fldy
insertingthe human ICL3 residuégtween residue42of helix 5and2800f helix 6(as shown

in the sequence alignmenkigure 3.2) using HiFi cloningrhe two plasmids containintpe

KL/ [ o 3N Fi 1ARMa2E5 congtiict résettivély were kindly provided by Dr
Andras Solt. Primers were designed for both genes to be lineanxi¢hl the hiICL3 gene
containing 20 bp overlaps and overhangs on bddh 5SyY R I YR o0 QR&EFRH B (0 K
construct(Agure3.1). The linear amplification of both plasmids was performed using Phusion
polymerase as described in the cloning part of Chapter 2. Once the linear fragments were
obtained, they were Dpnl digested ensure that the PCR product is free of template DNA.

The quality of the PCR products was determined by runningdgilse gel electrophoresis.
Figure3.4 showsthe PCR reaction products on a DNA gel. The linearised PCR products were
usedintherato m 2 F ARMat2kB): insert (hICL3) to make a reaction mixture for

HiFi DNA assemblifhe NEB HiFi ligation calculator was used to determine the accurate
quantities of DNA to be used in the reaction mixture and the protocol provided by the kit
manuf OG dzZNBENJ gl a FT2ff26SRP® ¢KS f A JE.doliRdls THINE R dzO {
transformed plasmid DNA was purifiading a commercial Miniprep kit (Qiagen) and sent for

DNA sequencing to confirnsuccessfulinsertion of hICL3. This construct wasllexh

i iIARMet2n p K Lahd isorepresented in a snake diagram format in figure B2 detailed

summary for HiFi cloning performed is schematically shovigure 3.3.
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pASO14_D5_Assembled-hICL3-SG+ReactionE v2
6589 bp

]
HIFIDNAI rt between DNA end Overl d insert
nse etween endas veriap and Iinsel
ASSEMBLY . 6427 1..195
e
6427

oAT
=00 CW 1
B1AR Met2 | AmpR B1AR Met2
baculovirus recombination region (ORF1629)

Fragment
195 bp
Linearized Vector
6427 bp

Amplify 1927 .. 1899 using:
PCR|pAso F 1d Amplify 1698 .. 1878 using:

pAS014 R 1e PCR | Fragment.FOR
Fragment.REV

: ot

&
Q
(3

<

PASO14 - Met2 D5 K332D tB1AR in pBacPAKS8 with ICL3 primers-02July-2018
6454 bp

PLAF2200

I 5683 bp
hICL3 forward primer
[AAGATCGACagctgcgal

AGGcCAAGGAGCAGATCAGGAAGATCGAcagctgcgagcgccgtttcctcggcggcccagcgcggccgccctcgccctcgccctcgcccgtccccgcgcccgcgccgccg

t + t ¥ t + t + t t

TCCGGTTCCTCGTCTAGTCCTTCTAGCTGtcgacgctcgcggcaaaggagccgccgggtcgcgccggcgggagcgggagcgggagcgggcaggggcgcgggcgcggcggc

PR | NIRRT S, USSR, SN | (NSNS | S SN | S . | BN,
E A K E Q 1 R K 1 D S C E R R F L G G P A R P P S P S P S P \4 P A P A P P
hICL3 Graft 2>
BIAR Met2

CGGTTCCTCGTCTAGTCCTTCTAGCT
B1AR reverse primer

B1AR forward primer
[GTCGCCGCCATGAGGGAACACAAAG
cccggacccccgegecccgecgecgecgecgecaccgecccgetggeccaacgggegtgecgggtaageggeggecctcgecgecGTCgecGCCATGAGGGAACACAAAGCTCT
' ' ' ' ) y | y ' A |

" 1 .

t t t t t t t t y t t t t t t

t t t + t
gggcctgggggegeggggecggeggeggeggeggtggeggggegaccggttgeccgeacgeccattegecgecgggagecgcgCAGcggCGGTACTCCCTTGTGTTTCGAGA

s L 30 . L PR S . S S— L 40 s 1 45 . . L PUNN.- |« KE— i L 280 . L 2 285 . L s "
P G P P R P; A A A A A T A P L A N G R A G K R R P S R \ A A M R E H K A L
hICL3 Graft 7
B1AR Met2

@:cgccgggagcgchAGcggccsTACTCC]

hICL3 reverse primer

Figure3.3 Schematic representation of hICL3 insertion mutagena3BnapGenenutagenesisimulation
process for insertion of hICLL&ing HiFi cloninfpr the pBacPAK8 plasmidpASO14Met2k5 vector for

baculoviral expressioh) Overlapping annealing primer fragmehighlighted in pink.
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PCR primer sequences used:

+ SO0 2 N & DRSS HEEmES i Insert sequence [hICLBtimers
ReverseGTCGATCTTCCTGATCTGCTCCTTGGC ReverseCCTCATGGOGGOGACgcgegagggecgecgcet
Forward:GTCGCCGCCATGAGGGAACACAAAG Forward:AAGATCGACagctgcga

DNA DNA DNA

marker Vector insert

Figure3.4 PCR primer sequences used for HiFi cloninglAd4 agarose gel electrophoresis for plasmid
f AYySENRal i AARY S O Ao¥in thé YN yegtor iplasmid whislas 6427 bjin lengthand hICL3
(DNA insertp02 bp Lane 1 contains DNA mark&anes3 and4 contain linearised vector plasmid DNA,

lane 5 contains insert fragment DNBINA fragments of vector and insert drighlighted in red boxes
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Figure 3.5 Snake diagram representation of:ARMet2n p KL/ [ o O2y a i NdzOlG 6 A (K

Positions corresponding to deletions, insertions, mutations, reporters, and native disulphide bridges are
highlighted. Residues coloured light pink are hICL3 residues inserted in between helix 5 and helix 6 of
ti ;JARMet2-n pThe hiICL3econdary structure is not known although the polyproline region is postulated
to form a helical structureipon SH3 domain bindinglelix 5 and helix 6 also undergo extension by about

two turns upon activation by active stagabilizing nanobody or a G protein.

The methionine reporter residues (except methionine M1) lasatedin key positions of the
receptor that can report on conformational change®st90 is in transmembrane helix 2,
adjacent to the ligand binding sitend near the PIF motif 013444, M153 is in the
intracellular loop 2 (ICL2) connecting helix 3 and 4. M178 is at the extracellular tip of helix 4
and start of extracellular loop 2 (ECL2) connecting Helixhelix5. M223 is in helix nthe
cytoplasmic side of the helix bundbelowthe ligand binding site anig facingtowardshelix

6. M283 is at the cytoplasmic tip of helix 6 close to the intracellular loop 3 which connects
helix 5 to helix 6. This region of helix 6 is known to move outwards of the helix bunoite
receptor activaion, to accommodate for G protein binding. M296 is also located on helix 6
closer to the ligand binding site, facing heliXS.the insertechICL3 (8 residuesyegion does

not contain any methionine residuethe reporter methionine residuesvailable fo NMRare
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the same as in the publishestudy by Soltet al, 2017 The fortuituous proximity of most of
these methionine residues to regions of the receptor that are involved in its allosteric
activation, allows their use to obtain insight into changes in receptor conformation and
dynamics upon addition of a range of ligaral intracellular binding partnerAccordingly,
NMR chemical shift changes and variations in the shape and intensignaiscan be used

to inform on changes imeceptor dynamicghat are related to thepresence of different
ligandsand intracellular binding partnersThe latter allow to conclude on the presence of

different receptor activation states.

For a better assesnent ofthe impact of the presence of hICL3 on receptbehaviour an
additional methioninegesidue was incorporateithto the hICL3 where leucir#9(for current
numbering scheme of hiICL3 sEgure 3.2 awas mutated to methionine (Figur@5). This
additional methionine probe sbuld improve our ability by NMR to monitor directly any
conformational changes in thelCL3o0p region that are related to receptor activation upon
addition of ligands and other protein binding partnelPeak assignments weregormed by
mutating single reporter methioningesiduesto serine, leucine or alaninewith the

constructs namedi IARMet2(x)hICL3where xrefers to the methionine removed

As acomplementary method to methionine labelled NMRE NMR was used to provide
insights for local dynamics observed for 6 NMR prole through attachment of TET to a
cysteine sidechaithiol group. With cysteine sidechain labelling by TRdcessible cysteines
are easilytagged,andit is difficult to discriminate betweerthe cysteine positions tagged.
Therefore,it was best to remove all expos@ysteines leavingonly one cysteine of interest
availale for labelling The wildtype cysteine in helix 7 was used a¥aTETabelling site to
study helix 7 dynamics in presence of hiICL3 (Fi@®g Additionally,using a second
construct, cysteine244 from the hiICL3 wa$°F labekd with TETwhile the naive helix 7

cysteinewasmutated to seringFigure3.6).
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Figure3.6Y

19F NMR are also highlighted. Positions corresponding to deletions, insertions, mutations, reporters, and

native disulphide bridges are highlightadcording to the colour legend in the figure.

3.3 Introducing point mutations for peak assignment and additional NMR probes

To obtainunambiguous peak assignments, mutagenesis is a desired approach used in NMR
experiments. The construct used in this case has identical set of NMR probes in the
transmembrane region to that of itsancestral constructitARMet2-n p The additional
methionine introduced in the hiCl3.249M contributes as a direct reporter in hiALBould

be ideal to introduce other mutations for introducing cysteine residues¥NMR probes

{YyF1S RAFI3INIY NERMBENGHKYLY I loA 202 y2aTi NHEO]I (g A ( K
in hICL3 introducedtaosition M249 [will be discusseth Chapter 4] The two Cysteine labelling sites for

and methionine foF3GNMR studies.

The PCR primerssed forsite directed mutagenesisad the singlecodon mutation®NNNZo
WGCYor cysteine residue NJ Wb bABGXor ingthioline residugwhich is the optimal
codon for the expression in 8ugiperdg. The desired positions for mutagenesis were on
TM6 (for cysteine probe) and in ECL2, TM5 and TM6 for peak assignméf@NMR probes

which were unsuccessfubeveral attempts were made to design different types of primers
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dza Ay 3 aYdzil G A 8z byonakingvéritions & ©GRycanlitions avariation in
polymerasekits used.Most of theseattempts resulted in daisy chaining and strong primer
dimers or multipleprimingconditions due to very high GC conté86%GQ of the hICL3 DNA
sequence.In few cases where the mutagenesis was successful, long errors due to daisy
chaining were introduced or a large fragment after the site of mutagenesis would be deleted.

This was a repetitive pattern observed for mutagenesis in hICL3 chimera construct.

Howe\er, mutagenesis attempts for position 153 from methionine to alanine, hiICL3 residues
244 cysteine to serine (fdF NMR) and hICL3 leucine to methionine at position 249 were
successfulvithout any errors or deletionslhese constructs were further used for baculovirus

transfection.

3.4 Baculovirugransfection

Baculoviruses were generated for each construct in monolayer Sf9 cell cultures as described
in Chapter 2. The Baculovirus stocks P3 were stably stored aard°these could be stored

for extended periods of time. The stocks for PO, P1 and P2 were stor2d &€ for extended

times to prevent degradation. Should the P3 stobksomeinfected or degradd, viruses

can be reamplified from P1 or P2 stocks.

PERWNIf &aG2014a 6SNB LINBLI NSRRAFSNI kipRBletdT 2 f 2 ¢
np KL/ ARMEL2(k)HICL3, constructs. Sf9 insect cells were transfected thettlesired

bacmid to generate PO viral stock. A positive control of a late phase promoter gonstr
containing GFP gene was used to monitor the rate of transfecG@mparison of aright

field microscopy image of the cultures with a GFP excitation image pernttestablishthe

ratio of GFP producing cells that have taken up the bacmid DNAtariddsproducing GFP,

versus nortransfected cells (Figura7).
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Monolayer Suspension

Figure 3.7: Sf9 transfection with GFP control plasmid. Sf9 cells were transfected with bacmid DNA,
containing a GFP construct as a positive control. The bright field imagaipasmposed to a UV excitation
image, which causes GFP fluorescence. Transfection cultures (PO) were seeded in suspension and in

monolayers. Image taken five days after transfection.

The cellsvere transfected in monolayer culture at 0.4¥1€ells/mL d@sity over 5 days. In
monolayer cultures the proportion of transfected (green fluors) to nontransfected cells

(dark appeaance was much lower (Figurg7). This could be because the cells which have
not produced the virus continue to multiply and produce a dense carpet of cells in a
monolayer culture. On the other hand, cells in suspension culture are lower in density and
the ratio of virus produced was rob higher at the end of 48 hours. The suspension culture
cells need to be passaged every 48 hours. A large proportithreaklls die on exposure to
baculovirus, potentially due to viral lysis and stop growing earlier in suspension culture. Such
cell lyss releases further virus particldsence it is likely that the viral titre is much higher in

the suspension culture than in the monolayer culture. The PO viral stocks are used to infect
cells in suspension, to generate a P1 stock, which is in turntasadke P2 and consequently

P3. P3 virus generation is used for protein expression from large scale cell culture (> 1 litre).

3.5 Baculoviusexpression

SF9 insect cells were grown in Insect Xpress media with the viral stock supplemented with 1%
penicilin/streptomycin for 48 hours with cell viability, density and diameter monitored. Cells

were harvested by centrifugation &00 g for 15 minutes. For every 1 litre volume of cell
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culture, 4 mL viral stock was added. The supernant was discarded and kbevwesd frozen

at-20 °C.

To establish if the P3 stocks used were suitable for expression, the insect cell culture at 1 L
volume with dilution of 1x19cells/mL infected with 4 mL P3 was monitored. FigdiBshows

that over the course of 48 hours thelteiability dropped from 95% to 600% and a marked

34>Y AYONBIFIAS Ay OSft f dffFigund 3R)AhedeSate Shedsighatuie 2 0 4 S
features of Baculovirus infection. Hence, the P3 stocks were ready for expression. It is not

uncommon for cells to keep dividing for the initial 24 hours after the infection.

1101 r24

% viability
wrl J8)BWelp ||@o

50 . . 14
0 24 48

Time (hours)

Figure3.8 Sf9 cells infection by P3 baculaVistocks

The effect of the infection on cell viabilifglue)and cell siz¢red) determined by diameter is seen ovég-

hour time. The viability foi ;ARa S (i H(#otied blue line) and foii iARMet2n p K L(sbld blue line) is
seen to be decreasing over-4®ur time. On the other hand, the cell diameter increases over time for both

constructs- fori ;ARa S (i H(@ofted red line) and fofi iARMet2n p K L(golidoed line).

3.6t dzNA F A QARtongrycts 2 T |

The purification strategy fahe | 1AR variantdhias beerwell established in the lab by Andras
Solt (PhD thesjsCambridge, 20)8and Niclas FréPhD thesis, Cambridge, Z)1It can be

summarised as follows:

65



Solubilisation buffer20 mM TrisHCI pH 8.0, 350 mM Na(
3 mM Imidazole, 5% LMNG and protease inhibitoocktail
HisTrap FF

Buffer A 20 mM TrisHCI pH 8.0, 350 mM NaCl, 3 m
Imidazole and 0.02% LMNG
Buffer B 20 mM TrisHCI pH 8.0, 350 mNlaCl, 250 mM
Imidazole and 0.02% LMNG

Superdex S200 (10/300) column

Buffer SEC20 mM TrisHCI pH 8.0, 250 mM NacCl, 0.0}
LMNG

I 1AR nickel affinity
chromatograhy

i 1ARsize exclusion

chromatography

Table 3.2: Buffers used iinARpurification for nickel affinity and size exclusion chromatography

After expression SF9 insect celiere frozen at-20 °C until further use and were briefly
thawed before adding the solubilisation buffer. On @ualoh of the solubilisation buffer, the

cels were stirred on ice foone hour to disrupt the cell membrane. Aftesne hour of
solubilisation, the solution was sedimented at 25,000 g for 45 minutes at 4 °C. The resulting

soluble fraction was retained for nickel affinity purification.

Thethawed and disrupted cell fraction in 1.5 % LMNG containing solubilisation bwisr
sonicatedto disrupt the host nucleic acsdo reduce the viscosity of the lysate. This is an
important step to avoid high column pressure while loading the lysate onto the HisTrap FF
crude column. The solubilised membrane fraction was loaded onto a 5 mL HisTrap FF nickel
affinity column(GE Healtbare) equilibrated with Buffer A a rate of 0.5 mL/minute. The
column was washed with Buffer A until a stable UV 280 nm baseline was attained. Two step
gradient washes were employed where the column was washed initially withB2@f4r B

followed by 100%Buffer B to elute the &8His tagged proteifFigure 3.9)
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Figure3.9: Nickel affinitypurificationof (i iARMet2n p KL/ [ o

a) Nickel affinity chromatography trace faii jARMet2n p K L with two-step elution, 20% Buffer B
removes contaminantaith poly His domaingpeakmarked as EB), 100% Buffer B step results in elution
of (i IARMet2n p K LwhiEhds 8xHis taggegeak marked as EBR)and flowthrough marked as FT
bySDS ! D9 I SARME2p NIK{L i/ [ o sh&wifigthie MHARKinlane 1, flowthrough in lane 2,
elution fraction E2 in lane &lution with 100 % Buffer B E9 and E10 in lanes 4 and 5 respecE@eind
E10 fractions contai®xHis taggedeceptor which runsin between the 34kDaand 43 kDa PageRuler
protein ladder bandssit is 40.42 kDa in siz&he banctorresponding tdhe i jARMet2n p KL/ [ o
receptor construct is marked wittine redarrow.

To ensure thathe preparations resulted in sufficienthomogeneous and pure samgléor

NMR spectroscopy, theroteins were purified using size exclusion chromatography. The
buffers used to prepare the final NMR samples were optimised by changing the NaCl
concentration used. Fahe i ;AR constructpreviouslyused in the lab, the concertion of

NaCl in the final sample buffer was 150 mM. This concentratioth&oti iARMet2n p KL/ [ o
construct however proved to be detrimental as it caused receptor aggregation and
degradation ashownin the SEC trade Fgure3.10a However, he highest concentration of

NaCl in buffer at 350 mM also seemed to cause-syecific aggregatest aelatively high
protein concentration(>100nM) in 500° L volume.Toimprove the stability of the receptor

in solution and tgrevent protein precipitationthe NaClconcentration was increased to 250

mM which was found to be optimallThe human ICL3 contains a single cysteine residue
position 244which issolventaccessible ands not known to form any disulphide bridges
leaving the sidechain thigjroup free. This could be the reason for nspecific dimer or
oligomer formation so 0.5 mM TCEP was added to the 350 mM NaCl buffer and size exclusion
chromatography trace was obtained showing the free cysteine in the hICL3 causes dimer
formation at higher recepto(>90* M) concentration in solution. Thcysteine is further used

as a labelling site fdfF NMR.
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Figure3.1Q Size exclusion chromatography traces ghfMet2n p KL/ [ o O2y a i NUzO G o
Panel a refers to the SEC traces corresponding to vacgimgentrations of NacCl in the buffer (20 mM Tris,
350/250/150 mM NacCl, 0.02% LMN@) Superdex S200 (10/300) colurnt). SEC traces for tARMet2-
np KL/ [ o i®©3BgmaMiNabkinhiand without TCEP in the bufféfhe peak elutingt 14 mLvolume
correspond to monomerit ;ARMet2-n p KL/ [ 0 @

To be able to use gel filtration as a means of estimating molecular mass and oligomeric
composition the void volume (VO) and the retention volume of known molecular mass
standards had to be established. Thedr@olume was measured using blue dextran dissolved

in 50 mM TrisHCI pH 8, 150 mM KClI, to a final concentration of 2 mg/mL. Blue dextran has
an approximate mass of 2000 kDa and therefore elutes in the void volliheemolecular
masses were plotted against the measured retention volu(fégure 3.11)The points were

fitted with an exponential curve. The fitting was done in Excel and Graph Pad Prism. Superdex
S200 Increase column was calibrated in this way and thetmegdtandard curve is shown

below.
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Figure3.11 Graphshowing molecular weight against retention volume for standard proteins

Based on these values, an equation to calculate the molecular waiglit ¢f an unknown

compound based on its retention volume (x) was derived.

Void volume: 8.17 mL

Molecular weightMw=@ ¢ T ® 0BT @ WD X
Vein mL andViwin kDa

Elution volume'Q ¢ Yoot 10 0OFpmg T 1

3.7 Cloning ofEndophilin SH3

As discussed ithe introduction, the endophilin proteimplaysa key role in endocytosis,
receptor trafficking and recycling®. The BAR domain of endophilins attach to the membrane
and induce curvature while the SH3 domain binds to the receptors either directly or via
adapter proteins. Here, we look #te human endophilin ABH3 domain construct cloning,
expression and purificatiorhe donor vectors pDONR®r human endophilin A1, A2 and

A3 SH3 domains were kindly provided kindly provided by Adeline Colussom the
McMahon Lab (MRC LMB). These were amplified by P@Raoze the SH3 fragment. Using

HiFi cloning the fragments were assembled in pET28b (+) vectors.
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3.8Bacterial expression in BUZE3RIL cells

BL21IRIL cells were transformed with the pET28b (+) vectors containing the gene of interest.
Colonies were picked and inoculated in a 50 mL starter culture supplemented with kanamycin.

For largescale expressiothe optical density at 600 nm (QB) was monitored every 30
minutesandmcn >a Lt ¢D 6+l & FRRSR (2 AYyRdzOS s ELIND & &
value was between 0-6.9. The cells were incubated for an overnight expression at 18 °C

shaking at 250 rpm.

3.9Endophilin SH3 domain expression

The Gterminal octahistidine tagged endophilin SH3 domain was clonedam&T28b (+)
vector with a kanamycin resistance gene and was transformed into BtIR1cells on Luria
broth (LB) agar. After an overnight incubation at 37 °C, the colonies weredpick
inoculation of a 50 mL overnight culture in LB media supplemented with kanamycin and
subsequent incubation at 37 °C overnight. Measuring the optical density at 600 ngs)(OD
over time is a common method for estimating bacterial concentration inl@ai@. TheODsoo

of the overnight 50 mL culture was measureaih:20 dilution andhe inoculum size fothe

large scale (1 Litre) expression starter cultwiéh an ODso0 0.1 was determined using the

following equation:

e e e, DRI U GAOE O IO O 61, Q |
Q¢ € wa ddioe z2QQiI

Qi €50 & Q
00 VWIHOL QILBDADBD O 01|

An inoculum size of 26.3 mL was used to inoculate 1 Litre volume supplemented with
kanamycin. The bacterial growth was monitored every hour to achaen@Dsoovalue in the
range of 0.60.9 which indicatd that the cells hd past the midlog phase of growtliFigure
3.12). Thiswas a suitable growth phase for induction of gene expression using IPTG overnight
at 18 °C. Figur8.12illustrates the bacterial growth curve observed by measutiregODs00

values over 2 hours.

7C



Bacterial growth curve [RIL cells]
0.9

0.8
0.7
0.6
0.5
04
03
0.2
0.1

OD 600 nm

0 0.5 1 15 2 25
Time (hours)

Figure3.12: The bacteriagrowth curve over a period of 2 hours as estimated by measuring the optical
density at 600 nm

3.10Purification ofEndophilinA1 SH3domain

Lysis buffer: 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 50 mM
n‘nu:lamle 0.5 mM TCEP, protease inhibitors

Cell disruption: Emusiflex

Buffer A: 20 mM Tris-HCl pH 8.0, 200 mM NaCl, 50 mM

imidazole, 0.5 mM TCEP
Nickel affinity | Buffer B: 20 mM Tris-HCI pH 8.0, 200 mM NaCl, 250 mM
purification | imidazole, 0.5 mM TCEP

SEC buffer: 20 mM Tris-HCI pH 8.0, 200 mM NaCl, 0.5 mM TCEP

Size exclusion

Figure3.13: Schematic workflow for SH3 domain purification using nickel affinity purificébitowed by
size exclusion chromatography

The bacterial cells from 1 L expression culture were sedimented by centrifugation at 4200 g
for 15 minutes and resuspended in the lysis buffer to be incubated for 10 minutes at 4 °C.

After incubation, the cells @re lysed using emulsiflesc. The cell debris and unbroken cells
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were pelleted by centrifugation at 40,000 g for 15 minutes. The supernatant was loaded onto
aHisTrap FF column for nickel affingyrification Elution of the protein was performed by
three step gradientg 12.5%, 25% followed by 100% of buffer B. The workflow for purification
was as shown in Figu213. Figure3.14.a showghe absorbancdraceat 280 nm of the nickel
affinity chromatography in form of three consecutive elution peaks correspondintyeo
percentage content iduffer B. The SDS PAGE gédligire 3.14.b suggests that the second
and third peak fractions show clear and strong bamith a molecular weighslightly above

10 kDa while the fractions corresponding to the first peak show higher molecular weight

contaminants of the order of 70 kDa.

marker FT E4 E5 E15 E25 E26

140 kDa
115 kDa

58183

50 kDa
40 kDa

30 kDa
25kDa

e— AL
" s % Bufffer B

15 kDa

-, -

SH3 domain

3f

35 marker F15 F16 M_E6 E15
140 kDa
115 kDa
% kBa
a

50 kDa
40 kDa

30 kDa
25 kDa

frrrean

15 kDa

:

SH3 domain

Figure3.14: Endophilin A1 SH3 domain purification using nickel affinity chromatography followed by gel
filtration chromatography. a) UV 280 absorbance chromatogram with three step increasingo®ént of
buffer B.elutionfractionsfor each pealshown on the figuré) SDS PAGE gel with lanes denotedhasker
for protein ladder; FT flow through; Elution fractions marked as E4, E5, E15, E25 afdaEf6ns EL1
E28were pooled together as they show only SH3 domain corresponding band on thg g&l 280
absorbance lsromatogram of the gel filtration Superdex 200 Increase 10/300 colwith fractions
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denoted on the traceand d) SDS PAGE gel of purifiedtionsFL5 and A6 showing the bands for SH3
domainalongsideéWestern blot of the FT: flow through and fractide&sandE15eluted from nickel affinity
purification

3.11Gel filtration of Endophilil\1 SH3domain

Theelution fractionsE1122 andE23E28obtainedfrom the nickel affinity purificatior(figure
3.14a)3s SNB 02y 0Sy (i Ndndildaded én® a Superdex>3200 10/300 column,
equilibrated with gel filtration buffer. Alternativelyhe eluted peaks from the nickel affinity
column were buffer exchanged ovaHiPrep Desalting 26/10 column into buffer containing

20 mM TrisHCI pH 8.0, 56:M NaCl and 0.5 mM TCEP.

Hgure 3.14.c showsa gel filtrationtrace of the SH3 purification with a single main peak that
eluted around 19 mIFgure3.14.d shows the SDS PAGEagel western blofor the collected

elution fractions suggesting a pure baofiSH3 domain slightly above 10 ksaseen in E15,

E25 and B2 (FHgure 3.4.b). The unusually higher bands on the SDS PAGE in fractiofi®2E15
(Hgure 3.4.b) and gel filtration fractiongfigure 3.4.d) suggest that the protein runslower

than the expected molecular weight of 9.7 kDa. The SH3 domain sequence is followed by a
pectate lysate B (pelB) leader sequence in the pET28b (+) vector which facilitates periplasmic
expression of proteins in pET vedand isnormally cleaved off by signal peptidase in the
periplasm as a post translational truncation. The SDS PAGE band raised the suspicion that the
pelB sequencavas not cleaved andhstead wadranslated along with the endophilin SH3
domain as an addinal tag. This prompted towards verification of the exact sequence of the
SH3 domairprotein being expressed and purified. Hence the protein sample was sent for

liquid chromatography mass spectrometry {MS) analysis

3.12Protein quality analysis ugiliquid chromatographymass spectrometry

To confirm the identity of the purified protein and teerify whether the unwanted pelB
sequencewas expressed along with the purified protein, mass spectrometric analysis was
used. The trypsin digested protein svanalysed by LMS as any sample below 20 kDa is not

suitable for MALDI Mass Fingerprinting Analysis. ThB1&@nalysis was performed by Dr

73



Mike Deery at the Cambridge Centre for proteomics. The submitted band thought to be as
SH3shown in theFgure 3.15 was trypsin digested and resolved by liquid chromatography.

Endophilin A1 SH3 domain

7.8 kDa 870 Da 1.1 kDa 2.2 kDa

Figure3.15: Schematic representation of the purified protein suspecting the pelB sequence tag along with
the endophilin SH3 domain, Rev TEV tag a#dis8tag. The molecular weights of the corresponding
sequences also mentioned suggesting that a total of 11.97 kDméaigis seen on SDS PAGE gel in figure
3.14.b.

Only one peptiddragmentwas detected by L8S (Figure3.6). A theoretical digest of the
protein sample using trypsindinot result inmany potential peptideandout of the possible
five peptides twowere too big and one too small to be detected by mass spectrometry as
shown inFgure 3.16. Based on antein scoreof 79% probability to a match ithe MASCOT
databasethe protein was identified to & an endophilin SH3 domaiwhile thisconfirmed

the presene of the endophilin SH3 sequeniteould not confirnthe presencer absencef

the pelB sequence.

Protein sequence coverage: 14%
Matched peptides shown in bold red.

A MREMAGESGHMP TLYEFAGSLCE ALYDFEPENE
WYEGMLHGHS GEFFPINYVEI LVALPHGQOFY

Figure 3.16: MASCOT database sequence coverage hit highlighted in red from HwWSLéhalysis
performed by the proteomics centre.

3.13 Optimised prification protocol of endophilin A1 SH3 domain

With the pelB leader sequence removealpET28b(+) vector witlthe endophilin A1 SH3
domain was transformed into BL-RIL cells and as described previously used to generate a
50 mL overnight culture supplemented by kanamycin which in turn would be used to make a

1 Litre culture for expressionduaced by IPTG. The expression was monitored by measuring
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ODsoovalues for the 1 Litre culture every 30 minutes and IPTG was added once the OD
reached the values in the range of @M. The e«pressed cells were sedimented by
centrifugation, resuspendeth lysis buffer and lysed by using emulsiflex. The supernatant
obtained after sedimentation ofthe cell debris was loaded onto the HisTrap FF column for
nickel affinity chromatography. The purification strategy was changed from before by
implementing a Ztep purification Initial washingof the load with 95 mlof 12.5% buffer B

to ensure the removal of impuritiegasfollowed by elution with 100% buffer B (Figidd.7.a)

to achieve a narrow elution peak. The purified fractions fibeanickel affinity colnn were
analysed by SDS PAGE as shown in RglLiré. All the elution fractions shoed a clear band
which appeaedto runjustslightly above the 10 kDa markén.any casgthe removal ofthe

pelB sequenceeemsasensibleapproach to ensure thproducton of highly pure protein for

the NMRstudies In addition to the ~10 kDa band another band of ~20 kDa band is seen in all

fractions, pointing towards possibility of dimer formation.

M FT E5 E16 E17 E18
- % buffer B
3500+ 0 r120
— UV-280 ﬁg Egg —
| —
30004 100 70kDa -
- 50kDa | W o
2 80 40 kDa
g 20004 35
e -60§§ 30 kDa
g 1500+ E15-19 ;—:a 25kDa
Qo
2 L40 -
1000+ 15 kDa
5001 E2-14 20 - -
0 S A - —L0 o SH3 domain
0 50 100 150 200 250

mil

Figure3.17:Nickel affinity purification of thendophilin A1 SH3 domain without the pelB sequence. a) UV
280 absorbance trace shows elution of the peaks marked d@s1BZor 12.5% buffer B wash and BTb

for 100% buffer B. The peak of interest has the maximum absorbnce value of 1300 mAU. b) SD& PAGE g
of elution fractions. M protein ladder, FT, flow through, elution fractiong E5, E16, E17 and EdBere

red line denotes thdands offractionspooled
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3.14 Assessing homogeneity ehdophilinA1SH3 domain

The endophilin SH3 domain purified by nickel affinity chromatography showed traces of
dimerization, as explained previously. To ensure the panity homogeneityf the protein
sample, further purification using gel filtration was carried out. The fractionainbt from

the nickel affinitypurification were pooled and concentrated to 2 mL volume. Two samples
2F onn >t SIFOK gSNBE AyOdzol 4G4SR 6A0GK ndp Ya
of 1 weekto ensure that the samples intact over long periods skhi¢hat it would survive long
NMRexperiments After the incubation period, the samples were analybgdjel filtration.

The gel filtrationtraces of both of these samples shoed similar UV 280 absorbance
chromatogramas shown inFgure3.18a. The SDS PAGE gel shows a single band of ~10 kDa
as seen irHgure 3.18b supporting the conclusions from the chromatogrémat the sample

was pure However, thisndicates that the SH3 domain has tendency to dimerize which can
be reversed through additioof TCEFSince higher and lower coawctration of TCEPayethe

same resultshowing monomeric SH8.5 mM concentrationof TCERhouldbe sufficient
TCEP is stable over longer periodsirok, so a small excesgassufficientfor the purpose of
NMRexperimentsthat were carried outThus, it is safe to conclude that the protein sample
waspure, free of proteases and stable over long period of titdence, the endophilin SH3

protein samplewvasused for further studies using NMR.
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Figure3.18:Gel filtration chromatography purification of the endophilin A1 SH3 domain samples incubated
with 0.5 mM TCEP (blue line/A) and 2 mM TCEP (red line/B), respectively. a) UV 280 nm chromatogram
where the main peak corresponds to fractions19 b) SDS PA@EI ¢ M: protein ladder, fractions from

0.5 mM TCEP are labelled A15 and A19 while fractions from 2 mM TCEP are B15 and B19.

3.15 EndophilinA1 SH3domaincharacterisation using NMR spectroscopy

SH3 domains are known to recognize and bind tojpobfine stretches present in receptors
2NJ | RI LJG SNJ LINE iAR dogtain® a long Sofyrélide¥streych in its intracellular
loop 3 which was identified as a possible binding partner usingdpwh assays byanget al
Sp ¢2 alGdzReé GKS STTSONBMeRFpKLO[ BEYAAYSDAY RS
confirm the structural integrity of the protein andlso to assess the impact of thoeiffer
conditions imposed by the receptor samples on the stability of tB&l3 domainover
prolonged periods diime (1518 hours) Of particular interest was the impact of the presence
of up to 2 % MNG detergent required to solubilize theAR Tothis extent, 1N isotopically
labelled human endophilin SH3 domain protein was expressedoaritied (see Chapter 2,
section 2.7 and 2.81D'H NMR spectrand 2D'H >N sofastTROSY spectra were recorded
(Figures3.19and 3.20).

Theoverallappearance of theelD NMR spectrum is typical for a folded protein displaying a
f | N&Bt&ndicontent as can be seen by the excellent peak dispersion in the amide region of
the spectrum (Figur8.19. The protein contains one tryptophan residue and thaaigt ~10

ppm corresponds to the indole position of the latter.
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Figure3.19:1D1H NMR spectrum of the endophilin A SH3 don{did mM)recorded at 800 MHZI
frequency) and 298 K.

The2D'H-1>N TROSY spectra were recorded at 800 MHz 2> uniformly 1N labelled
SH3 sampleThe buffer conditions used for SH3 domain NMR samplekesaisat similar salt

and pH concentrations as that for the receptor samples. Thisdeas to determine if the
receptor buffer conditions were detrimental to SH3 domain. The buffer composition used
was: 20 mM Tris pH 8@anhd200mM NaCl
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buffer), red (1% LMNG in buffer) and cyan (2% LMNG in buffer). Hks frem cyan coloured spectra
are most affected; marked with arrows as the protein precipitation is higher in higher %LMNG buffer.

Theoverall appearance of the spectcanfirmedthe presence of & -sheet proteinas shown

in Figure3.20.a. While theobservable peaks showed good dispersion it was noted that only
44 peaks could be accounted fae., only about half of the expected signals. It was also
noticeable that there were substantial variations in the intensity of the signals unlike what
would beexpected for a compact and wadtructured globular protein domain such as an
SH3.This indicated that there ia possibility for aggregatioso further experiments with
lower concentration of SH3 were conductédiditionally, tre loss of signal intensifgr some
peaks could be due tohe buffer conditions for SH3 domiresulting in amidevater
exchangeThe exchange rate is slower when the amide is buried in the core of the protein or
when it is involved in &ydrogenbond and its faster when amide grqos are exposed to
solvent.Attempts to desalt the SH3 domain inRBS pH 6.Buffer resulted in precipitation.
Similarly, desalting SH3 domain into Acetate buffer at pH 4.8 led to precipitation. However,
desalting SH3 domain PBS buffer pH 7wWorked wellbut showed similar peak dispersion as
seen for Tris pH 8.0 buffer (spectra at pH hot shown).This spectral dispersion was
compared to NMR spectra from tHehD thesis obr Adeline Coloust; indicating very high
similarity in dispersionTherefore we think that the peakdispersion for SH3 domain appears

to be affected by the amidewater exchangeseenat neutral pH rangesvhich results in

redudion of the intensity of many of thgpeaks.

The SH3 domain would be used to record NMR experiments in presence of detergent, LMNG
which is necessary for stability bfAR Hence, further NMR experiments to estimate the
impact of detergent presence on SH3 domain stability were performed by using LMNG
titrations. LMNG wasuccessively addl at0.5%, 1% and 2% LMNG to til labelled SH3

NMR sampleLMNG seems to interact with the SH3 domain even at lower concentration
resulting in gradual precipitation of SH3 domain oleerg experimentimes, starting from12
hoursto up to 48 hours.Thel2-hour long experiments sawpproximatelyover 25% loss in

NMR sampleThe shorter (6 hours) experimen{$igure3.20b) in presence of increasing
concentration of LMNG indicated th#te main detrimentaleffect to the stability of the SH3

was the addition of increasing amounts of LMNIis could be due to thew CMC valuef
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LMNG~11 nM leading to stronger binding of LMNG molecules to the hydrophobic parts of
SH3 domain which could lead to protein unfolding and degradatitence, to study SH3

interactions withi 1AR further improvementsto NMR buffer conditions were necessary.

As a preventative measure to avoid issues with TCEP hydrolysis over long experimental times,
iodoacetamide was used to replace the TCEP from SH3 buffers. lodoacetamide forms a
covalent bond with thiol sidechains of cysteine residues. This resulted imdlgigication of

SH3 nickel affinity purification buffer as outlined in the table below.

20mM Tris pH 8.0 1mL
200mM NaCl 2 mL
5mM imidazole 62.5>
1x EDTAree protease inhibitors 1mL
lodoacetamide 2mg/mL 100 mg

Table 3.3: Modified components of the solubilisation buffer used in the SH3 nickel affinity purification
protocol.

Similar degradation of the miniG protein due to longer exposure to LMNG has been previously
observed in the lab, by members working with minitis wa addressed by incorporating
I 1ARIn SapA picodiscs thereby leaving the buffers devoid of-fild&lG molecules. The
experimental details for incorporation 6fARIn SapApicodisc and further NMR experiments

are discussed in the next chapters.
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Chapter 4




NMRbased conformationatharacterization of ;AR humanICL3 constructs

Structures of GPCRs bound to a variety of ligands, G protein minagtodbodies, G proteins,
arrestin and GRKs have been solved in the past yéats* 16 107 These contributions have

led to an evolved understanding of GPCR functioth that GPCRs are not ON/OFF switches
but highly dynamic proteins that populate a complex conformational landscape. Although
GPCR crystallography and cigd has provided insight into fully active and ligand bound
states of these receptorsery little isknown about their wider conformational ensemble. The
structure determination techniques use ngniysiological temperatures, fusion proteins,
truncation of terminal and flexible loop regions, uHif@ermostabilizing mutations to obtain

a snapshot of a recepr structure bound to a ligand and IBPs. Although these techniques
have made significant strides in helping us understand more about the activation mechanism
of GPCRs, their limitation lies in the inability to report on the intermediate states of the

receptors 108,

The variousintermediate conformational states of GPCRs, and the implications of flexible
regions on the receptor dynamics remain largehexplored NMR spectroscopy has proven
to be an excellent tool tgrobe the dynamics oilGPCR# solution at near physiological
temperatureswith no need to use fusion proteit® 19, Previous members of the lab and
other groups have successfully established techniqoed36- -methioninelabelling during
expression (Andras Sdff) and post purification®~TET labelling®. This provides a good
foundation to employ these techniques to undéand the dynamics of ;AR humanICL3
chimeric constructsLandmarkNMR studies ofclass A GPGRnvestigated till date are

summarised in the table below:
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GPCR studie( Solubilization system | NMR probes useq Publication

Rhodopsin | DDM 19F KleinSeetharamaret al, 1999
110

i AR LMNG 3CMet Kofukuet al, 201211

i 5AR DDM/CHS 19F Liuet al, 2012b!1?

I 1AR DM 5N-Val Isogaiet al, 2016

i1AR LMNG BCMet Soltet al, 20178

A2aAR DDM 5N NMR { dzCet a)2018'13

i 2AR POPOPOPGanodisc | 13CMet & 1°N Shiraishiet al, 201814

I 1AR LMNG 19F Freiet al, 2020%°

I 1AR DDM 13C Met RoRleret al, 2020b1>

A2 AR POPC/POPG nanodig **C Met Mizumuraet al, 202016

Table 4.1Landmarksolution NMR studies of GPCRs

The aim of this work was to understand the role of ICL3 in the functioningAR as

investigatedby human ICL3 chimerand by evaluating receptor activation using small
molecule catecholamine ligands and IBPs. As IBPs, we used the G protein mimicking

nanobodies Nb6B9 and Nb60, the engineered f@mdrotein and the endophilin SH3 domain.

Using NMRI characterized the cdormational dynamics of ;ARhumanlICL3 chimerasing

probes located at specific receptor positions: at the cytoplasmic ends of helix 6 and 7, and in
the hICL3 usinfF NMR probes, and usiti>- -methionineNMR probes that covered wider
areas of the recggtor. Both types of probes were used to investigate the impact the presence

of hICL3 had on theé ;AR Two types of nanobody proteins were used in this study: while

Nb6B9 was used to stabilize the receptor in an aliike conformation, the purpose of NB6

docking was to capture the receptor in an inaetstateconformation®8 64 117,
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4.1 Selecthng NMR probes fot’F NMR spectroscopy

lff O2y ai{ARHADKAE 2F 0 deRe 6 S NARMéN p SRIGARE SUiKP G
construct (i.e. the construct containing only a minimal linker between TM5 and Tistb)
been published by the Nietlispach lab in an NBpectroscopic study of conformational
SljdzA £ A 0 NRA | ANC--indtfonine? and 1% TETZdabeyfed cysteine residd&dor

a review of these studies please refer to Chapter 1 of this thédie choice of this base
construct and use of the same NMR probe positions for the current work was deliberate as to
enable a direct comparison of my work with the results of these recently published studies.

¢ K S;ARMet2n p O 2 yevolintNdl &0 widtype is documented iGhapter 3 Table 3.1

In line with the previous work done in the lab on thelARMet2n pconstruct lacking an
intracellular loop 3, we used our base constridARMet2n p K Ltd 1JF FET label the native
cysteine residues inICL3 and in TMFigure4.1a), and a further cysteine residue introduced
through mutagenesis at position of alanine 282n TM6 (Figuret.1.c). Using these three
specifict®F probes located at key sitesioiARMet2n p K Ltte feoeptor dynamics proximal

to the probes could be investigated and compared witpARMet2n p The native cysteine
residue at TM7 344*was the first choice to be used due to its proximity to the NPxxY motif
and the G protein binding regidifFigure4.1b). The!®F tag directly reports on the changes in
the chemical environment at this position. The NPxxY motif is highly conserved in GPCRs and
is involved in receptor activation and undergoes conformational rearrangement upon
activation. Following a conformational rearrangement, residueof the NPxxY motif acts

as an active state lock via formation of a water molecule mediated hydrogen bortd¢to Y

Next, the natural cysteine residue in the hICL3 positioned between helix 5 amdhebuld

be directly able to report on changes in ICL3. The probe on TM6 would report on the
conformational changes of TM6 upon activation, including the lamgelitude displacements
observed in the static structures compared to inactive receptor forssar as we know this

is the first time that a fullength ICL3 has been used in a GPCR construct to gain insight into
the receptor behaviour in the presence of such a flexible region connecting helix 5 and 6 using

NMR spectroscopy.
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Figured.1: (1 iARMet2n p KL / [ o s®ith VET flabtliz@ SiteThe helices are shown in rainbow

colouring starting from helix 1 to helix 8. The structure used here is a modelled structure of the construct
to incorporate the hICL3 based on crystal structure PDB: 48\0bnstruct containing hICL3 with natural
cysteine residues at position 244 (hICL3) and 344 (TM7) b) Construct containing only the cysteine residue
344 in TM7 c) Construct containing cysteine resicatgsosition 244 and 344 replaced with alanine and

seline respectively while alanine gbsition 282 (TM6inutated to cysteine

Since several different constructs were generated and used throughout this study, here is an

outline of the nomenclature used in this chapter. Tié! w a S (i usgdnprevious3C
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labelled methionine®® and 1°F NMRE® study to investigate conformational equilitaiof the
receptor is calleditiARfrom now on. In the'®F labelling experiments, the hICL3 inserted
construct chimeral {ARMet2n p K Lig ¢alkedq d 1ARhICLS ®hei 1ARhICLZonsists of
both natural cysteine residues at position 244 (hICL3) and 344 @dvshHown in Figure 44

To generate th&TM7-hICL32 constructshown in Figure 4.1, the cysteine residue from hICL3
was mutated toalanine ando generatedTM6-hICL3 congruct shown in Figure 4.& both
cysteines at positions 244 and 344 were mutated to alanine and sergiduesrespectively
while the alanine residue at position 282 was mutated to a cysteine resithe!’F NMR
probe construcs2 ¥ 1ARMet2n p K Lwhdreocysteine residues in hICL3, TM6 and TM7 were

labelled are described in table 4.2 below.

Construct name Mutations 1%F NMR probes
i 1ARNICL3 - C244'ET C344F7
TM7-hICL3 C244A C344ET
TM6-hICL3 C244AA282C C3446 C282'ET

Table 4.2: Construct nomenclatudescribingcorrespondingnutations (if introduced) and cysteine
residues to be used as NMR probesftr NMRAlanine to cysteine mutation for position 282 in TM6 is
underlined.

4.2 ¥%labellingandligand affinitypurificationof i 1AR

The introduction of a GFroup through tagging of the sulfhydryl group of cysteine residues
with TET had been previously establisif@dcand the details of method are described in
Chapter 2 A brief overview of the tagging methodology is shown in Figuze. The labelling
of i 1ARhICLB8onstructs with TET takes place as a-step processThe sulfhydryl group of a
OealSAYS NB&AARMZS Aa AYyAdAl f-dipgridykdiSulphidd {als& R
known as Aldrithiol). After removal of the unreacted Aldrithiol, TET was ada@daund to
the activated sulfhydryl group forming a trifluoro metkdisulphide group. The-ERin TET

is reasonably close to the cysteine sidechain @iy adds a small functional group which
minimizes the chance to interfere with a protein as i@ bulky compared to othepopular

19F labels used in NMR such Z&bromo-1,1, -trifluoroacetone (BTFAXNd 2-bromo-N-[4-
(trifluoromethyl)phenyllacetamide (BTFMA)
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To reliably measure and interpret th# NMR spectra recorded using Flabelled receptor

it is important to ensure that the receptor structure and function is unaltered due to the
presence of a labelling tag. To test if the TET labeH&&RhICLS functional, a ligand affinity
chromatography prification step was performed using alprenolol ligand resin. Alprenolol is
an antagonist of 1AR Only a fully functional and folded receptor can bind to the alprenolol
resin. Therefore, this step is significant for the functional validation of the recegd the
highly specific purification step selects for functionalAR ensuring the elimination of
contaminants resulting in a pure NMR sample as showgimre 4.2.a. Hence this step was

preparativelyused to purify TET labelléedARconstructs

a b

M Jane1 lane2

170 kDa

130 kDa
95 kDa
72 kDa

55 kDa

43 kDa B,ARhICL3 Jy J 10111 | | =
. SH -3 s . 2. Disulphide s S - v
34D B8/AR 1. Activation o N Exchange - ‘ »
26 kDa TET Labelled Receptor
. F
17 kDa N S ) |
$”°N HS ¢

Aldrithiol

Figure4.2 SDS PAGE analysis for TET labellsBhICL3

a) SDS PAGEel of TET labefid andligand affinity purified receptoshowing lane 1 and 2 containing
labelled functionali ;ARhICLB) Schematic representation of TET labelihgwing cysteine sulphide
bond activation step induced by adding Aldrithiol to the receptor containing solddibmwed by
disulphide exchange step by addition of TET reagent.
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4.3%F NMRspectroscopy of ;ARconstructs

Ligand affinity purified receptor samples were obtained and analysed by°ADMR
spectroscopy. Previous experiments in the lab were typically run at 308towever, here

the first experiment was recorded at 298K in order to assess the stability of the sample in
view of the addedag and additional hICL3 loop region. The resulting spectrumARhICL3
(C244FT C344F)in Apo (unliganded staté$ shown in Figurd.3a in comparison with tAR
(C344F). Based on the peak assignments from previous experiments done lattloa t 1AR
(C344F), peak P1 at65.67 ppm in the blue spectra was assigned corresponding to the signal
from C3445TNB a A RdzS ® 6585 ppmtinvitie bludi spectra was also noted and
suspected to beorresponding to the C244" Thedistance betwea the chemical shifts for
P1¢6564LJLIY 0 | yBRS85 pprnXwasimeasuredfor i ;ARhICLEC244ET C344E) Apo
receptor, whichwas 105 Hz at 298Ikigure4.3a) and 85 Hz at 308K analyse the changes

in peakbroadening.
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a T 298K
e B ARKICL3
tB,AR

line width

69.36 Hz [«===--»

-65.0 -65.2 -65.4 -65.6 -65.8 -66.0 [ppm]
T 308K 85 H
B,ARKICL3 Apo Jommmmnnd
B,ARRICL3 Iso
tB,AR Apo
W"”‘-‘w
-65.0 -65.2 -65.4 -65.6 .65.8 -66.0 [ppm]

Figure4.3 Comparison ofi®F NMR spectra between {AR (C3448) andi ;ARICL3 (C24&TC344TE)
constructs. All spectra were obtained &0 MHz {°F) and with concentrations of receptor ranging in
between250 1 a)d @SOG NI | NB & KARAICL3 TC2AMC NI Dis APga faie)(blue) and

{ 1AR (C34%) Apo state (yellow) at 298with line width marked in red and peak distances irbH&pectra
are shown for receptor 1ARNICL3 (C244TC344'E) in Apo state (blue), bound to Isoprenaline (pink) and
ti ;JAR(C344E) Apo state (yellow) at 308 ksoprenaline was added in saturating ligand concentration (1
mM).

There is a substantial difference in the chemical shift positions observedA&thICL&nd

ti ;AR This could be due to change in size and conformation of the receptor construct due to
addition of hICL3 which is readily picked up by tPleprobe as itis very sensitive to its
chemical environmeniThe linewidth for thei {ARwas 69.36 Hz and forARhICL®@/as 48.02

Hz (Figure 4.3). The linewidthfor the orange peak is higher than that of the blue peak
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suggesting that thel {ARP1 undergoes some additial broadening due to an exchange
process taking place on an unfavourable timescale. However, P1 does not suffer from that.
Hence, either introduction of hICL3 has changed the timesghkxchange such that the
process of exchange is now more rapid anoesl not affect the linewidth anymore.
Alternatively, the sharperJS | {is @nath@r indication thathere isanother position that is
labelled.This sharp peak represents a more dynamic conformatgomaybe expected for the
hICL3 position that is labetlebecause of the disordered nature of hICL3. Taking into
consideration both factors of chemical shift positions and linewidth, we know that the
i 1ARhICLE344E label position needs to be confirmed. Therefore, the IMZL3 construct
was overlad and the peak position for C3¥4was confirmed thereby correctly attributing
the peaks. Additionally, the protein was found to be stable at 308K and so further

measurenents were carried out at 308K.

To investigate the response bfARhICL3eceptor to the addition of agonist, NMR spectra
were recorded by adding saturating concentrations (1 mM) of isoprenaline to the sample at
308K Hgure 4.3b). The pink spectrum iRigure 4.3.b shows that the peak P1 has moved
slightly upfield to -65.49 ppm and has a reduced signal intensity. However, the distance
0SG6SSy LISI'] tm YR tmMQ A& y2¢ AyONHhei SR
linewidth for the isoprenaline boundeceptor peak is broadened to 63.12 Hz compared to
Apo receptor 48.02 Hz which explains the drop in signal inten3itys falls in line with the
previous observations for other constructs where on ligand binding, such an effect has been

recorded®s,

To assess the functionality of TET labelled receptors further, it is essential that the agonist
bound receptor can bind to intracellular partners such as Nb6B9 that stabilize thptoecn

an activelike conformation. At the same time the receptor was also investigated towards its
propensity to interact with the SH3 domain from endophilin. To test this, the TET labelled
receptor was incubated together with a saturating concentratdmisoprenaline (1 mM) and

a two-fold molar excess of the respective binding partner over receptor fe8@B@ninutes.

The incubated c@omplex mixture was subjected to size exclusion chromatography (SEC).
Binding of intracellular partners such as Nb6BS kDa) and SH3 (9 kDa) would add to the

molecular weight of the receptor (40 kDa) in the complex, resulting in a left shift of the elution
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peak. TET labelléd ARhICLBeceptor incubated with IBPs was loaded ont8@perdex 200
Increase 10/30@olumn and ke traces were obtained as shown gure 4.4.a). The size
exclusion chromatogram shows that the traces for SH3 (orange) and Nb6B9 (purple) bound
receptor complexes show a smaller elution volume compared to the Apo receptor (blue)
resulting in the left kift of both the peaks. This confirmed that the SH3 domain and Nb6B9
bind to thei 1ARhICL3eceptor. This was complemented by a SBAGHFigure4.4b) and
Western blot evaluation of the elution peaks corresponding tecomplexes (Figuré.4.c).

The SEC traces and the gels show small amounts of aggregates and probable receptor dimers

are formed.

92



— B,ARhICL3
40 ~ B,ARICL3 + SH3(x50)
— B,ARhICL3 +Nb6B9

-]
t
20 receptor dimers
aggregates
0
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mL
ladder lane1 lane2 lane3 lane4 lane5 ladder lane1 lane2 lane3 lane4
158 kBa = 170 kDa
95 kDa o 130 kDa
95 kDa
72 kDa = 75 kDa receptor dimers
43 kDa - 43 kDa
34 kDa [ - B ARhICL3 34 kDa .Qi B,ARhICL3
26 kDa & 26 kDa

17kDa § 17 kDa . -

SH3
10 kDa \ 10 kDa

Figure4.4: Binding of Nb6B9 and SH3 domain to THeT labelled recept@valuated by SEC and SBSGE.

uNbGBQ

a) Size exclusion chromatograplnacesof TET labelledeceptor construci ;ARNICL3 (C2447 C344'E)
post ligand affinity purificationReceptor iPApo form (blie trace), receptor bound to SH3 domain (orange
trace) and Nb6B9 boundo(rple trace) b)SDSPAGE gel showingrotein ladder and laned and 2
containingunboundreceptor, lanes3, 4 and 5 containingeceptor coupledto SH3domain the fine red
lines show thebands corresponding tbiARhICL3and SH3 domain) Western blot gel showing protein
ladder,unbound/aporeceptor in lane 1, receptor coupled to Nb6B9anes 2 and @hile lane 4 is shown

containing only Nb6B9. The fine red line shows bands in each lane corresponding t@®\B¢CL3 and

Nb6B9.

93



Once the peak corresponding tol ;ARhICL3C244ET C344F) were identified, further
experiments were carried out tmvestigate the effect of ligand activation and Nb6B9 bound
ternary state activatiorand a comparison was drawvith the previous work done in the lab

Al '*FNMR spectra were recorded in buffer containing 20 mM Tris pH 8.0, 250 mM NacCl, 1
to 2% LMNG, 7%,0 and 2% TFA at 308'R-=NMR spectra for tARC344F) andi 1ARhICL3
(C244FT C344F) receptors in the apo state, isoprenaline bound and with agonist in the
presence of a twdold molar excess of Nb6B9 and SH3 domain, respectively, are shown in
Figure4.5. The t 1ARC344F) spectra(Figure4.5a) showed prominent peaks as observed in
the previous work by Dr Niclas Frei (PhD thesis, Cambridge).

d  BAR(C344T) b  BARhICL3 (C24477, C3447)

P1 [l Aro receptor
[l Receptor + Isoprenaline

P1

- Receptor + Isoprenaline +
Endophilin A1 SH3

- Receptor + Isoprenaline +
Nb6B9

| i A

o’ N

"“ o 2 . .
"F chemical shift (ppm) "F chomical shift (ppm)

Figure 45%%Fb aw & LJSO0 NI ;AR @346 NX MBhICI3 (C2Z= C344'E) constructs in the
presence of binding partnespo receptors in blueseceptor bound toisoprenaline in red, isoprenaline
bound receptor with SH3 domaim pink andIsoprenaline+Nb6B9 bound receptor green a) (i IAR

(C344E") showingpeaks PXorresporisto C344ET P2is anunknown peak, peak & peak for nanobody
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and ligand bound ternary state peald b)i ;ARhICL3 (C284 (3447E) where peak P1 corresponds to
C344ETandLJS | | couldweéattributed to the presence of hiGpgak P4 is SH3 and ligand bound ternary
peak and peak P6 is unbound receppaak.

As shown in Figure 4t an intense peak P1 was observed8%.48 ppm which corresponds

to C344EFT On addition of a saturating concentration of isoprenaline a slight peak shift to
65.5 ppm and broadening of the peak was observed along with actesh of the signal
intensity. An additional peak P2 was observed in both apo and isoprenaline bound spectra.
This signal had not been observed previously. Adding Nb6B9 to the isoprenaline bound
receptor resulted in significant peak broadeneugd peakP1shift to-64.7 ppmas seen in the
green spectra. Previously, the downfield shift of the main peakifohRC344F) has been
attributed to the formation of a receptor conformation characteristic of the active state
(Figure 4.5.a)As theposition of P2 inittARC344F) overlapped with the signal of the Nb6B9
bound ternary peak, it remained unclear whether P2 was affected by addition of nanobody.
Addition of the SH3 domain to isoprenaline bouncdiARC344F) resulted in strong
broadeningof P1 but no visible peak shift. At the same time P2 was also broadened,
suggesting that both signals related to receptor interacting with SH3. The small pé&akat

ppm in the SH3 bound spectrum indicated the presencgegiradation productg this coud

be removed by buffer exchange before addition into théARhICL3C244E" C344F) The

peak at-66.2 ppm corresponds to TET due to dissociation of the tag from the receptor at
308K.

NMR spectra for ;ARhICL3C244ET C344F) were recorded in a similaway as for

0 IAR(G44EY). Again, the intense peak P1 was assigned to &3#4m TM7 and the smaller
peak R & -65.5 ppm was attributed to C244from hICL3To confirm this assignment, C244
would be mutated to alanineThe unassigned peak at P2 was seen to a lesser extent for this
construct and was undetectable in the SH3 bound spedtsa presence could not be
confirmed in the Nb6B9 bound spectra due to the overlap with P5 as seenARC344E).
Therefore, basedn the overall similarity of the spectra we can conclude thatARhICL3
(C244FT C344F) formed an active state bound to Nb6B9 in a similar fashion &R
However, more of the unbound peak P1 remained for th@RhICLZonstruct which is

labelled as P6rhe R @tensity is very low compared to P1 which was hard to pin down as it
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could be because hICL3 is in an unfavourable conforma@onversely to thesH3 bound
spectra discussed for tARC344F), thei ;ARhICLEBesulted in strong broadening of the peak
with a small shift in peak position to P4-66.46 ppm (Figurd.5b) similar to theti 1AR This

peak shift could be attributed to the interaction of@L3 with the SH3 domain. In addition,
peak P6 at65.5 ppm was attributed to Nb6B9 bound receptor CZ44However, it is not
clear at this point what exactly contributes to the massive difference seen in peak intensity
for P3 and why signal at CZ44is smaller in comparison to C3%4for i 1ARhICL3AIso, the
origin for P6 intensity need to be corroborated. Therefore, we think it is best to consider the

interpretations made here as possible scenario.

Furthermore, it was interesting to investigate for theARhICLZonstruct, if theNb6B9
binding increases over time as the peak P6 was observed in the NMR spectra 2 hours after
adding the nanobody. This was assessed by recording NMR spectra for Nb6B9 and
isoprenaline bound receptor over a time windows from 2 hours to 18 hdZwsaparing the

total area under the peaks P5 and P6, it appears thattiea under peak P5 increases over
time upon ternary activestate formation.Based on this, it could be saidaththe hICL3
conformationat P6 (reported by C248) binds over time to NBB9. This could also suggest

that this reporterproduces unfavourable conformations of hIGIt@l isunreliable Therefore,

further investigations with C24% Tonly construct would give direct evidence of hICL3 binding

to Nb6B9 (Figure 4.8).
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B41ARNICL3 Iso Nb6B9 B4ARNICL3 Iso SH3
—— 2 hours ——1:1 Receptor: SH3
----12 hours - 1:2 Receptor: SH3

18 hours P6‘ ---------1:3 Receptor: SH3

-64.0 -64.5  -65.0 _ -85.5  -66.0 _ -66.5 [pom -65.0 -65.5 -66.0 -66.5[ppm]

Figure4.6 :1%Fb a w & LJS O (i NJ ;ARDIEN3U(E2ITCIAAEY constructs in the presence of binding
partnersand ligandsa)isoprenalinglso)wasaddedin saturating ligand concentration (1mM), Nb6B&s
added in twefold molar excessThe spectra overlay shows time course measurements at 2 hours, 12 hours
and 18 hoursb) titration of SH3 domain in ratios of 1:1 molar to Irblar was performed to ensure
saturation of receptor by SH3 domain binding.

In the absence of reliable affinity data the amount of SH3 to be added was determined in
order to get full saturation of theeceptor. Although, peptide binding studies from McMahon
lab give an estimate of abod# nMbinding affinity®!, the affinity data for full length receptor
binding to SH3 domain is unknowBased on th data from McMahon latset of SH3 titration
experiment were recorded by adding 1:1, 1:2. 1:3 receptor to SH3 matexrentration Figure
4.6.b). The peak intensity at P4 was seen to reduce significantly on addition dblevexcess

of SH3 while thredold excess only led to a small change in intensity reduction. Therefore,
more thantwo-fold excess of SH3 domain was deemed suitable for saturationAdRhICL3

construct.

It is important to note that the'*F probe is highly sensitive to changes in its environment
which means that a probe is able to reveal most subtle changes in the samplgi@ond
through changes in chemical shift. In order to separate changes related to conformational
variation of the receptor from changes related to variations in the sample conditions, all
spectra were therefore referenced against trifluoroacetic acid JTdsAan internal standard
(Figure 4.7) The latter was chosen based on a previs#iSNMR study oni > adrenergic

receptor''®and added at a low concentration of 2V to all the'®F NMR samples.
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P1 o Apo + |soprenaline TEA
-78.18 -75.20 +75.25 [ppm]
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Figured7:1C baw & LJS O NI ;ARNRCYA (C2HCEHEY gSruct in the apo state and
bound toisoprenaline. The inset figure zas in on theTFA signal a75.2 ppm. As can be seen the signal
is affected by addition of isoprenaline to the NMR sample leading to dielgpshift by 4.3 Hz in the red
spectrum. Using this peak as a reference, removes any chemical shift changes related totthe atidi

ligands and other additives.

As described itChapter lntroduction section 1.D, the flexible region of ICL3 is seen to be

of variable sequence length asdquence compositioacross differenspecies andlasses of
GPCRbut tends to converge depending on receptor subtypEise IC3 for i 1ARvaries in
sequence length across species howevbe, poly proline stretches remain similafigure

1.10 from Chapter ). The ICL3 is known to contain various doemplexity regions such as
poly-proline, polyserine, other sequence motifs and sites for phosphorylation by G&Kss
GPCR classeshis suggests that the ICL3 must be involved in regulating movements of the
GP@® TM helix bundle such that it alters the receptor behaviour based on the ligand and IBP

bound.
Previoust®F NMR study carried out in the lab focused on G8%h helix 7 as NMR probe to

detect dynamics at the cytoplasmic end 6fAR This prompted tause the C34%L only

containingconstruct TM-hICL3 as a direct comparison looking into further NMR stuafies
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the chimeric construct. Hencep unambiguously investigate the effect of presence of hiICL3
on the TM7 (C34%4) dynamics of ;ARhICLZonstruct, | introduced a mutation at C244

position replacing the cysteine with serine. This construct is cglted akrL / [ 0 € &

The TM7hICL3 construct with C34# was expressed and purified as explained earlier. To
ensure good sample homogeneity andripy, ligand affinity purification post TET labelling
was performed. A series of ligan@able 4.3)ogether with nanobody Nb6B9 were tested for
binding to the TM7hICL3 construct and corresponding NMR spectra were recorded at 308 K
with receptor concentation ranging from 345 ‘ M. The ligands were added at saturating
concentration of 1 mM and then Nb6B9 was added at-feld molar concentration. The idea
was to investigate the TM7 C3%4conformational dynamics in the presence of hICL3 and to
comparethe results with the it 1ARreceptor without hICL3 studied previously in the lab using

an identical*F probe location.

Ligand Structure Gs efficacy | classification
(%lso)+
Adrenaline OH 110 2 Natural Agonist
Hojij/bw\
HO
Isoprenaline OH 100 Full ayonist
T
HO
Xamoterol oH 0 61 7 Partial agonist
o\/K,N\/\NJLN/\
H K/O
HO
Cyanopindolol e 39 1 Weak partial
OH agonist
0O
o=
N
H

Table4.3: List of ligands used tmvestigate TM7 conformational dynamidsgand properties such as
structure, Gs efficacy (%lso) and classification is outlined. The Gs efficacy values are obtained from Baker
et al 201019,



Further spectrawith TM7-hICL3were then recordedn presence of a range of ligands that
varied in efficacyFigure 4.8&). The spectrum recorded on the ligaificce apo state of TM7
hICL3 showed a single, intense peakbat45 ppm. This peahowedidentical chemical shift
position and same linewidthasthe t 1ARpeak observed for thé’F probe in the equivalent
position (Figure 4.8.h)Figure4.8 shows all the comparative spectra recorded T 7-hICL3
construct andi 1AR The spectrafor ti ;ARshown herewere recorded byiclas Frefé. In the
case of TM+hICLS3, upon addition of isoprenaline, a smalfiajgl shift and reduction of signal
intensity was seems was observed fdf 1AR On addition of Nb6B9 to isoprenaline bound
receptor, a significant down field shift t®4.78 ppm and significant line broadening was
observedalso as seen fdr 1AR This was similar in behaviour to theARMICL3 construct and
overallcomparable also to the tAR This meant that the activation of receptor by Nb6B9
despite the presence of hiICL3 is very similar when isoprenalin@gineates the receptor
however upon inspecting the linewidths, it is evident that the HMZL3 construajenerally
shows smaller linewidth in comparison to tHe AR We think this is due to the presence of

hICL3, that the dynamics at TM7 CB4i4s faster, therefore the linewidth is less impacted.
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TM7-hICL3 tB,AR

— Apo
— lso
—— ligand + Nb

-64.5 -65.0 -65.5 -66.0 -66.5 i -64.5 -65.0 -65.5

— Xam
—— ligand + Nb

-64.5 -65.0 -65.5 -66.0 -66.5 r -64.5 -65.0 -65.5

— Cya
—— ligand + Nb

-64.5 -65.0 -65.5 -66.0 -66.5 i -64.5 -65.0 -65.5
F chemical shift [ppm] 9F chemical shift [ppm]

Figure 4.8Comparison of°F NMR spectra for ligand and Nb6B9 bound recepfasel a) shows spectra
for TM7-hICL3 (C344) receptor construct and b) shows spectra fofAR(C344F)). Ligand bound spectra
are shown for isoprenaline red, xamoterol purple, cyanopindolok orangeand ternary spectra with

Nb6B9 and ligand are shown in green.

Binding of the partial agonist xamoteréd TM7-hICL3(Figure 4.8) resulted in a small
reduction of the signal intensity concomitant with a slight broadening of the peakever,

for the ti 1AR the drop in signal intensity was more in comparison reflecting in more
broadening as wellAdditionof Nb6B9 caused a further reduction in intensity for the peak at
-65.45 ppm and the appearance of a broad signal shifted dowrtfel@i4.48 ppm. The peak
intensity for the ternary state with xamoterol bound TMTCL3 was smaller in comparison to
the isoprenaline bound receptor. A similar pattern was seen for thé\R (Figure 4.8.b)

however, the ternary state peak intensity was seen to be higher and the peak intensity of the
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ligand-bound receptor at65.45 ppm was lower with more peak broadening when compared
to the TMZhICL3Hence, both ligands isoprenaline as well as xamoterdliedroader signal

in the absence of hICL3 while the amount of ternary complex formed seems to be reduced
for the partial agonist xamoterol in the presence of hICL3. Almost as if hICL3 is partially
blocking Nb6B9 bindingOn addition of cyanopindolol, TihICL3 showed surprising results
(Figure 4.8). The peak at65.45 ppm was marginally smaller in intensity and a further
marginal reduction in intensity was observed on addition of Nb6B9. The ternary state peak
observed at64.48 ppmappears to babsentin case of cyanopindolol bound TMTCL3. This
contrasted with the behaviour observed for TM7 CB44f ti 1ARwhere, a less intense but
broader peak was observeHowever, on inspecting the linewidths for cyanopindolol bound
and cyanopindolol bound Nb6B&mplex,the linewidth was seen to bainchangedthis
indicates thatthere must be also a ternary signal but that it is probably buried éntbise

To ascertain this observation, further NMR experiments were performed following a longer 4
hour incubationof the TMZhICLS3 receptor with cyanopindolol and Nb6B9. As can be seen in
Figure4.9 b, the increased incubation timef 4 hours;if at all, led to a marginal increase

signal at the position where the ternary complex would be expecldterefore, to resolve

the ternary complexdr cyanopindolol bound Nb6B9 spectra, longer experiment times or

much more concentrated samples would be required.

a b

- Apo

— Cya

~— Cya + Nb

—— Cya + Nb 4 hours

fooml -64.0 -64.5 -65.0 -65.5 -66.0  -66.5 [ppm] -64.0 -64.5 -65.0 -65.5 -66.0  -66.5

Figure 4.919F NMR spéta for TM7hICL3 adrenaline bound receptor ternary compleXApd receptor
shown in blue, drenaline boundeceptor shown irbrown and ternary state structure bound to adrenaline

and Nb6B9 (Nb) in greds) Apo receptor shown in blueyanopindolol boundeceptorin Orange, ternary
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state receptor bound to cyanopindolol and Nb6B9 (Nb) in gréemary state spectra afte# hoursis

shown in purple. fie ternary statgpeakwith cyanopindolols nearly urtetectablepost 4 hoursn 1°F NMR.

A further set of experiments for TMTICL3 was recorded, this time in presence of the natural
agonist, adrenalindFigure 4.9.a)A significant drop in signal intensity combined with an
increase in linewidth was observed on addition of adrenaline together withpdireld shift

of the signal to-65.5 ppm. On addition of Nb6B9, a further drop in intensity was observed at
-65.5 ppm ad a broad, intense peak #4.78 ppm was observed. This suggests that the pre
active receptor state sampled when bound to adrenaline enables the formation of a ternary
state similar to when bound to the full agonist isoprenaliibe amount of ternary stte
formed is strongly reduced when dealing with ligands that are not full agdoisTEM7-hICL3

construct.

This is interesting ai$ could beargued that thepresence of hICL3 would lend the receptor
more flexibility and adaptability that would increase propensity of the nanobodyinding.
However, this does not seem to be happening. On the contrary, it appears that theddiSL3
as a resistor to activation upon binding to ligands that are not full agonists. Therdifiere
striking differences observed for partial agonist and antagonist ligands foriT®173 suggest
that hICLZouldpotentially acts as a rheostat that regulates the activation of the receptor. In
antagonist bound state, the hICL3 potentially interfenegh the Nb6B9 binding This
observationcould bebecauseof the nanobodyrather than the influence of hICL3 as the
nanobodywas designed for stabilizingARwhich has a shorter ICLBhis needs to beerified

by looking at G protein coupling in preserafecyanopindolol.

The 1FNMR probe is highly sensitive to changes in the local chemical environArematic
residues proximal to thé®F probe contribute significantly to the chemical shift changes
through their ring current shifts andhanges irhydrophobic/hydrophilic environmentThe

19F probeis particularlysensitive tothe level of water accessibilitAs the TM#ICL3probe

at C344>*position is critically close to the NPxxY matiF,AR and to hICL3, nearby aromatic
residues from the crystal structures should be able to provide us with key insight as to which

residues might be influential. To this purpose, the crystal structures @Rbound to the
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ligands cyanopindolol and isoprenaline, respectively, the ternary structura ARbound to
Isoprenaline and Nb8@DB ID: 6H7Jnd the ternary structure of humanARbound to the
natural agonist adrenaline and Nb6B2DB ID: 7B ®ere assesse(Hgure4.10)

Focussing on the cytoplasmic side of the ligantl/ bound receptor it is remarkable that the
structures are nearly identicéifigure4.10a). The TM7 residue Y34%from the NPxxY motif

that is adjacent to thé®F probe attached to C344 is seen interacting with the TM6 residue
129540 in the cyanopindolol bound state where it is forming a hydrogen bond. This bond
distance is slightly longer in the isoprenaline bound state however the structures are largely
similarfor both states. The slight changes in the positions of aromatic residues closer to C344
can be observed in the liganded NMR spetitraugh chemical shift changes and broadening
The cyanopindolol bound structure ovedawith the ternary state structuref ti ;1ARbound

to isoprenaline and Nb80 shows that the C344 rotamer position changes upon docking of the
nanobody loop into the space vacated by TM6 after its outward mover(tégire 4.10.9.

The hydrogen bond between TM6 and TM7 is broken arfdoc¢cupes the position of TM6
instead of $4%. A similar pattern is observed for the humapARbound to adrenaline and
Nb6B9 however the C344 probe is seen to be in a slightly different positase changes
seen in chemical shift positions correlate to thesitions for C344 probe bound to various
ligand bound nanobody coupled complex structures. For full activation, the TM6 helix moves
outwards and TM7 rotates inwards to accommodate for coupling to the nanolfagyre
4.10.9. For full agonists bound TMACLS3, these effects are more pronounced in the NMR
spectra however theveakpartial agonisityanopindolol bound ternary spectdo not show

a big effect to nanobody bindinfHgure 4.10.d. The crystal structures do not provide an
understanding of this differential behaviour as they lack the ICL3 and can readily
accommodate Nb6B9 but result in almost identical structures. Perhaps, Gs coupling would
result in more pronounced effect on the t@ary state as partial agonists also show some Gs
efficacy. Therefore, this could mean that the effect of activation by nanobody is not
observable for partial agonists using local probes sud¢fFaIMR when hICL3 is present. This

will be explored in the ugoming parts of this thesis.
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Figure4.10: Overlay of crystal structures of turkey and humaARbound to various ligands and ternary

state bound NMR spectra are shown. a) Structurel @R bound to Isoprenaline in red (PDB ID 2Y03)
aligned to cyanopindolol bound in orange (PDB ID 2YCY). Distance between TM6 &2Sdaiedl TM7

residue Y343 from N®RY maoitif is displayed for 2Y Q¥ cysteindshown as a ball)b) Structure ofit1AR-
cyanopindolol bound in orange (PDB ID 2YCY) aligned to Isoprenaline and Nb80 bound active state in green
(PDB ID 6H7J). Upon activation, TM6 outward movement is seen, as the Nb80 loop docks in place of TM6
of the ligand bound stateC344 experiences chges in its surroundings due to helical rearrangement. C)
humani 1ARbound to adrenaline (PDB ID 7BTS) and Nb6B9 in lavender is aligned to Cyanopindolol bound
structure. Again, docking of Nb6B9 loop in place of TM6 is observed while the TM6 in activesiatk
outwards. However, the distance between TM6 1295 and TM7 Y343 is larger in Adrenaline bound state
suggesting larger movement of TM#).19F NMR spectra recorded for TMWCL3 bound tdsoprenaline,
Xamoterol and Cyanopindolol and Nb6B9 bound redpelst The peak P3 attributed as activation is not

observable in the Cyanopindolol bound spectra.
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