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!
Abstract!

Probing(Antigen(Binding(Characteristics(Using(Single(Domain(

Antibodies(

Christine!Elaine!Prosser!

!

The! variable! heavy! domains! of! heavy! chain! antibodies! (VHH)! possess! unique!
characteristics! which! make! them! an! attractive! alternative! to! conventional!
antibody! fragments! for! detailed! NMRPbased! structural! analysis.! The! small! size!
offers!an!advantage!over!Fabs!and!the!enhanced!stability!compared!to!scFvs!is!also!
beneficial.!In!addition,!the!elongated!complementarity!determining!regions!(CDRs)!
associated! with! VHH! fragments! may! facilitate! the! characterisation! of! a! more!
diverse! range!of!antibodyPantigen! interactions!as!well!as!providing! templates! for!
studying!the!motion!of!CDRs.!!
!
The!work!described!in!this!thesis!illustrates!the!feasibility!of!using!VHH!fragments!
to!gain!structural!insight!into!antibodyPantigen!binding.!The!successful!generation!
of!isotopically!labelled!protein!allowed!the!acquisition!of!high!quality!NMR!spectra!
from!which!the!solution!structures!of!two!free!VHH!fragments!were!determined.!
The! solution! structures! revealed! significant! differences! in! the! conformational!
dynamics!at! the!antigenPbinding!site!with!both! flexible!and!structured!CDR! loops!
being!identified.!The!binding!sites!of!both!the!VHH!and!the!antigen!were!mapped!
by!NMR!minimal!shift!analysis.!!
!
The!work!discussed!in!the! latter!chapters!focuses!on!the!structure!of!VHH!67,! its!
interactions! with! ILP6! and! how! information! gained! from! this! antibodyPantigen!
interaction!may!be!applicable!to!drug!discovery.!The!structure!determination!and!
binding!site!mapping!showed! that!binding!occurred! through! the! long,! structured!
CDR3!loop!and!also!identified!that!VHH!67!bound!to!ILP6!through!a!novel!binding!
site.! This! new! binding! site! was! confirmed! by! XPray! crystallography! and! the!
functional!effects!of!the!VHH!67:ILP6!interaction!were!ascertained.!The!relationship!
between!binding!affinity!and!the!dynamics!of!CDR3!was!also!investigated.!!!
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Chapter!1!–!Introduction!

!

The! work! described! in! this! thesis! evaluates! the! use! of! VHH! antibodies! as! an!

alternative! to! conventional! antibody! fragments! for! structural! analysis,! therefore,!

an!introduction!to!both!conventional!antibodies!and!VHH!fragments!follows!along!

with!a!review!of!a!selection!of!VHH!structures.!The!VHH!antibodies!characterised!

in!this!project!were!raised!against!the!cytokine!interleukinP6!so!a!brief!background!

to!this!target! is!provided!followed!by!a!summary!of!the!functional!and!structural!

analyses!carried!out!prior!to!the!start!of!this!project.!

!

1.1!–!Conventional!Antibodies!and!Heavy!Chain!Antibodies!

1.1.1!–!Conventional!Antibodies!

Conventional!antibodies!consist!of!two!identical!heavy!(H)!and!two!identical! light!

(L)!chains! linked!by!disulphide!bonds!as!shown! in!Figure!1.1! (Davies!and!Chacko,!

1993).!The!lower!portion!of!the!antibody,!known!as!the!fraction!crystallisable!(Fc),!

determines! effector! functions! and! is! joined! via! a! flexible! hinge! to! the! fragment!

antigen! binding! (Fab),!which! is! responsible! for! the! affinity! and! specificity! of! the!

antibody!to!a!particular!antigen.!The!variable!domains!of!the!Fab!fragment!contain!

framework!regions!(FR)!that!are!conserved!between!antibodies!and!regions!known!

as!hypervariable!regions!or!complementarity!determining!regions!(CDRs)!in!which!

the! sequence! varies! significantly! between! antibodies.! Each! Fab! contains! six!

hypervariable! loops! (three! per! variable! domain)! that,! together! with! a! small!

number!of! framework! residues,!make!up! the!antigenPbinding! site.!The!backbone!

structure!of!five!of!the!six!loops!tend!to!adopt!a!known!number!of!conformations!

(or!canonical!forms)!which!can!be!predicted!based!upon!a!few!key!interactions!at!

specific!positions!between!the!CDRs!and!framework!regions!(Chothia!et'al.,!1989).!

The!third!CDR!of!the!variable!heavy!domain!(CDRPH3)!shows!greater!variation!and!

cannot!be!reliably!predicted.!
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!
Figure( 1.1( Q( Conventional( Antibody( Structure( and( Common( Antibody(

Fragments(

The!typical!structure!of!a!conventional!IgG!antibody!is!shown!and!consists!of!

two! identical! heavy! (H)! and! light! (L)! chains.! These! chains! are! divided! into!

constant! (C)! and! variable! (V)! domains.! Antigen! affinity! and! specificity! is!

determined! predominantly! by! the! three! CDRs! of! each! of! the! variable!

domains,!which!are! shown!as! loops.!Shown!beneath! the! full! size!antibody!

structure!are!three!common!antibody!fragments!used!in!antibody!research:!

the! fragment! antigen! binding! (Fab)! consisting! of! the! first! constant! and!

variable!domains!of! the!heavy!and! light! chains;! the! fragment!variable! (Fv)!

consisting! of! just! the! variable! domains;! and! the! single! chain! fragment!

variable! (scFv)!produced!by! linking! the! variable!domains!of! the!Fv!using!a!

peptide!linker.!

!

! !
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The!ability!of! antibodies! to! recognise! and! respond! to! the! range!of! antigens! that!

may!be!encountered!requires!huge!diversity!in!the!variable!region.!This!diversity!is!

introduced! through! a! number! of!mechanisms! including! junctional! diversity! from!

the!V(D)J! recombination!to! form!the!VH!and!VL!domains;!combinatorial!diversity!

from!the!random!pairing!of!VH!and!VL!domains;!and!by!somatic!hypermutation!in!

which!random!point!mutations!are!inserted!to!increase!the!affinity!of!the!antibody!

to!a!specific!antigen!after!initial!exposure!(Tonegawa,!1983).!

!

The!variable!domain!of!the!heavy!chain!(VH)!is!formed!by!randomly!selecting!one!

diversity!(DH),!one!joining!(JH)!and!one!variable!(VH)!gene!segment!from!a!selection!

of!gene!segments!clustered!in!the!H!locus!(Flajnik!et'al.,!2001).!Initially!the!DH!and!

JH! segments! are! combined! followed! by! addition! of! the! VH! segment! (Oka! and!

Kawaichi,! 1995).! Flanking! each! of! these! segments! are! recombination! signal!

sequences! (RSS).! The! cleavage! and! splicing! at! the! RSS! regions! is! imprecise! and!

nucleotides!can!be!added!or!deleted!at!the!junctions!resulting!in!further!diversity!

of!the!VH!domain!(Schroeder!and!Cavacini,!2010).!For!the!variable!domain!of!the!

light! chain! (VL)! a! similar! process! occurs! but! only! variable! (VL)! and! joining! (JL)!

segments!are!combined,! selected! from!a!pool!of!genes!clustered!on! the!L! locus.!

The!variable!gene!segments!contain!the!exons!that!encode!for!framework!regions!

1,!2!and!3,!CDRs!1!and!2!and!the!NPterminus!of!CDR3!while!the!joining!segments!

contain! the! exons! encoding! for! the! CPterminus! of! CDR3! and! Framework4!

(Schroeder!and!Cavacini,!2010).!!The!junction!point!between!the!V!and!J!segments!

is! located!in!CDR3!and!accounts!for! increased!diversity!observed!in!CDR3!of!both!

the! heavy! and! light! chains! (CDRPH3! and! CDRPL3).! The! inclusion! of! diversity!

segments! in!the!formation!of! the!heavy!chain! increases! further!the!diversity!and!

length!of!CDRPH3!as!the!DH!segments!can!be!rearranged!by!inversion,!deletion!or!

can! be! spliced! and! translated! into! one! of! three! potential! reading! frames!

(Schroeder!and!Cavacini,!2010).!

!

! !
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In! the! context! of! drug! discovery,! antibodies! are! large,! complex! molecules! that!

often! require! mammalian! expression! systems! to! ensure! the! inclusion! of! the!

essential! disulphide! bonds! and! postPtranslational! modifications! during! both!

industrial! and! commercial! production! (Chames! et' al.,! 2009).! This! makes! their!

production! expensive,! especially! in! comparison! to! small! molecule! drugs.! Other!

properties!of!antibodies!that,!depending!on!the!application,!may!be!undesired!are!

limited! tissue! penetration! (Beckman!et' al.,! 2007)! prolonged! halfPlife! (Chames!et'

al.,! 2009)! and! Fc! mediated! responses! (Chames! et' al.,! 2009).! Many! of! these!

negative! effects! can! be! attributed! to! the! large! size! of! antibodies! and! for! this!

reason! the! general! trend! in! the! design! of! antibody! therapeutics! has! been! to!

reduce!the!size!of!the!antibodies!used!in!treatment!from!full!length!antibodies!to!

smaller! formats! such!as!Fabs!and! single! chain! fragment!variables! (scFvs)! (Bird!et'

al.,!1988).!In!addition!to!reducing!the!size!of!antibodies!for!improved!therapeutics,!

the! development! of! smaller,! stable! and! less! complex! antibody! formats! has!

advantages! for!structural!methods,!such!as!NMR,! to!solve!antibody!structures! to!

allow!the!rational!design!of!drug!molecules.!!

!

The!Fab!consists!of!the!first!constant!domain!and!the!variable!domain!of!both!the!

heavy!and!light!chains!(see!Figure!1.1).!Fabs!have!been!successfully!developed!into!

therapeutics,! for!example!Abciximab!or!Reopro!(Janssen!Biologics)!was!approved!

by!the!Food!and!Drugs!Administration! (FDA)! in!1994!for! the!prevention!of!blood!

clots! in! angioplasty! and! Ranibizumab! or! Lucentis! (Genentech)! was! approved! in!

1998!for!the!treatment!of!macular!degeneration!(Reichert,!2010).!However,!with!a!

size! of! approximately! 50! kDa,! these! therapeutics! are! still! costly! to! produce.!

Reducing! the! size! further,!by! removing! the!constant!domains,! to!produce! the!Fv!

(see!Figure!1.1)!retains!the!same!antibodyPantigen!interface!but!dissociation!of!VH!

and!VL!domains!at!low!concentrations!is!often!observed!(Glockshuber!et'al.,!1990).!

To!stabilise! the! two!domains!of! the!Fv,!a!peptide! linker!can!be!added!creating!a!

scFv!(see!Figure!1.1).!Unfortunately,!scFvs!are!prone!to!a!dimerisation!process! in!

which!the!domains!of!the!scFv!partially!dissociate!forming!an!open!monomer!that!

then! associates! with! another! open! monomer! resulting! in! a! complex! of!

approximately! 56! kDa! (Bennet! et' al.,! 1995).! This! dimerisation! process! can! be!
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reduced! by! optimising! the! linker! length! (Whitlow! et' al.,! 1993)! and! examples! of!

scFvs,!such!as!Pexelizumab!(Alexion!Pharmaceuticals)!used!to!reduce!side!effects!

during!coronary!bypass!surgery,!have!been!progressed!into!clinical!trials!although!

to!date!no!scFv!therapeutic!has!progressed!successfully!through!clinical!trials!to!be!

approved!by!the!FDA.!Reducing!the!antibody!size!further!to!a!single!VH!domain!has!

two!main!drawbacks.!Firstly,!the!VH!domain!shows!an!affinity!ten!fold!weaker!than!

that!of!the!Fv!(Ward!et'al.,!1989)!caused!by!the!reduction!in!the!antibodyPantigen!

interface.!Secondly,!removing!the!VL!domain!exposes!a!large!hydrophobic!surface!

on!the!VH!that!would!form!the!interface!with!the!VL!causing!aggregation!of!the!VH!

domain!(Ward!et'al.,!1989).!The!removal!of!the!Fc!region!in!these!smaller!antibody!

formats!may!result!in!the!loss!of!beneficial!properties!such!as!extended!of!halfPlife!

and! effector! functions! associated! with! the! Fc! region.! To! help! overcome! this!

alternative! methods! have! been! developed! to! maintain! these! features! in! the!

smaller!antibody!fragments.!For!example!in!the!antibody!therapeutic!Certolizumab!

pegol! (Cimzia,!UCB),! used! to! treat! rheumatoid! arthritis! and!Crohn’s! disease,! the!

active!Fab!fragment!was!conjugated!to!polyethylene!gycol!(PEG)!to!increased!the!

serum!halfPlife!(Choy!et'al.,!2002).!

!

1.1.2!–!Heavy!Chain!Antibodies!

In!1993!a!novel! class!of!antibodies,! termed!heavy!chain!antibodies! (HCAbs),!was!

discovered!in!the!serum!of!Camelus'dromedarius!(HamersPCasterman!et'al.,!1993).!

HCAbs! exist! alongside! conventional! antibodies! in! the! serum! of! camelid! (camel,!

dromedary,! llama!and!alpaca)!and!some!species!of!cartilaginous!fish!(nurse!shark!

(Greenberg! et' al.,! 1995),! wobbegong! shark! (Conrath! et' al.,! 2003)! and! ratfish!

(Nguyen!et'al.,!2002))!and!account!for!up!to!75!%!of!the!total!circulating!antibody!

content! (HamersPCasterman! et' al.,! 1993).! Heavy! chain! antibodies! differ! in!

structure!to!conventional!antibodies!as!they!lack!both!the!light!chains!and!the!first!

constant!domain!of!the!heavy!chain!(CH1)!as!seen! in!Figure!1.2.!Another! feature!

associated! with! HCAbs! are! elongated! CDR! loops! (Muyldermans,! 2001).! These!

unique! structural! features! of! HCAbs! may! provide! advantages! over! current!

conventional!antibody!derived!fragments!as!tools!for!drug!discovery.(
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!
Figure(1.2(Q(Heavy(Chain(Antibody(Structure(

The!heavy!chain!antibody!differs!in!structure!to!a!conventional!antibody!as!

it! lacks! the! light! chain! and! the! CH1! domain.! Elongated! CDRs! are! also!

observed! with! HCAbs.! The! variable! domain! of! the! heavy! chain! antibody!

(VHH)!can!be!isolated!as!a!single!stable!domain.!

!

1.1.3!–!The!Origin!of!Heavy!Chain!Antibodies!

As!stated!in!Section!1.1.2,!camelid!and!shark!possess!both!conventional!and!heavy!

chain!antibodies,! the!origin! and! the!purpose!of!which!has!been!widely!debated.!

Initial! hypotheses! included! that! HCAbs! were! the! result! of! the! somatic!

hypermutation!of!conventional!antibodies!but!it!was!shown!that!the!Framework2!

substitutions! associated! with! HCAbs! are! imprinted! in! the! dromedary! genome!

(Nguyen! et' al.,! 1998)! and,! therefore,! could! not! be! the! result! of! somatic!

hypermutation.!Another!possible!explanation!is!that!HCAbs!emerged!as!a!result!of!

exposure! to! harsh! conditions,! such! as! elevated! temperatures! experienced! by!

camelid! or! high! urea! concentrations! in! the! blood! of! sharks,! after! which! HCAbs!

were!preferentially! selected!over! conventional! antibodies!due! to! their! beneficial!

properties! (Flajnik! et' al.,! 2011).! These! properties!may! include! the! ability! of! the!

HCAbs!to!access!alternative!binding!sites!to!conventional!antibodies,!for!example!

smaller! antigen! clefts;! or! the! increased! stability! afforded! to! the! HCAb! by! the!

additional!disulphide!bond!of!the!variable!domain!(Flajnik!et'al.,!2011).!However,!

emergence!as!a! result!of!exposure! to!harsh!conditions! is!unlikely! to!explain!why!

HCAbs!are!not!observed!in!a!greater!number!of!species.!!!

!
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There! is,! however,! agreement! to! the! reasoning! behind! HCAbs! being! found! in!

mammalians! of! the! Camelidae! family! but! not! found! in! other! ungulates! (hoofed!

mammals).! Phylogenetic! analyses! show! the! genes! encoding! for! conventional!

antibodies! emerged! and! diverged! approximately! 25! million! years! ago,! after!

Tylopoda!split!from!other!mammals!(Artiodactyla),!approximately!60!to!80!million!

years!ago,!but!before!camel!and!llama!speciation,!approximately!11!million!years!

ago!(Conrath!et'al.,!2003).!!

!

1.1.4!–!The!VHH!Domain!

The! variable! domain! of! the! HCAb! is! termed! a! VHH! to! distinguish! it! from! the!

variable!heavy!(VH)!domain!of!conventional!antibodies.!The!backbone!architecture!

of! the!VHH!domain! is! identical! to! that!of!a!conventional!VH!domain!with!a! fourP

stranded! βPsheet! packed! against! a! fivePstranded! βPsheet! with! a! conserved!

disulphide!bond!linking!the!two!sheets!(Desmyter!et'al.,!1996).!Due!to!amino!acid!

substitutions! in! Framework2! region,! at! what! would! be! the! VHPVL! interface,! the!

hydrophobicity!of! this! region! is! reduced! (Muyldermans!et'al.,! 1994).! This!means!

that,! unlike! the! VH! domain,! the! VHH! domain! does! not! aggregate! and! can! be!

isolated!as!a!single!domain!(Muyldermans!et'al.,!1994).!Another!outcome!of!VHHs!

having! evolved! without! a! light! chain! is! that! the! antigen! binding! interface! is!

restricted! to! a! single! domain! meaning! that,! again! unlike! with! the! isolated! VH!

domain,!there!is!no!loss!in!affinity!between!the!parent!antibody!and!single!domain!

(Muyldermans,!2001).!!

!

The! hypervariable! regions! of! VHH! domains! are! on! average! longer! than! those!

observed!in!conventional!VH!domains.!This!is!especially!true!of!CDR3.!The!average!

CDR3! length! found! in! the! VHH! domains! of! dromedary! is! 15! residues! (Vu! et' al.,!

1997)! compared! to! the! CDR3! loops! of! human! and! mouse! VH! domains! with! an!

average! length! of! 13! and! 10! residues! respectively! (Wu! at' al.,! 1993).! Although!

elongated!CDR3! loops! are! also! found! in! llamas,! a! subfamily! of! llama!VHHs!were!

identified!that!have!much!shorter!CDR3!loops!with!a! length!of!around!6!residues!

(Harmsen!et'al.,!2000).!The!elongated!loops!found!in!VHH!domains!are!thought!to!

compensate!for!the!absence!of!the!VL!domain!(Muyldermans!et'al.,!1994),!these!
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longer! loops! also! deviate! from! the! canonical! structures! observed! in! the!

hypervariable! regions! of! conventional! VH! domains! (Vu! et' al.,! 1997).! The!

combination!of!longer!CDRs!and!the!variation!in!the!conformations!of!these!CDRs!

increase!the!diversity!and!therefore!the!antigen!binding!repertoire.!However,!the!

loss! of! entropy! associated! with! stabilising! these! more! flexible,! elongated! CDRs!

would!have!a!negative!impact!on!the!affinity!of!antigen!binding.!To!overcome!this,!

the!occurrence!of!an!additional!cysteine!pair!is!often!incorporated!into!the!CDRs.!

This!allows!formation!of!an!interPCDR!disulphide!bond!that!is!proposed!to!stabilise!

the! longer! CDRs.! The! relationship! between! increased! CDR3! length! and! the!

inclusion!of!the!additional!disulphide!bond!has!been! inferred!for!both!camel!and!

llama! VHH! domains! (Muyldermans! et' al.,! 1994,! Vu! et' al.,! 1997).! As! discussed!

further! in! Section! 1.2,! the! elongated! CDR3! of! VHH!domains! appears! to! perform!

two!functions.!Firstly,! the!CPterminal!portion!of!CDR3!has!been!seen!to!fold!over!

the!former!VHPVL!interface,!partially!shielding!the!hydrophobic!region!exposed!by!

the!absence!of!the!VL,!and!creating!an!additional!region!of!framework!(Desmyter!

et'al.,!1996).!Secondly,!the!NPterminal!portion,!if!long!enough,!can!extend!from!the!

antigen!binding!site!into!antigen!clefts!not!often!accessible!to!the!typically!flat!or!

concave!paratopes!of! conventional!antibodies! (Desmyter!et'al.,! 1996,! Lauwereys!

et'al.,!1998,!De!Genst!et'al.,!2006).!

!

1.1.5!–!Physical!Properties!of!the!VHH!Domain!

The!physical!characteristics!of!VHHs!make!them!very!attractive!alternatives!to!Fab!

and! scFv! constructs.! The! literature! reports! high! yields! of! VHH! protein! being!

expressed! in!E.coli! (Ghahroudi!et'al.,!1997)!and! in!Saccharomyces!yeast! (Frenken!

et'al.,!2000).! In!contrast!to! isolated!VH!domain!proteins,!VHHs!are!highly!soluble!

and!stable! (Muyldermans,!2001).!The!amino!acid!substitutions!typically!observed!

in!Framework!2!of!VHH!domains!render!the!hydrophobic! former!VHPVL! interface!

more!hydrophilic!so!VHHs!are! less!prone!to!aggregation! in!solution!than! isolated!

VH! domains! (Davies! and! Riechman,! 1994).! Also! the! domain! swapped! dimer!

aggregation! resulting! from! the! incorporation! of! synthetic! linkers! in! scFvs! is!

negated! (Muyldermans,! 2001).! Increased! thermal! stability! compared! to!

conventional!antibodies!has!also!been!observed!with!VHHs!being!shown!to!retain!
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80!%! to!100!%!of! their! antigen!binding!affinity! after! incubation!at!37! °C! for!200!

hours!(Ghahroudi!et'al.,!1997)!and!to!remain!functional!at!temperatures!up!to!90!

°C! (Van! der! Linden! et' al.,! 1999).! This! improved! thermal! stability! has! also! been!

attributed!to!the!Framework2!amino!acid!substitutions!(Riechmann,!1996).!

!

1.1.6!–!Therapeutic!Applications!of!VHHs!

The!properties!of!VHH!domains!offer!advantages!over!conventional!antibodies!and!

antibody!fragments!for!many!therapeutic!applications.!!

!

The! successful! use! of! antibodies! as! imaging! agents! to! detect! tumours! relies! on!

efficient!penetration!of!the!tumour!tissue,!high!affinity!to!the!target!antigen!and!

rapid! clearance! of! any! unbound! imaging! agent.! Problems! with! immunogenicity,!

poor! tumour! penetration! and! slow! clearance! have! been! observed! with! full! size!

antibodies!(Muyldermans,!2001).!The!use!of!smaller!scFv!fragments!showed!rapid!

plasma!and!whole!body!clearance!and!faster!penetration!of!the!tumour,!0.5!hour!

post! injection! compared! to! 48! to! 96! hours! post! injection! for! an! IgGPbased!

conjugate,!with! the! imaging!agent!being!more!evenly!distributed!throughout! the!

tumour!(Yokota!et'al.,!1992).!Reducing!the!size!of!the!antibody!fragment!further,!

to!a!single!VHH!domain,!has!shown!increased!clearance!and!improved!affinity!over!

scFvPbased! conjugates! without! the! instability! often! associated! with! scFvs!

(Muyldermans,!2001).!

!

The!small!size,!solubility,!stability!and!ease!of!cloning!make!VHH!domains!an!ideal!

building! block! for! the! generation! of! multivalent! antibodies.! Linking! antibody!

fragments! is! often! used! to! increase! the! avidity! of! an! antibody! or! to! allow!

simultaneous!binding! to!more! than!one!antigen! (Harmsen!and!De!Haard,! 2007).!

The! linking!of!conventional!VH!and!VL!antibody!domains!can! lead!to!aggregation!

and! reduced! affinity! due! to! the! mispairing! of! the! domains! (Glockshuber! et' al.,!

1990,! Whitlow! et' al.,! 1993)! whereas! the! linking! of! VHHs! domains! allows! more!

flexibility! in! both! linker! design! and! the! format! of! the! multivalent! antibodies!

(Harmsen!and!De!Haard,!2007).!

!
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In!addition! to!combining!multiple!antibody!domains,!antibodyPtoxin! fusions!have!

been! designed! to! allow! sitePspecific! delivery! of! a! toxin,! for! example! directed! to!

tumours! (Reiter!and!Pastan,!1996).! It! is!believed! that! the! smaller! size,! increased!

solubility! and! stability! would! result! in! improved! penetration! and! clearance! of! a!

VHHPtoxin!fusion!over!FabPtoxin!or!scFvPtoxin!fusions!(Muyldermans,!2001).!!

!

Another! application! of! VHH! domains! could! be! as! intracellular! antibodies,! or!

intrabodies.! Intrabodies! are! expressed! inside! the! cell! and! then! directed! to! a!

particular! compartment! (for! example! mitochondria! or! secretory! compartments)!

allowing! inhibition! of! selected! molecules! within! the! cell! (Kontermann,! 2004).!

Intracellular!expression!of!single!VHH!domains!should!be!more!efficient!than!the!

expression!of!more! complex!antibody! fragments,! such!as! scFvs,!where!problems!

with! assembly! of! the! domains! and! aggregation! have! been! observed!

(Muyldermans,!2001).!

!

Structural! information! gained! from! antibody! fragments,! such! as! Fabs! and! scFvs,!

may!provide!a!basis!for!the!rational!design!of!small!drug!molecules!(Lawson,!2012)!

which,! with! advantages! such! as! the! ability! to! administer! orally,! improved!

distribution! and! lower! manufacturing! costs,! offer! an! attractive! alternative! to!

antibody!therapeutics.!Identification!of!the!antibody!residues!involved!in!binding,!

or! the! paratope! of! the! antibody,! could! allow! peptides! or! small!molecules! to! be!

designed! that! mimic! the! action! of! the! antibody.! The! use! of! VHHs! has! physical!

benefits!as!VHHs!are!stable,!less!prone!to!aggregation!and!expression!yields!tend!

to!be!higher.!They!are!also!at!least!half!the!size!of!other!commonly!used!antibody!

fragments,! so! gaining! structural! information! should! be! less! complex.! VHHs!may!

also!offer!unique!information!due!to!the!differing!dynamics!of!the!elongated!VHH!

CDRs,! the! inclusion!of! the! additional! disulphide!bond! constraining! the!CDRs! and!

access!to!binding!sites!not!accessible!to!the!short!CDRs!of!conventional!antibody!

fragments.!

!

! !
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1.2!–!Review!of!Literature!VHH!Structures!

There!are!currently!around!80!VHH!structures!submitted!to!the!RCSB!Protein!Data!

Bank! (PDB)! (www.rcsb.org)! and! the! vast! majority! were! solved! by! XPray!

crystallography.!A!review!of!some!of!the!early!VHH!structural!analyses!gives!insight!

into!the!differences!between!the!VH!domains!of!conventional!antibodies!and!the!

VHH!domains!of!heavy!chain!antibodies.!!

!

The! first! VHH! structure! to! be! solved! was! that! of! the! lysozyme! binder! cAbPLys3!

(Desmyter!et'al.,!1996,!PDB!accession!code!1MEL).!This!VHH!contained!the!amino!

acid!substitutions!typically!observed!between!VH!and!VHH!domains,!namely!Leu11!

to!Ser,!Val37!to!Phe/Tyr,!Gly44!to!Glu,!Leu45!to!Arg!and!Trp47!to!Gly.!The!crystal!

structure! of! cAbPLys! 3! was! solved! to! a! resolution! of! 2.5! Å! and! highlighted! the!

reasons!behind!some!of!these!substitutions.!The!substitution!of!Gly44!to!Glu!and!

Leu45! to!Arg,! on!what!would!have!been! the!VHPVL! interface,! leads! to! increased!

hydrophilicity,!lessening!the!chance!of!the!VHH!domain!aggregating!in!the!absence!

of!a!VL!domain.!The!polar!to!nonPpolar!substitution!of!Val37!to!Phe!(or!Tyr!in!some!

VHHs)! appears! to! be! counterintuitive! to!making! the! isolated! VHH! domain!more!

soluble!and!stable!but! this! substitution,!along!with! the!Trp47! to!Gly! substitution!

(and! often! also! mediated! by! a! His35! to! Gly! substitution! (Spinelli! et' al.,! 1996)),!

allows! the! shift! of! bulky! residues! towards! Trp103.! In! stacking! with! Phe37,! the!

Trp103!side!chain!can!rotate!exposing!the!polar!Nε!at!the!surface!rather!than!the!
nonPpolar!aromatic!ring!(highlighted!in!Figure!1.3!Panel!A).!!

!

As! is! typical! of!many! VHHs,! the! CDR3! loop! of! cAbPLys3! is! long,! consisting! of! 24!

residues,!and!this!was!shown!to!fold!back!over!the!framework!of!the!VHH!covering!

residues! that! would,! in! VH! domains,! form! the! interface!with! the! VL! domain.! In!

total,! a! surface! area! of! 150!Å2! of! framework! residues! (Phe37,! Arg45,!Gly47! and!

Trp103)!were! covered!by! the!CDR3! residues! (Gly100f,! Leu100i,! Ser100j,!Gly110l,!

Trp100p! and! Asp101)! as! shown! in! Panel! A! of! Figure! 1.3.! The! substitutions! that!

result!in!a!shift!of!the!bulky!groups!towards!Trp103!(described!above)!provide!the!

relatively!flat!surface!onto!which!the!long!CDR3!can!fold!over.!

!
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An! interesting! feature! of! the! long! CDR3! of! cAbPLys3!was! that! it! appeared! to! be!

divided!into!two!segments!separated!by!a!disulphide!bond!linking!CDR3!to!CDR1.!

The!CPterminal!portion!of!CDR3! folded!over! the!VHH!and!made!contact!with! the!

residues!that!would,!in!a!conventional!antibody,!form!the!VHPVL!interface.!The!NP

terminal! portion! of! CDR3! appeared,! primarily,! to! be! involved! in! antigen!

recognition!and!extended!from!the!antigen!binding!site!of!the!VHH!penetrating!the!

antigen! cleft.! The! crystal! structure! did! not! suggest! that! this! extended! loop!was!

flexible!as!it!appeared!to!be!stabilised!by!the!disulphide!bond!linking!CDR3!to!CDR1!

and!by!the! interaction!of! three!tyrosine!side!chains:!Tyr99!and!Tyr!100c!of!CDR3!

and! Tyr32! of! CDR1.! This! stability! was! thought! to! reduce! the! number! of!

conformations! that! CDR3! could! adopt! and! therefore! have! a! favourable! entropic!

effect!on!binding.! The! residues!at! the! interface!with! lysozyme!are!highlighted! in!

Figure!1.3!Panel!B.!

! !
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!
Figure(1.3(–(Crystal(Structure(of(cAbQLys3(

Panel!A!shows!the!crystal!structure!of!cAbPLys3!(Desmyter!et'al.,!1996,!PDB!

accession! code! 1MEL)! with! CDR1! coloured! in! yellow,! CDR2! coloured! in!

green! and! CDR3! coloured! in! red.! Line! representations! are! shown! for! the!

framework!residues,!at!what!would!be!the!VHPVL!interface!in!a!conventional!

antibody,! that! are! now! covered! by! residues! of! CDR3! (red! coloured! line!

representations).! Trp103! is! highlighted! showing! the! polar! Nε! atom! (blue)!

exposed! to! solvent.! Panel! B! also! shows! the! crystal! structure! of! cAbPLys3!

with! the! NPterminal! portion! of! CDR3! shown! in! green! and! the! CPterminal!

portion!of!CDR3!shown!in!red.!Highlighted!in!yellow!is!the!disulphide!bond!

dividing! the! two! regions! of! CDR3.! Drawn! as! line! representations! are! the!

residues!in!contact!with!lysozyme!(not!shown).!

!!

For! conventional! antibodies,! the! conformation! of! five! of! the! six! hypervariable!

regions! can! be! classified! into! a! small! number! of! known! arrangements,! termed!

canonical! forms,!and!can!be!predicted! from! the! sequence! (Chothia!et'al.,! 1989).!

The! cAbPLys3! structure! showed! that! the! five! residue! CDR1! deviates! from! the!

known!canonical! structures! found! in!VH!domains!where!as! the!17! residue!CDR2!

adopted!the!predicted!canonical!conformation.!!!

A" B"
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The!next!VHH!structure!to!be!solved!was!the!crystal!structure!of!VHHPH14,!a!VHH!

raised! in! llama! against! the! αPsubunit! of! the! human! chorionic! gonadotropin!

hormone!(hCG)!(Spinelli!et'al.,!1996).!The!1.85!Å!crystal!structure!of!the!free!llama!

VHH!was!solved!and!is!shown!in!Figure!1.4!Panel!A!(PDB!accession!code!1HCV)!but!

the!VHH!in!complex!with!hCG!could!not!be!crystallised.!Six!years!later!Renisio!et'al.!

solved!the!NMR!solution!structure!of!free!VHHPH14,!which!is!shown!in!Figure!1.4!

Panel! B! (Renisio! et' al.,! 2002,! PDB! accession! code! 1G9E).! This! remains! the! only!

NMR!structure!of!a!VHH!in!the!PBD.!Similar!VH!to!VHH!substitutions!at!the!VHPVL!

interface!were!observed!with!VHHPH14!to!those!described!by!Desmyter!(Desmyter!

et' al.,! 1996).! As! with! the! previous! example,! the! crystal! structure! of! VHHPH14!

showed!good! resolution!of!CDR2!and! that! it! adopts!one!of! the!known!canonical!

conformations.! Poor! definition! was! observed! for! CDR1! suggesting! increased!

mobility!of! this! loop.!CDR3!of! the! llama!derived!VHHPH14!shows!a! shorter!CDR3!

than!those!seen!in!camels,!consisting!of!just!5!residues!so!does!not!protrude!from!

the!antigen!binding! site! in! the! same!way!as!observed! in! cAbPLys3.!However,! the!

paratope!of!VHHPH14!is!not!flat!as!CDR1!protrudes!from!the!VHH!into!the!antigen!

binding!site!(shown!in!Figure!1.4!Panel!A)!

!

Comparing!the!crystal!structure!and!NMR!structure!of!VHHPH14!shows!that!CDR1!

is!poorly!defined!in!both!structures;!CDR2!is!better!defined!in!the!crystal!structure!

but!shows!poor!resolution!in!the!NMR!structure!as!Asp54!and!Ser55!appeared!to!

be!in!exchange!and!could!not!be!assigned;!CDR3!showed!good!resolution!in!both!

the! crystal! and! NMR! structures! but! differences! in! conformation! were! observed!

between!the!two!structures.!Panel!C!of!Figure!1.4!shows!an!overlay!of!the!crystal!

and!NMR!structures.!
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!
Figure(1.4(–(Comparison(of(VHHQH14(Crystal(and(NMR(Structures(

Panel!A!shows!the!crystal!structure!of!VHHPH14!in!magenta!(Spinelli!et'al.,!

1996,!PDB!accession!code!1HCV)!and!Panel!B!shows!the!NMR!structure!of!

VHHPH14! in! orange! (Renisio! et' al.,! 2002,! PDB! accession! code! 1G9E).!

Highlighted! in! yellow! is! CDR1,! CDR2! is! shown! in! green! and! CDR3! in! red.!

Panel!C!shows!an!overlay!of!the!two!structures.!

!

Another! early! example! of! a! VHH! crystal! structure! was! that! of! cAbPRN05!

(Decanniere! et' al.,! 1999).! The! 2.8! Å! crystal! structure! of! the! camel! derived! cAbP

RN05!bound!to!bovine!RNase!A!was!solved!and!is!shown!in!Figure!1.5!Panel!A!(PDB!

accession!code!1BZQ).!The!CDRs!showed!structural!similarities!to!those!observed!

with! cAbPLys3! and!VHHPH14.! As!with! the! previous! two! structures,! CDR1! did! not!

adopt!one!of!the!canonical!forms!associated!with!the!H1!region!of!VH!domains.!It!

was!suggested!that!an!additional!canonical!form!had!been!identified!and!this!was!

reliant!on!the!presence!of!a!bulky,!aromatic!group!in!position!31,!seen!frequently!

in!heavy!chain!antibodies.!This!new!structure!type!has!only!been!observed!in!VHH!

domains! bound! to! antigen! so! it! was! suggested! that! this! conformational! change!

may!be!a!result!of!antigen!binding.!The!H2!region!of!cAbPRN05!also!did!not!adopt!

the!predicted! canonical! form!and,! as!CDR2! is!not! involved! in!binding,! cannot!be!

the!result!of!an!antigen!induced!conformational!change.!The!CDR3!of!cAbPRN05!is!

shorter! than! that! of! cAbPLys3,! 12! residues! compared! to! 24! residues,! but! shows!

similar! behaviour! with! the! CPterminal! portion! of! CDR3! folding! over! the!
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hydrophobic! framework! residues.!The!CDR3!of!cAbPRN05!differs! in!conformation!

from! cAbPLys3! as! there! is! no! disulphide! bond! stabilising! the! loop! and! the! NP

terminal!portion! is!much! shorter! so!does!not!protrude! from! the!antigen!binding!

site.!The!binding!to!RNase!A!occurs!through!CDR1!and!CDR3!but!neither!of!these!

antigen!binding! loops!protrude!resulting! in!a!fairly!flat!paratope!as!highlighted!in!

Figure!1.5!Panel!B.!

!

!
Figure(1.5(–(Crystal(Structure(of(cAbQRN05(Bound(to(RNase(A(

Panel!A!shows!the!crystal!structure!of!cAbPRN05,!shown!in!blue,!in!complex!

with!bovine!RNase!A,!shown!in!grey!(Decanniere!et'al.,!1999,!PDB!accession!

code!1BZQ).!CDR1!is!highlighted!in!yellow,!CDR2!in!green!and!CDR3!in!red.!

Panel!B! shows! the! structure!of! cAbPRN05!as! coloured! in!Panel!A!but!with!

the!side!chain!groups!of!the!antigen!binding!CDRs,!CDR1!and!CDR3,!drawn!

as!line!representations.!The!dashed!line!indicated!the!flat!interface!between!

cAbPRN05!and!RNase!A!(structure!not!shown).!

!

! !
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All! VHH! structures! reported! thus! far! have! shown! VHHs! bound! to! protein!

molecules.! Small! hydrophobic! antigens,! such! as! haptens,! tend! to! bind! in! the!

hydrophobic! cleft! at! the! VHPVL! interface! of! conventional! antibodies.! To!

demonstrate!that!VHHs!could!be!raised!to!these!smaller!molecules!in!the!absence!

of! the!VL!domain,!Spinelli!et'al.! solved!the!crystal!structure!of!a!VHH! in!complex!

with! a! copper! containing! azo! dye,! RR6! (Spinelli! et' al.,! 2000).! A! llama! was!

immunised!with!RR6!azo!dye!coupled!to!BSA!and!an!antiPRR6!VHH!was!identified!

and! isolated.! The! crystal! structure! of! this! VHH! bound! to! RR6! was! solved! to! a!

resolution!of!2.5!Å!and!is!shown!in!Figure!1.6!(PDB!accession!code!1QD0).!All!CDR!

loops!were!well!defined!in!the!crystal!structure!but!CDR1!showed!higher!B!factors!

than!would!normally!be!expected!and!binding!to!RR6!was!shown!to!occur!through!

all! three! CDRs.! The! H1! loop! of! RR6PVHH! deviates! from! the! known! canonical!

structures! and! from! other! VHHs!with! nonPcanonical! H1! structures,! VHHPH14! for!

example.!The!H2! loop!adopts! the!predicted!type!3!canonical! form.!CDR3!of!RR6P

VHH!consists!of!14!residues!and!had!no!additional!disulphide!bond.!The!structure!

shows!CDR3!folding!over!the!framework!region!as!seen!in!all!previous!examples!of!

VHHs!with!long!CDR3!loops.!!

! !
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!
Figure(1.6(–(Crystal(Structure(of(RR6QVHH(in(Complex(with(RR6(

Panel! A! shows! the! crystal! structure! for! RR6PVHH! in! orange! with! CDR1!

coloured! in!yellow,!CDR2!coloured! in!green!and!CDR3! in!green! (Spinelli!et'

al.,! 2000,! PDB! accession! code! 1QD0).! Highlighted! by! line! representations!

are! the! residues!at! the! interface!with!RR6.!Panel!B! shows! the! top!view!of!

the! space! filled! structure! of! RR6PVHH,! coloured! as! in! Panel! A,! with! the!

antigen,!shown!in!grey,!bound!in!the!cleft!formed!by!the!CDR!loops.!

!

Another! interesting! example! of! a! VHH! structure! is! that! of! camel! derived! VHH!

raised!against!bovine!erythrocyte!carbonic!anhydrase!(Desmyter!et'al.,!2001).!Both!

the!free!and!bound!crystal!structures!of!cAbPCA05!were!solved!to!a!resolution!of!

2.1! Å! (PDB! accession! code! 1F2X)! and! 3.5! Å! (PDB! accession! code! 1G6V)!

respectively.! In! the! free! structure! the! H1! loop,! around! CDR1,! fits! with! the!

canonical!type!1!structure!expected!of!VH!domains.!This!was!the!first!example!of!a!

VHH! H1! loop! adopting! a! canonical! form.! As! a! result! of! somatic! hypermutation,!

CDR2!is!unusually!short!so!does!not!fit!with!known!structure!types.!CDR3!of!cAbP

CA05!consists!of!19!residues!and!shows!a!similar!structure!to!cAbPLys3!in!that!the!

CPterminal!region!folds!down!over!the!framework!of!the!VHH!and!the!NPterminal!

portion!is!stabilised!by!interactions!with!CDR1!and!CDR2.!A!comparison!of!the!free!

and! bound! structures,! shown! in! Figure! 1.7,! suggests! there! are! no! significant!

differences!in!the!conformations!of!CDR1,!CDR2!or!CDR3!upon!binding.!
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!

!
Figure(1.7(–(Overlay(of(Free(and(Bound(Crystal(Structures(of(cAbQCA05(

Shown!in!orange!is!the!crystal!structure!of!free!cAbPCA05!(Desmyter!et'al.,!

2001,!PDB!accession!code!1F2X)!overlaid!with!the!crystal!structure!of!cAbP

CA05,!shown!in!blue,!bound!to!carbonic!anhydrase!(not!shown)!(Desmyter!

et'al.,!2001,!PBD!accession!code!1G6V).!CDR1!is!highlighted!in!yellow,!CDR2!

in! green! and! CDR3! in! red.! The! overlay! shows! very! little! change! in!

conformation!between!the!free!and!the!bound!structures.!

!

! !
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Analysis!of!the!bound!crystal!structure!showed!that!cAbPCA05!binds!solely!through!

residues!in!CDR3,!as!highlighted!in!Figure!1.8.!Residues!in!CDR1!and!CDR2!make!no!

contact!with!the!antigen.!!

!

!
Figure(1.8(–(Antigen(Binding(Site(of(cAbQCA05(

The!structure!of!cAbPCA05! is! shown! in!blue!bound!to!carbonic!anhydrase!

shown! in! grey! (Desmyter!et' al.,! 2001,! PBD! accession! code!of! 1G6V).! The!

CDR!loops!are!coloured!as! in!Figure!1.7.!Residues!of!CDR3!are!highlighted!

as! line! representations.! The! boxed! area! shows! an! expanded! view! of! the!

interface.!

!

! !
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The! differences! in! CDR! conformation! of! VHHs,! even! when! raised! to! the! same!

antigen,!were!highlighted!in!work!published!by!Desmyter!et'al.!in!which!the!crystal!

structures! of! three! VHHs! binding! to! porcine! pancreatic! αPamylase! (PPA)! were!

reported! (Desmyter! et' al.,! 2002).! The! crystal! structures! of! AMB7,! AMD9! and!

AMD10!were!solved!to!a!resolution!of!2.0!Å!(PDB!accession!code!1KXT),!1.8!Å!(PDB!

accession!code!1KXQ)!and!2.7!Å!(PDB!accession!code!1KXV)!respectively.!!

!

The!crystal!structure!of!AMB7!(see!Panel!A!of!Figure!1.9)!showed!both!CDR1!and!

CDR2! adopted! the! predicted! canonical! form.! CDR3! consisted! of! 19! residues! and!

folded! back! towards! Framework2! as! a! result! of! an! unusual! disulphide! bond!

between!cysteines!in!CDR3!and!Framework2.!Figure!1.10!highlights!AMB7!binding!

to!PPA,! through!CDR2!and!CDR3,! away! from! the! catalytic! site! at!one!end!of! the!

elongated!cleft.!

!

The!crystal!structure!of!AMD9!(see!Panel!B!of!Figure!1.9)!showed!that!CDR2!adopts!

a! canonical! form! but! CDR1! deviated! from! any! known! canonical! forms.! CDR3!

consisted!of!14!residues!which!did!not!include!a!cysteine!residue!so!could!not!form!

an!additional!disulphide!bond.!CDR3!can!be!observed!folding!over!the!region!that,!

in!a!conventional!antibody,!would!be! the!VHPVL! interface.!Binding!occurs!mostly!

through!CDR2!and!CDR3!and!binds!to!the!active!site!of!PPA,!blocking!the!catalytic!

site!(see!Figure!1.10)!

!

AMD10! is! similar! to! AMD9,! as! CDR2! adopts! the! predicted! canonical! structure!

whereas!CDR1!does!not.!Binding!occurs!far!from!the!catalytic!crevice!of!PPA!(see!

Figure!1.10)!and!predominantly!binds!through!the!13!residue!CDR3!which!is!shown!

to!protrude!from!the!antigen!binding!site!of!the!VHH!(see!Panel!C!of!Figure!1.9).!

The!position!of!the!cysteine!in!CDR3!is!slightly!unusual!as!it!appears!much!closer!to!

the!CPterminus!of!CDR3!than!in!other!VHHs.!The!disulphide!bond!formed!between!

the!cysteine!in!CDR3!and!the!cysteine!in!CDR1!may!prevent!CDR3!folding!back!over!

the! framework!as!has!been!seen! in!structures!such!as!AMD9,!cAbPLys3!and!cAbP

CA05.!!
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!
Figure( 1.9( –( Crystal( Structures( of( antiQPPA( VHHs:( AMB7,( AMD9( and(

AMD10(

Panel!A!shows!the!crystal!structure!of!AMB7!in!blue!(Desmyter!et'al.,!2002,!

PDB!accession!code!1KXT)!with!CDR3!folded!back!towards!Framework2.!In!

Panel! B!AMD9! is! shown! in! orange! (Desmyter!et' al.,! 2002,! PDB! accession!

code!1KXQ)!with!CDR3!folded!back!over!the!VHPVL!interface!and!in!Panel!C!

is!AMD10!coloured!in!magenta!(Desmyter!et'al.,!2002,!PDB!accession!code!

1KXV)!with!CDR3!extended!from!the!VHH.!In!each!panel,!CDR1!is!coloured!

in!yellow,!CDR2!in!green!and!CDR3!in!red.!

! !
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!
Figure(1.10(–(Composite(Crystal(Structure(Highlighting(the(Binding(Sites(of(

AMB7,(AMD9(and(AMD10(to(PPA(

The!space!filled!structure!of!PPA!is!shown!in!grey.!AMB7!is!shown!in!blue!

binding!to!one!end!of!the!elongated!active!site.!AMD9!is!shown!in!orange!

binding! to! the! catalytic! site! and!AMD10! is! shown! in!magenta!binding! far!

from!the!catalytic!site.!

(

The!antiPPPA!structures!also!showed!a!high!contribution!from!framework!residues!

to!the!binding!interface.!The!involvement!of!both!CDRs!and!framework!residues!in!

binding! increases! the!area!of! the!VHH!binding! interface! to!an!area!equivalent! to!

that! seen! for! the! binding! interface! of! the! combined! VHPVL! domains! of!

conventional!antibodies.!

(

Reviewing!these!early!VHH!structural!papers!highlights!clear!differences!between!

heavy!chain!VHH!domains!and!the!VH!domains!of!conventional!antibodies.!!

!

VHHs!have!evolved!without!a! light!chain!and!have! therefore!adapted! to!prevent!

exposure! to! solvent! of! the! hydrophobic! surface! that! would!make! up! the! VHPVL!

interface.!This!has!been!achieved!in!two!ways.!First,!by!amino!acid!substitutions!at!

the! VHPVL! interface! which! either! replace! nonPpolar! residues! with! more! polar!

residues!or!allow!the!reorientation!of!residues!to!increase!hydrophilicity.!Second,!

CDR3! is! often! observed! extending! down! over! the! VHPVL! interface! shielding! the!

hydrophobic!surface.!
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The! hypervariable! regions! of! VHHs! do! not! always! adopt! the! canonical!

conformations! observed! in! VH! domains.! It! has! been! suggested! that! the!

appearance!of!these!new!conformations!probably!comes!about!as!a!result!of!some!

of! the! specific! amino! acid! substitutions! not! typically! seen! in! VH! domains!

(Decanniere!et'al.,!1999).!!

!

Significant!differences!have!been! seen!between! the!binding! interactions!of! even!

the! small! number! of! structures! reviewed! here.! The! assumption! that! antigen!

binding! occurs! predominantly! through! CDR3! (Muyldermans,! 2009)! does! not!

appear! to! be! the! case! with! many! VHHs.! The! crystals! structures! suggest! that!

binding! can! occur! through! all! three! CDRs! as! seen! with! cAbPLys3! and! RR6PVHH;!

through! two!of! the! CDRs! as! seen!with! cAbPRN05! and! the! PPA!binders;! or! solely!

through!CDR3!as!observed!with!cAbPCA05.!This!probably!reflects!the!fact!that!the!

conformation! of! CDR3! can! differ! significantly! from! one! VHH! to! another.! In! the!

selection!described!there!is!an!example!of!a!very!short!CDR3,!consisting!of!just!five!

residues,!in!VHHPH14;!CDR3!loops!of!varying!lengths!that!fold!back!over!the!VHPVL!

interface! as! seen! in! the! CPterminal! portion! of! cAbPLys3! (24! residue! CDR3),! cAbP

CA05!(19!residue!CDR3)!and!AMD9!(14!residue!CDR3);!and!CDR3!loops!that!extend!

away!from!the!antigen!binding!site!as!seen!with!the!NPterminal!portion!of!cAbPLys3!

and!AMD10.! It!has!also!been!shown,!with!RR6PVHH,! that! the!CDRs!of!a!VHH!can!

assemble!to!form!a!hydrophobic!cleft!into!which!a!small!molecules!can!bind.!!

!

The! potential! conformations! that! the! elongated! CDR3! can! adopt! are! further!

increased! by! the! additional! disulphide! bond! seen! in! some! of! the! structures!

discussed!above.!This!additional!disulphide!bond! is!typically!seen! linking!CDR3!to!

CDR1!(as!observed!with!cAbPLys3,!cAbPCA05!and!AMD10)!but!has!also!been!seen!

to! link!CDR3!to!a!cysteine! in!Framework2! (as! in!AMB7).!No!additional!disulphide!

bond!is!present!in!the!structures!of!VHHPH14,!RR6PVHH!or!AMD9.!!

!

In!the!absence!of!a!VL!domain,!one!would!expect!the!binding!surface!area!of!VHHs!

to! be! reduced! in! comparison! to! the! binding! surface! area! created! by! the!

combination! of! the! VH! and! VL! domains! in! a! conventional! antibody.! In! fact,!
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examples! such! the! antiPPPA! binders! show! that! regions! of! the! VHH! framework,!

along!with!the!CDRs,!make!up!the!antigen!binding!site!increasing!the!binding!area.!

The!extended!CDR3!loop!seen!in!cAbPLys3!also!acts!to!increase!binding!surface!by!

reaching! up! into! the! lysozyme! cleft.! Examples! have! also! been! seen! in! which! a!

forth,! nonPhypervariable,! loop! in! the! antigen! binding! site! interacts! with! antigen!

(see!Section!4.4).!!

!

The!structures!available!in!the!PDB!provide!a!wealth!of!information!regarding!the!

structures!of!VHHs!and!the!interactions!made!with!antigens,!however,!all!but!one!

of!the!structures!are!of!VHHs!in!the!solid!state!so!limited!conclusions!can!be!drawn!

as!to!the!dynamics!and!flexibility!of!the!antigen!binding!sites!of!VHH!domains.!The!

one!NMR!structure!available!is!that!of!a!llama!VHH!so!has!a!shorter!CDR3!than!is!

typically!seen! in!camel!derived!VHHs.!No!structure! is!available!for!the!equivalent!

VHH! bound! to! its! antigen! so! we! have! no! insight! into! structural! changes! upon!

binding.!!

!

1.3–!Measuring!Protein!Dynamics!by!NMR!

Proteins! are! not! static! molecules! but! are! continually! sampling! different!

conformations! and! the! function! of! the! protein! will! be! dependent! upon! the!

dynamics! (Perutz! and! Mathews,! 1966).! The! two! main! techniques! used! to!

determine!protein!structure!are!XPray!crystallography!and!NMR.!Both!techniques!

can! elucidate! the! structure! of! a! protein! on! an! atomic! level.! With! XPray!

crystallography,! proteins! are! presented! in! the! solid! state! in! the! form! of! crystals!

whereas!with!NMR!analyses! the!protein! is! in! the! solution! state!making! it! better!

suited! to! interpreting! the!dynamics.!NMR!methods! can!detect!minor! changes! in!

the! chemical! environment! for! almost! every! atom!within! a!protein! through!NMR!

observable! properties! such! as! frequency,! an! indication! of! the! chemical!

environment!of!a!nuclei;! intensity,!the!population!of!nuclei! in!each!environment;!

and!linewidth,!which!is!related!to!the!transverse!relaxation!rate!and!therefore!the!

dynamics!of!the!protein!(Kleckner!and!Foster,!2011).!!

!
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Assuming! a! simple! exchange! mechanism! between! two! conformations,!

conformation! A! and! conformation! B,! two! states! are! observed! by! NMR! with!

frequencies! νA! and! νB.! The! difference! in! chemical! shift! between! these! two!

frequencies! is! denoted! as! Δν.! If! the! exchange! rate,! kex,! is!much! slower! than!Δν,!

there! will! not! be! significant! interconversion! between! the! two! conformations!

during! the! detection! time! of! the!NMR! experiment! and,! therefore,! two! separate!

signals!would!be!observed,!at!chemical!shifts!of!δA!and!δB,!with!intensities!relative!

to!the!populations!in!each!conformation!(see!Figure!1.11).!If!kex!is!much!faster!than!

Δν,! signal! averaging! occurs! and! a! single! peak! is! observed! at! the! populationP

weighted! average! chemical! shift.! Intermediate! exchange,! when! kex! is!

approximately!equal!to!Δν,!results!in!an!exchange!broadened!signal.!!

!

!
Figure( 1.11( Q( Effect( of( Conformational( Exchange( on( NMR( Observable(

Properties(

Panel!A!shows!the!appearance!of!signals!corresponding!to!conformations!A!

and! B! when! the! exchange! rate! is! slow.! Two! signals! are! observed! with!

intensities!relative!to!the!population!in!each!conformation.!Shown!in!Panel!B!

is!the!exchange!broadened!peak!typically!observed!when!exchange!between!

conformations!is!occurring!at!an!intermediate!rate.!Panel!C!shows!the!result!

of! fast! exchange! with! a! single! peak! observed! at! the! populationPweighted!

average!chemical!shift,!with!an!intensity!corresponding!to!the!sum!of!the!δA!

and! δB! signals! as! observed! in! slow! exchange.! Figure! adapted! from!

Mittermaier!and!Kay,!2009.!
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Dynamic!processes! in!proteins!occur!over!a!wide!range!of! timescales! from!some!

side!chain!rotations,!which!occur!at!picosecond!rates,!to!protein!folding,!which!can!

be!as!slow!as!many!seconds! (Bertini,!2012).!To!enable! the!study!of! this! range!of!

motions,!a!number!of!different!NMR!methods!can!be!employed! for!example!the!

determination!of!longitudinal!relaxation!times!(T1),!the!transverse!relaxation!times!

(T2)!and!15NP1H!heteronuclear!nuclear!Overhauser!effects!(NOEs).!!

(

1.4!–!InterleukinP6!

The! work! described! in! this! thesis! has! focused! on! VHHs! raised! to! the! cytokine!

interleukinP6!(ILP6).!The!behaviour!and!knowledge!gained!using!the!antiPILP6!VHH!

antibodies! should! be! applicable! to! VHHs! raised! against! a! wide! range! of! target!

proteins.!!

!

ILP6!forms!part!of!a!signalling!complex!responsible!for!inducing!antiPinflammatory!

responses!and!also!the!proPinflammatory!responses!associated!with!diseases!such!

as!rheumatoid!arthritis!(Ogata!and!Tanaka,!2012)!and!Crohn’s!disease!(Gross!et'al.,!

1992).!A!ternary!complex!comprising!ILP6,!gpP80!(also!known!as!ILP6Rα)!and!gpP130!

(ILP6Rβ)! is! formed!before!two!of! the!ternary!structures!dimerise!to! form!the! ILP6!

signalling! complex! (Boulanger! et' al.,! 2003).! Phosphorylation! of! gpP130! activates!

signalling! through! the! JanusPactivated! kinases! (JAK)! and! signal! transduction! and!

activators!of!transcription!(STAT)!pathway!(Heinrich!et'al.,!2003).!The!glycoprotein,!

gpP80,! is! an! ILP6! specific! receptor! expressed! in! a! limited! number! of! cell! types!

including!hepatocytes,!megakaryocytes!and!leukocytes!(Wolf!et'al.,!2014)!whereas!

gpP130!is!a!ubiquitous!glycoprotein!expressed!in!most!tissue!and!cell!types!within!

the!body!(Wolf!et'al.,!2014)!which!plays!a!role!in!binding!to!many!other!cytokines!

including! interleukinP11! (ILP11),! leukemia! inhibitory! factor! (LIF)! and! ciliary!

neurotropic! factor! (CNTF)! (Heinrich! et' al.,! 2003).! Classic! ILP6! signalling! (or! cis!

signalling)! proceeds! via! the! incorporation! of! membrane! bound! gpP80! into! the!

signalling! complex! and! is! responsible! for! the! antiPinflammatory! activities! of! ILP6!

(Gabay,!2006).!However,!gpP80!also!exists!as!a!soluble!form,!resulting!from!either!

alternative!splicing!(Lust!et'al.,!1992)!or!the!cleavage!of!membrane!bound!gpP80!by!

the!metalloprotease!ADAM17!(Matthews!et'al.,!2003).!This!soluble!gpP80!will!also!
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complex!with!ILP6!and!gpP130!to!form!the!ILP6!signalling!complex,!resulting!in!trans!

signalling.! The!presence!of! soluble! gpP80,! coupled!with! the!ubiquitous!nature!of!

gpP130,! allows! cells! that! do! not! naturally! express! gpP80! to! become! capable! of!

responding! to! ILP6.! It! is! believed! that! trans! signalling! is! responsible! for! the! proP

inflammatory!actions!of!ILP6!(Chalaris!et'al.,!2011).!!

!

The!1.9!Å!crystal!structure!of!free!human!ILP6!was!solved!by!Somers!et'al.!showing!

the!185!residue!protein!forms!a!four!helix!bundle!(see!Figure!1.12)!(Somers!et'al.,!

1997).! Helix! A! (Ser21! to! Ala45)! is! joined! to! Helix! B! (Glu80! to! Gln102)! via! a! 25!

residue!loop,!part!of!which!showed!poor!electron!density!and!was!not!modelled.!A!

short!crossover! loop! links!Helix!B!to!Helix!C!(Glu109!to!Lys129)!and!another! long!

loop!links!Helix!C!to!Helix!D!(Gln156!to!Arg182).!Within!this!long!loop!a!fifth!helix,!

Helix! E! (Pro141! to! Gln152)! is! observed.! The! four! helices! form! a! topPtopPdownP

down!bundle!with!Helices!A!and!B! running! in!one!direction!and!Helices!C!and!D!

running! in! the! opposite! direction,! typical! of! structures! seen! in! other! related!

cytokines!(Bazan,!1990).!!

! !
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!
Figure(1.12(Q(XQRay(Crystal(Structure(of(Free(Human(ILQ6(

The! 1.9! Å! crystal! structure! of! free! human! ILP6! (Somers! et' al.,! 1997,! PDB!

accession!code!1ALU)!forms!a!four!helix!bundle!with!Helix!A!highlighted!in!

red,! Helix! B! in! orange,! Helix! C! in! yellow! and! Helix! D! in! green.! No!

interpretable!electron!density!was!observed!for!residues!Ser52!to!Asn60!in!

the! long! loop! linking! Helix! A! to! Helix! B! so! were! not! modelled.! Helix! E,!

coloured!in!blue,!is!situated!outside!of!the!four!helix!bundle!forming!part!of!

the!loop!linking!Helix!C!to!Helix!D.!

!

The!3.65!Å!crystal!structure!of!the!ILP6:gpP80:gpP130!signalling!complex!solved!by!

Boulanger! et' al.! is! shown! in! Figure! 1.13! Panel! A! (Boulanger! et' al.,! 2003).! The!

structure!consists!of!a!relatively!planar!top!composed!of!ILP6,!gpP80!domain!2!(gpP

80!D2)!and!gpP130!domains!1!and!2!(gpP130!D1D2)!with!gpP80!domain!3!(gpP80!D3)!

and! gpP130! domain! 3! (gpP130! D3)! extending! beneath.! A! schematic! of! the!

hexameric!ILP6!signalling!complex!is!shown!in!Figure!1.13!Panel!B.!!
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!

!
Figure(1.13(Q(XQRay(Crystal(Structure(of(the(ILQ6(Signalling(Complex(

The!3.65!Å!crystal!structure!of!the!ILP6!signalling!complex!is!shown!in!Panel!A!

(Boulanger!et'al.,!2003,!PDB!accession!code!1P9M)!with!ILP6!coloured!in!

green,!gpP80!in!magenta,!gpP130!D1!in!blue!and!gpP130!D2D3!shown!in!

yellow.!Panel!B!shows!a!schematic!of!the!complex,!coloured!as!in!Panel!A,!

with!the!sites!of!interaction!highlighted.!

!

The! ILP6! signalling! complex! is! formed! as! a! result! of! ten! proteinPprotein!

interactions,! five! within! each! trimer! (see! Figure! 1.13! Panel! B).! The! interaction!

between!ILP6!and!gpP80!is!termed!Site!I!and!forms!between!Helix!A!and!Helix!D!of!

ILP6! and! predominantly! domain! 3! of! gpP80.! Site! II! binding! occurs! through! two!

interaction!sites:!Site!IIa!which!is!between!Helix!A!and!Helix!C!of!ILP6!and!the!elbow!

region! between! gpP130! domains! 2! and! 3! otherwise! known! as! the! cytokine!

homology! region! (CHR);! and! Site! IIb! between! gpP130! D3! and! gpP80! D3.! Site! III!

binding!is,!again,!composed!of!two!binding!sites:!Site!IIIa!is!between!one!end!of!the!

ILP6!helix!bundle!and!the!lower!βPsheet!of!gpP130!D1;!and!Site!IIIb!between!the!top!

of!gpP130!D1!and!one!side!of!gpP80!D2.!

!
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The!Site! I! interaction!has!a!relatively! low!affinity! (KD!of!approximately!1!nM)!but!

specific! for! ILP6! signalling! (Yamasaki! et' al.,! 1988)! and! is! required! before!

interactions! with! gpP130! can! take! place! (Boulanger! et' al.,! 2003).! It! was! first!

proposed!that!the!Site!II!interactions!initiate!the!formation!of!the!ternary!complex!

before! Site! III! interactions! between! the! two! trimers! occurred! (Boulanger! et' al.,!

2003).!However,!more!recent!results!suggest!that!the!high!affinity,!ILP6!specific!Site!

III!binding!drives! formation!of! the! ternary!complex! followed!by! formation!of! the!

hexameric!complex!through!the!less!specific!ILP6!and!gpP130!CHR!interaction!(Site!

IIa)!and!the!interaction!between!gpP130!D3!and!gpP80!D3!(Site!IIb)!(Veverka!et'al.,!

2012).!!

!

The! inhibition! of! ILP6! trans! signalling! is! an! attractive! target! for! the! treatment! of!

inflammatory! diseases! and! due! to! the! complicated! nature! of! the! interactions!

within! the! ILP6! signalling! complex,! the! requirement! for! structural! information!

during!a!drug!discovery!project! is!essential.!This!was!one!of!the!reasons! ILP6!was!

selected!as!a!target!protein!for!the!evaluation!of!VHH!antibodies!as!tools! in!drug!

discovery!process.!!

!

1.5!–!AntiPILP6!VHH!Antibodies!

Work! carried!out!by!Dr.! Laura!Griffin!née!Hancock! (UCB)! focussed!on! isolating!a!

panel!of!VHH!antibodies!raised!to!hyper! ILP6!(a!fusion!protein!of! ILP6!and!gpP80),!

characterising! the! antiPILP6! VHH! antibodies! to! give! an! indication! of! the! sites! of!

interaction! with! ILP6! before! confirming! these! sites! using! structural! methods!

(Hancock,!2010).!A!summary!of!the! information!obtained!is!shown!in!Figure!1.14!

and! a! sequence! alignment! of! the! panel! of! antiPILP6! VHH! antibodies! obtained! is!

shown!in!Figure!1.15.!
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!
Figure(1.14(Q(Summary(of(the(Biological(and(Structural(Characterisation(of(

Selected(VHH(Antibodies(

The!table!summarises!the!information!obtained!from!a!series!of!binding!and!

cell! signalling! assays! conducted! for! a! panel! of! antiPILP6! VHH! antibodies!

(Hancock,! 2010).! Also! identified! are! the! VHHs! for! which! the! epitope! was!

mapped!by!NMR!minimal!shift!and!XPray!crystal!structures!were!solved.!!!

!

!

hyper&IL)6& IL)6 gp)80 Site&II&ELISA Site&III&ELISA
3 Y Y N Y N Y 0.3 Y
21 Y Y N Y N Y 0.3
22o Y Y N Y N Y 1.3
27o Y Y N Y N Y 3.3
29 Y Y N Y N Y 8.4 Y
30 Y Y N Y N Y 0.3 Y
46 Y Y N Y N Y 2.1
63 Y Y N Y N Y 1.8
94 Y Y N Y N Y 5.9
103 Y Y N Y N Y 0.7
107 Y Y N Y N Y 0.8 Y
145 Y Y N Y N Y 3.4 Y
8 Y Y N
18 Y Y N Y
19 Y Y N
66 Y Y N
22n Y Y N N Y N 1.8 Y
26 Y Y N N Y N 4.7
56 Y Y N N Y N 1.0 Y Y
38 Y Y N N Y Y 1.5 Y Y
146 Y Y N N Y Y 0.6 Y Y
15 Y Y N Y Y Y 1.6 Y Y
40 Y Y N Y Y Y 1.4
2 Y Y N
12 Y Y N N N N 50.0
67 Y Y N N N N 2.1
97 Y Y N
142 Y Y N N N N 0.3
17 Y Y
28 Y Y
27n Y Y
134 Y Y
115 Y Y
158 Y Y

VHH Binds Blocks Inhibits&IL)6&
Signalling

Affinity&
(nM)

Not0tested0as0purified0proteins0due0to0gp<800binding

Not0tested0as0purified0proteins,0no0blocking0as0transients

Not0tested0as0purified0proteins,0no0blocking0as0transients

Crystal&
Structure&

Site0II0blockers0as0transients,0not0tested0as0purified0proteins

&Epitope&Mapped&
by&NMR&
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!
Figure(1.15(Q(Multiple(Sequence(Alignment(of(the(Panel(of(antiQILQ6(VHH(

Antibodies(

The! sequences!of! the!28! antiPILP6!VHHs! characterised!were! aligned!using!

Clustal!Omega!(Sievers!et'al.,!2011).!CDR1!is!highlighted!in!yellow,!CDR2!in!

green! and! CDR3! in! red.! Below! the! sequences! the! extent! of! conservation!

between! the! VHH! sequences! is! indicated,! with! (*)! denoting! a! fully!

conserved!residue,! (:)! indicating!conservation!between!groups!of! strongly!

similar! properties! and! (.)! the! conservation! between! groups! of! weakly!

similar! properties.( CDR2! and! CDR3! were! defined! according! to! the! Kabat!

numbering!scheme!(Wu!and!Kabat,!1970).!CDR1!is!defined!according!to!the!

Chothia! numbering! scheme! (Chothia! et' al.,! 1986)! to! include! additional!

residues!(positions!27!to!30)!for!which! increased!variability! is!observed! in!

HCAbs.(

VHH
2 Q V Q L V E S G G G S V Q A G G S L R L S C V * L S K G * Y F V S V R C M A W F R Q A P G K E R E G V A
3 Q V Q L V E S G G G S V Q A G G S L R L S C A * V S E H * * T Y T S D C M G W F R Q A P G K E R E R V A
8 Q V Q L V E S G G G S V Q A G G S L G L S C A A * * E F * * T F D A D C M G W F R Q A P G K E R E G V A
12 Q V Q L V E S G G G S V Q T G G S L R L S C A * G S * * * * E Y S S K C L G W F R Q A P G T E R E G V A
15 Q V Q L V E S G G G S V Q A G G S L R L S C V A A S G Y * * T G C T Y D M R W Y R Q A P G K E R E F V S
18 E V Q L V E S G G G S V Q A G G S L R L S C A * A S G L * * R I S E C T T G W Y R Q A P G K E R E L V S
19 D V Q L V E S G G G S V Q T G G T L R L S C V * A S G L * * T V N S Y C I A W F R Q G P G K E R E G V G
21 D V Q L V E S G G G S V Q T G G S L R L S C A * A S G Y P Y P A N M Y C M A W F R Q A P G K E R D W V A
22 Q V Q L V E S G G G S V Q A G G S L R L S C A * A S G Y * * I G C T Y E M H W Y R Q A P G K E R E F V S
22o D V Q L V E S G G G S V Q A G G S L R L S C A * V S G Y * * * Y S R Y C A G W F R Q A P G K E R E G V A
26 D V Q L V E S G G G S V Q A G G S L R L S C A * V S G F * * S F S E Y C I G W S R Q G P G L E R E G V A
27o E V Q L V E S G G G S V Q A G G S L R L S C A * A S G G * * L L S T Y A V G W F R Q V P G R E C V L L T
29 Q V Q L V E S G G G S V Q A G G S L R L S C A * A S E Y * * * * * T P C M A W F R Q V L G N E R E A V A
30 Q V Q L E E S G G G S V Q A G G S L R L S C A * A S G Y * * T A N N Y C M G W F R Q A P G K E R E G V A
38 Q V Q L V E S G G G S V Q A G G S L R L A C A * H S G F * * T V E E N C M A W F R Q A P G K E R E G V A
40 Q V Q L V E S G G G S V Q A G G S L R L S C A * A S G Y * * T Y E D E C M G W F R Q A P G K E R E A V A
46 Q V Q L V E S G G G S V Q A G G S L R L S C T * V P G Y * * T S A S G C M A W F R Q A P G K E R E G I A
56 Q V H L V E S G G G L V Q A G G S L R L S C A * A S G Y * * I G C T Y E T R W Y R E A P G K D R E F V S
63 D V Q L V E S G G G S V Q A G G S L R L S C A * P S T F * * T Y D A D C V G W F R Q A P G K E R E G V A
66 E V Q L V E S G G G S V R A G G S L R L S C A * A S D N * * I S S S E C M G W F R Q A P G R E R E G V A
67 D V Q L V E S G G G S V Q A G G S L R L S C G * F S G Y S Y T Y N Q Y Y M G W F R Q A P G K E R E G V A
94 E V Q L V E S G G G L V Q P G G S L R L S C A * A S G F * * I F S N Y A M S W V R Q A P G K E F E W V S
97 E V Q L V E S G G G S V Q A G G S L R L S C V * P S Q Y * * T F S H C R M E W F R Q V P G K E R E L V S
103 D V Q L V E S G G D S V Q A G G S L R L S C V * V S I F * * A Y D A D C V G W F R Q A A G L E R E G V A
107 Q V Q L V E S G G G S V Q A G G S L R L S C A * A S G L * * T Y S T I H M G W F R Q A P G K E R E G V A
142 Q V Q L V E S G G G S V Q A G G S L R L S C A * A S G Y * * T P C T Y T M S W H R Q A P G K E R E F V S
145 Q V Q L V E S G G G S V Q T G E S L R L S C V * A S K N * T W F S S A Y L G W F R Q A P G K E R E G V A
146 D V Q L V E S G G G S V Q A G G S L R L S C A * A S G Y T D T T Y T Y C M G W F R Q A P G K E R E A V A

(:) (*) (:) (*) (*) (*) (*) (*) (*) (:) (*) (:) (*) (*) (:) (*) (*) (*) (:) (*) (:) (:)

VHH
2 A V S G * G G G S L Y Y T D S V K G R F T L S R D N A K N T L Y L S L N S L K P E D T A M Y Y C A A
3 F I Y S * S G D L T Y Y D D S V K G R F T I S Q D N A K K T V Y L Q M D S L K P E D T A M Y Y C A R
8 V I S R * M R G T I F Y N S S V R S R V A I S R D N A K S T V Y L Q M N S L K P E D T A M Y Y C A A
12 F I N I A G G G N T Y Y A D S V K G R F A I S R D N A K N M V Y L Q M N N L K P E D T A M Y Y C A E
15 G I D S * * D G R A T Y A D S V K G R F T I S Q S N A K I A V Y L Q M D S L K L E D T A M Y Y C N L
18 K F S N * * L G T T W Y T G S V K G R F T I S Q D S A K N T V Y L Q M N S L S P G D T A M Y Y C N T
19 F I D T * * * S F T Y Y A D S V K G R F T I S Q D N A K N T V F L Q M N S L K P E D T A I Y Y C A A
21 N T D * * * S G G T N Y A D S V K G R F T I S Q D R A K N T V Y L Q M N N L K P E D T A I Y Y C A A
22 G I D S * * D G R T S Y V D S V K G R F T I S Q D H A K I A V Y L Q M N S L K P E D T A M Y Y C K L
22o V M D I * * G G D T S Y A D P V K G R F T I S Q D N A K N M V Y L Q M N S L K P E D T A I Y Y C A A
26 A I G S * G G S Y T Y Y A D S V K G R F T I S P D N A K N T V Y L H M N S L K P E D T A T Y Y C T T
27o S T I Q * * D G S T I Y D A S V K G R F T I S L D N A K N M V Y L Q M N S L K P E D T A V Y Y C A A
29 T I K S * G G G S T W Y A D S V K G R F D I S Q D D T K I L V Y L Q M N S L E P E D T A I Y Y C A A
30 T I N S * G G D S T N Y A D S V K G R F T I S R D N A K N T V Y L Q M N S L S P E D T A M Y Y C A A
38 R I Y T * G S G S T Y Y A D S V K G R F T F S Q D N A K N T V Y L Q M N S L K P E D T A M Y Y C A A
40 V I H T * S S G V P Y Y A D S V K G R F T I S Q D N A K N T V N L Q M Y S L K P E D T A M Y Y C A I
46 A I S S * G S F K T H Y A D S V K G R F T I S Q D I P N D T L Y L Q M N N L E P E D T A M Y Y C A Q
56 S I D S * * D D T T S Y A D S V K G R F T I S Q D N A K D T V Y L Q M S A L K P E D T A M Y L C K R
63 H I N R * M D G T T Y Y A K F V K G R F T M S R E N A K N T V Y L Q M N S L Q P E D T S I Y Y C A A
66 S I H M * * V G V E D Y A D S V K G R F T I S Q D N V K K T V Y L Q M N S L K P E D T A I Y Y C A A
67 S I N R * D G I R T F Y A D S D K G R F T I S R D N A K N T V Y L Q M N S L K P E D T A I Y Y C A A
94 S I G S * E S S I T S Y E D S V K G R F T I S * D N A K N T L Y L Q M N S L K T E D T A M Y Y C T K
97 R L N N * * L G G T Y Y A D S V K G R F T I S Q D N A K N T L Y L Q M N S L K P E D T A M Y Y C H T
103 H I N R * M D G T T Y Y A N F V K G R F T M S R E N A K N T V Y L Q M N S L Q P E D T A I Y Y C S A
107 A F Y S * H S G G T D Y A N S V K G R F T I S Q D L A K N T V Y L Q M N S L K V E D T A M Y Y C A A
142 S I V N * * D G T I R Y A E S V K G R F T I S Q D N A E T T V W L Q M N S L K P E D T A M Y Y C R R
145 S I F R * Y D D T T S Y A D S V K G R F T I S Q V D A T N T V Y L Q M N S L K P D D T A M Y Y C A A
146 C I D S * * G G N E L Y A D S V K G R F I I S Q D N A K K T V Y L Q M S S L K P E D T A I Y Y C A A

(*) (*) (:) (.) (*) (.) (:) (*) (:) (*) (:) (*) (.) (*) (*) (:) (*) (*)

VHH
2 A S R F D D C N S G S W S E E V A Y M S W G R G T Q V T V S S
3 S A R * * S N F * C Y T L S V T E F G T W G Q G T Q V T V S S
8 G E T C * * * Y * * S D I R R A D F G Y W G R G T Q V T V S S
12 R F V H F C G S G * * L Y T G T D F H N W G Q G T Q V T V S S
15 Q C L * * * * * * * * * * R Y P G E Y Y W G Q G T Q V T V S S
18 D L C * * * * * * * P W Y * * * Y E N T W G Q G T Q V T V S S
19 P R * * * R R L * C Y T L D L S N D D Y W G Q G T Q V T V S S
21 V R T L F C P * * L T V T S D F K F H Y W G Q G T Q V T V S S
22 T C V * * * * * * * * * * Y N P R Q Y Y W G Q G T Q V T V S S
22o N L * * * C G Y * I A T M S A H M Y N N W G Q G T Q V T V S S
26 D L R S * * * * * * * * S C Y G R Y K Y L G Q G T Q V T V S S
27o D S S F I L S Q * * G A S C P F P G N Y W G Q G T Q V T V S S
29 T F T P A * C Y * * * * E D S A W Y L S W G Q G T Q V T V S S
30 A F E W S R G S * C P D L D V R D F G Y R G Q G T Q V T V S S
38 A T * * * P C F * V S T L I P A A Y D I W G Q G T Q V T V S S
40 T G D * * Y C Y * Y P S P V K T N Y N Y W G Q G T Q V T V S S
46 N S E E I W G C G G S W Y S G Y G Y T Y W G Q G T Q V T V S S
56 Q C W * * * * * * * * * * Y N R N R Y W W G Q G T Q V T V S S
63 R P R * * * C T N D Y T S T R N N W N Y W G Q G T Q V T V S S
66 T T S * * T C F * Y P T L R T D G Y A Y W G Q G T Q V T V S S
67 D R D L F P L Y * S T W S S A T R Y N Y W G R G T Q V T V S S
94 G G K I F Y * * * * * * * * * * D L Q Q R G L G T Q V T V S S
97 S F C * * * * * * * S * * * * * * A S G W G Q G T Q V T V S S
103 R P R * * * C D F Y Y G S S R D S W D Y W G Q G T Q V T V S S
107 A Y G * * A D F * F T P L A P N R Y A Y W G Q G T Q V T V S S
142 Q C V * * * * * * * * * * Y N P G V D Y W G Q G T Q V T V S S
145 G L R P T W M N * * * R S A N I D I G L R G Q G T Q V T V S S
146 D S N L Y T C R F R F P A G K G A F T Y W G Q G T Q V T V S S

(*) (*) (*) (*) (*) (*) (*) (*) (*)

CDR3 Framework4

Framework1 CDR1

Framework3

Framework2

CDR2
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A!total!of!34!VHH!antibodies!were!selected!for!characterisation.!Proteins!obtained!

from!mammalian!expression!were!assessed! in!an!enzymePlinked! immunosorbent!

assay! (ELISA)! to! test! for! binding! to! ILP6! and! gpP80.! Of! the! 34! VHHs,! 6! showed!

binding! to! gpP80! so!were! not! studied! further.! Site! II! and! Site! III! blocking! ELISAs!

were!developed! to!determine! the!binding! sites!of! the!antiPILP6!VHHs! to! ILP6!and!

schematics! of! the! site! blocking! ELISAs! are! shown! in! Figures! 1.16! and! 1.17.! This!

tentatively!identified!16!VHHs!as!Site!II!binders,!5!VHHs!as!Site!III!binders,!2!VHHs!

that! appeared! to! inhibit! both! Site! II! and! Site! III! binding! and! 5! VHHs! for! which!

binding!sites!could!not!be!clearly!resolved.!!

!

!
Figure(1.16(–(Characterisation(of(VHH(Antibodies(by(Site(II(Blocking(ELISA(

The!schematic!shown! illustrates! the!rationale! for! the!Site! II!blocking!ELISA!

assay!used!to!determine!whether!antiPILP6!VHHs!blocked!the!interaction!of!

hyper!ILP6!with!gpP130!D3!at!Site!II.!

!
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!
Figure(1.17(–(Characterisation(of(VHH(Antibodies(by(Site(III(Blocking(ELISA(

The!schematic!shown!illustrates!the!rationale!for!the!Site!III!blocking!ELISA!

assay! used! to! determine! whether! the! antiPILP6! VHHs! blocked! the!

interaction!of!hyper!ILP6!with!gpP130!D1!at!Site!III!

!

ILP6!signalling!relies!on!the!formation!of!the!ILP6:gpP80:gpP130!signalling!complex.!

VHH!antibodies!that!block!ILP6!at!either!Site!II!or!Site!III!should!inhibit!the!hyper!ILP

6:gpP130! binding! therefore! inhibiting! formation! of! the! signalling! complex! and!

ultimately!ILP6!signalling.!A!cell!based!assay!was!used!to!determine!the!impact!on!

ILP6!signalling!by!monitoring!the!STAT3!response!in!the!presence!of!the!VHHs.!The!

results!of!the!cell!assay!identified!that,!out!of!the!22!VHHs!tested,!16!inhibited!ILP6!

signalling.!Interestingly,!some!of!the!VHHs!classified!as!Site!III!binders!in!the!Site!III!

blocking! ELISA! did! not! appear! to! inhibit! formation! of! the! signalling! complex!

suggesting! that! although! appearing! to! bind! at! Site! III,! they!may! not! hinder! the!

binding!of!hyper!ILP6!to!gpP130.!

!
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Surface! plasmon! resonance! (SPR)! was! used! to! study! the! binding! kinetics! of! the!

antiPILP6! VHHs! to! ILP6! by! titrating! the! VHHs! over! immobilised! ILP6.! The! results!

obtained!(see!Figure!1.14)!showed!that!all!but!one!of!the!VHHs!measured!bound!

to! ILP6! in! the! low!nanomolar! range,!with!KD!values!between!0.3!nM!and!8.4!nM!

being!measured.!

!

A! number! of! the! antiPILP6! VHHs! characterised! by! Dr.! Laura! Griffin! (UCB)! were!

subjected!to!structural!analysis!by!XPray!crystallography!and!minimal!shift!mapping!

by!NMR! (Hancock,! 2010).! The! ILP6! binding! surface,! as!mapped! by!NMR!minimal!

shift,!identified!VHH!3,!VHH!18,!VHH!30,!VHH!107!and!VHH!145!as!Site!II!binders,!

consistent!with!the!results!of!the!site!blocking!ELISAs.!VHH!38!and!VHH!146!were!

identified! as! Site! III! binders! from! the! site! blocking! ELISAs! and! the! NMR! results!

agreed!with!this.!Results!of! the!site!blocking!ELISAs!suggested!that!VHH!15,!VHH!

22n!and!VHH!56!bound!to!ILP6!at!Site!III!but!the!NMR!epitope!mapping!suggested!

binding!outside!of!the!Site!III!cleft!region.!

!

The!XPray!crystal!structures!of!5!VHHs!were!solved!by!Dr.!Laura!Griffin!(UCB)!and!

are!shown!in!Figure!1.18!(Hancock,!2010).!!

! !
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!
Figure(1.18(–(Crystal(Structures(of(antiQILQ6(VHHs(Binding(to(ILQ6!!

The!space!filled!structure!of! ILP6! is!shown! in!grey.!The!Site! II!binder,!VHH!

29,!is!shown!in!purple.!VHH!38!(orange)!and!VHH!146!(blue)!are!shown!to!

bind!at!Site!III.!VHH!15!(green)!and!VHH!56!(red)!do!not!bind!to!Site!III!as!

predicted! by! the! site! blocking! ELISAs.! A! ribbon! representation! of! ILP6! is!

shown! (in! the! same! orientation! as! with! the! crystal! structures)! with! the!

helices! A,! B,! C,! D! and! E! coloured! red,! orange,! yellow,! green! and! blue!

respectively.!!

!

The!crystal!structures!confirmed!that!VHH!29!bound!to!ILP6!at!Site!II!and!that!VHH!

38!and!VHH!146!both!bound!to!ILP6!at!Site!III,!agreeing!with!the!conclusions!of!the!

site!blocking!ELISAs,!the!cell!based!assay!and!NMR!epitope!mapping.!According!to!

the!site!blocking!ELISAs,!VHH!15!and!VHH!56! inhibit! the!binding!of!gpP130!D1!at!

Site! III! whereas! the!NMR! identified! the! epitope! as! being! remote! to! Site! III.! The!

crystal!structures!also!agree!with!the!NMR!epitope!mapping!for!VHH!15!and!VHH!

56.!

!

! !

Site%II%

Site%III%



!
!

60!

The!panel!of!antiPILP6!VHH!antibodies!generated!as!a! result!of!Dr.! Laura!Griffin’s!

work! provided! a! useful! starting! point! for! the! work! reported! in! this! thesis.! The!

profiling!of!the!antiPILP6!VHHs!showed!diversity!both!in!the!sites!of!interaction!and!

in!the!structure!of!the!VHHs,!specifically! in!CDR3!length!which,!as!outlined!in!the!

following! section,! will! be! one! focus! of! the! work! described! in! the! following!

chapters.!

!

1.6!–!Thesis!Aims!and!Overview!

The! aims! of! the! work! presented! in! this! thesis! were! to! solve! the! NMR! solution!

structures! of! VHHs! to! allow! the! behaviour! of! the! antigen! binding! CDRs! to! be!

investigated;! to!gain!an!understanding!of! the! fundamental!benefits! conferred!by!

elongated!CDR3!loops!in!VHH!antibodies;!and!finally!to!evaluate!the!use!of!VHHs!

as!tools!for!drug!discovery.!

!

As!discussed!in!Section!1.2,!the!majority!of!structural!data!available!for!VHHs!has!

been! obtained! using! XPray! crystallography,! limiting! our! understanding! of! the!

dynamics! associated! with! VHH! domains.! The! only! example! of! a! VHH! structure!

solved!by!NMR!was!derived!from!a!llama!HCAb!and!does!not!include!the!elongated!

CDR3!typical!of!most!HCAbs!(Renisio!et'al.,!2002,!PDB!accession!code!1G9E).!The!

work! described! in! Chapter! 3! encompasses! the! collection! of! NMR! data! and! the!

calculation!of!the!solution!structures!for!two!VHHs:!VHH!18!with!a!short!CDR3!loop!

and!VHH!67!with!a! longer!CDR3! loop.! The! solution! structures!obtained! revealed!

the!differences!in!the!dynamics!between!the!two!VHHs!with!the!short!CDR3!loop!

of!VHH!18!being!identified!as!more!dynamic!than!the!longer!CDR3!loop!of!VHH!67.!

In!Chapter!2,!the!general!cloning,!expression!and!purification!methods!employed!

to! generate! the! proteins! required! for! the! structural! and! functional! studies! are!

described.!!

!

A!variety!of!experiments!were!carried!out!to!identify!the!binding!sites!of!both!the!

VHHs!and!ILP6,!which!are!reported!in!Chapter!4.!This!work!allowed!identification!of!

the!binding!surfaces!of!both!the!VHH!antibodies!and!ILP6.!!
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!

The!work!described!in!Chapter!5!was!undertaken!to!understand!the!behaviour!of!

the!elongated!and!structured!CDR3!loop!identified!in!VHH!67.!Residues!responsible!

for!the!stabilisation!of!this!loop!were!identified!and!their!impact!on!the!binding!to!

ILP6!was!evaluated.!!!!!

!

In! Chapter! 6! the! crystal! structure! of! VHH! 67! in! complex! with! ILP6! is! presented!

identifying!a!novel!binding!site.!The!potential!effects!on!ILP6!signalling!of!the!VHH!

binding!to!this!site!were!evaluated!by!SPR!leading!to!the!conclusion!that!VHH!67!

modulates! the! activity! of! ILP6! via! an! allosteric! mechanism.! Another! interesting!

observation!was!that!a!comparison!of!the!free!solution!structure!with!the!bound!

crystal! structure!of!VHH!67! showed! very! little! difference! in! the! conformation!of!

CDR3.!

!

Chapter!7!discusses!the!structural!and!binding!information!obtained!in!the!context!

of!using!VHHs!as!a!tool!for!drug!discovery.!!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Chapter! 2! –! Cloning,! Expression! and! Purification! of! VHH!

Antibody!Fragments!

!

2.1!–!Introduction!

2.1.1!–!VHH!Expression!Strategy!

The! VHHs! used! for! the! work! described! in! Section! 1.5! had! previously! been!

expressed!using!mammalian!expression!systems.!Ideally,!protein!labelled!with!the!

NMR! active! nuclei! of! nitrogen! and! carbon! (15N! and! 13C)!would! be! expressed! for!

structural! analysis! by! NMR.! Also,! for! larger! proteins! the! replacement! of! the!

majority!of!hydrogen!atoms! for!deuterium!may!also!be!required! (Grzesiek!et'al.,!

1993).!It!is!not!possible!to!express!deuterated!protein!in!mammalian!systems!and!

the! inclusion! of! 15N! and! 13C! is! more! efficiently! achieved! using! E.coli! expression!

methods,!therefore,!it!was!necessary!to!clone!the!VHH!DNA!into!E.coli!compatible!

vectors.!

!

2.2!–!Materials!and!Methods!

2.2.1!–!Construct!Design!

Primers!were!designed!(as!shown!in!Figure!2.1)!to!allow!the!insertion!of!the!VHH!

DNA! into! commercially! available,! ampicillin! resistant,! isopropylPβPDP1P

thiogalactopyranoside!(IPTG)!inducible!pET!vectors!(Novagen)!(Studier!and!Moffat,!

1986;! Rosenburg! et' al.,! 1987;! Studier! et' al.,! 1990)! through! the! NdeI! and! XhoI!

restriction!sites.!An!NPterminal!hexahistidinePtag!(His6Ptag)!and!tobacco!etch!virus!

(TEV)!protease!cleavage!site!were!included!to!aid!purification!of!the!VHH!protein.!!

! !
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(
Figure(2.1(–(Primers(for(Cloning(of(VHH(DNA(into(the(pETQ21(Vector(

The! figure!shows! the!primers!used! for! the!PCR!amplification!of! the!VHHs!

with! a! 5’! NdeI! restriction! site! and! a! 3’! XhoI! restriction! site.! The! regions!

highlighted!in!blue!code!for!the!NdeI!restriction!site,!regions!in!orange!code!

for! the!XhoI! restriction! site,! green! for! the!His6Ptag! and! in!purple! the! TEV!

protease! cleavage! site.! The! stop! codon! is! shown! in! red.! Three! forward!

primers!(QVQ,!DVQ!and!EVQ)!were!required!to!allow!cloning!of!all!the!antiP

ILP6!VHH!antibodies.!(

!

2.2.2!–!DNA!Analysis!by!Agarose!Gel!Electrophoresis!

All! PCR,! ligation! and! digestion! products! were! analysed! by! agarose! gel!

electrophoresis! using! a! 1! %! (w/v)! agarose! gels! in! 1! x! TAE! buffer! (40! mM! TrisP

acetate!pH!8.0,!2.5!nM!EDTA)!run!at!150!mA!for!approximately!3!hours.!Ethidium!

bromide! (0.5!µg!ml! P1)!was!used! to! visualise! the!DNA!under!UV! radiation!at!366!

nm.!All!gels!were!run!with!a!reference!lane!containing!an!appropriate!DNA!ladder.!

!

2.2.3!–!Transformation!of!Vectors!

50!µl!of!subPcloning!grade!XLP1!blue!competent!E.coli!cells!(Agilent!Technologies)!

were!thawed!on!ice.!1!µl!of!0.25!mg!mlP1!solution!of!pETP21!(Novagen)!was!added!

to!the!cells!and!incubated!on!ice!for!20!minutes.!The!cells!were!then!heat!shocked!

at!42!˚C!for!45!seconds!and!transferred!back!to!ice!for!a!further!2!minutes.!200!µl!

Super!Optimal!Catabolite!(SOC)!medium!was!added!and!the!mixture!incubated!at!

37!˚C!for!1!hour!on!a!shaking!platform.!The!culture!was!then!streaked!onto!LBPagar!

(1!%!w/v!BactoPtryptone,!0.5!(w/v)!BactoPyeast!extract,!171!mM!sodium!chloride,!

1.5!%! (w/v)!BactoPagar,!pH!7.0)!plates! supplemented!with!100!µg!mlP1! ampicillin!

and!incubated!overnight!at!37!˚C.!!

Forward

QVQ:

GGC CCC CGC GCC CAT ATG CAC CAT CAT CAT CAC CAT GAA AAC CTA TAC TTC CAA GGA CAG GTG CAA CTG GTG GAG TCT GGG

DVQ:

GGC CCC CGC GCC CAT ATG CAC CAT CAT CAT CAC CAT GAA AAC CTA TAC TTC CAA GGA GAT GTG CAG CTG GTG GAG TCT GGG

EVQ:

GGC CCC CGC GCC CAT ATG CAC CAT CAT CAT CAC CAT GAA AAC CTA TAC TTC CAA GGA GAG GTG CAG CTG GTG GAG TCT GGG

Reverse

GCG GGG GGC CTC GAG CTA TTA CGA GGA GAC GGT GAC CTG GGT CCC
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!

Single!transformation!colonies!were!picked!into!100!ml!of!2!x!TY!broth!(2!%!(w/v)!

BactoPtryptone,! 1!%! (w/v)! BactoPyeast! extract,! 171!mM! sodium! chloride,! pH7.0)!

supplemented!with!100!µg!mlP1!ampicillin!and! incubated!overnight!at!37! ˚C!on!a!

shaking! platform.! Cell! cultures! were! pelleted! by! centrifugation! (2,500! g! for! 20!

minutes).! The! vector! DNA!was! isolated! as! per!manufacturer’s! instructions! using!

QIAgen!plasmid!plus!maxi!prep!kits!(Qiagen).!

!

2.2.4!–!PCR!Amplification!of!DNA!Fragments!

PCR! reactions!were! carried! out! using! KOD!Hot! Start! Polymerase! (Novagen).! PCR!

was!performed!on!approximately!10!ng!of!template!DNA!with!1!mM!MgSO4,!0.5!µl!

KOD!polymerase,!0.3!µM!of!each!oligonucleotide,!0.2!mM!dNTP!mix!(dATP,!dCTP,!

dGTP,!aTTP).!PCR!reactions!were!made!up!to!a!volume!of!50!µl! in!PCR!buffer!(50!

mM! Tris.HCl,! 1! mM! DTT,! 0.1! mM! EDTA,! pH! 8.0)! and! carried! out! under! the!

following!conditions:!

!
Following!PCR!amplification,!PCR!products!were!purified!using!QIAquick!PCR!spin!

column!purification!kits!(Qiagen)!as!per!manufacturer’s!instructions.!!

!

2.2.5!–!Restriction!Enzyme!Digests!

The!purified!PCR!products!or!approximately!10!µg!plasmid!DNA,!were! incubated!

with!20!units!of!each!restriction!enzyme!(NdeI!and!XhoI)!in!an!appropriate!buffer!

overnight! at! 37! ˚C.! One! unit! is! defined! as! the! amount! of! enzyme! required! to!

completely!digest!1!µg!of!DNA!in!1!hour.!After!digestion!the!vector!DNA!fragments!

were! separated! by! gel! electrophoresis! (as! described! in! Section! 2.2.2).! The! DNA!

bands! were! excised! and! purified! from! the! agarose! gel! as! per! manufacturer’s!

instructions!using!QIAquick!Gel!Extraction!Kit!(Qiagen).!

!



!
!

65!

2.2.6!–!Ligation!of!DNA!Fragments!

Ligation!of!the!vector!DNA!and!the!insert!DNA!were!performed!using!1!µl!T4!DNA!

ligase! (New! England! Biolabs)! with! approximately! 50! ng! of! the! vector! DNA! and!

approximately!10!ng!of!the!insert.!Ligation!mixtures!were!made!up!to!a!volume!of!

20!µl! in!T4!DNA!ligase!buffer!(50!mM!Tris.HCl,!10!mM!MgCl2,!1!mM!ATP,!10!mM!

DTT,!pH7.5)!and!incubated!overnight!at!16!˚C.!

!

2.2.7!–!Transformation!of!DNA!into!Competent!E.coli'Cells!

1!µl!of!the!ligation!reaction!was!transformed!in!to!50!µl!of!subPcloning!grade!XLP1!

blue!competent!E.coli!cells!(Agilent!Technologies)!as!described!in!Section!2.2.3.!

!

2.2.8!–!Plasmid!DNA!Isolation!for!Sequencing!

Single!transformation!colonies!were!picked! into!10!ml!of!2!x!TY!broth,! incubated!

and! harvested! as! described! in! Section! 2.2.3.! DNA! was! isolated! as! per!

manufacturer’s!instructions!using!mini!prep!kits!(Qiagen).!

!

2.2.9!–!DNA!Sequencing!!

DNA! sequencing! was! carried! out! on! approximately! 250! ng! of! DNA! as! per!

manufacturer’s! instructions! using! a! BigDye®! Terminator! sequencing! kit! (Applied!

Biosystems)!on!a!3100!automated!DNA!sequencer!(Applied!Biosystems).!!

!

2.2.10!–!SDSPPolyacrylamide!Gel!Electrophoresis!

SDSPPAGE!was!used!to!monitor!the!expression!and!purification!of!protein!samples.!

5!µg!of!each!protein!sample!was!heated!to!100!˚C!for!3!minutes!then!loaded!onto!

a! 4! P! 20! %! acrylamide! gradient! prePcast! TrisPGlycine! gel! (Life! Technologies).!

Electrophoresis!was!carried!out!at!a!constant!50!mA!for!50!minutes!in!TrisPglycine!

SDS!running!buffer!(25!mM!Tris.Hcl,!200!mM!glycine,!100!mM!SDS).!Gels!were!run!

with! one! lane! containing! SeeBlue! prePstained! standard! (Life! Technologies)! as! a!

marker.!Gels!were!stained!with!Coomassie!Blue!stain!for!60!minutes!and!destained!

overnight!with!destain!buffer!(40!%!v/v!methanol,!10!%!v/v!acetic!acid)!to!reveal!

protein!bands.!

! !
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2.2.11!–!Western!Blotting!

Expression! levels! of! VHHs! were! analysed! by! western! blotting! using! a! goat! antiP

llama! IgG! horse! radish! peroxidase! (HRP)! conjugated! antibody! (Bethyl!

Laboratories).!An!SDSPPAGE!gel!was!prepared!as!described!above!but!not!stained!

with!Coomassie!Blue.!Protein!bands!were!transferred!onto!nitrocellulose!transfer!

membrane!overnight!using!TrisPglycine!buffer!(200!mM!glycine,!25!nM!Tris.HCl)!at!

a!constant!current!of!150!mA.!After!the!transfer,!the!membrane!was!blocked!for!1!

hour! with! a! 2! %! (w/v)! milk! power! in! PBS! (137! mM! NaCl,! 2.7! mM! KCl,! 10! mM!

Na2HPO4,! 1.8! mM! KH2PO4,! pH! 7.4).! Following! the! blocking,! the! membrane! was!

washed!with!PBS!for!10!minutes!followed!by!a!1!hour!incubation!in!a!0.5!μg!mlP1!

goat! antiPllama! IgG!HRP! conjugated! antibody! in! a! 1!%! (w/v)!milk! solution! 0.1!%!

TweenP20.!The!membrane!was!then!washed!for!5!minutes!in!PBS!five!times!before!

being! treated,! as! per! manufacturer’s! instructions,! with! Pierce! Electrochemical!

Luminescence! (ECL)! Plus! Blotting! Substrates! (Thermo! Scientific).! Protein! bands!

were!then!observed!by!XPray!film!exposure!(0.5!to!5!minutes)!and!development.!

!

2.2.12!–!VHH!Expression!Trials!

Expression!trials!were!set!up!to!determine,!if!possible,!the!optimum!conditions!for!

soluble! expression! of! the! VHH! protein.! Varying! conditions! including! the! IPTG!

concentration! and! incubation! temperature! did! not! encourage! expression! of!

soluble!VHH!protein,!neither!did!testing!a!variety!of!E.coli!cell!types!such!as!using!

BL21!DE3!(Novagen),!Origami!B!DE3!(Novagen)!and!Tuner!DE3!(Novagen)!cells!or!

the!inclusion!of!solubilising!tags!such!as!thioredoxin!and!glutathionePSPtransferase.!

As!attempts!to!express!soluble!protein!failed,!it!was!decided!that!expression!of!the!

VHH! protein! as! inclusion! bodies! followed! by! denaturation,! purification! and!

refolding!should!be!evaluated!to!provide!a!source!of!protein!for!the!NMR!analyses.!

Given! that! the! VHH! proteins! contain,! at! most,! two! disulphide! bonds,! it! was!

considered! likely! that! a! successful! refolding! by! dilution! method! (similar! to! that!

described! by! Williamson! et' al.,! 1996)! could! be! developed.! Fluorescence!

spectroscopy! was! used! to! monitor! the! chemical! denaturation! (as! described! in!

Section! 2.2.18)! of! the! mammalian! expressed! VHH! proteins! to! help! predict! the!
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guanidine! hydrochloride! (GuHCl)! concentration! required! for! the! refolding! of! the!

E.coli!expressed!proteins.!

!

2.2.13!–!VHH!Expression!

The!plasmids!(prepared!as!described!in!Section!2.2.8)!were!transformed!into!E.coli'

BL21!DE3!competent!cells!(Novagen).!!To!prepare!unlabelled,!15N!labelled,!15N/13C!

labelled! VHH! samples! and! selectively! labelled! 13C! VHH! samples,! colonies! were!

selected!from!LB!agar!plates,!supplemented!with!100!µg!mlP1!ampicillin,!and!used!

to! inoculate!six!10!ml!cultures!grown!at!37!˚C,!250!rpm!overnight.! !These!starter!

cultures!were! then!pooled,! centrifuged! (750! x! g! for! 20!minutes)! and! the! pellets!

resuspended! in!either!LB! (1%!(w/v)!BactoPtryptone,!0.5!%!(w/v)!BactoPyeast,!171!

mM! sodium! chloride,! pH! 7.0)! containing! 100! µg! mlP1! ampicillin! for! unlabelled!

samples;! or! minimal! media! (see! Appendix! A.1)! containing! 1! g! lP1! >99! %! 15N!

ammonium!sulphate!and!/!or!2!g!lP1!>99!%!13C6!DPglucose!and!100!µg!mlP1!ampicillin!

for!the!15N!and!15N/13C!labelled!samples.!The!resuspended!samples!were!then!used!

to! inoculate!500!ml!expression!cultures!of!the!same!minimal!media!to!an!A600!of!

0.1.! The! selectively! labelled! 13C! samples!were! prepared! as! described! above,! but!

with!the!addition!of!nonPisotopically! labelled!aromatic!amino!acids! (His,!Phe,!Trp!

and!Tyr!at!50!mg!lP1).!!

!

Expression!cultures!were!grown!at!37˚C,!250!rpm!until!an!A600!of!approximately!0.6!

P!0.8!was!reached.!Cultures!were!then!induced!with!IPTG!to!a!concentration!of!1!

mM! and! left! to! express! overnight! (18! hours)! at! 37! ˚C,! 250! rpm.! Cells! were!

harvested! by! centrifugation! (4,000! x! g! for! 30! minutes)! and! the! cell! pellets!

resuspended! in! PBS! and! lysed! at! a! pressure! of! 30! kpsi! using! a! cell! disruptor!

(Constant!Systems!Ltd.)!before!being!pelleted!by!centrifugation!(11,200!x!g!for!30!

minutes).!

! !
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2.2.14!–!VHH!Purification!and!Refolding!

The!pelleted!VHH!inclusion!bodies!(obtained!as!described!in!Section!2.2.13)!were!

resolubilised!in!approximately!7!mL!of!6!M!GuHCl!with!10!mM!dithiothreitol!(DTT)!

and!stirred! for!60!minutes!before!being!centrifuged! (45,000!x!g! for!60!minutes).!

The! supernatant!was! then! diluted! to! 75!ml! in! the! equilibration! buffer! (100!mM!

NaH2PO4,!10!mM!Tris.HCl,!6!M!GuHCl,!pH!8.0)!and! loaded!at!a! flow!rate!of!3!ml!

minP1!on!to!a!10!ml!NiPNTA!column!equilibrated!with!the!same!buffer.!Purification!

was!achieved!using!a!stepwise!pH!gradient!with!a!volume!of!approximately!50!ml!

(5!column!volumes)!eluted!during!each!step.!Buffers!were!prepared!by!adjusting!

the!pH!of! the!equilibration!buffer!with!HCl.!The!pH!was! initially!decreased!to!pH!

6.3!to!elute!nonPspecifically!bound!protein!then!reduced!stepPwise!to!pH!5.9!and!

then!to!pH!4.5!to!elute!the!VHH!protein.!The!gradient!was!run!at!a!flow!rate!of!3!

ml!minP1!and!10!ml!fractions!were!collected!throughout.!Pooled!protein!fractions!

were!diluted!in!the!equilibration!buffer!to!approximately!2!mg!mlP1!(as!determined!

by!absorbance!at!280!nm)!and!the!protein!was!refolded!by!dilution!(1:100)!into!50!

mM!Tris.HCl,!1!M!GuHCl,!1!mM!reduced!glutathione,!0.2!mM!oxidised!glutathione,!

pH!8.5.!The!refolded!protein!was!stirred!for!90!minutes!at!room!temperature!and!

then!left!unstirred!overnight!also!at!room!temperature.!The!refolded!protein!was!

concentrated! to! approximately! 50!ml! using! a! 5000! Da!molecular! weight! cut! off!

(MWCO)! tangential! flow!device!before!being!dialysed!overnight! in!PBS! (137!mM!

NaCl,! 2.7! mM! KCl,! 10! mM! Na2HPO4,! 1.8! mM! KH2PO4,! pH! 7.4)! and! further!

concentrated! to!approximately!5!ml!using!an!Amicon!stirred!cell!with!a!3000!Da!

MWCO!membrane.!The!protein!was! then!buffer!exchanged! into! the!NMR!buffer!

(25! mM! sodium! phosphate,! 100! mM! sodium! chloride,! 10! μM! EDTA! and! 0.02%!

(w/v)!sodium!azide!buffer,!pH!6.4)!and!concentrated!by!ultrafiltration!using!a!3000!

Da!MWCO!Millipore!Amicon!Ultra!15!ml!centrifugal!filter!unit.!

! !
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2.2.15!–!15N/13C/2H!ILP6!Expression!

ILP6! expression!was! carried! out! by! Dr.! Phil! Addis! (University! of! Leicester)! based!

upon!the!method!published!by!Veverka!et'al.!(Veverka!et'al.,!2012).!A!human!ILP6!

construct! including!a!His6Ptag!with!a!TEV!cleavage!site!was!provided!by!UCB! in!a!

modified!pETP21!vector! containing!an!ampicillin! resistant!gene! for! selection.!The!

plasmid! was! transformed! into! Origami! B! DE3! pLysS! E.coli! cells! (Merck)! and!

colonies!selected!from!LB!agar!plates,!supplemented!with!12.5!µg!mlP1!tetracycline,!

15!µg!mlP1!kanamycin,!34!µg!mlP1!chloramphenicol!and!100!µg!mlP1!ampicillin,!and!

used!to! inoculate!10!ml!cultures!which!were!grown!at!37!°C,!200!rpm!overnight.!

These!cultures!were!then!used!to!inoculate!six!10!ml!cultures!of!30!%!D2O!minimal!

medium!grown! for! 8! hours! at! 37! °C,! 200! rpm,!which!were! in! turn! then! used! to!

inoculate!another!six!50!ml!cultures!of!70!%!D2O!minimal!medium!that!were!grown!

overnight!at!37!°C,!200!rpm.!The!six!overnight!cultures!were!pooled,!centrifuged!

(750! x! g,! 20! minutes),! resuspended! in! fresh! 100! %! D2O! minimal! medium,!

containing!1!g! lP1! 15N!ammonium!sulphate,!2!g! lP1! 13C6!DPglucose!and!100!µg!mlP1!

ampicillin!and!used!to!inoculate!ten!500!ml!expression!cultures!of!the!same!media!

to!an!A600!of!0.1.!The!cultures!were!grown!at!37!°C,!200!rpm!for!8P10!hours!until!an!

A600! of! 0.2P0.3! was! reached.! Flasks! were! then! transferred! to! an! incubator! preP

cooled! to! 17! °C! and! left! to! equilibrate! for! 30! minutes.! After! equilibration,! the!

cultures!were!induced!with!IPTG!to!a!concentration!of!100!µM!and!left!to!express!

overnight!(16!hours).!!

!

2.2.16!–!15N/13C/2H!ILP6!Purification!

The! purification! of! ILP6! was! carried! out! based! upon! the! method! published! by!

Veverka! et' al.! (Veverka! et' al.,! 2012).! The! pelleted! cells! harvested! from! the! 5! l!

expression! of! 15N/13C/2H! ILP6! (described! in! Section! 2.2.15)! were! resuspended! in!

100!ml!high!salt!PBS!(300!mM!NaCl,!2.7!mM!KCl,!10!mM!Na2HPO4,!1.8!mM!KH2PO4,!

pH!7.4),!with!100!μl!lysonase!(Novagen)!and!incubated!on!ice!for!15!minutes.!The!

cells!were!then!passed!through!a!cell!disruptor!at!a!pressure!of!30!kpsi!(Constant!

Systems!Ltd.)!before!being!centrifuged!at!11,200!x!g!for!30!minutes.!!

!
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The!supernatant,!containing!ILP6,!was!diluted!to!200!ml!in!high!salt!PBS!and!loaded!

at! 3! ml! minP1! on! to! a! 10! ml! NiPNTA! column! equilibrated! in! high! salt! PBS.! The!

protein!was!washed!with!high!salt!PBS!followed!by!a!10!mM!imidazole!wash.!An!

imidazole! gradient! of! 10!mM! to! 250!mM!over! 10! column! volumes!was! run! at! a!

flow! rate! of! 3! ml! minP1! with! 5! ml! fractions! collected! throughout.! Fractions!

containing! ILP6! were! pooled! and! buffer! exchanged! back! into! high! salt! PBS! by!

ultrafiltration.!To! remove!the!His6Ptag! from! ILP6,!TEV!protease! (prepared!at!UCB)!

was!added!to!the!protein!solution!at!a!ratio!of!1:50!(w/w)!TEV!protease!to!protein!

and!incubated!overnight!at!4!˚C.!The!TEV!reaction!was!diluted!1!in!10!in!high!salt!

PBS!and!loaded!on!to!a!10!ml!NiPNTA!column!at!a!flow!rate!of!3!ml!minP1!and!the!

flow!through!collected.!250!mM!imidazole!was!used!to!elute!any!bound!protein!at!

a! flow!rate!of!3!ml!minP1!and!5!ml! fractions!were!collected!throughout.!The!flow!

through!was!concentrated!to!approximately!10!ml!using!a!Millipore!Amicon!stirred!

cell!with!a!10,000!Da!MWCO!membrane.!The!protein!was!buffer!exchanged! into!

the!NMR!buffer!(25!mM!sodium!phosphate,!100!mM!sodium!chloride,!10!μM!EDTA!

and!0.02%!(w/v)!sodium!azide!buffer,!pH!6.4)!and!concentrated!to!approximately!

400!µM.!!

!

2.2.17!–!Analytical!Gel!Filtration!Chromatography!

Analytical! gel! filtration! was! used! to! characterise! the! VHH! and! ILP6! samples.!

Approximately!30!μg!of!protein!was! injected!onto!either!a!Superdex!S75!10/300!

column!(GE!Healthcare)!with!a!flow!rate!of!1!ml!minP1!PBS!(137!mM!NaCl,!2.7!mM!

KCl,!10!mM!Na2HPO4,!1.8!mM!KH2PO4,!pH!7.4)!using!an!Agilent!1100!HPLC.!The!Gel!

Filtration! Standard! containing! thyroglobulin! (670! kDa),! bovine! γPglobulin! (158!

kDa),!chicken!ovalbumin!(42!kDa),!equine!myoglobin!(17!kDa)!and!vitamin!B12!(1.3!

kDa)! (BioRad)!was!used!as!a!guide! for!determining! the!molecular!weights!of! the!

samples.! Data! processing!was! carried! out! using! Chemstation! software! and! peak!

areas!at!a!UV!absorbance!of!214!nm!were!used!to!determine!the!purity!of!VHH,!ILP

6!and!VHH!:!ILP6!complex!samples.!

! !
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2.2.18!–!Fluorescence!Spectroscopy!

The! intrinsic! fluorescence! profile! of! the! VHH! proteins! was! measured! by!

fluorescence! spectroscopy! using! a! Cary! Eclipse! fluorescence! spectrophotometer.!

Excitation! was! carried! out! at! a! wavelength! of! 280! nm! and! emission! measured!

across!a!wavelength!range!of!300!nm!to!400!nm!at!a!scan!rate!of!600!nm!minP1.!

VHH! samples!were!made! up! to! a! concentration! of! 30! μM! in! 10!mM! Tris.HCl! at!

increasing!concentrations!of!GuHCl,!from!0!M!to!7!M!in!1!M!increments.!Samples!

were!left!to!incubate!at!room!temperature!for!1!hour!before!being!analysed.!!

!

2.2.19!–!Circular!Dichroism!Spectroscopy!

Far! UV! circular! dichroism! (CD)! spectroscopy! was! carried! out! using! an! Applied!

Photophysics! ACD! Chirascan! Spectrophotometer.! Triplicate! samples! were!

prepared!at!0.5!mg!mlP1! in! the!NMR!buffer! (25!mM!sodium!phosphate,!100!mM!

sodium!chloride,! 10!μM!EDTA!and!0.02%! (w/v)! sodium!azide!buffer,! pH!6.4).!All!

experiments! were! carried! out! at! a! temperature! of! 20! °C.! Data! were! collected!

across!a!wavelength!range!of!200!nm!to!260!nm,!at!a!resolution!of!0.5!nm!with!a!

scan! rate! of! 30! nm! minP1.! Data! were! processed! by! subtracting! the! buffer!

contribution! from!the!sample!scans!before!normalising! for!sample!concentration!

and!converting!to!mean!residue!molar!ellipticity.!!

!

2.2.20!–!Surface!Plasmon!Resonance!

The! binding! affinities! of! the! purified,! E.coli! expressed! VHHs! to! ILP6! were!

determined! by! surface! plasmon! resonance! (SPR)! using! a! Biacore! 3000! (GE!

Healthcare).!Goat!antiPllama!antibody!(Bethyl!Laboratories)!was!immobilised!onto!

a!CM5!sensor!via!amine!coupling!chemistry!as!per!the!manufacturer’s!instructions!

(GE! Healthcare).! The! running! buffer! for! the! experiments! was! HBSPEP! (0.01! M!

HEPES! pH! 7.4,! 0.15!M! NaCl,! 3!mM! EDTA,! 0.005!%! (v/v)! P20)! and! sensors! were!

regenerated! using! 40! mM! HCl.! 30P50! μl! of! the! VHH,! at! a! concentration! of!

approximately! 20! μg! mlP1,! was! passed! over! the! sensor! at! 10! μl! minP1! until! a!

response! of! approximately! 50! RU! was! reached.! Affinity! measurements! were!

performed!by!titrating!ILP6!over!the!captured!VHH!at!5!concentrations!(20!nM,!10!

nM,!5!nM,!2.5!nM!and!1.25!nM).!Double!referenced!binding!curves!were!analysed!
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using! the! BIAEvaluation! software! and! kinetic! parameters! calculated! after! fitting!

the!data!to!a!1:1!model!of!binding!and!correcting!for!drifting!baseline.!

(

2.2.21!–!Mass!Spectrometry!

The! molecular! weights! of! the! VHH! samples! were! confirmed! using! ultra!

performance!liquid!chromatography!(UPLC)!coupled!with!timePofPflight!(TOF)!mass!

spectrometry!(MS)!controlled!via!MassLynx!4.1!software.!Data!were!acquired!using!

a! Waters! bioQuaternary! Acquity! HPClass! UPLC! system! with! a! Xevo! G2! QTof!

detector.!Samples!were!diluted!to!90!μM!in!20!mM!ammonium!acetate!pH!6.8!and!

2μl! injected! onto! an! Acquity! UPLC! BEH300! C18! 1.7! μm! (2.1! x! 100! mm)! column!

incubated! at! 40! °C.! A! gradient! of! 10! to! 90! %! mobile! phase! B! was! run! over! 5!

minutes!(mobile!phase!A:!0.1!%!formic!acid!in!water,!mobile!phase!B:!0.1!%!formic!

acid!in!acetonitrile)!at!a!flow!rate!of!0.3!ml!minP1.!The!eluent!from!the!column!was!

diverted!into!the!TOFPMS!and!data!were!acquired!over!a!mass!range!of!50!to!2000!

Da! in! the! electrospray! positive! ionisation! mode! (ESI+).! All! data! processing! was!

carried!out!in!MassLynx!and!the!MS!data!deconvoluted!using!the!Waters!MaxEntTM!

and!TransformTM!algorithms!(Cottrell!et'al.,!1991)!to!give!the!observed!masses.!

!

2.2.22!–!NMR!Spectroscopy !
Initial!15NP1H!HSQC! spectra! (Bodenhausen!and!Ruben,! 1980)!of! the!VHH! samples!

were!collected!at!35!°C!on!a!600!MHz!Bruker!Avance!spectrometer.!Samples!were!

concentrated! by! ultrafiltration! using! a! 3000! Da! MWCO! Amicon! Ultra! 4! ml!

centrifugal!filter!unit!(Millipore)!to!a!concentration!of!approximately!300(μM!in!a!

25!mM!sodium!phosphate,!100!mM!sodium!chloride,!10!μM!EDTA!and!0.02%!(w/v)!

sodium!azide!buffer!at!pH!6.4!containing!10!%!D2O!/!90!%!H2O!and!transferred!to!5!

mm!Shigemi!NMR!tubes.!Typical!acquisition!times!were!40!ms!in!F1!(15N)!and!60!ms!

in!F2! (1H)!with!a! total!experiment! time!of!40! to!60!minutes.!Solvent! suppression!

was!carried!out!using!a!WATERGATE!pulse!sequence!(Piotto!et'al.,!1992)!and!data!

were!processed!using!Topspin!3.1!software!(Bruker!BioSpin!Ltd).!

! !
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!A! 15NP1H! TROSY! spectrum! (Pervushin! et' al.,! 1997)! of! the! 15N/13C/2H! ILP6! was!

collected!at!35!°C!on!an!800!MHz!Bruker!Avance!II!spectrometer.!The!sample!was!

concentrated! by! ultrafiltration! using! a! 3000! Da! MWCO! Amicon! Ultra! 4! ml!

centrifugal! filter!unit! (Millipore)!to!a!concentration!of!380!μM!in!NMR!buffer!(25!

mM!sodium!phosphate,!100!mM!sodium!chloride,!10!μM!EDTA!and!0.02%! (w/v)!

sodium!azide!buffer,!pH!6.4)!containing!10!%!D2O!/!90!%!H2O!and!transferred!to!5!

mm!Shigemi!NMR!tubes.!Typical!acquisition!times!were!60!ms!in!F1!(15N)!and!70!ms!

in!F2!(1H)!with!a!total!experiment!time!of!around!60!minutes.!Solvent!suppression!

was! carried! out! using! a! WATERGATE! pulse! sequence! and! data! were! processed!

using!Topspin!3.1!software.!!

!

2.3!–!Results!

Using!the!PCR!method!described!in!Section!2.2.4,!the!VHH!DNA!was!amplified!with!

the!NdeI!and!XhoI! restriction! site.! Successful! amplification!of! the!VHH!DNA!with!

the!restriction!sites!was!visualised!by!agarose!gel!electrophoresis!(Figure!2.2).!Both!

the!insert!DNA!and!the!pETP21!plasmid!DNA!were!digested,!purified!and!ligated!as!

described!in!Sections!2.2.5!and!2.2.6.!Figure!2.3!shows!the!agarose!gel!of!the!pETP

21!vector!after!incubation!with!the!XhoI!and!NdeI!restriction!enzymes!confirming!

successful! digestion! of! the! vector.! The! ligation! products! were! transformed! into!

E.coli'competent!cells,!replicated,!purified!and!then!sequenced.!Sequencing!results!

confirmed!the!insertion!of!the!VHH!DNA!into!the!plasmid!DNA.!Prior!to!purification!

and! sequencing! the! insertion! of! the! VHH! DNA! into! the! pET! vector! was! also!

confirmed!by!PCR!and!the!results!are!shown!in!Figure!2.4.!!!

! !
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!
Figure(2.2(–(Agarose(Gel(Confirming(Amplification(of(VHH(DNA(with(XhoI(

and(NdeI(Restriction(Sites(

An!agarose!gel!analysing!the!products!of!the!PCR!reaction,!used!to!amplify!

the! VHH! DNA! with! the! XhoI! and! NdeI! restriction! sites,! visualised! using!

ethidium!bromide!under!UV!light.!A!DNA!ladder!was!included!in!lane!1!and!

a! negative! control,! containing! the! primers! without! the! VHH! DNA,! was!

included! in! lane!8.! Lanes!2!and!3! show!VHH!amplification!using! the!DVQ!

primer,! lanes! 4! and! 5! using! the! EVQ!primer! and! lanes! 6! and! 7! using! the!

QVQ!primer.!The!position!of!the!observed!bands,!between!the!600!BP!and!

300! BP! markers,! is! consistent! with! the! expected! 500! BP! size! of! the!

amplified!VHH!DNA.!This!confirmed!the!successful!amplification!of!the!VHH!

DNA.!!

! !
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!
Figure( 2.3( –(Agarose(Gel( Confirming(Digestion( of( the( pET(Vector( at( the(

XhoI(and(NdeI(Restriction(Sites((

An! agarose! gel! of! the! vector! digest! reactions! visualised! using! ethidium!

bromide! under! UV! light.! The! single! digestion! of! the! pETP21! vector! using!

XhoI! is! shown! in! lane! 2! and! in! lane! 3! the! single! digestion! using! NdeI.!

Comparison! of! these! bands! to! the! undigested! vector! in! lane! 4! suggests!

both! single! digestions!were! successful! under! the! conditions! described! in!

Section!2.2.5.!The!double!digested!pETP21!vector,!shown!in!lane!5!(with!an!

expected! size! of! 5363! BP),! was! extracted! from! the! gel! and! purified! as!

described!in!Section!2.2.5.!

! !
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!
Figure(2.4(–(Agarose(Gel(of(PCR(Screen(used(to(Confirm(Insertion(of(VHH(

DNA(into(pET(Vector(

An!agarose!gel!of!the!PCR!screen!used!to!confirm!the!insertion!of!the!VHH!

DNA! into! the!pETP21!vector,! visualised!using!ethidium!bromide!under!UV!

light.! Successful! insertion! of! the! VHH! DNA! into! the! pETP21! vector! is!

confirmed! with! the! appearance! of! a! band! at! approximately! 500! BP!

resulting! from! the! amplification! of! the! VHH! DNA! using! the! appropriate!

forward! oligo.! A! positive! control! of! VHH! DNA! was! included! in! lane! 20.!

Successful!insertion!can!be!observed!for!samples!in!lanes!2!to!7!and!lanes!9!

to!18.!No!band!appears! for! the!samples! in! lanes!8!and!19!suggesting! the!

VHH!DNA!was!incorporated!into!the!vector.!

!

2.3.1!–!Expression!Trials!of!VHHs!

Small! scale! (5! ml)! expression! trials! were! set! up! using! conditions! described! in!

Section!2.2.13!to!confirm!protein!expression!using!the!pETP21!vectors!generated!in!

Section! 2.2.8.! Figure! 2.5! shows! SDSPPAGE! analysis! of! the! expression! trials!

confirming! that! all! VHHs! were! expressed! under! these! conditions.! SDSPPAGE!

analysis!of! the!total! fraction!compared!to!the!soluble! fraction! (Figure!2.6)!shows!

that!little!or!no!VHH!protein!is!expressed!in!a!soluble!form.!
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!
Figure(2.5(–(SDSQPAGE(Analysis(of(the(Small(Scale(VHH(Expression(Trials(

SDSPPAGE!gels!visualised!using!Coomassie!blue!staining!showing!the!preP

induced!(1st!lane!of!each!pair)!and!the!postPinduced!(2nd!lane!of!each!pair)!

for!the!28!VHHs!cloned!in!to!the!pETP21!vector,!expressed!overnight!at!37!

°C! in! BL21! DE3! cells! after! induction!with! 1!mM! IPTG.! Bands! are! visible!

around! the! 16! kDa! marker! position! for! each! of! the! VHHs! in! the! postP

induced!sample.!!

! !
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!

! !
Figure(2.6(–(SDSQPAGE(Analysis(of(Total(and(Soluble(Fractions(from(the(

Small(Scale(VHH(Expression(Trials(

SDSPPAGE!gel!visualised!using!Coomassie!blue!staining!showing!the!total!

sample! (1st! lane!of! each!pair)! and! the! soluble! fraction! (2nd! lane!of! each!

pair)! for! a! selection!of!VHHs,! expressed!overnight! at! 37! °C! in!BL21!DE3!

cells!after!induction!with!1!mM!IPTG.!Bands!are!visible!around!the!16!kDa!

marker!position!for!each!of!the!VHHs!in!the!total!sample!but!little!or!no!

protein!is!observed!in!the!soluble!fractions.!

!

2.3.2!–!Expression!and!Purification!of!VHH!18!and!VHH!67!

VHH! 18! and! VHH! 67! were! expressed! as! described! in! Section! 2.2.13.! Overnight!

cultures!grown!in!LB!reached!A600!values!of!between!2.2!and!3.0!and!those!grown!

in!minimal!media! reached! A600! values! between! 1.4! and! 2.3.! Figure! 2.7! shows! a!

typical! chromatogram! obtained! from! the! NiPNTA! purification! of! the! denatured!

VHH!inclusion!bodies,!as!described!in!Section!2.2.14,!along!with!the!SDSPPAGE!gel!

of!samples!collected!during!the!purification.!!
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!
Figure( 2.7( –( Chromatogram( and( SDSQPAGE(Analysis( of( a( Typical( NiQNTA(

Purification(of(a(VHH(

Panel! A! shows! a! typical! chromatogram!obtained! from! the! purification! of!

the!His6Ptagged!VHH!inclusion!bodies!isolated!from!1!litre!of!culture!on!a!10!

ml!NiPNTA!column.!Panel!B!shows!the!Coomassie!stained!SDSPPAGE!gel!of!

the! fractions! collected! during! the! purification.! Peak! A1! contained! nonP

specifically!bound!protein,!Peak!A2!contained!a!small!amount!of! the!VHH!

protein!and!the!majority!of!the!VHH!protein!eluted!in!Peak!A3.!!

! !
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Pooled! fractions!were! refolded!and! concentrated!as!described! in! Section!2.2.14.!

The! refold! efficiency,! the! percentage! of! unfolded! protein! successfully! refolded,!

varied! between! 15! %! and! 70! %! with! an! average! of! approximately! 40! %.!

Precipitation! of! the! protein! was! often! seen! during! dialysis! between! the! two!

concentration! steps.! When! appropriate,! this! precipitate! was! collected! by!

centrifugation,!redissolved!in!denaturant!and!refolded!to!increase!the!VHH!protein!

yield.!The!typical!yields!of!both!the!unfolded!and!refolded!VHH!proteins!prepared!

are!detailed!in!Table!2.1.!!!

!

!
Table(2.1(–(Yield(of(Unfolded(and(Refolded(Protein(

The! yield! of! unfolded! protein! was! measured! directly! after! the! NiPNTA!

purification!and!the!yield!of!refolded!protein!refers!to!the!final!quantity!of!

VHH!protein!obtained!after! refolding,! concentration! and!buffer! exchange!

into!the!required!buffer.!

!

2.3.3!–!Expression!and!Purification!of!15N/13C/2H!ILP6!

A!pellet!of!15N/13C/2H! ILP6!from!a!5! l!expression!was!provided!by!Dr.!Philip!Addis!

(University! of! Leicester)! and! purified! as! described! in! Section! 2.2.16.! ! The!

chromatogram!of!the!NiPNTA!prep!of!ILP6!is!shown!in!Figure!2.8!alongside!the!SDSP

PAGE!analysis!of!samples!taken!throughout!the!purification.!Approximately!40!mg!

of! ILP6! protein! was! obtained! after! the! pooled! protein! fractions! were! buffer!

exchanged!into!high!salt!PBS!and!concentrated.!

VHH#18#Yield#(mg#l.1)# VHH#67#Yield#(mg#l.1)#

Protein#Labelling# Unfolded# Refolded# Unfolded# Refolded#

Unlabelled# 69# 22# 82# 56#
15N#Labelled# 55# 26# 59# 12#

15N/13C#Labelled# 43# 21# 43# 18#
13C,#AromaGcs#Unlabelled# 62# 19# 46# 6#
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!
Figure(2.8(–(First(NiQNTA(Purification(of(15N/13C/2H(ILQ6(

The!chromatogram!of!the!NiPNTA!purification,!in!Panel!A,!shows!three!main!

peaks,! Peak! A1,! Peak! A2! and! Peak! A3,! eluting! during! the! imidazole!

gradient.!!Representative!fractions!from!each!of!these!peaks!were!analysed!

by!Coomassie!blue!stained!SDSPPAGE,!shown!in!Panel!B.!Peak!A1!and!Peak!

A2! were! shown! to! contain! a! small! amount! of! ILP6! but! consisted!

predominantly!of!E.coli!contaminants.!Peak!A3!showed!a!higher!proportion!

of!ILP6!and!suitable!fractions!from!A3!were!pooled!for!removal!of!the!His6P

tag.!

!

! !

250$

98$

64$

50$

36$

30$

16$

kDa$

M
ar
ke
r$

To
ta
l$L
ys
at
e$

So
lub

le$
Lo
ad
$

Flo
w$
Th
ro
ug
h$

Pe
ak
$A
1$

Pe
ak
$A
2$

A$

B$ Peak$A3$

ILD6$

1200$

1000$

600$

400$

0$

Ab
so
rb
an
ce
$(m

AU
)$

800$

200$

0$$$$$$$$$$$$$$$$$$$$$$$$$$50$$$$$$$$$$$$$$$$$$$$$$$$100$$$$$$$$$$$$$$$$$$$$$$$150$$$$$$$$$$$$$$$$$$$$$$$200$$$$$$$$$$$$$$$$$$$$$$$$$$$$

A1$

A2$

A3$

250$

10$

Im
id
az
ol
e$
Co

nc
en

tr
a>

on
$(m

M
)$

Run$Time$(min)$



!
!

82!

After! cleavage! of! the! His6Ptag! a! second! NiPNTA! purification! was! carried! out! to!

isolate!unPtagged!ILP6.!Figure!2.9!shows!the!chromatogram!of!the!purification!and!

SDSPPAGE!analysis!of! samples! collected!during! the!purification.!The! final! yield!of!
15N/13C/2H!ILP6!was!11!mg!or!2.2!mg!lP1!as!determined!by!absorbance!at!280!nm!(ε!

=!10220!MP1!cmP1).!

!

!
Figure(2.9(–(Second(NiQNTA(Purification(of(15N/13C/2H(ILQ6(

Panel!A!shows!the!chromatogram!for!the!NiPNTA!purification!of! ILP6!after!

reaction! with! TEV! protease.! The! flow! through! was! collected! from! the!

region!labelled!A1!and!fractions!were!collected!from!the!peak!labelled!A2.!

In!Panel!B,!the!SDSPPAGE!gel,!visualised!using!Coomassie!blue!stain,!shows!

that!the!flow!through!contained!pure!15N/13C/2H!ILP6.!The!gel!also!shows!a!

proportion!of! the! ILP6! protein!was! retained!on! the! column!and! eluted! in!

Peak!A2,!however,! these! fractions!contained!other!contaminants!so!were!

not!used.!
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2.3.4!–!Analytical!Gel!Filtration!Chromatography!

Analysis! of! the! VHH! samples! by! analytical! gel! filtration,! as! described! in! Section!

2.2.17,!showed!that!the!VHH!samples!were!pure!and!suggested!a!molecular!weight!

between!17!kDa!and!1.3!kDa!which!agrees!with!an!expected!molecular!weight!of!

approximately!16!kDa.!Figure!2.10!shows!examples!of!typical!chromatograms.!

!

!
Figure( 2.10( –( Analytical( Gel( Filtration( Chromatograms( Confirming(

Monomeric(VHH(18(and(VHH(67(

The! chromatogram! in! Panel! A! shows! an! injection! of! the! Gel! Filtration!

Standard!(approximately!30!μg!per!component)!injected!onto!a!Superdex!

S75!10/300!column!with!a!flow!of!1!ml!minP1!PBS,!pH7.4.!Panels!B!and!C!

show! equivalent! 30! μg! injections! of! the! purified,! refolded! VHH! 18! and!

VHH! 67! obtained! from! the!E.coli! expression.! The!monomeric! species! of!

VHH!18!and!VHH!67!were!expected!to!have!molecular!weights!of!14523.0!

Da! and! 16238.8! Da! respectively.! Peaks! were! observed! between! the! 17!

kDa!and!1.3!kDa!standards!so!are!consistent!with!expected!masses!of!the!

monomeric!species.!!
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2.3.5!–!Fluorescence!Spectroscopy!

Fluorescence! spectroscopy! is! commonly! used! to! study! the! folding! and!

conformational!dynamics!of!proteins! (Royer,!2006).!Tryptophan!and! tyrosine!are!

intrinsically! fluorescent! and! the! fluorescence! signals! from! these! residues!

(especially!tryptophan)!are!sensitive!to!changes!in!tertiary!or!quaternary!structure!

of!the!protein.!Tryptophan!residues!are!commonly!found!buried!in!the!core!of!the!

protein!or!at!the!interface!between!protein!domains!and!when!partially!buried!will!

emit! at! a! wavelength! of! 335! nm! (Royer,! 2006).! As! the! protein! unfolds! and! the!

tryptophan!residues!become!exposed!the!emission!wavelength!increases!through!

to!a!maximum!of!355!nm!when!completely!exposed!to!water!(Royer,!2006).!Along!

with! a! change! in! wavelength,! the! intensity! can! change,! either! increasing! or!

decreasing,! as! the! tryptophan! comes! into! contact!with!water! and! interacts!with!

quenching!agents.!This!variation! in! fluorescence!wavelength!and! intensity!allows!

the! unfolding! of! a! native! protein! to! be! observed! as! a! function! of! denaturant!

concentration.!

!

To! confirm! the!presence!of! a! stable!protein! fold! for! the!VHH! samples!prepared,!

both!the!change!in!the!fluorescence!maxima!and!intensity!were!monitored!over!a!

range! of! GuHCl! concentrations.! The! denaturation! profile! monitored! by!

fluorescence!for!VHH!18! is!shown!as!an!example! in!Figure!2.11!and!confirms!the!

presence! of! secondary! structure!within! the! protein.! VHH! 18! unfolds!with! a!mid!

point!at!a!GuHCl!concentration!of!1.5!M!and!is!completely!unfolded!when!a!GuHCl!

concentration!of! approximately! 3!M! is! reached.! Typical!mid!point! values! for! the!

VHHs!measured!ranged!from!1.2!M!to!2.5!M.!

! !
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!
Figure( 2.11( –( Chemical( Denaturation( of( VHH( 18( as( Monitored( by(

Fluorescence(Spectroscopy(

Panel! A! shows! the! change! in! the!wavelength! of! the! intrinsic! tryptophan!

fluorescence!emission!spectra!as!a!function!of!GuHCl!for!VHH!18.!Panel!B!

shows!the!denaturation!profile!as!monitored!by!the!change!in!the!intensity!

of!fluorescence.!The!chemical!denaturation!of!the!E.coli!expressed!VHH!18,!

as! monitored! by! fluorescence,! shows! the! protein! unfolding! with! a! mid!

point!of!1.5!M.!!

!

2.3.6!–!Circular!Dichroism!Spectroscopy!

Analysis!of! the! far!UV!CD! spectrum!allows! characterisation!of!protein! secondary!

structural!features!including!determination!of!αPhelical!and!βPsheet!content!(Kelly!

and! Price,! 2000).! The! CD! spectra! of! αPhelical! proteins!will! show! a! positive! peak!

around!190!nm!and!negative!peaks!at!208!nm!and!222!nm;!proteins!with!βPsheet!

character!will!show!a!positive!peak!between!195!nm!and!200!nm!and!a!negative!

peak!between!210!nm!and!220!nm;!and!disordered!proteins!show!a!negative!band!

around!200!nm!(Corrêa!and!Rammos,!2009).!

! !
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Figure!2.12!shows!the!CD!spectra!collected!for!the!E.coli!expressed!VHH!67!and!ILP

6.!The!results!confirm!that!VHH!67!is!predominantly!βPsheet!in!character!and!ILP6!

is!an!αPhelical!protein.!

!

!
Figure( 2.12( –( Far( UV( CD( Spectra( of( VHH( 67( and( ILQ6( used( to( Confirm(

Secondary(Structure(

The!far!UV!spectrum!of!VHH!67!is!displayed!in!Panel!A!as!an!example!of!the!

CD!spectra!acquired!for!VHH!proteins.!This!spectrum!shows!a!positive!band!

around!200!nm!and!a!negative!band!between!210!and!220!nm!indicative!of!

a!protein!with!predominantly!βPsheet!structure.!Panel!B!shows!the!far!UV!

spectrum!of!ILP6!that,!with!negative!bands!at!around!208!nm!and!222!nm,!

is!indicative!of!a!protein!with!predominantly!αPhelical!structure.!

!!

2.3.7!–!Surface!Plasmon!Resonance!

Association!rate,!dissociation!rate!and!affinity!of!the!purified!VHHs!were!calculated!

from!the!data!shown!in!Figures!2.13!and!2.14!and!are!displayed!in!Table!2.2.!Both!

VHHs!show!KD!values!in!the!low!nanomolar!range!but!the!off!rate!of!VHH!67!is!an!

order! of! magnitude! higher! than! VHH! 18.! The! affinity! measurement! for! the!

mammalian! expressed! VHH! 67! (as! detailed! in! Section! 1.5)! was! 2.0! nM,! slightly!

lower!than!measured!here!for!the!E.coli!expressed!sample.!
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!
Figure(2.13(Q(SPR(Analysis(of(ILQ6(Binding(to(E.coli(Expressed(VHH(18(

The!sensorgram!shows!the!of!the!titration!of!immobilised!VHH!18!with!ILP6!

at! concentrations!of!20!nM! (green),!10!nM! (blue),!5!nM! (yellow),!2.5!nM!

(orange)!and!1.25!nM! (red).! The! ILP6! injection!begins!at!380! seconds!and!

continues! until! 560! seconds.! Plotted! alongside! the! raw! data,! as! lighter!

lines,!are!the!double!referenced!data!fitted!to!a!1:1!model!of!binding!and!

corrected!for!drifting!baseline.!!

! !
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!
Figure(2.14(Q(SPR(Results(of(ILQ6(Binding(to(E.coli(Expressed(VHH(67(

The! sensorgram! shows! the! titration! of! immobilised! VHH! 67! with! ILP6! at!

concentrations! of! 20! nM! (green),! 10! nM! (blue),! 5! nM! (yellow),! 2.5! nM!

(orange)!and!1.25!nM! (red).! The! ILP6! injection!begins!at!380! seconds!and!

continues! until! 560! seconds.! Plotted! alongside! the! raw! data,! as! lighter!

lines,!are!the!double!referenced!data!fitted!to!a!1:1!model!of!binding!and!

corrected!for!drifting!baseline.!!

!
!

!
Table(2.2(Q(Binding(Kinetics(of(VHH(18(and(VHH(67(as(Measured(by(SPR(

The! table! lists! the! on! rates! and! off! rates,! along! with! the! standard! error!

calculated! for! each! result,! for! the! E.coli! expressed! VHH! antibodies.! From!

these!data!KD! values!of! 1.5!nM!and!14.6!nM!were! calculated! for!VHH!18!

and!VHH!67!respectively.!!

! !
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2.3.8!–!Mass!Spectrometry!!

The!electrospray!positive! ionisation!mass! spectra!acquired! for! the!VHHs!were!of!

good! quality! showing! a! clear! charge! state! distribution! of! ions! from! which! the!

molecular! weights! could! be! calculated! (see! Figure! 2.15).! For! VHH! 18! the!

theoretical! monoisotopic! molecular! weight! was! 14631.1! Da,! assuming! the!

formation!of!the!two!disulphide!bonds.!For!VHH!67!the!theoretical!monoisotopic!

molecular!weight!was!16377.0!Da,!assuming!the! formation!of!a!single!disulphide!

bond.!The!observed!masses!as!calculated!from!the!deconvolution!of!the!MS!data!

were! 14631.85! ±! 0.11! Da! and! 16378.57! ±! 0.78! Da! for! VHH! 18! and! VHH! 67!

respectively.!!

(
Figure(2.15(–(Electrospray(Positive(Ionisation(Mass(Spectra(of(VHH(18(and(

VHH(67(

Panel!A!shows!the!mass!spectrum!of!VHH!18!and!Panel!B!shows!the!mass!

spectrum! of! VHH! 67.! The! different! charge! states! from!which! the!masses!

were! calculated! have! been! labelled,! for! example! the! peaks! labelled! A11!

correspond!to!the![M!+!11H]!11+!charge!state.!Using!the!Waters!MaxEntTM!

and! TransformTM! algorithms,! the! masses! were! calculated! as! 14631.85! ±!

0.11!Da!and!16378.57!±!0.78!Da!for!VHH!18!and!VHH!67!respectively.!

! !
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2.3.9!–!NMR!Spectroscopy!

Initial!15NP1H!HSQC!spectra!for!VHH!18!and!VHH!67!are!shown!in!Figure!2.16.!The!

spectra! show! well! dispersed! peaks! with! good! signal! to! noise! consistent! with!

proteins!of! this! size!with!βPsheet! secondary! structure! (Vuchelen!et'al.,! 2009).!Of!

the!150!theoretical!signals!for!VHH!18!(129!amide!NHs,!6!pairs!of!asparagine!side!

chain!NH2s,!8!pairs!of!glutamine!NH2s!and!4!tryptophan!indole!NHs)!approximately!

136!signals!were!observed! (90!%).!For!VHH!67,!of! the!174! theoretical! signals! for!

(143!amide!NHs,!7!pairs!of!asparagine!side!chain!NH2s,!7!pairs!of!glutamine!NH2s!

and!3!tryptophan!indole!NHs)!approximately!165!signals!were!observed!(95!%).!

!

To! evaluate! the! stability! of! the! VHH! proteins,! the! samples!were! incubated! at! a!

temperature!of!35!°C!for!three!days!and!the!15NP1H!HSQC!spectra!were!reacquired.!

No!differences!were!observed!between!the!spectra!before!and!after!incubation.!

!
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(
Figure(2.16(–(15NQ1H(HSQC(Spectra(of(VHH(Proteins(

Panel! A! shows! a! 15NP1H! HSQC! spectrum! of! 15N/13C! labelled! VHH! 18! at! a!

concentration! of! 286! μM! in! 25!mM! sodium! phosphate,! 100!mM! sodium!

chloride! buffer,! pH! 6.4! collected! at! 35! °C! on! a! 600!MHz! Bruker! Avance!

spectrometer! for!60!minutes.!Panel!B! shows! the!equivalent! spectrum! for!

VHH!67!at!a!concentration!of!312!μM!collected!for!40!minutes.!The!spectra!

show!good!signal!to!noise!with!little!signal!overlap.!!

!
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The!15NP1H!TROSY!spectrum!collected!for!15N/13C/2H!ILP6!(Figure!2.17)!shows!more!

spectral! overlap! than! the!VHH! spectra! due! to! the! increased! size! of! ILP6! (21! kDa!

compared! to! 16! kDa)! and! the!αPhelical! content! of! ILP6.! This! is! consistent!with! a!

previous! example! in! the! literature! showing! significant! overlap! of! signals! in! the!

central!region!of!the!spectrum!(Xu!et'al.,!1996).!Of!the!225!theoretical!signals!(176!

amide!NHs,!10!pairs!of!asparagine!side!chain!NH2s,!14!pairs!of!glutamine!NH2s!and!

1! tryptophan! indole! NH)! approximately! 210! signals! were! observed! (95! %).! This!

compares!well!to!the!published!data!in!which!88!%!of!peaks!were!observed!(Xu!et'

al.,!1996).!

!

!
Figure(2.17(–(15NQ1H(TROSY(Spectrum(of(15N/13C/2H(ILQ6(

The!figure!shows!the!15NP1H!TROSY!spectrum!of!15N/13C/2H!labelled!ILP6!at!

a!concentration!of!380!μM!in!25!mM!sodium!phosphate,!100!mM!sodium!

chloride!buffer,!pH!6.4!collected!at!35!°C!on!an!800!MHz!Bruker!Avance!II!

spectrometer! for! 60! minutes.! A! high! degree! of! resonance! overlap! is!

observed! in! the! central! region! of! the! spectrum! (highlighted!with! a! red!

box).!Signals!resulting!from!the!arginine!side!chain!HεPNε!are!aliased!and!

appear!as!negative!signals!(shown!in!green).!!

!

! !
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2.4!–!Discussion!

The! results! presented! in! this! chapter! confirm! the! successful! cloning,! expression,!

refolding! and! purification! of! the! VHH! proteins.! Although! expression! of! soluble!

protein!was!not! achieved,! the!purification!and! refolding!of! the! insoluble!protein!

was!an!effective!strategy!to!generate!high!yields!of!pure!VHH!protein.!

!

Analytical!gel!filtration!confirmed!the!isolation!of!pure,!monomeric!VHH!proteins.!

Intrinsic!fluorescence!spectroscopy!confirmed!the!presence!of!a!stable!protein!fold!

with!mid!points!of!unfolding!around!1.5!M!for!the!VHHs!expressed!for!this!project.!

Far!UV!CD!analysis!confirmed!that!the!VHH!proteins!were!predominantly!βPsheet!

in!character!and!binding!kinetics,!measured!by!SPR,!show!the!E.coli!expressed!VHH!

proteins! binding! to! ILP6! in! the! low! nanomolar! range,! consistent! with! values!

measured!for!mammalian!expressed!VHHs.!Finally,! it!was!shown!that! isotopically!

labelled! VHH! proteins! give! rise! to! high! quality!NMR! spectra!with!well! dispersed!

signals!and!good!signal!to!noise.!

!

Also!reported!in!this!chapter!was!the!expression!and!purification!of!15N/13C/2H!ILP

6,! required! for! the! VHH:ILP6! complex! experiments! carried! out! in! Chapter! 4.! The!

final!yield!of!purified!ILP6!obtained!using!the!method!described!in!Sections!2.2.15!

and!2.2.16!was!2.2!mg!lP1!compared!to!2.75!mg!lP1!previously.!The!NMR!spectrum!

acquired! for! ILP6! compared! well! to! published! data! (Xu! et' al.,! 1996)! with!

approximately!95!%!of!the!theoretical!signals!being!observed!in!the!15NP1H!TROSY.!

!

2.5!–!Conclusions!

This!chapter!shows!that!VHH!proteins!expressed!in!E.coli!provide!high!quality!NMR!

spectra.!Yields!of!around!20!mg! lP1!are!achievable! for! the!unlabelled!protein!and!

for! almost! all! varieties! of! the! isotopically! labelled! proteins.! Characterisation! by!

chromatography,! fluorescence!spectroscopy,!CD!and!SPR!also!confirmed!that!the!

VHH! proteins! were! stable,! folded,! had! the! predicted! secondary! structure! and!

binding!affinities!identical!to!those!expressed!in!mammalian!systems.!

!
!
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Chapter! 3! –! NMR! Solution! Structures! of! Free! VHH! Antibody!

Fragments!

!

3.1!–!Introduction!

The! aims! of! the! work! described! in! this! chapter! were! to! solve! the! free! solution!

structures! of! VHH! antibodies! by! NMR! and! in! doing! so! gain! an! insight! into! the!

behaviour! of! the! complementarity! determining! regions! (CDRs).! The! VHH!

antibodies! being! investigated!were! raised! to! a! ILP6:gpP80! fusion!protein! but! it! is!

hoped!that!conclusions!drawn!from!this!work!will!be!applicable!to!VHH!antibodies!

raised!against!a!wide!range!of!target!proteins.!

!

As!discussed!in!Chapter!1,!the!length!of!the!CDR!loops!of!VHH!domains!are!longer!

than!those!found!in!the!VH!domains!of!conventional!antibodies!(Desmyter!et'al.,!

1996).! These! extended! CDRs! have! also! been! shown! to! adopt! alternative!

conformations!to!those!observed!in!conventional!antibodies!(Muyldermans,!2001).!

The! increased! length! and! additional! conformations! may! be! responsible! for!

maintaining! VHH! diversity! despite! having! half! the! number! of! CDRs! than!

conventional!antibodies.!The!longer!CDRs!of!VHH!domains!may!be!inherently!more!

flexible! than! conventional! antibodies! as! conformation! is! less! restricted.!

Conversely,!some!VHHs!have!an!additional!disulphide!bond!linking!CDR1!and!CDR3!

that!may!result!in!greater!stability!of!CDR!loops!(Nguyen!et'al.,!2000).!!!

!

Currently,! around! 80! VHH! structures! have! been! submitted! to! the! RCSB! Protein!

Data!Bank!(PDB)!(www.rcsb.org).!The!vast!majority!of!these!structures!have!been!

solved!by!XPray! crystallography!and!around!80!%!of! them!are!VHH!antibodies! in!

complex!with!another!protein!or! ligand.! In!order! to!understand! the!dynamics!of!

the!CDRs!and!the!role!that!they!play!in!binding,!it!is!essential!to!first!study!the!VHH!

antibodies!free!in!solution!before!observing!the!VHH!in!complex!with!its!antigen,!

where! conformation! and! mobility! of! the! VHH! CDRs! may! be! influenced! by! the!

presence!of!the!antigen.!NMR!offers!the!opportunity!to!study!the!dynamics!of!the!

CDRs!in!solution.!!



!
!

95!

Given! the! size! and! stability! of! VHH! domains! they! should! be! ideally! suited! to!

structural!studies!by!NMR!but! to!date!there! is!only!one!VHH!structure!solved!by!

NMR.!This!single!example!of!a!VHH!NMR!structure!available!in!the!PDB!is!that!of!

VHHPH14!which!was!raised!against!the!α!subunit!of!human!chorionic!gonadotropin!

(Renisio!et'al.,!2002,!PDB!accession!code!1G9E).!The!XPray!crystal!structure!of!VHHP

H14!is!also!available!(Spinelli!et'al.,!1996,!PDB!accession!code!1HCV)!both!of!which!

are! discussed! in! Section! 1.2.! Comparison! of! the! NMR! structure! and! the! crystal!

structure! of! VHHPH14! shows! good! agreement! between! the! structures! with! the!

exception!of!the!CDRs!for!which!structural!differences!are!observed.!Renisio!et'al.!

go!on!to!conclude,!through!measurement!of!NMR!dynamics!parameters,!that!the!

antigen!recognition!site!is!the!most!mobile!region!of!the!protein.!With!CDR1,!CDR2!

and!CDR3!lengths!of!6,!9!and!6!residues!respectively,!VHHPH14!has!relatively!short!

CDRs!and! therefore!may!not!be! representative!of! the!majority!of!VHH!domains.!

For!this!reason!solving!the!NMR!structures!of!VHH!domains!with!longer!CDRs!and!

determining!the!dynamics!of!these!extended!CDRs!could!provide!valuable! insight!

into!the!behaviour!of!the!antigenPbinding!regions!of!VHH!antibodies.!

!

Antigen!binding!is!thought!to!occur!predominantly!through!CDR3!(Muyldermans!et'

al.,! 2009)! so! to! investigate! the! impact! on! CDR! length! on! the! dynamics! of! CDRs,!

VHH!18!was!selected!from!the!panel!of!VHH!antibodies!(described!in!Section!1.5)!

as!an!example!of!a!VHH!with!a!short!CDR3!(10!residues)!and!VHH!67!was!selected!

as!an!example!of!a!VHH!with!a!long!CDR3!(19!residues).!The!hypothesis!was!that!

VHH! 18!with! a! short! CDR3,! which! also! contained! an! additional! disulphide! bond!

linking!CDR3!to!CDR1,!would!be!more!rigid!than!the! longer,!untethered,!CDR3!of!

VHH!67.!Interesting!and!unexpected!features!of!the!structure!of!the!long!CDR3!in!

VHH! 67! led! to! further! work! being! carried! on! VHH! 29! and! VHH! 146,! two! other!

examples!of!VHH!antibodies!with!long!CDR3!loops.!

! !
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3.2!–!Materials!and!Methods!

3.2.1!–!NMR!Sample!Preparation!

The! VHH! samples! were! buffer! exchanged! into! the! NMR! buffer! (25!mM! sodium!

phosphate,!100!mM!sodium!chloride,!10!μM!EDTA!and!0.02!%!(w/v)!sodium!azide!

buffer! at! pH! 6.4)! and! concentrated! using! a! 3000! Da! molecular! weight! cut! off!

(MWCO)!Millipore!Amicon!Ultra!15!ml!centrifugal!filter!unit!as!described!in!Section!

2.2.14.!

!

3.2.2!–!NMR!Data!Acquisition!and!Processing!for!SequencePSpecific!Assignments!

NMR! spectra!were! acquired! from!0.35!ml! samples! of! 300P400!μM!VHHs! in! a! 25!

mM!sodium!phosphate,!100!mM!sodium!chloride,!10!μM!EDTA!and!0.02!%!(w/v)!

sodium!azide!buffer!at!pH!6.4!containing!10!%!D2O!/!90!%!H2O!or!100!%!D2O!as!

appropriate.!NMR!data!were! acquired! at! 35! °C! on! 600!MHz!Bruker!Avance,! 600!

MHz! Bruker! DRX! or! 800! MHz! Bruker! Avance! II! spectrometers.! The! 2D! and! 3D!

spectra! recorded! to! make! sequencePspecific! 15N,! 13C! and! 1H! resonance!

assignments! were:! 1HP1H! TOCSY! (Braunschweiler! and! Ernst,! 1983)! with! mixing!

times!of!30!and!60!ms;!1HP1H!NOESY!(Macura!and!Ernst,!1980)!with!an!NOE!mixing!

time!of!125!ms;!15NP1H!HSQC!(Bodenhausen!and!Ruben,!1980);!15NP1H!TOCSYPHSQC!

(Marion!et'al.,!1989)!with!a!mixing!time!of!55!ms;!15NP1H!NOESYPHSQC!(Marion!et'

al.,! 1989)! and! 13CP1H! HSQCPNOESY! (Majumdar! and! Zuiderweg,! 1993)! both! with!

NOE!mixing!times!of!125!ms;!HCCHPTOCSY!(Bax!et'al.,!1990)!with!a!mixing!time!of!

19.5! ms! and! 15NP13CP1H! HNCACB! (Wittekind! and! Mueller,! 1993),! CBCA(CO)NH!

(Grzesiek!and!Bax,!1993)!and!15NP13CP1H!HNCO!(Kay!et'al.,!1990).!2D!15NP1H!HSQC!

spectra!of! the!VHHs!were!also!acquired! in!D2O!to! identify!nonPexchanged!amide!

protons,!including!hydrogen!bonded!amide!protons.!Typical!acquisition!times!in!F1!

and!F2!for!the!3D!experiments!were!16.8P20!ms!for!15N,!6.8P8!ms!for!13C!(20!ms!in!

the!HNCO)!and!15P19!ms!for!1H,!with!an!acquisition!time!of!50!ms!in!F3!(1H).!Typical!

acquisition!times!in!2D!experiments!were!40!ms!(15N),!9!ms!(13C)!or!35P40!ms!(1H)!

in! F1! and! 100! –! 200! ms! in! F2! (1H).! 3D! experiments! were! collected! over!

approximately!72!hours,!2D!1H!experiments!over!approximately!24!hours,!and!2D!
15NP1H!or!13CP1H!spectra!over!40!minutes.!The!WATERGATE!method!(Piotto!et!al.,!

1992)!was!used!for!water!suppression.!2D!and!3D!NMR!data!were!processed!using!
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NMRPipe! (Delaglio! et' al.,! 1995)! with! linear! prediction! used,! when! required,! to!

extend! the! effective! acquisition! times! by! up! to! two! fold! in! indirect! dimensions.!

NonPuniform! sampling! (Schmieder! et' al.,! 1993)! was! used! to! acquire! data! when!

necessary,! with! a! subset! of! 25!%! data! sampled.! The! nonPuniform! sampled! data!

were! reconstructed! using! either! istHMS! (Hyberts! et' al.,! 2012)! or! mddnmr!

(Tugarinov!et'al.,!2005).!A!series!of!15NP1H!HSQC!experiments!were!also!carried!out!

at! temperatures! between! 5! °C! and! 40! °C! to! determine! the! temperature!

dependence!of!backbone!amide!signals.!

!

3.2.3!–!NMR!Data!Analysis!for!SequencePSpecific!Assignments!

Spectra!were!analysed!using!the!Sparky!package!(T.!D.!Goddard!and!D.!G.!Kneller,!

SPARKY! 3,! University! of! California,! San! Francisco).! SequencePspecific! backbone!

assignments! were! made! using! the! triple! resonance! 15NP13CP1H! HNCACB! and!

CBCA(CO)NH!spectra.!In!principle,!the!HNCACB!shows!the!correlation!between!the!

resonances! of! the! amide! nitrogen,! amide! proton,! Cα! and! Cβ! atoms! for! each!

residue!alongside!the!resonances!of!the!Cα!and!Cβ!atoms!of!the!preceding!residue.!

The! CBCA(CO)NH! links! the! amide! nitrogen! and! amide! proton! resonances! to! the!

resonances! of! the! Cα! and! Cβ! atoms! of! preceding! residue,! allowing! the! interP

residue!Cα!and!Cβ!resonances!to!be!distinguished!from!those!of!the!intraPresidue!

Cα!and!Cβ!atoms.!The!characteristic!resonances!of!Cα!and!Cβ!atoms!were!used!to!

identify!a!particular!residue,!or!groups!of!residues,!and!then!unique!combinations!

of!these!characteristic!Cα!and!Cβ!chemical!shifts!allowed!assignment!of!the!signals!

to!regions!of!the!protein!backbone!(Sattler!et'al.,!1999).!The!remaining!backbone!

assignments! were! then! made! by! a! process! of! elimination! using! the! triple!

resonance!spectra.!Correlations!observed!in!the!15NP1H!TOCSYPHSQC,!13CP1H!HCCHP

TOCSY,! 15NP1H! NOESYPHSQC! and! 13CP1H! HSQCPNOESY! were! used! to! help! the!

assignment! of! backbone! residues! and! make! side! chain! assignments.! The!

assignment!of! aromatic! side! chain!protons!was! achieved!using! a! combination!of!

the!1HP1H!TOCSY!and!1HP1HPNOESY!experiments!alongside!the!15NP1H!NOESYPHSQC!

and!15NP1H!TOCSYPHSQC!experiments!(Sattler!et'al.,!1999).!Using!the!amide!proton!

and! amide! nitrogen! assignments,! the! 15NP13CP1H! HNCO! spectrum! was! used! to!

assign!the!carbonyl!resonances!for!each!residue.!
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3.2.4!–!Secondary!Structure!Prediction!from!NMR!Chemical!Shifts!

The! locations! of! secondary! structure! elements!were! predicted! by! two!methods,!

firstly! by! the! Torsion! Angle! Likelihood! Obtained! from! Shift! method! (TALOS+)!

(Cornilescu!et' al.,! 1999,! Shen!et' al.,! 2009)! and! then!by! the!Chemical! Shift! Index!

method!(CSI)!(Wishart!et'al.,!1992,!Wishart!and!Sykes,!1994).!!

!

TALOS+!takes!the!15N!(backbone!amide),!13C!(C=O,!Cα!and!Cβ)!and!1H!(Hα)!chemical!

shifts! and! searches! for! residue! and! chemical! shift! homology! within! triplets! of!

residues!against!a!database!of!proteins!for!which!both!NMR!assignments!and!XPray!

crystal! structures! are! available.! From! this! data! the!phi! and!psi! backbone! torsion!

angles,!and!subsequently,!the!secondary!structure!are!predicted.!

!

The!CSI!method!predicts!secondary!structure!by!comparing!13C! (C=O,!Cα!and!Cβ)!

and! 1H! (Hα)! chemical! shifts! to! those!of! random!coil! values.! The!direction!of! the!

chemical! shift! difference,! upfield! or! downfield! of! the! random! coil! values,! are!

indicative! of! atoms! being! located! in! areas! of! αPhelix! or! βPstrands.! For! the! VHH!

proteins!the!Cα!and!Cβ!chemical!shifts!were!used!to!predict!secondary!structure.!!!

!

3.2.5!–!NMR!Structure!Calculation!

The!VHH!solution!structures!were!calculated!using!the!program!CYANA!(Guntert!et'

al.,! 1997).! First,! the! combined! automated! NOE! assignment! and! structure!

determination!module! (CANDID)! (Herrmann!et'al.,! 2002)!was!used! to!determine!

unique! assignments! for! the! NOEs! identified! in! the! twoP! and! threePdimensional!

NOESY!spectra!that!were!used!to!produce!initial!structures.!These!structures!then!

underwent! several! cycles! of! simulated! annealing! combined! with! redundant!

dihedral! angle! constraints! (REDAC)! to! produce! final! converged! VHH! structures!

(Guntert!and!Wuthrich,!1991).!!

!

The! inputs! for! CANDID! included! essentially! complete! 15N,! 13C! and! 1H! resonance!

assignments! for! the!VHHs;!manually!picked!peak! lists! from!the! 1HP1H,!15NP1H!and!
13CP1H! NOESY! spectra! corresponding! to! all! NOEs! involving! aromatic! side! chain!

protons,! amide! protons! and! aliphatic! protons;! together! with! torsion! angle!
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constraints!as!predicted!from!the!backbone!dihedral!angles!in!the!program!TALOS+!

(Cornilescu!et'al.,!1999!and!Shen!et'al.,!2009).!From!the!initial!CANDID!structures,!

possible!hydrogen!bonds!were!identified,!and!when!confirmed!by!the!presence!of!

nonPexchanged!amide!protons,!were! included! in!the!final!CANDID!run!and! in!the!

REDAC! refinement.! The!peaks! lists!were!prepared!using! the! Sparky!package! and!

CANDID!calculations!were!carried!out!using!the!default!settings!of!CYANA!2.1!with!

chemical!shift!tolerances!set!to!0.02!P!0.03!ppm!(direct!and!indirect!1H)!and!0.2!P!

0.3!ppm!(15N!and!13C).!Analysis!of!the!family!of!structures!was!carried!out!using!the!

program!MOLMOL!(Koradi!et'al.,!1996).!

( (
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3.3!Results!

3.3.1!–!NMR!Data!Acquisition!and!Processing!for!SequencePSpecific!Assignments!

3.3.1.1!–!SequencePSpecific!Assignments!for!VHH!18!

VHH!18!gave!rise!to!well!resolved!spectra!as!illustrated!by!the!15NP1H!HSQC!shown!

in!Figure!3.1.!!

!

(
Figure(3.1(–(15NQ1H(HSQC(Spectrum(of(VHH(18(

The!figure!shows!the!15NP1H!HSQC!spectrum!of!15N/13C!labelled!VHH!18!at!

a!concentration!of!286!μM!in!25!mM!sodium!phosphate,!100!mM!sodium!

chloride! buffer,! pH! 6.4! collected! at! 35! °C! on! a! 600!MHz!Bruker!Avance!

spectrometer! for! 60!minutes.! The! assignments! of! the! resonances! from!

the!backbone!amide!groups!in!VHH!18!are!annotated!by!residue!type!and!

number.!Residues!numbered!from!101!to!218!are!the!native!VHH!residues!

and! those! numbered! 93! to! 100! form! the! His6Ptag! and! TEV! protease!

cleavage! site.! Peaks! arising! from! side! chain! NH2! groups! or! tryptophan!

indolic!NH!groups!are!highlighted!with!an!asterisk.!!

! !
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The!quality!of!the!data!acquired!allowed!for!almost!complete!backbone!resonance!

assignments! as! shown! in! Figure! 3.2.! SequencePspecific! backbone! amide!

assignments! were! obtained! for! all! residues! in! VHH! 18! with! the! exception! of!

Arg128,! Ser162,! Gly188,! Cys195! and! Trp202! to! Thr207! (corresponding! to! the!

assignment!of!91!%!of!the!backbone!amides),!and!for!Cα!and!Cβ!resonances!apart!

from! Trp202! to! Asn206! (95! %! assignment! of! Cα! and! Cβ! atoms).! All! Hα! and! Hβ!

resonances!were! assigned!with! the! exception! of! Glu101! (Hβ2! and!Hβ3),! Cys122!

(Hα),!Ser125!(Hβ2!and!Hβ3),!Arg128,!Ser162,!Ser173,!Gly188,!Cys195!and!Trp202!

to! Thr207! (corresponding! to! the! assignment! of! 89! %! of! Hα! and! Hβ! atoms).!

Carbonyl! carbons! were! assigned! with! the! exception! of! Leu127,! Ala140,! Val148,!

Tyr159,!Gly161,!Gly165,!Met182,!Ser184,!Ser186,!Pro187,!Tyr194,!Cys200,!Pro201!

to!Asn206,!Gly211!and!Ser218!(87%!assignment!of!carbonyl!carbons).!

!

!
Figure(3.2(–(SequenceQSpecific(Backbone(Amide(Assignments(Obtained(for(

VHH(18(

Amino!acid!sequence!for!VHH!18!with!assigned!residues!highlighted!in!blue!

and!unassigned!residues!highlighted!in!red.!Blue!boxes!highlight!the!CDRs.!

!

Figure!3.3!shows!example!15N!strips!from!the!triple!resonance!spectra!that!allowed!

the!backbone!assignments!of!VHH!18!to!be!made.!For!the!nonPexchangeable!side!

chain! atoms! (15N,! 13C! and! 1H)! assignments! were! obtained! apart! from! Glu101,!

Gln103,!Leu127!(Cγ!and!Hγ),!Arg128,!Gln139!(Cγ),!Phe151!(Hζ),!Gln171,!Leu180!(Cγ!

and! Hγ),! Gln181! (Hε22! and! Nε2),! Tyr193! (Qε),! Gln213! (Cγ,! Hγ2! and! Hγ3)! and!

Trp202!(Hε3,!Hη2!and!Hζ3).!In!addition,!no!side!chain!assignments!were!obtained!

for!Tyr203!to!Thr207.!
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!
Figure( 3.3( –( Example( 15N( Strips( from( the( HNCACB( and( CBCA(CO)NH(

Spectra(of(VHH(18(

The! strips! show! the! intraP! and! interPresidue! connectivities! for! a! string! of!

five! sequential! residues! of! VHH! 18.! For! each! residue! a! strip! from! the!

CBCA(CO)NH!(with!Cα!and!Cβ!peaks!shown!in!blue)!is!shown!adjacent!to!a!

strip!from!the!HNCACB!(with!Cα!peaks!shown!in!red!and!Cβ!peaks!shown!in!

green).!Dashed! red! lines!between! the!peaks!show!how!the!connectivities!

were!made! between! each! Cα! and! Cβ! resonance! in! the! HNCACB! and! the!

resonances! from! the! Cα! and! Cβ! atoms! of! the! preceding! residue! in! the!

CBCA(CO)NH! allowing! assignments! to! be! made! for! the! backbone! of! the!

VHH.!!
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t2 - 15N :  126.860  (ppm)

Spectrum:  VHH18CBCACONH
User:  christineprosser     Date:  Wed Oct  9 14:17:55 2013
Positive contours: low 8.00e+06  levels 16  factor 1.40

t2 - 15N :  126.860  (ppm)

Spectrum:  VHH18HNCACB
User:  christineprosser     Date:  Wed Oct  9 14:18:02 2013
Positive contours: low 1.00e+06  levels 16  factor 1.40
Negative contours: low -6.00e+05  levels 16  factor 1.40

t2 - 15N :  114.347  (ppm)

Spectrum:  VHH18CBCACONH
User:  christineprosser     Date:  Wed Oct  9 14:18:29 2013
Positive contours: low 8.00e+06  levels 16  factor 1.40

CA

t2 - 15N :  114.347  (ppm)

Spectrum:  VHH18HNCACB
User:  christineprosser     Date:  Wed Oct  9 14:18:37 2013
Positive contours: low 1.00e+06  levels 16  factor 1.40
Negative contours: low -6.00e+05  levels 16  factor 1.40

t2 - 15N :  124.550  (ppm)

Spectrum:  VHH18CBCACONH
User:  christineprosser     Date:  Wed Oct  9 14:18:43 2013
Positive contours: low 8.00e+06  levels 16  factor 1.40

t2 - 15N :  124.550  (ppm)

Spectrum:  VHH18HNCACB
User:  christineprosser     Date:  Wed Oct  9 14:19:03 2013
Positive contours: low 1.00e+06  levels 16  factor 1.40
Negative contours: low -6.00e+05  levels 16  factor 1.40

t2 - 15N :  128.603  (ppm)

Spectrum:  VHH18CBCACONH
User:  christineprosser     Date:  Wed Oct  9 14:19:10 2013
Positive contours: low 8.00e+06  levels 16  factor 1.40

t2 - 15N :  128.603  (ppm)

Spectrum:  VHH18HNCACB
User:  christineprosser     Date:  Wed Oct  9 14:19:17 2013
Positive contours: low 1.00e+06  levels 16  factor 1.40
Negative contours: low -6.00e+05  levels 16  factor 1.40

t2 - 15N :  125.665  (ppm)

Spectrum:  VHH18CBCACONH
User:  christineprosser     Date:  Wed Oct  9 14:19:27 2013
Positive contours: low 8.00e+06  levels 16  factor 1.40

t2 - 15N :  125.665  (ppm)

Spectrum:  VHH18HNCACB
User:  christineprosser     Date:  Wed Oct  9 14:19:34 2013
Positive contours: low 1.00e+06  levels 16  factor 1.40
Negative contours: low -6.00e+05  levels 16  factor 1.40

Leu$120$ Ser$121$ Cys$122$ Ala$123$ Ala$124$

20$

40$

60$

13
C$
pp

m
$

1H$ppm$
8.737$8.737$ 8.951$ 8.951$ 8.992$ 8.457$8.992$ 8.457$ 8.336$ 8.336$



!
!

103!

3.3.1.2!–!SequencePSpecific!Assignments!for!VHH!67!

VHH!67!also!gave! rise! to!well! resolved!spectra!as! illustrated!by! the! 15NP1H!HSQC!

shown!in!Figure!3.4.!

(

(
Figure(3.4(–(15NQ1H(HSQC(Spectrum(of(VHH(67(

The!figure!shows!the!15NP1H!HSQC!spectrum!of!15N/13C!labelled!VHH!67!at!a!

concentration! of! 312! μM! in! 25!mM! sodium! phosphate,! 100!mM! sodium!

chloride! buffer,! pH! 6.4! collected! at! 35! °C! on! a! 600!MHz! Bruker! Avance!

spectrometer! for! 40! minutes.! The! assignments! of! the! signals! from! the!

backbone! amide! groups! in! VHH! 67! are! annotated! by! residue! type! and!

number.!Residues!numbered!from!101!to!230!are!the!native!VHH!residues!

and! those! numbered! 93! to! 100! form! the! His6Ptag! and! TEV! protease!

cleavage! site.! Peaks! arising! from! side! chain! NH2! groups! or! tryptophan!

indolic!NH!groups!are!highlighted!with!an!asterisk.!

!

Again,! the! quality! of! the! data! acquired! allowed! for! almost! complete! backbone!

resonance!assignments,!as!shown!in!Figure!3.5.!SequencePspecific!backbone!amide!

assignments!were!obtained!for!all!residues!in!VHH!67!with!the!exception!of!Tyr127!

to!Tyr131!(corresponding!to!the!assignment!of!96!%!of!the!amide!backbone),!and!

for! Cα! and! Cβ! resonances! apart! from! Tyr127! to! Thr130! and! Val228! (96! %!

assignment!of!Cα!and!Cβ!atoms).!All!Hα!and!Hβ!resonances!were!assigned!with!the!
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exception!of!Arg169!(Hβ2!and!Hβ3),!Ser173!(Hβ2!and!Hβ3)!and!Tyr127!to!Thr130!

(95!%!assignment!of!Hα!and!Hβ!atoms).!Carbonyl!carbons!were!assigned!with!the!

exception!of!Gly126!to!Thr130,!Ala142,!Lys189,!Phe205,!Pro206!and!Ser230!(93!%!

assignment!of!carbonyl!carbons).!

!

!
Figure(3.5(–(SequenceQSpecific(Backbone(Amide(Assignments(Obtained(for(

VHH(67(

Amino!acid!sequence!for!VHH!67!with!assigned!residues!highlighted!in!blue!

and!unassigned!residues!highlighted!in!red.!Blue!boxes!highlight!the!CDRs.!

!

For! the! nonPexchangeable! side! chain! atoms! (15N,! 13C! and! 1H)! assignments! were!

obtained! apart! from! Val105! (Cγ2),! Leu118! (Cδ1),! Leu120! (Cδ1),! Phe124! (Hζ),!

Phe139!(Hζ),!Asn154!(Hδ21,!Hδ22,!Nδ2),!Arg169!(Cδ,!Cγ,!Hδ2,!Hδ3,!Hγ2!and!Hγ3)!

and!Ile172!(Cδ1).!In!addition,!no!side!chain!assignments!were!obtained!for!Tyr127!

to!Thr130.!

! !
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3.3.1.3!–!SequencePSpecific!Assignments!for!VHH!29!

Figure!3.6!shows!the!15NP1H!HSQC!spectrum!of!VHH!29.!As!with!the!spectra!of!VHH!

18!and!VHH!67,!the!peaks!are!well!resolved.!

!

!
Figure(3.6(–(15NQ1H(HSQC(Spectrum(of(VHH(29(

The!figure!shows!the!15NP1H!HSQC!spectrum!of!15N/13C!labelled!VHH!29!at!a!

concentration! of! 224! μM! in! 25!mM! sodium! phosphate,! 100!mM! sodium!

chloride!buffer,!pH!6.4! collected!at!35! °C!on!a!800!MHz!Bruker!Avance! II!

spectrometer! for! 40! minutes.! The! assignments! of! the! signals! from! the!

backbone! amide! groups! in! VHH! 29! are! annotated! by! residue! type! and!

number.!Residues!numbered!from!101!to!221!are!the!native!VHH!residues!

and! those! numbered! 93! to! 100! form! the! His6Ptag! and! TEV! protease!

cleavage!site.!!

!

As!a!full!structural!determination!was!not!required!for!VHH!29,!sequencePspecific!

backbone!assignments!were!made!using!15NP1H!HSQC,!15NP13CP1H!HNCO,!HNCACB!

and! CBCA(CO)NH! spectra! only.! SequencePspecific! backbone! amide! assignments!

were! obtained! for! all! residues! in! VHH! 29!with! the! exception! of! Ala123,! Ala124,!

Tyr127!to!Met131,!Lys149!to!Gly151,!Thr155,!Asp170!to!Leu178,!Cys193!to!Thr198,!

Cys201,! Tyr202,!Gly212!and!Gln213! (75!%!assignment!of!backbone!amides),! and!
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for!Cα!and!Cβ! resonances!apart! from!Glu106,!Ala123,!Ala124,!Tyr127! to!Cys130,!

Lys149,!Ser150,!Asp170!to!Tyr177,!Cys193!to!Thr198,!Cys201,!Gly212!and!Gln213!

(77!%!assignment!of!Cα!and!Cβ!atoms).!The!completeness!of!the!sequencePspecific!

backbone!assignments!made!for!VHH!29!is!highlighted!in!Figure!3.7!and!shows!29!

residues! remain! unassigned.! The! HSQC! spectrum! shows! approximately! 11!

unassigned!signals,! too! few!to!account! for!all!of! the!unassigned!residues!of!VHH!

29.!This! implies!a!number!of! the!signals!are!missing! from!the!spectrum,!which! is!

mostly!likely!the!result!of!exchange!broadening!(as!described!in!Section!1.3).!

!

!
Figure( 3.7( –( SequenceQSpecific( Backbone( Amide( Assignments( Obtained(

for(VHH(29(

Amino!acid!sequence!for!VHH!29!with!assigned!residues!highlighted!in!blue!

and!unassigned!residues!highlighted!in!red.!Blue!boxes!highlight!the!CDRs.!

!

3.3.1.4!–!SequencePSpecific!Assignments!for!VHH!146!

The!15NP1H!HSQC!spectrum!of!VHH!146!is!shown!in!Figure!3.8.!As!with!VHH!29,!a!

full! structural! determination! was! not! required,! so! sequencePspecific! backbone!

assignments! were! made! using! 15NP1H! HSQC,! 15NP13CP1H! HNCO,! HNCACB! and!

CBCA(CO)NH! spectra! only.! SequencePspecific! backbone! amide! assignments!were!

obtained! for! all! residues! in! VHH! 146! with! the! exception! of! Ala124! to! Gly137,!

Ser155! to! Leu160,!Asp174! to!Val180!and!Ser201! to!Pro211! (71!%!assignment!of!

backbone!amides),!and! for!Cα!and!Cβ! resonances!apart! from!Ala124! to!Met136,!

Ser155!to!Asn158,!Gln173!to!Thr179!and!Asp200!to!Phe210!(72!%!assignment!of!

Cα! and! Cβ! atoms).! Figure! 3.9! shows! the! completeness! of! the! sequencePspecific!

backbone! assignments!made! for! VHH! 146.! A! similar! situation! is! seen! to! that! of!

VHH!29!in!that!only!approximately!15!signals!are!unassigned!in!the!HSQC!spectrum!
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but!37!residues!remain!unassigned!in!the!amino!acid!sequence!of!VHH!146,!again!

this!is!likely!to!be!due!to!exchange!broadening!of!signals!in!the!HSQC.!

(

!
Figure(3.8(–(15NQ1H(HSQC(Spectrum(of(VHH(146(

The!figure!shows!the!15NP1H!HSQC!spectrum!of!15N/13C!labelled!VHH!146!at!

a!concentration!of!440!μM!in!25!mM!sodium!phosphate,!100!mM!sodium!

chloride! buffer,! pH! 6.4! collected! at! 35! °C! on! a! 600!MHz! Bruker! Avance!

spectrometer! for! 40! minutes.! The! assignments! of! the! signals! from! the!

backbone! amide! groups! of! VHH! 146! are! annotated! by! residue! type! and!

number.!Residues!numbered!from!101!to!230!are!the!native!VHH!residues!

and! those! numbered! 93! to! 100! form! the! His6Ptag! and! TEV! protease!

cleavage!site.!

! !
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!
Figure( 3.9( –( SequenceQSpecific( Backbone( Amide( Assignments( Obtained(

for(VHH(146(

Amino!acid!sequence!for!VHH!146!with!the!assigned!residues!highlighted!in!

blue!and!unassigned! residues!highlighted! in! red.!Blue!boxes!highlight! the!

CDRs.!

!

3.3.2!–!Secondary!Structure!Prediction!from!NMR!Chemical!Shifts!

3.3.2.1!–!Secondary!Structure!Prediction!for!VHH!18!

The!locations!of!secondary!structure!elements!for!VHH!18,!as!determined!from!the!

chemical!shift!data!by! the!programs!TALOS+! (Cornilescu!et'al.,!1999!and!Shen!et'

al.,! 2009)! and! CSI! (Wishart! et' al.,! 1992,!Wishart! and! Sykes,! 1994)! are! shown! in!

Figure! 3.10.! As! expected,! this! analysis! revealed! that! the! VHH! 18! structure! is!

comprised!predominantly!of!βPsheets,!with!TALOS+!suggesting!that!the!domain!is!

composed!of! 10! separate! βPstrands! corresponding! to! about! 75!%!of! the! protein!

backbone.!CSI!predicts!a!similar!pattern!of!10!βPstrands!corresponding!to!nearly!60!

%!of!the!protein!backbone.!The!psi!and!phi!angles!predicted!by!TALOS+!from!the!

chemical!shift!data!of!VHH!18!are!listed!in!Appendix!A.2.1.!

!!
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!
Figure(3.10(–(Secondary(Structure(Elements(Identified(for(VHH(18.!!

The! location! of! regions! of! regular! secondary! structure,! as! determined! by!

the!programs!TALOS!and!CSI,!are!highlighted!above!the!protein!sequence!in!

Panel!A.!βPstrands!are! shown!as!blue!arrows!and!αPhelical! regions! as! red!

blocks.! Unassigned! residues! are! highlighted! in! red.! Panel! B! shows! the!

deviation! of! the! observed! Cα! chemical! shifts! from! the! expected! random!

coil!values!(Wishart!and!Sykes,!1994).!Residues!within!βPsheet!regions!are!

characterised!by!negative!secondary!shifts!of!greater!than!0.7!ppm!and!the!

helical! regions! by! positive! shifts! of! greater! than! 0.7! ppm! (Wishart! and!

Sykes,!1994).!An!equivalent!plot!showing!the!Cβ!secondary!shift!is!shown!in!

panel! C.! Residues! within! βPsheet! regions! are! characterised! by! positive!

secondary! shifts! of! greater! than! 0.7! ppm! and! the! helical! regions! by!

negative!shifts!of!greater!than!0.7!ppm!(Wishart!and!Sykes,!1994).!
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3.3.2.2!–!Secondary!Structure!Prediction!for!VHH!67!

The!locations!of!secondary!structure!elements!for!VHH!67,!as!determined!from!the!

chemical! shift! data! by! the! programs! TALOS+! and! CSI,! are! shown! in! Figure! 3.11.!

Both! TALOS+! and! CSI! predict! that! the! VHH! 67! structure! is! comprised!

predominantly!of!βPsheets,!with!both!TALOS+!and!CSI!suggesting!that!the!domain!

is!composed!of!10!separate!βPstrands!corresponding!to!between!55!%!and!66!%!of!

the! protein! backbone.! The! psi! and! phi! angles! predicted! by! TALOS+! from! the!

chemical!shift!data!of!VHH!67!are!listed!in!Appendix!A.2.2.!

! !



!
!

111!

(
Figure(3.11(–(Secondary(Structure(Elements(Identified(for(VHH(67(

The! location! of! regions! of! regular! secondary! structure,! as! determined!by!

the!programs!TALOS!and!CSI,!are!highlighted!above!the!protein!sequence!

in!Panel!A.!βPstrands!are!shown!as!blue!arrows!and!αPhelical!regions!as!red!

blocks.! Unassigned! residues! are! highlighted! in! red.! Panel! B! shows! the!

deviation! of! the! observed! Cα! chemical! shifts! from! the! expected! random!

coil!values.!Residues!within!βPsheet! regions!are!characterised!by!negative!

secondary!shifts!of!greater!than!0.7!ppm!and!the!helical!regions!by!positive!

shifts! of! greater! than! 0.7! ppm.! An! equivalent! plot! showing! the! Cβ!

secondary! shift! is! shown! in! panel! C.! Residues!within! βPsheet! regions! are!

characterised!by!positive!secondary!shifts!of!greater!than!0.7!ppm!and!the!

helical!regions!by!negative!shifts!of!greater!than!0.7!ppm.!
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3.3.2.3!–!Secondary!Structure!Prediction!for!VHH!29!

As!with! VHH! 18! and! VHH! 67,! the! locations! of! secondary! structure! elements! for!

VHH!29!were!determined! from! the! chemical! shift! data!by! the!programs!TALOS+!

and! CSI! and! the! results! are! shown! in! Figure! 3.12.! TALOS+! predicts! 8! βPstrands!

corresponding!to!51!%!of!the!protein!backbone.!Only!3!βPstrands!were!predicted!

using! the! CSI! method! corresponding! to! 14! %! of! the! protein! backbone.! These!

figures!are!lower!than!were!predicted!for!VHH!18!and!VHH!67!reflecting!the!lower!

proportion!of!Cα!and!Cβ!atoms!assigned.!Also,!the!consensus!between!predictions!

from!the!Cα!and!Cβ!chemical!shifts!were!not!as!good!as!with!VHH!18!and!VHH!67.!

Interestingly,! both! TALOS+! and! CSI! predict! αPhelical! character! in! the! CPterminal!

portion!of!CDR3,!which!was!seen!in!the!crystal!structure!of!VHH!29!when!bound!to!

ILP6!(Hancock,!2010).!

! !
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(
Figure(3.12(–(Secondary(Structure(Elements(Identified(for(VHH(29(

The! location! of! regions! of! regular! secondary! structure,! as! determined!by!

the!programs!TALOS!and!CSI,!are!highlighted!above!the!protein!sequence!

in!Panel!A.!βPstrands!are!shown!as!blue!arrows!and!αPhelical!regions!as!red!

blocks.! Unassigned! residues! are! highlighted! in! red.! Panel! B! shows! the!

deviation! of! the! observed! Cα! chemical! shifts! from! the! expected! random!

coil!values.!Residues!within!βPsheet! regions!are!characterised!by!negative!

secondary!shifts!of!greater!than!0.7!ppm!and!the!helical!regions!by!positive!

shifts! of! greater! than! 0.7! ppm.! An! equivalent! plot! showing! the! Cβ!

secondary! shift! is! shown! in! panel! C.! Residues!within! βPsheet! regions! are!

characterised!by!positive!secondary!shifts!of!greater!than!0.7!ppm!and!the!

helical!regions!by!negative!shifts!of!greater!than!0.7!ppm.!
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3.3.2.4!–!Secondary!Structure!Prediction!for!VHH!146!

Figure!3.13!shows! the! locations!of! secondary!structure!elements! for!VHH!146!as!

determined! by! TALOS+! and! CSI.! For! VHH! 146,! TALOS+! predicts! 7! βPstrands!

corresponding!to!42!%!of!the!protein!backbone!and!CSI!also!predicts!7!βPstrands!

but!these!are!shorter!so!only!correspond!to!27!%!of!the!protein!backbone.!As!with!

VHH!29,!the!proportion!of!the!VHH!assigned!is!slightly!lower!than!seen!for!VHH!18!

and!VHH!67!explaining!why!fewer!regions!of!secondary!structure!can!be!predicted.!

Again,!similar!to!VHH!29,!TALOS+!and!CSI!predicted!some!helical!character!in!the!

CPterminal!region!of!CDR3.!

! !
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(
Figure(3.13(–(Secondary(Structure(Elements(Identified(for(VHH(146(

The! location! of! regions! of! regular! secondary! structure,! as! determined!by!

the!programs!TALOS!and!CSI,!are!highlighted!above!the!protein!sequence!

in!Panel!A.!βPstrands!are!shown!as!blue!arrows!and!αPhelical!regions!as!red!

blocks.! Unassigned! residues! are! coloured! in! red.! Panel! B! shows! the!

deviation! of! the! observed! Cα! chemical! shifts! from! the! expected! random!

coil!values.!Residues!within!βPsheet! regions!are!characterised!by!negative!

secondary!shifts!of!greater!than!0.7!ppm!and!the!helical!regions!by!positive!

shifts! of! greater! than! 0.7! ppm.! An! equivalent! plot! showing! the! Cβ!

secondary! shift! is! shown! in! panel! C.! Residues!within! βPsheet! regions! are!

characterised!by!positive!secondary!shifts!of!greater!than!0.7!ppm!and!the!

helical!regions!by!negative!shifts!of!greater!than!0.7!ppm.!
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3.3.3!–!NMR!Structure!Calculation(

3.3.3.1!NMR!Structure!Calculation!for!VHH!18!

The! data! used! as! the! input! for! CANDID! included! 1244! peaks! corresponding! to!

NOEs! involving! amide! protons,! 1416! peaks! corresponding! to! aliphatic! proton! to!

aliphatic! proton! NOEs! and! 329! peaks! corresponding! to! aliphatic! proton! to!

aromatic!proton!NOEs!along!with!200!torsion!angle!constraints!as!determined!by!

TALOS.!!

!

CANDID!resulted!in!unique!assignments!for!90.1!%!(1121/1244)!of!the!NOE!peaks!

picked! in! the! 15NP1H! NOESYPHSQC! spectrum,! 93.2! %! (1320/1416)! in! the! 13CP1H!

HSQCPNOESY!spectrum!and!88.4!%!(291/329)!in!the!1HP1H!NOESY!spectrum,!which!

resulted! in! 1692! nonPredundant! 1H! to! 1H! upper! distance! constraints.! The! final!

family! of! VHH!18! structures!was! determined!using! a! total! of! 1932!NMRPderived!

structural!constraints!(an!average!of!14.7!per!residue),!including!1692!NOEPbased!

upper!distance! limits,!197!backbone! torsion!angle! constraints! (98!phi! and!99!psi!

angle!constraints!predicted!by!TALOS+!as!described!in!Section!3.3.2.1!and!listed!in!

Appendix!A.2.1.)! and!48!hydrogen!bond!constraints! (four! constraints! for!each!of!

the! 12! hydrogen! bonds).! Following! the! final! round! of! CYANA! calculations,! 80!

satisfactorily! converged! structures! were! obtained! from! 100! random! starting!

structures.! The! converged! structures! contain! no! distance! or! van! der! Waals!

violation!greater!than!0.5!Å!and!no!dihedral!angle!violations!greater!than!5!°,!with!

an!average!value!for!the!CYANA!target!function!of!0.62!±!0.31!Å2.!The!sums!of!the!

violations! for! the! upper! distance! limits,! lower! distance! limits,! van! der! Waals!

contacts!and! torsion!angle! constraints!were!2.60!±!1.06!Å,!0.00!±!0.00!Å,!3.13!±!

0.98!Å2!and!17.5!±!7.10! °! respectively.! Similarly,! the!maximum!violations! for! the!

converged!structures!were!0.18!±!0.06!Å,!0.01!±!0.01!Å,!0.18!±!0.05!Å2!and!2.55!±!

1.27! °! respectively.! The!NMR!constraints!and! structural! statistics! for!VHH!18!are!

summarised!in!Table!3.1.!

! !
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The! solution! structure! of! VHH! 18! is! determined! to! a! high! precision,! which! is!

evident! from! the! superposition!of! the!protein!backbone! shown! for! the! family!of!

converged! structures! in! Figure! 3.14! (best! fit! for! residues! 101P198,! 207P210! and!

212P218)!and!is!reflected!in!the!low!root!mean!standard!deviation!(RMSD)!values!

to!the!mean!structure!for!both!the!backbone!and!all!heavy!atoms!of!0.70!±!0.13!Å!

and!1.37!±!0.16!Å!respectively.!

!

Figure!3.14!reveals!one!region!of!VHH!18!for!which!the!solution!structure!is!poorly!

defined.! This! region! is! CDR3! and! the! poor! definition! is! due! to! the! lack! of! NMR!

constraints!obtained.!The!absence!of! resonances! for!CDR3! in! the!NMR!spectra! is!

thought! to! be! due! to! exchange! between! conformations! on! an! intermediate!

timescale! (Kleckner!and!Foster,!2010).!This! result!was!unexpected!as!the!original!

hypothesis!had!been!that!the!short!CDR3!of!VHH!18,!with!the!additional!disulphide!

linking!CDR3!to!CDR1,!would!be!a!fairly!rigid!loop.!

! !
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Table(3.1(–(NMR(Constraints(and(Structural(Statistics(for(VHH(18(

(

(A)$No.$of$Constraints$used$in$Final$Calculation
Intraresidue$NOEs 429
Sequential$NOEs$(i,$i$+$1) 417
MediumDrange$NOEs$(i,$i$≤$4) 143
LongDrange$NOEs$(i,$i$≥$5) 703
Torsion$Angles 196 (98$ϕ$and$99$ψ)
Hydrogen$Bonding 48 (4$per$hydrogen$bond)

(B)$Maximum$and$Total$Constraint$Violations$in$80$Converged$VHH$18$Structures
Upper$Distance$Limits$(Å) 0.18$±$0.06 2.60$±$1.06
Lower$Distance$Limits$(Å) 0.01$±$0.01 0.00$±$0.00
van$der$Waals$Contacts$(Å2) 0.18$±$0.05 3.13$±$0.98
Torsion$Angle$Ranges$(°) 2.55$±$1.27$ 17.50$±$7.10
Average$CYANA$Target$Function$(Å2) 0.62$±$0.31

(C)$Structural$Statistics$for$the$Family$of$Converged$VHH$18$Structures
Residues$within$the$Regions$of$the$Ramachandran$plot$(%):

favourably$allowed 71.3
additionally$allowed 26.1
generously$allowed 2.1
disallowed 0.4

Backbone$Atom$RMSD$to$the$Mean$for$Structured$Region
(Residues$101D198,$207D210$and$212D218$of$VHH$18)

0.70$±$0.13$Å
Heavy$Atom$RMSD$to$the$Mean$for$Structured$Region
(Residues$101D198,$207D210$and$212D218$of$VHH$18)

1.37$±$0.16$Å
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!
Figure(3.14(–(Solution(Structure(of(VHH(18(

Panel! A! shows! a! best! fit! superposition! of! the! protein! backbone! for! the!

family!of!80!converged!structures!obtained!(best! fit! for!residues!101P198,!

207P210!and!212P218)!with!CDR1!highlighted!in!yellow,!CDR2!in!green!and!

CDR3! in! red.!Panel!B!contains! the! ribbon!representation!of! the!backbone!

topology!of!VHH!18!based!on!the!structure!closest!to!the!mean!and!shown!

in!the!same!orientation!as!in!Panel!A.!The!regions!of!secondary!structure,!

based! on! a! consensus! of! the! NMR! structures,! are! highlighted! above! the!

amino!acid!sequence!in!Panel!C.!βPstrands!are!shown!with!blue!arrows.!The!

blue! boxed! regions! correspond! to! the! CDRs! and! unassigned! residues! are!

highlighted!in!red.!

!
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3.3.3.2!NMR!Structure!Calculation!for!VHH!67!

The!assignments!used!as!the!input!for!CANDID!included!1198!peaks!corresponding!

to!NOEs!involving!amide!protons,!2636!peaks!corresponding!to!aliphatic!proton!to!

aliphatic! proton! NOEs! and! 275! peaks! corresponding! to! aromatic! proton! to!

aliphatic!proton!NOEs!along!with!202!torsion!angle!constraints!as!determined!by!

TALOS.!!

!

CANDID!resulted!in!unique!assignments!for!84.5!%!(1012/1198)!of!the!NOE!peaks!

picked! in! the! 15NP1H! NOESYPHSQC! spectrum,! 80.9! %! (2133/2636)! in! the! 13CP1H!

NOESYPHSQC!spectrum!and!82.5!%!(227/275)!in!the!1HP1H!NOESY!spectrum,!which!

resulted!in!2101!nonPredundant!1H!to!1H!upper!distance!limits.!The!final!family!of!

VHH!67!structures!was!determined!using!a! total!of!2343!NMRPderived!structural!

constraints! (an! average! of! 16.2! per! residue),! including! 2101! NOEPbased! upper!

distance!limits,!202!backbone!torsion!angle!constraints!(101!phi!and!101!psi!angle!

constraints! predicted! by! TALOS+! as! described! in! Section! 3.3.2.2! and! listed! in!

Appendix!A.2.2.)! and!40!hydrogen!bond!constraints! (four! constraints! for!each!of!

the! 10! hydrogen! bonds).! Following! the! final! round! of! CYANA! calculations,! 86!

satisfactorily! converged! structures! were! obtained! from! 100! random! starting!

structures.! The! converged! structures! contain! no! distance! or! van! der! Waals!

violation!greater!than!0.5!Å!and!no!dihedral!angle!violations!greater!than!5!°,!with!

an!average!value!for!the!CYANA!target!function!of!1.02!±!0.20!Å2.!The!sums!of!the!

violations! for! the! upper! distance! limits,! lower! distance! limits,! van! der! Waals!

contacts!and! torsion!angle! constraints!were!2.59!±!0.53!Å,!0.00!±!0.00!Å,!4.47!±!

0.65!Å2!and!25.39!±!3.69!°!respectively.!Similarly,!the!maximum!violations!for!the!

converged!structures!were!0.20!±!0.02!Å,!0.01!±!0.01!Å,!0.27!±!0.05!Å2!and!3.24!±!

0.36! °! respectively.! The!NMR!constraints!and! structural! statistics! for!VHH!67!are!

summarised!in!Table!3.2.!

!

The! solution! structure! of! VHH! 67! is! determined! to! a! high! precision,! which! is!

evident! from! the! superposition!of! the!protein!backbone! shown! for! the! family!of!

converged!structures!in!Figure!3.15!(best!fit!for!residues!100P127!and!132P230)!and!
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is!reflected!in!the!low!RMSD!values!to!the!mean!structure!for!both!the!backbone!

and!all!heavy!atoms!of!0.70!±!0.15!Å!and!1.46!±!0.19!Å!respectively.!

Table(3.2(–(NMR(Constraints(and(Structural(Statistics(for(VHH(67!

(A)$No.$of$Constraints$used$in$Final$Calculation
Intraresidue$NOEs 440
Sequential$NOEs$(i,$i$+$1) 471
MediumCrange$NOEs$(i,$i$≤$4) 214
LongCrange$NOEs$(i,$i$≥$5) 939
Torsion$Angles 202 (101$ϕ$and$101$ψ)
Hydrogen$Bonding 40 (4$per$hydrogen$bond)

(B)$Maximum$and$Total$Constraint$Violations$in$86$Converged$VHH$67$Structures
Upper$Distance$Limits$(Å) 0.20$±$0.02 2.59$±$0.53
Lower$Distance$Limits$(Å) 0.00$±$0.00 0.00$±$0.00
van$der$Waals$Contacts$(Å2) 0.27$±$0.05 4.47$±$0.65
Torsion$Angle$Ranges$(°) 3.24$±$0.36 25.39$±$3.69
Average$CYANA$Target$Function$(Å2) 1.02$±$0.20

(C)$Structural$Statistics$for$the$Family$of$Converged$VHH$67$Structures
Residues$within$the$Regions$of$the$Ramachandran$plot$(%):

favourably$allowed 72.1
additionally$allowed 26.1
generously$allowed 1.5
disallowed 0.2

Backbone$Atom$RMSD$to$the$Mean$for$Structured$Region
(Residues$100C127$and$132C230$of$VHH$67)

0.70$±$0.15$Å
Heavy$Atom$RMSD$to$the$Mean$for$Structured$Region
(Residues$100C127$and$132C230$of$VHH$67)

1.46$±$0.19$Å
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!
Figure(3.15(–(Solution(Structure(of(VHH(67((

Panel! A! shows! a! best! fit! superposition! of! the! protein! backbone! for! the!

family!of! 86! converged! structures!obtained! (best! fit! for! residues!100P127!

and!132P230)!with!CDR1!highlighted!in!yellow,!CDR2!in!green!and!CDR3!in!

red.!Panel!B!contains!the!ribbon!representation!of!the!backbone!topology!

of!VHH!67!based!on! the! structure! closest! to! the!mean!and! shown! in! the!

same!orientation!as!in!Panel!A.!The!regions!of!secondary!structure,!based!

on! a! consensus! of! the!NMR! structures,! are! highlighted! above! the! amino!

acid! sequence! in! Panel! C.! βPstrands! are! shown! with! blue! arrows! and! αP

helical! regions! as! red! boxes.! The! blue! boxed! regions! correspond! to! the!

CDRs!and!unassigned!residues!are!highlighted!in!red.!
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The! solution! structure!of!VHH!67! shows!CDR1! to!be! relatively! poorly! defined! as!

few! NMR! constraints! were! observed! for! this! region.! This! is! most! likely! due! to!

exchange! between! conformations! on! an! intermediate! timescale! (as! explained! in!

Section!1.3).!The!most!interesting!feature!of!VHH!67!is!that!the!long!CDR3!is!seen!

in!a!single!conformation!and!is!structured,!folding!back!onto!the!framework!of!the!

VHH.!The!structure!closest!to!the!mean!(Figure!3.15,!Panel!B)!shows!a!portion!of!

helical! structure! in! the!CPterminal! region!of!CDR3! that! is!not!predicted!by!either!

TALOS+!or!CSI.!Of!the!86!satisfactorily!converged!structures,! just!over!half!(56!%)!

include!this!region!of!helical!structure.!!

!

3.3.4!–!NMR!Temperature!Study!of!VHH!67!

The! NMR! spectra! collected! to! complete! the! sequencePspecific! assignments! and!

structure!calculation!of!VHH!67!highlighted!a!lack!of!observable!amide!signals!for!

residues!Tyr127!to!Tyr131!in!CDR1.!In!an!attempt!to!change!the!dynamics!of!this!

region!and!visualise!these!signals,!15NP1H!HSQC!spectra!of!VHH!67!were!acquired!at!

temperatures!between!5!°C!and!40!°C!in!5!°C!increments!(as!described!in!Section!

3.2.2).! The! results! of! the! temperature! study! are! shown! in! Figure! 3.16.! Reducing!

the!temperature!resulted!in!increased!linewidth!along!with!progressive!changes!in!

chemical! shift! but! no! additional! amide! signals! were! observed! that! could! be!

associated!with!the!slowing!down!of!the!exchange!rate!between!conformations!for!

the!missing!residues!of!CDR1.!!

! !
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!! !
Figure(3.16(–(HSQC(Spectra(of(VHH(67(Collected(at(5(°C(to(35(°C(

Overlaid!are!the!15NP1H!HSQC!spectra!of!VHH!67!at!a!concentration!of!312!

μM!in!25!mM!sodium!phosphate,!100!mM!sodium!chloride!buffer,!pH!6.4!

collected!on!a!600!MHz!Bruker!Avance!spectrometer!at!5!°C! (blue),!15!°C!

(green),!25!°C! (orange)!and!35!°C! (red)! for!40!minutes.!An!upfield!shift! in!

the! resonances! and! an! increase! in! linewidth! were! observed! with! the!

reduction! in! temperature!but!no!additional!amide!signals!were!observed.!

Spectra!were!collected!in!5!°C!increments!but!to!simplify!the!figure!only!10!

°C!increments!are!shown.!!

!

3.4!–!Discussion!

The!work!detailed!in!this!chapter!showed!that!high!quality!2D!and!3D!NMR!spectra!

could!be!obtained!from!the!VHH!samples!prepared!as!described!in!Chapter!2.!The!

NMR! experiments! gave! rise! to! high! quality,! wellPresolved! spectra! from! which!

virtually! complete!backbone!assignments! could!be!made! for!both!VHH!18! (91!%!

complete)!and!VHH!67!(96!%!complete).!!

!

With!the!addition!of!side!chain!assignments!and!the!assignment!of!NOEs,!solution!

structures!of!VHH!18!and!VHH!67!were!determined.!The! results!of! the! structure!

calculations!show!a!family!of!wellPdefined!structures!for!both!VHH!18!and!VHH!67!

with! low!RMSD!values! to! the!mean!structure.!However,! the!structure!of!VHH!18!

shows!poor!definition!for!CDR3!due!to!a!lack!of!NMR!constraints!and,!for!the!same!
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reason,!CDR1!of!VHH!67! is!also!poorly!defined.!The!absence!of!NMR!resonances!

for!these!loops!is!likely!to!be!a!result!of!exchange!broadening!brought!about!by!the!

exchange!between!two!or!more!conformations!on!an!intermediate!timescale!(see!

Figure!1.11).! Slow!exchange!between!conformations!would! result! in!peaks!being!

observed!for!each!distinct!conformation.!At!the!other!extreme,!with!fast!exchange!

between! conformations,! a! single! peak! is! observed! with! a! chemical! shift! that!

corresponds! to! the! populationPweighted! average! chemical! shift! of! all! the!

conformations.!Conformational!exchange!on!an!intermediate!timescale!results!in!a!

single,!averaged!peak!with!a!linewidth!so!broad!that!it!can!no!longer!be!observed!

(Kleckner!and!Foster,!2010).!!

!

Interactions!that!may!be!responsible!for!the!stabilisation!of!CDR3!in!VHH!67!have!

been! identified.! The! aromatic! residues! Phe139! in! Framework2;! Tyr217! in! CDR3;!

and! Trp220! in! Framework4! appear! be! making! a! network! of! hydrophobic!

interactions!maintaining!CDR3!in!a!single!conformation!(shown!in!Panel!A!of!Figure!

3.17).!The!phenylalanine!involved!in!this!interaction!is!one!of!the!characteristic!VH!

to! VHH! substitutions! discussed! in! Section! 1.2.! The! valine! to! phenylalanine!

substitution!on,!what!would!be,!the!VHPVL!interface!is!thought!to!require!shielding!

by!the!elongated!CDR3!to!prevent!aggregation!of!the!VHH!domains.!This!is!exactly!

what!is!observed!with!VHH!67.!

!

Another!possible!interaction!stabilising!CDR3!of!VHH!67!could!be!between!Phe161!

of!CDR2!and!Leu207!of!CDR3!(shown!in!Panel!B!of!Figure!3.17).!Interestingly,!this!

interaction! between! CDR2! and! CDR3! occurs! in! almost! the! same! position! as! the!

additional!disulphide!bond!formed!between!CDR2!and!CDR3!in!VHH!146!(shown!in!

Panel!C!of!Figure!3.17).!This!interaction,!although!may!be!weaker!than!a!disulphide!

bond,!could!explain!why!CDR3!of!VHH!67!behaves! like! the!other!VHHs!with! long!

CDR3!loops!despite!not!having!the!additional!disulphide!bond.!

!
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!
Figure(3.17(–(Residues(Responsible( for( the(Stabilisation(of(CDR3(of(VHH(

67(

VHH!67!is!shown!in!cyan!with!CDR1!coloured!in!yellow,!CDR2!in!green!and!

CDR3!in!red.!The!residues!of!interest!are!highlighted!in!grey.!Panel!A!shows!

CDR3!may!be!stabilised!by!the!interaction!between!Phe139!of!Framework2,!

Tyr217! of! CDR3! and! Trp220! of! Framework4.! Panel! B! shows! another!

possible! stabilising! interaction! between! Phe161! of! CDR2! and! Leu207! of!

CDR3.! Panel! C! shows! VHH! 67! in! cyan! overlaid! with! the! crystal! structure!

VHH! 146! in! blue! (Hancock,! 2010).! The! boxed! region! shows! an! expanded!

view!and!highlights! the!Phe161!CDR2! to!Leu207!CDR3! interaction! in!VHH!

67! is! almost! identically! positioned! to! that! of! the!disulphide!bond! in!VHH!

146.!
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Figure!3.18!shows!the!overlays!of! the!solution!structures!of!VHH!18!and!VHH!67!

with! the! only! example! of! a! VHH! solution! structure! in! the! PDB,! VHHPH14! a! VHH!

raised!against!the!α!subunit!of!the!human!chorionic!gonadotropin!hormone!(hCG)!

(Renisio!et' al.,! 2002,! PDB!accession! code!1G9E).! The! framework! regions!of! both!

VHH!18!and!VHH!67!overlay!well!with!VHHPH14,!but!significant!differences!can!be!

seen!in!the!CDRs!of!the!structures.!CDR1!of!VHH!18!folds!back!towards!CDR2!and!

shows!some!helical!structure.!In!contrast,!CDR1!of!VHH!67!appears!to!be!in!more!

than!one!conformation!with!residues!Tyr127!to!Tyr131!unassigned.!In!the!solution!

structure!of!VHHPH14,!all!residues!in!CDR1!were!assigned!but!poor!definition!was!

seen! in! the! NPterminal! region! of! CDR1.! This! poor! definition! of! CDR1! was! also!

observed! in!the!crystal!structure!of!VHHPH14!(Spinelli!et'al.,!1996,!PDB!accession!

code! 1HCV).! CDR2! of! VHH! 18! and! VHH! 67! were! well! both! defined! although!

differences!in!the!structure!are!observed!in!the!turn!of!the!loop.!CDR2!of!VHHPH14!

was!not!well!defined!as!residues!Asp54!and!Ser55!could!not!be!assigned!and!the!

assumption!was!made!that!this!part!of!the! loop!was! in!exchange.!CDR3! is!where!

most!differences!between!the!structures!are!observed.!CDR3!of!VHH!18!appears!to!

be! in! conformational! exchange! so! is! not!well! defined.! CDR3! of! VHH! 67! is!much!

longer!than!that!of!VHHPH14!(19!residues!compared!to!6)!and!folds!back!over!the!

framework!region!of!the!VHH.!CDR3!of!VHHPH14!may!be!stabilised!by!hydrophobic!

interactions!between!Phe37!of!Framework2!and!Trp104!and!Trp107!of!CDR3,!in!a!

similar! way! to! the! Phe139,! Tyr217! and! Trp220! interaction! in! VHH! 67,! despite!

having!a!short!CDR3!(see!Figure!3.19).!
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(
Figure(3.18(–(Overlays(of( the(Solution(Structures(of(VHH(18(and(VHH(67(

with(VHHQH14(

Panel!A!shows!the!free!solution!structure!of!VHH!18!in!blue!with!VHHPH14!

in!orange! (Renisio!et'al.,!2002,!PDB!accession!code!1G9E).!Panel!B! shows!

the!free!solution!structure!of!VHH!67!in!cyan!with!VHHPH14!(orange).!CDR1!

is!highlighted!in!yellow,!CDR2!in!green!and!CDR3!in!red.!Panel!C!shows!the!

amino! acid! sequences! of! VHH! 18,! VHH! 67! and! VHHPH14! aligned! using!

Clustal!Omega!(Sievers!et'al.,!2011).!The!CDRs!are!highlighted!in!bold,!green!

denotes!a! fully! conserved! residue,!yellow! indicates!conservation!between!

groups! of! strongly! similar! properties! and! red! the! conservation! between!

groups!of!weakly!similar!properties.!

!

!
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VHH18 K F S N L % G T T W Y T G S V K G R F T I S Q D S A K N T V Y L Q M N S L S P G D T A M Y Y C N T
VHH67 S I N R D G I R T F Y A D S V K G R F T I S R D N A K N T V Y L Q M N S L K P E D T A I Y Y C A A
VHH5H14 A I N W D S A R T Y Y A S S V R G R F T I S R D N A K K T V Y L Q M N S L K P E D T A V Y T C G A

VHH18 D L C % % P W Y % % % % % % % Y E N T W G Q G T Q V T V S S
VHH67 D R D L F P L Y S T W S S A T R Y N Y W G R G T Q V T V S S
VHH5H14 G E G % % % % % % % % % % % G T W D S W G Q G T Q V T V S S

Framework1 CDR1 Framework2

CDR2 Framework3

CDR3 Framework4
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!

(
Figure(3.19(Q(Hydrophobic(Interactions(of(VHH(67(and(VHHQH14((

Panel!A!shows!the!free!structure!of!VHH!67!in!cyan!with!CDR1!highlighted!

in! yellow,! CDR2! in! green! and! CDR3! in! red.! Residues! Phe139,! Tyr217! and!

Trp220,!which!may!be! responsible! for! stabilising!CDR3,! are! shown!as! line!

representations.! Panel! B! shows! the! solution! structure! of! VHHPH14! in!

orange!with! the!CDRs!coloured!as! in!Panel!A!and! residues!Phe37,!Trp104!

and!Trp107!shown!as!line!representations.!Panel!C!shows!an!overlay!of!the!

structures!in!Panel!A!and!Panel!B.!The!boxed!regions!below!each!structure!

show! an! expanded! view! of! the! hydrophobic! residues.! The! sequence!

alignment!is!shown!in!Panel!D!(coloured!as!in!Figure!3.18)!with!the!residues!

suggested!to!be!responsible!for!stabilising!CDR3!highlighted!in!blue.!

! !
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The!solution!structure!of!VHH!67! is!another!example!of!an!elongated!CDR3! loop!

that! folds! over! the! framework! region! of! the! VHH.! Desmyter! et' al.! describe! the!

CDR3!of! the! lysozyme!binder! cAbPLys3! as! being! divided! into! two! regions,! the!CP

terminal! portion! which! interacts! with! the! framework! of! the! VHH! and! the! NP

terminal! portion! that! extends! from! the! VHH! and! interacts! with! the! antigen!

(Desmyter!et'al.,!1996).!Figure!3.20!shows!a!comparison!of!the!solution!structure!

of!free!VHH!67!with!the!crystal!structure!of!the!bound!cAbPLys3.!Although!it!is!not!

ideal!to!compare!free!with!bound!structures,!the!bound!structure!of!VHH!67!does!

not! alter! significantly! upon! binding! to! ILP6! (described! in! Chapter! 6).! The! overlay!

highlights!the!fact!that!the!CPterminal!region!of!CDR3!in!both!structures!folds!over!

the!framework!to!the!same!extent.!The!difference!occurs!in!the!structure!of!the!NP

terminal!region!of!CDR3!where!the!extra!five!residues!of!cAbPLys3!extend!further!

from!the!VHH! into!the!antigen!cleft!mimicking!the!structure!of! the!carbohydrate!

substrate! of! lysozyme! (Decanniere! et' al.,! 1998).! The! extent! to! which! the! CDR3!

protrudes! from! the! VHH! is,! therefore,! likely! to! be! antigen! dependent! and! may!

suggest!that!VHH!67!does!not!bind!to!a!deep!cleft!on!ILP6.!

! !
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!
Figure( 3.20( –( Overlay( of( the( Solution( Structure( of( VHH( 67( with( Crystal(

Structure(of(cAbQLys3(

The! figure! shows! a! comparison! of! free! solution! structure! of! VHH! 67!

coloured!in!cyan!with!crystal!structure!of!cAbPLys3!in!magenta!(Desmyter!et'

al.,!1996,!PDB!accession!code!1MEL)!bound!to!lysozyme!(not!shown).!In!the!

cAbPLys3!structure! the!NPterminal!portion!of!CDR3!extends! from!the!VHH!

towards! the! antigen! and! the! CPterminal! portion! folds! back! over! the!

framework!with!some!helical!character.!

!

XPray! crystal! structures! of! three! other! antiPILP6! VHHs! bound! to! ILP6! showed! a!

similar! arrangement! of! long! CDR3! loops! (Hancock,! 2010).! The! CDR3! of! VHH! 29,!

VHH!38!and!VHH!146!are!made!up!of!15,!16!and!20!residues!respectively!and!all!

three!include!an!additional!cysteine!that!forms!a!disulphide!bond!with!a!cysteine!

in! CDR1! (or! CDR2! in! VHH! 146).! Figure! 3.21! shows! an! overlay! of! the! crystal!

structures! alongside! the! NMR! structure! of! VHH! 67.! Despite! the! CDR3! length!

varying!from!15!residues!(VHH!29)!to!20!residues!(VHH!146)!the!CDR,!in!the!bound!

form,! CDR3! folds! back! over! the! framework! region! to! the! same! extent! with! the!

proportion!of!helical!character!increasing!with!the!length.!

!
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!
Figure( 3.21( –( Overlay( of( Crystal( and( NMR( Structures( of( antiQILQ6( VHHs(

with(Long(CDR3(Loops(

The!overlay!shows!the!crystal!structures!of!VHH!29!coloured!in!purple,!VHH!

38! in! orange! and! VHH! 146! in! blue,! all! in! complex! with! ILP6! (not! shown)!

(Hancock,!2010),!overlaid!with!the!NMR!solution!structure!of!free!VHH!67!

in!cyan.!The!dashed!line!indicates!the!extent!to!which!each!CDR3!folds!back!

onto!the!framework!of!the!VHH.!

!

As! reported! above,! VHH! 29,! VHH! 38! and! VHH! 146! all! contain! the! additional!

disulphide!bond! linking!CDR3! to!either!CDR1!or!CDR2.! If! the!CDR3!of! these!VHH!

antibodies!were!divided!into!two!portions!(the!NPterminal!and!CPterminal!region)!

as!described!by!Desmyter!et'al.,!it!can!be!seen!that!the!residues!in!the!CPterminal!

region! fold! back! against! the! framework! of! the! VHH! and! the! NPterminal! region!

extends! away! from! the! VHH.! The! extension! of! the! NPterminal! region! is! then!

dependent!on!the!number!of!residues!in!this!region,!for!example!VHH!146!extends!

furthest!from!the!VHH!and!has!the!greater!number!of!residues! in!the!NPterminal!

portion!of!the!CDR.!Figure!3.22!details!the!results.!
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!
Figure(3.22(–(Comparison(of(the(Features(of(the(Long(CDR3(Loops(of(antiQ

ILQ6(VHHs(

The!crystal!structures!of!VHH!29!coloured!in!purple,!VHH!38!in!orange!and!

VHH!146!in!blue!are!shown!with!the!NPterminal!region!of!CDR3!coloured!in!

green! and! the! CPterminal! region! coloured! in! red.! The! disulphide! bond!

between! CDR3! and! CDR1! (or! CDR2)! is! shown! in! yellow! and! indicates! the!

division! between! the! NP! and! CPterminal! regions.! The! NMR! solution!

structure!of!VHH!67!is!shown!in!cyan.!

!

VHH!67!shows!a!similar!structure!to!VHH!29,!VHH!38!and!VHH!146!with!a!portion!

of!the!CDR3!folding!back!but,!in!this!example,!there!is!no!cysteine!in!the!CDR3!so!

no!disulphide!bond!is!formed!to!either!CDR1!or!CDR2.!It!has!been!suggested!that!

the!additional!disulphide!bond! increases! the!stability!of! the!CDRs! (Nguyen!et'al.,!

2000)!but!as!CDR3!of!VHH!67!appears!structured! in! its! free! form!without!having!

this!extra!disulphide!there!is!likely!to!be!other!factors!stabilising!CDR3!such!as!the!

aromatic!residues!identified!in!Figure!3.19.!

! !

VHH#29# VHH#38# VHH#146# VHH#67#

CDR3%Length% 15% 16% 20% 19%

Addi5onal%
Disulphide% Yes% Yes% Yes% No%

N>terminal%
Length% 5% 3% 6% >%

C>terminal%
Length% 9% 12% 13% >%
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To!the!best!of!our!knowledge!VHH!67!is!the!only!free!solution!structure!of!a!VHH!

that!shows!a!long,!structured!CDR3.!As!described!above,!this!characteristic!is!seen!

in!VHH!domains!in!complex!with!antigens!and!has!also!been!seen!in!an!example!of!

a!crystal!structure!of!a!free!VHH,!cAbPCA05!(Desmyter!et'al.,!2001,!PDB!accession!

code! 1F2X),! but! in! both! circumstances! the! conformation! of! CDR3! may! be!

influenced!by!the!crystal!packing.!To!better!understand!the!behaviour!of!the!long!

CDR3!when!free!in!solution,!another!example!of!a!VHH!needed!to!be!studied.!The!

crystal! structure! of! VHH! 29! shows! the! residues! of! CDR3! folding! back! over! the!

framework!region!(as!seen!with!VHH!67)!but!this!may!not!be!the!conformation!of!

unbound! VHH! 29.! To! investigate! whether! the! CDR3! residues! of! VHH! 29! are!

structured! when! free! in! solution! the! NMR! backbone! assignments! were! made.!

SequencePspecific!assignments!were!made!for!75!%!of!the!backbone!amides!(see!

Section!3.3.1.3).!The!completeness!of!assignment!for!VHH!29!was!lower!than!seen!

with!VHH!18!and!VHH!67,!most!likely!due!to!the!structure!being!in!conformational!

exchange.! Figure! 3.23! shows! the! unassigned! residues! highlighted! on! the! crystal!

structure!of!VHH!29!bound!to!ILP6!(Hancock,!2010).!The!unassigned!residues!are!all!

located! in! the! antigen! binding! region! of! VHH! 29! and! the! absence! of! the! NMR!

signals!for!these!residues!suggests!that!this!whole!region!may!be!in!conformational!

exchange!on!an!intermediate!timescale.!When!looking!at!CDR3!of!VHH!29,!signals!

were! not! observed! for! the! amide! groups! of! the! NPterminal! residues! suggesting!

that!this!region!of!CDR3!is!in!exchange!whereas!signals!for!the!CPterminal!residues!

are!present!suggesting!this!region!is!structured.!Interestingly,!both!CSI!and!TALOS+!

predicted!helical!character!in!the!CPterminal!region!of!VHH!29.!In!the!absence!of!a!

full!structure!determination!it!cannot!be!established!whether!the!structured!part!

of!CDR3!is!in!the!same!orientation!as!is!seen!in!the!crystal!structure.!

! !
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!
Figure(3.23(–(Location(of(Unassigned(Backbone(Amides(of(VHH(29!

Panel! A! shows! the! crystal! structure! of! VHH! 29! (Hancock,! 2010)!with! the!

residues! for!which!backbone!assignments! could!not!be!made!coloured! in!

yellow.!Panel!B!shows!the!space!filled!structure!in!the!same!orientation!as!

Panel! A! and! then! rotated! 90! °! around! the! xPaxis! showing! the! flexible!

antigenPbinding!site.!

!

The! backbone! assignments! of! VHH! 146! were! also! made! to! gain! a! wider!

understanding!of! the!behaviour!of! the! long!CDR3! loops.! The! crystal! structure!of!

VHH!146!bound!to!ILP6!shows!CDR3!folds!back!over!the!framework!of!the!VHH,!as!

seen!with!VHH!67!and!VHH!29.!VHH!146!has!the!longest!NPterminal!portion!of!all!

the!antiPILP6!VHHs!studied!with!six!residues!prior!to!the!cysteine.!As!discussed! in!

Section!3.3.1.4,!71!%!of! the!backbone!amide!assignments!were!made,!again! this!

figure! is! lower! than! for!VHH!18! and!VHH!67! and! is!most! likely! due! to! exchange!

broadening.!Figure!3.24!shows!the!majority!of!the!unassigned!residues!are!in!the!

antigenPbinding! region.! Assignments! could! not! be!made! for! CDR1,! a! six! residue!

string! of! CDR2! and! the! NPterminal! region! of! CDR3.! In! addition! to! this,! seven!

residues!that!make!up!the!fourth!loop!in!the!antigenPbinding!region!could!not!be!

assigned.! Figure! 3.24! shows! these! results! highlighted! on! the! crystal! structure! of!

VHH!146.!The!free!form!of!VHH!146!appears!to!be!the!most!dynamic!of!all!the!antiP

ILP6!VHHs!with!almost!the!entire!antigen!binding!region!in!intermediate!exchange,!

the! only! part! of! the! region! that! could! be! assigned!was! the! CPterminal! region! of!

CDR3.!Although,!from!the!crystal!structure!we!know!these!residues!are!at!the!ILP6!

A" B"

90#°#

Mobile""
N+Terminal"
Region"

Structured""
C+Terminal"
Region"
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interface,!they!make!contact!with!the!surface!of!ILP6!rather!than!reaching!into!the!

cleft!like!the!NPterminal!residues!of!CDR3.!!

!

!
Figure(3.24(–(Location(of(Unassigned(Backbone(Amides(of(VHH(146(

Panel!A!shows!the!crystal! structure!of!VHH!146! (Hancock,!2010)!with! the!

residues! for! which! backbone! assignments! could! not! be! made! in! yellow.!

Panel!B!shows!the!space!filled!structure!in!the!same!orientation!as!Panel!A!

and! then! rotated! 90! °! around! the! xPaxis! showing! the! flexible! antigenP

binding!site.!

!

The! work! described! in! this! chapter! has! highlighted! the! differences! in! dynamics!

between!the!antiPILP6!VHH!antibodies.!At!one!extreme!is!VHH!67!for!which!all!but!

five!residues!in!CDR1!have!been!assigned,!to!VHH!146!for!which!the!majority!of!the!

antigenPbinding! site! is!missing! from! the!NMR! spectra.! Figure! 3.25! compares! the!

proportion! of! unassigned! residues! for! the! four! free! VHH! antibodies! that! were!

studied!in!this!chapter.!

90#°#

A" B"
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!
Figure(3.25(–(Comparison(of(Unassigned(Residues(in(Free(antiQILQ6(VHHs(

The!space!filled!structures!of!VHH!67!coloured!in!cyan,!VHH!18!in!red,!VHH!

29!in!purple!and!VHH!146!in!blue!are!shown!in!Panel!A.!In!Panel!B!the!same!

structures!are!rotated!90!°!around!the!xPaxis! to!show!the!antigenPbinding!

site!at!the!top!of!the!VHH.!Panel!C!shows!the!sequence!alignment!for!the!

four! VHHs! aligned! using! Clustal! Omega! (Sievers! et' al.,! 2011)! with! the!

residues! thought! to! be! responsible! for! the! structuring! of! the! CPterminal!

region!of!CDR3!circled! in!blue.!The!unassigned!residues!are!highlighted! in!

yellow!in!each!Panel.!!

! !

A"

B"

C"

90#°# 90#°# 90#°# 90#°#

VHH#67 D V Q L V E S G G G S V Q A G G S L R L S C G F , S G Y S Y T Y N Q Y Y M G W F R Q A P G
VHH#18 E V Q L V E S G G G S V Q A G G S L R L S C , , , A A S G L R I S E C T T G W Y R Q A P G
VHH#29 Q V Q L V E S G G G S V Q A G G S L R L S C , , , , , , A A S E Y T P C M A W F R Q V L G
VHH#146 D V Q L V E S G G G S V Q A G G S L R L S C A A S G Y T D T T Y T Y , C M G W F R Q A P G

VHH#67 K E R E G V A S I N R D G I , R T F Y A D S V K G R F T I S R D N A K N T V Y L Q M N S L
VHH#18 K E R E L V S K F S N , L G , T T W Y T G S V K G R F T I S Q D S A K N T V Y L Q M N S L
VHH#29 N E R E A V A T I K S G G G , S T W Y A D S V K G R F D I S Q D D T K I L V Y L Q M N S L
VHH#146 K E R E A V A C I D S G G N , , E L Y A D S V K G R F I I S Q D N A K K T V Y L Q M S S L

VHH#67 K P E D T A I Y Y C A A D R D L F P L Y S T W S S A T R Y N Y , W G R G T Q V T V S S
VHH#18 S P G D T A M Y Y C N T D L C P W Y Y E N T , , , , , , , , , , W G Q G T Q V T V S S
VHH#29 E P E D T A I Y Y C A A T F T P A C Y E D S A W Y L S , , , , , W G Q G T Q V T V S S
VHH#146 K P E D T A I Y Y C A A D S N L Y T C R F R F P A G K G A F T Y W G Q G T Q V T V S S

Framework3 CDR3 Framework4

Framework1 CDR1 Framework2

CDR2Framework2 Framework3
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3.5!–!Conclusions!

In! contrast! to! the! original! hypothesis! that! the! short! CDR3! and! an! additional!

disulphide!bond! in!VHH!18!would!be!more!rigid! than!VHH!67,! it!was!shown!that!

the! longer! CDR3! of! VHH! 67! allows! it! to! fold! down!over! the! VHH! creating,!what!

appears!to!be,!an!additional!region!of!framework!while!the!shorter!CDR3!of!VHH!

18!remains!flexible.!!

!

The! solution! structures! of! VHH! 18! and! VHH! 67! show! the! CDR! loops! behaving!

differently!with! two! out! of! the! three! loops! being! structured! and! one! appearing!

more!dynamic,!exchanging!between!conformations!on!an!intermediate!timescale.!

The!more!dynamic!CDR!is!not!conserved!between!the!two!VHHs!and!is!most!likely!

dependent!on!characteristics!of!the!antigen!binding!site.!!

!

The! position! of! the! structured! CDR3,! as! observed! in! VHH! 67,! has! been! seen!

previously!in!VHHs!with!long!CDR3!loops!in!complex!with!antigens,!however,!there!

are!no!previous!examples!in!the!literature!of!this!being!observed!with!a!VHH!free!

in!solution.!To!identify!whether!VHH!67!might!be!a!unique!example,!the!backbone!

assignments!of!VHH!29!and!VHH!146!were!made.!In!both!cases,!the!majority!of!the!

antigenPbinding!site!remained!unassigned!suggesting!that!the!whole!of!this!region!

is!in!intermediate!exchange.!The!only!exception!was!the!CPterminal!region!of!CDR3!

that!appears!to!be!stabilised,!probably!by!forming!interactions!with!residues!in!the!

framework.!The!residues!believed!to!be!responsible! for!stabilising!the!CPterminal!

region!of!CDR3!are!highlighted!in!Figure!3.25!Panel!C!and!will!be!discussed!further!

in!Chapter!5.!

!

Chapter!4!will!focus!on!the!complexes!formed!by!VHH!18!and!VHH!67!with!ILP6!to!

determine!the!role!these!flexible!CDR!loops!play!in!binding.!Following!on!from!this,!

Chapter!5!will! look! into!the!biological! impact!of!the!structured!CDR3!observed!in!

VHH!67.!

!

(

!
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Chapter!4!–!Mapping!the!Binding!Sites!of!VHH!:!ILP6!Complexes!

!

4.1!–!Introduction!

4.1.1!–!Aims!

The! aims! of! the! work! described! in! this! chapter! were! to! investigate! VHH:ILP6!

complexes! focusing! on! any! differences! in! the! dynamics! between! the! free! and!

bound! forms.! NMR! minimal! shift! mapping! and! hydrogen! deuterium! exchange!

monitored!by!mass!spectrometry!(HDX!by!MS)!have!been!utilised!to!map!the!VHH!

and! ILP6! binding! sites.! The! value! of! using! VHHs! to! map! the! potential! antibody!

binding! sites,! as! an! alternative! to! the! more! commonly! used! Fab! and! scFv!

fragments,!will!also!be!evaluated.!To!simplify! further!discussion,! from!here!on! in!

the!binding!site!of! the!antibody!(the!VHH)!onto!the!antigen!(ILP6)!will!be!termed!

the! epitope! and! the! binding! site! of! the! ILP6! onto! the! VHH! will! be! termed! the!

paratope.!!

!

The!VHH!domains! that!were! structurally! characterised! by! the!work! described! in!

Chapter! 3! showed! varied! behaviour! of! the! CDR! loops!with! all! the! VHH!domains!

showing!some!degree!of!conformational!flexibility.!With!VHH!18!and!VHH!67!one!

out!of! the! three!CDR! loops!appeared!to!be! in!conformational!exchange!but!with!

VHH!29!and!VHH!146! the!majority!of! the!antigenPbinding! site!appeared! to!be! in!

exchange.!This!type!of!conformational!heterogeneity!has!been!seen!in!a!number!of!

other!antibodyPantigen!complexes! leading!to!the!view!that!this! flexibility!may!be!

critical! to! effective! proteinPprotein! binding! (Addis! et' al.,! 2014).! ! The! work!

described! in! this! chapter! seeks! to! explore! further! the! rationale! that! some! CDR!

loops!are!structured!and!other!have!the!potential!to!adopt!multiple!conformations!

by! identifying!the!regions!of!the!VHH!antibodies!that!are! involved!in!binding!and!

how!their!behaviour!alters!upon!binding.!

! !
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4.1.2!–!NMR!Minimal!Shift!Mapping!

NMR!minimal!shift!mapping!is!a!method!used!to!identify!regions!of!a!protein!that!

undergo! changes! in! chemical! environment! upon! binding.! The!method! described!

here!is!adapted!from!methods!described!by!Farmer!et'al.,!when!used!to!map!the!

binding!site!of!NADP+!on!the!MurB!enzyme!(Farmer!et'al.,!1996),!and!Williamson!

et'al.!when!used!to!map!the!binding!site!of!TIMPP2!(Williamson!et'al.,!1997).!Firstly!

an!assigned!2D!or!3D!spectrum!of!the!free!protein!is!required,!then!the!equivalent!

2D!or!3D!spectrum!is!collected!for!the!bound!protein.!The!combined!shift!(Δδ)!of!

each! free! peak! to! every! peak! in! the! bound! spectrum! is! calculated! using! the!

equation!below:!

!

Δ! = Δ!!"!!" ! + Δ!!!! ! + Δ!!!!!! !!

!

The! scaling! factors! αHN,! αN! and! αC’! are! applied! to! each! term! to! account! for! the!

difference!in!the!spectral!dispersion!of!the!1H,!15N!and!13C!dimensions.!The!lowest!

combined! shift! value! is! termed! the! minimal! shift! for! that! peak.! Residues! most!

affected!by!binding!will!be!those!with!the!greatest!minimal!shift!values.!

!

4.1.3!–!Hydrogen!Deuterium!Exchange!Monitored!by!Mass!Spectrometry!

HDX!by!MS! is!a!method!that!can!be!used!to!explore!the!conformational!changes!

and!dynamics!of!proteins!(Engen,!2009).!When!exposed!to!D2O,!the!amide!protons!

of!the!protein!backbone!exchange!for!deuterons.!This!exchange!results! in!a!mass!

increase!of!1!Da!per!exchanged!amide!and!this!change!in!mass!can!be!monitored!

by!MS.!The!exchange!will!be!most!rapid!for!solvent!exposed!protons!that!are!not!

hydrogen!bonded.!Any!changes!in!solvent!exposure!will!alter!the!rate!and!extent!

of! deuterium! uptake! of! the! protein! and! this! includes! the! binding! of! ligands! or!

proteins!to!the!protein!of!interest.!Therefore,!we!can!use!this!method!to!map!the!

binding!interface!by!comparing!the!rates!of!deuterium!uptake!for!the!free!protein!

with!that!of!the!bound!protein.!!

! !
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The!HDX!by!MS!method!consists!of! four!main!steps:! incubation!of! the!protein! in!

D2O;!quenching!the!deuterium!exchange;!digestion!of!the!protein;!and!analysis!of!

the!digestion!products.!Incubation!of!the!protein!in!D2O!initiates!the!exchange!of!

amide!protons!for!deuterons!and!is!repeated!with!different!incubation!times!prior!

to! the!quench!step!which! involves! reducing! the! temperature!and!the!pH!to!stop!

any! further! deuterium! exchange! and! prevent! back! exchange! of! deuterons! for!

protons!during!analysis.!Digestion!of!the!protein!is!then!carried!out!using!pepsin!to!

fragment!the!protein!into!peptides!of!varying!length.!Ideally,!the!digestion!results!

in! the! generation! of!multiple! overlapping! peptide! fragments! covering! the! entire!

protein! sequence.!Analysis!of! the!peptide! fragments!by!ultra!performance! liquid!

chromatography!(UPLC)!coupled!with!timePofPflight!(TOF)!MS!allows!each!peptide!

to!be!identified!and!the!deuterium!incorporation!into!each!fragment!determined,!

with!the!ultimate!goal!being!to!measure!the!rate!of!deuterium!uptake!per!residue!

of!the!protein.!This!process! is!carried!out!for!the!free!protein!and!then!repeated!

with! the! protein! complex! so! the! differences! can! be! calculated! and! the! binding!

interface!defined.!

!

4.2!–!Materials!and!Methods!

4.2.1.!–!Complex!Formation!for!Minimal!Shift!Mapping!

Minimal!shift!mapping!was!carried!out!to!define!both!the!paratope!of!the!VHH!and!

the!epitope!of!ILP6.!To!prepare!the!samples!for!paratope!mapping!of!ILP6!onto!the!

VHH,!a!10!%!excess!of!unlabelled!ILP6!was!mixed!with!15N/13C!labelled!VHH!(both!

samples!having!been!buffer!exchanged!into!the!NMR!buffer!(see!Section!4.2.3)!and!

concentrated! to!approximately!250!μM)! then! incubated!at!25! °C! for!2!hours.! To!

allow!epitope!mapping!of!the!VHH!onto!ILP6,!the!same!method!was!followed!but!a!

10!%! excess! of! the! unlabelled! VHH!was!mixed!with! 15N/13C/2H! ILP6.! All! samples!

were! analysed! by! analytical! gel! filtration! chromatography! using! a! Superdex! S75!

column! (GE! Healthcare),! as! described! in! Section! 2.2.17,! to! ensure! that! all! the!

isotopically!labelled!protein!was!complexed.!

! !
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4.2.2!–!Preparation!of!Samples!for!HDX!by!MS!

To!prepare!the!free!ILP6!sample,!ILP6!was!diluted!to!90!μM!in!PBS!(137!mM!NaCl,!

2.7! mM! KCl,! 10! mM! Na2HPO4,! 1.8! mM! KH2PO4,! pH! 7.4).! For! the! complexed!

samples,!both!the!ILP6!and!VHH!were!diluted!to!90!μM!in!PBS!and!then!mixed!in!a!

ratio!of!5:1!of!VHH!to!ILP6.!

!

4.2.3!–!NMR!Acquisition!and!Data!Analysis!for!Minimal!Shift!Mapping!

NMR! spectra! were! acquired! from! 0.35!ml! samples! of! 150P400! μM! VHH,! ILP6! or!

VHH:ILP6! in!a!25!mM!sodium!phosphate,!100!mM!sodium!chloride,!10!μM!EDTA!

and!0.02!%!(w/v)!sodium!azide!buffer!at!pH!6.4!containing!10!%!D2O!/!90!%!H2O.!

NMR!data!were!acquired!at!35!°C!on!600!MHz!Bruker!Avance,!600!MHz!Bruker!DRX!

or! 800! MHz! Bruker! Avance! II! spectrometers.! For! each! analysis! a! reference!

spectrum! was! collected! of! the! free! VHH! or! the! free! ILP6! prior! to! the! complex!

sample! being! acquired.! The! 2D! and! 3D! spectra! recorded! to! allow! paratope!

mapping! of! ILP6! onto! the! VHHs! were:! 15NP1H! HSQC! (Bodenhausen! and! Ruben,!

1980)!and!HNCO!(Kay!et'al.,!1990)!and!for!the!epitope!mapping!of!the!VHHs!onto!

ILP6! were! 15NP1H! TROSY! (Pervushin! et' al.,! 1997)! and! 15NP13CP1H! TROSYPHNCO!

(Salzmann!et'al.,!1998).!Typical!acquisition!times!in!2D!experiments!were!70!ms!for!
1H!and!40!ms!for!15N.!For!the!3D!experiments!typical!acquisition!times!were!70!ms!

in! 1H,!22P26!ms! in! 15N!and!20P25!ms! in! 13C.!3D!experiments!were! collected!over!

approximately! 48P60! hours! and! 2D! experiments! over! approximately! 40!minutes.!

The!WATERGATE!method!(Piotto!et'al.,!1992)!was!used!for!water!suppression.!2D!

and! 3D! NMR! data! were! processed! using! NMRPipe! (Delaglio! et' al.,! 1995),! with!

linear!prediction!used,!when!required,!to!extend!the!effective!acquisition!times!by!

up!to!twoPfold!in!the!indirect!dimensions.!!

! !
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4.2.4!–!HDX!by!MS!Data!Acquisition!and!Data!Analysis!

The! following! buffers! were! prepared:! Equilibrium! Buffer! (Buffer! E):! 10! mM!

potassium!phosphate!in!H2O,!pH!7.0;!Labelling!Buffer!(Buffer!L):!10!mM!potassium!

phosphate! in! D2O,! pD! 7.0;! and! Quench! Buffer! (Buffer! Q):! 100! mM! potassium!

phosphate!in!H2O,!pH!2.66.!

!

All!liquid!handling!was!carried!out!on!a!LEAP!HDX!Automation!Manager!in!tandem!

with!a!Waters!nanoACQUITY!UPLC!HDX!Manager!and!a!Waters!SYNAPT!G2!mass!

spectrometer.! Samples! were! digested! using! a! Waters! EnzymateTM! BEH! Pepsin!

Column! (2.1! x! 30! mm,! 5! μm)! at! 20! °C! and! the! products! were! trapped! onto! a!

Waters!ACQUITY!VanGuard®!BEH!C18!PrePColumn!(2.1!x!5!mm).!The!peptides!were!

then!eluted!onto!a!Waters!ACQUITY!BEH!C18!Column!(1.0!x!100!mm,!1.7!μm)!and!

analysed! using! a! 40! μl! minP1! H2O! and!MeCN! gradient! +! 0.1! %! formic! acid! (6! %!

MeCN! to! 40! %! MeCN! over! 6! minutes).! The! eluent! from! the! column! was! then!

directed!to!the!MS!where!it!was!analysed!in!electrospray!positive!ionisation!mode!

(ESI+)! scanning! 50! Da! to! 1700! Da.! Data! analysis! was! carried! out! using! Waters!

DynamXTM!2.0.!

!

A!control!digest!of!the!ILP6!was!performed!by!diluting!1.6!μl!of!the!ILP6!stock!into!

25!μl!of!Buffer!E,!adding!an!equal!volume!of!Buffer!Q!and!then!injecting!the!sample!

onto!the!UPLC!for!analysis.!

!

The!HDX!experiments!for!unbound!ILP6!were!carried!out!by!diluting!1.6!μl!of!the!ILP

6!stock!into!25!μl!of!Buffer!L,!incubating!for!1!minute!and!then!quenching!with!25!

μl! of! Buffer! Q.! The! sample! was! then! injected! onto! the! UPLC! for! analysis.! This!

process! was! repeated! with! incubation! times! of! 10! minutes,! 30! minutes,! 120!

minutes! and! 240!minutes.! Peptide! fragments! were! identified! using! the! TOFPMS!

data! and! the!deuterium!uptake! for! each!peptide!was! calculated.! Providing! good!

coverage! of! the! protein! sequence! from! the! protein! fragments! is! observed,! the!

average!deuterium!uptake!per!residue!can!be!calculated.!

! !
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The! HDX! experiments! for! the! VHH:ILP6! complexes! were! then! performed! as!

described!above!but!using!the!5:1!VHH!to!ILP6!complex!samples!in!place!of!the!free!

ILP6.!

!

The!reverse!experiments!were!also!carried!out!in!an!attempt!to!map!the!regions!of!

the!VHHs!interacting!with!ILP6.!Unfortunately!the!peptide!fragments!resulting!from!

the!digest!of!the!VHHs!did!not!give!good!coverage!across!the!protein!so!the!rate!of!

HD!exchange!per!residue!could!not!be!determined.!
!
4.3!–!Results!!

4.3.1!–!NMR!Minimal!Shift!Mapping!of!the!ILP6!Paratope!on!VHH!18!

Minimal!shift!mapping!was!carried!out!to!identify!the!paratope!of!ILP6!on!VHH!18.!

Both! 15NP1H!HSQC! and! 15NP13CP1H!HNCO! spectra!were! collected! for! free! VHH! 18!

and!for!VHH!18!bound!to!ILP6.!Panel!A!of!Figure!4.1!shows!an!overlay!of!the!HSQC!

spectrum!of! free!VHH!18!and! the!equivalent! spectrum!of!VHH!18!bound! to! ILP6.!

Panel!B!of!Figure!4.1!shows!an!expanded!region!of!the!HSQC!spectra!in!which!the!

chemical! shift! differences!between! the! free! and!bound! forms!of!VHH!18! can!be!

clearly!seen!for!a!number!of!residues,!for!example!the!signals!for!residues!Arg138!

and! Thr197! have! significantly! shifted.! The! shifts! in! these! signals! arise! from! a!

change!in!their!chemical!environment!once!bound!to!ILP6,!so!they!are!likely!to!be!

at!the!binding!interface!or!influenced!by!structural!changes!as!a!result!of!binding.!

The! signals! for! residues! such! as! Gly115! and! Ser184! have! only! shifted! a! small!

amount!suggesting!the!chemical!environment!has!not!altered!significantly!with!the!

binding! of! ILP6.! Without! reassignment! of! the! bound! spectrum! one! cannot! be!

certain! where! each! peak! has! shifted! to,! but! the! minimal! shift! method! offers! a!

conservative!estimate!of! the!shifts!upon!binding!by!assuming!the!free!signal!and!

corresponding! bound! signal! are! the! peaks! closest! together! in! the! NMR! spectra!

(Farmer!et'al.,!1997).!!

!
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!
Figure( 4.1( –( Comparison( of( the( Spectra( for( Free( VHH( 18( and( VHH( 18(

Bound(to(ILQ6(

Panel!A! shows! in!blue! the! 15NP1H!HSQC!spectrum!of! 15N/13C! labelled! free!

VHH!18! at! a! concentration!of! 286!μM! in! 25!mM!sodium!phosphate,! 100!

mM!sodium!chloride!buffer,!pH!6.4!collected!at!35!°C!on!a!600!MHz!Bruker!

Avance! spectrometer! for! 60! minutes.! Overlaid! in! red! is! the! equivalent!

spectrum! for!VHH!18!bound! to! unlabelled! ILP6! at! a! concentration!of! 151!

μM.! The! boxed! area! is! expanded! in! Panel! B! showing! that! the! backbone!

amide!signals!of!residues!such!as!Arg138!and!Thr197!shift!upon!binding!to!

ILP6.!
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Chemical! shift! changes! observed! in! the! HNCO! spectra! rather! than! the! HSQC!

spectra! were! used! to! calculate! the! combined!minimal! shift! values,! as! the! extra!

dimension! results! in! less! signal! overlap.! The! combined! minimal! shift! values! for!

each!residue!were!calculated!as!described!in!Section!4.1.2!using!the!scaling!factor!

values!of!αHN!=!1,!αN!=!0.2!and!αC’!=!0.35.!The!minimal!shift!values!are!plotted! in!

Figure!4.2!and!clearly! show! that!CDR1,!CDR2!and! the!visible! signals!of!CDR3!are!

affected!by!the!binding!of!ILP6.!Residues!Ile169!to!Ser173!also!show!large!shifts!in!

signals!between!the!free!and!bound!samples.!These!residues!make!up!the!fourth!

loop!that!is!situated!alongside!the!three!CDR!loops.!For!VHH!18!it!appears!that!this!

fourth! loop!plays!a! role! in!binding! to! ILP6.!No!additional!backbone!amide!signals!

were!observed!in!the!bound!spectra!that!may!account!for!the!missing!CDR3!peaks.!

The!signals!for!the!peaks!at!the!NPterminal!of!CDR3!do!show!large!shifts!upon!the!

binding!of!ILP6!and!this!may!suggest!that!CDR3!is!involved!in!binding,!but!residues!

Trp202! to! Thr207! still! remain! in! intermediate! exchange! when! bound! to! ILP6,!

possibly!due!to!the!plasticity!of!ILP6!(discussed!in!Section!4.4).!

! !
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!
Figure(4.2(–(Backbone(Amide(Minimal(Shift(Values(for(VHH(18(Induced(

upon(Binding(to(ILQ6(

The! graph! shows! the! backbone! amide! minimal! shift! values! calculated!

from! the! HNCO! spectra! of! the! free! and! bound! VHH! 18! plotted! against!

residue!number,!and!highlights!the!regions!most!affected!upon!binding!to!

ILP6.! CDR1,! CDR2! and! CDR3! are! highlighted! in! yellow,! green! and! red!

respectively.! The! region! highlighted! in! blue! is! the! fourth! loop! which! is!

located!in!the!vicinity!of!the!CDRs.!Large!shifts!can!be!seen!for!the!amide!

groups!of!CDR1,!CDR2,!residues!Ile169!to!Ser173,!that!make!up!the!fourth!

loop,!and! the! residues!preceding! the!missing!backbone!amide!signals! in!

CDR3.!

!

The! backbone! amide!minimal! shift! results!were!mapped!onto! the!NMR! solution!

structure!of!VHH!18!and!are!shown!in!Figure!4.3.!A!clear!binding!site!can!be!seen!

on!the!side!of!VHH!18!with!most!of!the!residues!in!CDR1!and!CDR2!showing!large!

shifts!upon!binding!to!ILP6.!!
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!
Figure( 4.3( –( ILQ6( Paratope( on( VHH( 18( as( Determined( by( NMR(Minimal(

Shift(

Panel! A! shows! the! ribbon! representation! of! VHH!18!with! CDR1! coloured!

yellow,! CDR2! coloured! green! and! CDR3! coloured! red.! Panel! B! shows! the!

minimal! shift! results! from! the! free! versus! bound! HNCO! data! of! VHH! 18!

plotted! onto! the! space! filled! NMR! structure! of! VHH! 18! in! the! same!

orientation! as! Panel!A! and! then! rotated!180! °! about! the! yPaxis.! Residues!

are!coloured!according!to!minimal!shift!using!a!gradient!of!white!(minimal!

shift!of!0.02!ppm!or!less)!to!red!(minimal!shift!of!greater!than!0.10!ppm).!

Residues! highlighted! in! yellow! are! those! for! which! no! NMR! data! were!

obtained.!!

(
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4.3.2!–!NMR!Minimal!Shift!Mapping!of!the!VHH!18!Epitope!on!ILP6!

To!map! the!binding! site!of!VHH!18!on! ILP6,! 15NP1H!TROSY!and! 15NP13CP1H!TROSYP

HNCO!spectra!of!free!ILP6!and!of! ILP6!bound!to!VHH!18!were!collected.!Shown!in!

Figure!4.4!is!an!overlay!of!the!TROSY!spectra!of!free!ILP6!and!ILP6!bound!to!VHH!18.!

As! with! the! mapping! of! the! ILP6! binding! site! onto! VHH! 18,! clear! shifts! in! the!

backbone!amide!signals!for!a!number!of!residues!were!observed.!

!

!
Figure(4.4(–(Comparison(of(the(Spectra(of(Free(ILQ6(and(ILQ6(Bound(to(VHH(

18(

Shown!in!blue!is!the!15NP1H!TROSY!spectrum!of!15N/13C/2H!labelled!free!ILP6!

at! a! concentration! of! 380! μM! in! 25! mM! sodium! phosphate,! 100! mM!

sodium! chloride! buffer,! pH! 6.4! collected! at! 35! °C! on! a! 800!MHz! Bruker!

Avance! II! spectrometer! for! 60!minutes.! Overlaid! in! red! is! the! equivalent!

spectrum! for! ILP6! bound! to! unlabelled!VHH!18! at! a! concentration!of! 220!

μM.! Significant!differences! in! the!backbone!amide! chemical! shifts! can!be!

seen!between!the!free!and!bound!forms!of!ILP6.!

!!

! !
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The!backbone!amide!minimal!shift!values!for!peaks!observed!in!the!TROSYPHNCO!

spectra! of! free! ILP6! compared! to! bound!were! calculated! as! described! in! Section!

4.1.2!using!the!scaling!factor!values!of!αHN!=!1,!αN!=!0.2!and!αC’!=!0.35.!The!minimal!

shift!values!plotted!against!residue!number!and!are!shown!in!Figure!4.5.!!

!

!
Figure(4.5(–(Backbone(Amide(Minimal(Shift(Values(for(ILQ6(Induced(upon(

Binding(to(VHH(18(

The!graph!shows!the!backbone!amide!minimal!shift!values!for!ILP6,!induced!

upon! binding! to! VHH! 18,! calculated! from! the! free! versus! bound! TROSYP

HNCO!spectra,!plotted!against!residue!number.!The!helices!(A,!B,!C!and!D)!

of! the! four! helix! bundle! are! highlighted! respectively! with! red,! orange,!

yellow!and!green!boxes.!The!additional!short!helix!(E)!lying!outside!the!four!

helix!bundle!is!highlighted!with!a!blue!box.!

!

The!backbone!amide!minimal!shift!results!were!then!mapped!onto!the!structure!of!

free!ILP6!(Somers!et'al.,!1997,!PDB!accession!code!1ALU)!and!are!shown!in!Figure!

4.6.!VHH!18!was!shown!to!be!a!Site!II!blocker!in!the!Site!II!ELISA!assay!(as!discussed!

in!Section!1.5)!and!the!results!of! the!minimal!shift!mapping!onto! ILP6!agree!with!

these!results.!Figure!4.7!highlights!the!position!of!gpP130!binding!to!Site!II!of!ILP6!

(adapted!from!ILP6!hexamer!structure,!Boulanger!et'al.,!2003,!PDB!accession!code!

1P9M)!and!it!can!be!seen!that!this!is!the!same!epitope!as!calculated!by!the!NMR!

minimal!shift!mapping.!
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!
Figure(4.6(–(VHH(18(Epitope(on(ILQ6(as(Determined(by(NMR(Minimal(Shift(

Panel! A! shows! a! ribbon! representation! of! ILP6! (Somers! et' al.,! 1997,! PDB!

accession! code! 1ALU)! with! Helix! A! highlighted! in! red,! Helix! B! in! orange,!

Helix!C! in!yellow,!Helix!D! in!green!and!Helix!E! in!blue.!Panel!B!shows!the!

location! of! the! minimal! shift! changes! induced! upon! binding! to! VHH! 18!

highlighted!on!the!crystal!structure!of!ILP6!in!the!same!orientation!as!Panel!

A!and!then!rotated!180!°!about!the!yPaxis.!Residues!are!coloured!according!

to!minimal! shift! using! a! gradient! of!white! (minimal! shift! of! 0.08! ppm! or!

less)!to!red!(minimal!shift!of!greater!than!0.20!ppm).!Residues!coloured!in!

yellow!are!those!for!which!no!NMR!data!were!obtained.!!

! !
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!
Figure(4.7(–(Comparison(of(the(VHH(18(and(gpQ130(Binding(Sites(on(ILQ6(

The! crystal! structure! of! ILP6! (adapted! from! Boulanger! et' al.,! 2003,! PDB!

accession!code!1P9M)!is!coloured,!as!described!in!Figure!4.6,!according!to!

minimal!shift!results!for!VHH!18,!with!the!gpP130!domains!2!and!3!(gpP130!

D2D3)!shown!as!a!yellow!ribbon,!highlighting!the!Site!II!binding!site.!!

!

4.3.3!–!Mapping!of!VHH!18!Epitope!on!ILP6!using!HDX!by!MS!

HDX! by!MS! experiments! were! carried! out! for! free! ILP6! and! for! the! VHH! 18:ILP6!

complex!and!Figure!4.8! shows! the!difference!plot!of! the! results.! The!plot! shows!

two!regions!of!Helix!A!and!Helix!C!in!which!the!deuterium!uptake!is!much!greater!

in!the!free!ILP6!than!when!VHH!18!is!bound.!This!suggests!that!these!regions!are!no!

longer! as! accessible! to! solvent! and! are! likely! to! be!where!VHH!18!binds! to! ILP6.!

When!highlighted!on!the!structure!of!ILP6!these!regions!identify!the!likely!binding!

site!of!VHH!18!on!ILP6!(shown!in!Figure!4.9).!

! !
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!
Figure(4.8(–(HDX(Difference(Plot(of(VHH(18(on(ILQ6(

The! difference! plot! shows! the! difference! in! deuterium! uptake! of! the!

unbound!ILP6!compared!to!the!ILP6!with!VHH!18!bound.!The!coloured!lines!

show!the!deuterium!uptake!per!peptide!at!1!minute!(orange),!10!minutes!

(red),! 30! minutes! (light! blue),! 120!minutes! (dark! blue)! and! 240!minutes!

(black).!The!vertical!bars!represent!the!sum!of!the!differences!for!all!time!

points.! The! grey! shaded! area! is! an! indicator! of! the! experimental! error!

associated!with!each!measurement.!

! !
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!
Figure(4.9(–(VHH(Protected(Surface(on(ILQ6(as(Determined(by(HDX(

Panel! A! shows! a! ribbon! representation! of! ILP6! (Somers! et' al.,! 1997,! PDB!

accession! code! 1ALU)! with! Helix! A! highlighted! in! red,! Helix! B! in! orange,!

Helix!C! in!yellow,!Helix!D! in!green!and!Helix!E! in!blue.!Panel!B! shows! the!

results!of!the!HDX!by!MS!of!VHH!18!highlighted!on!the!crystal!structure!of!

ILP6!in!the!same!orientation!as!Panel!A!and!then!rotated!180!°!about!the!yP

axis.! Residues! are! coloured! according! to! the! average! difference! in!

deuterium! uptake! per! residue! from! white! (0.1! D! per! residue)! to! red!

(greater!than!0.5!D!per!residue).!Residues!coloured!in!yellow!are!those!for!

which!no!data!were!obtained.!!

!

The! epitope! determined! using! HDX! by!MS! fits! well! with! VHH! 18! being! a! Site! II!

binder.!Figure!4.10!highlights!the!position!of!gpP130!binding!to!ILP6!(adapted!from!

ILP6!hexamer!structure,!Boulanger!et'al.,!2003,!PDB!accession!code!1P9M)!and! is!

comparable!to!the!epitope!as!mapped!using!HDX!by!MS.!

! !
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!
Figure(4.10(–(Comparison(of(the(VHH(18(and(gpQ130(Binding(Sites(on(ILQ6(

The! crystal! structure! of! ILP6! (adapted! from! Boulanger! et' al.,! 2003,! PDB!

accession!code!1P9M)! is!coloured,!as!Figure!4.9,!according!to!the!HDX!by!

MS! results! for! VHH! 18! with! gpP130! D2D3,! shown! as! a! yellow! ribbon,!

highlighting!the!Site!II!binding!site.!!

!

4.3.4!–!NMR!Minimal!Shift!Mapping!of!the!ILP6!Paratope!on!VHH!67!
15NP1H!HSQC!and!15NP13CP1H!HNCO!spectra!were!collected!for!the!free!VHH!67!and!

also!for!VHH!67!bound!to!ILP6.!Over!the!course!of!the!HNCO!experiment,!the!VHH!

67:ILP6! complex! began! to! precipitate! out! of! solution.! For! this! reason! the! HSQC!

experiments!were!used!instead!of!the!HNCO!experiments!for!the!mapping!of!the!

ILP6! paratope! on! VHH! 67.! Addition! of! the! ILP6! resulted! in! large! chemical! shift!

differences!for!many!of!the!backbone!amide!groups!as!shown!in!Figure!4.11.!It!can!

be! seen! that! some! of! the! backbone! amide! signals! show! no! significant! chemical!

shift! difference! between! the! free! and! the! bound! forms,! for! example! residues!

Arg140!and!Glu191!in!Figure!4.11!Panel!B.!This!lack!of!movement!in!the!backbone!

amide!signals! suggest! that! these! residues!are!not!affected!by! the!binding!of! ILP6!

and!therefore!unlikely!to!be!at!the!binding!interface.!The!backbone!amide!signals!

for!residues!such!at!Gly149!and!Arg174!do!shift!between!the!free!and!bound!forms!

of!VHH!67!suggesting! that! they!are!affected!by!the!binding!of! ILP6!and!are!more!

likely!to!be!at!or!near!the!binding!interface!or!indicate!a!conformational!change.!

!

!

!
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!

!
Figure( 4.11( –( Comparison( of( the( Spectra( for( Free( VHH( 67( and( VHH( 67(

Bound(to(ILQ6(

Panel!A! shows! in!blue! the! 15NP1H!HSQC! spectrum!of! 15N/13C! labelled! free!

VHH!67! at! a! concentration! of! 312! μM! in! 25!mM! sodium!phosphate,! 100!

mM!sodium!chloride!buffer,!pH!6.4!collected!at!35!°C!on!a!800!MHz!Bruker!

Avance! II! spectrometer! for! 40!minutes.! Overlaid! in! red! is! the! equivalent!

spectrum! for! VHH! 67! bound! to! unlabelled! ILP6! at! a! concentration! of! 273!

μM.! The! boxed! area! is! expanded! in! Panel! B! showing! that! the! backbone!

amide!signals!of!residues!such!as!Gly149!and!Arg174!shift!upon!binding!to!

ILP6.!
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!

The! backbone! amide! minimal! shift! values! for! each! free! versus! bound! VHH! 67!

residue! were! calculated! as! described! in! Section! 4.1.2! using! the! scaling! factor!

values!of!αHN!=!1!and!αN!=!0.2.!Figure!4.12!shows!these!minimal!shift!values!plotted!

against!residue!number!and!shows!large!shifts!in!the!amide!resonances!of!residues!

in! CDR2! and! CDR3! suggesting! that! these! CDRs! are! involved! in! binding! to! ILP6.!

Smaller,!but!significant!shifts,!can!also!be!seen!for!CDR1!and!the!fourth!loop.!

!

!
Figure(4.12(–(Backbone(Amide(Minimal(Shift(Values( for(VHH(67( Induced(

upon(Binding(to(ILQ6(

The!graph!shows!the!backbone!amide!minimal!shift!values!calculated!from!

the! free! versus! bound! HSQC! spectra! of! VHH! 67! plotted! against! residue!

number! and! highlights! the! regions! most! affected! upon! binding! to! ILP6.!

CDR1,!CDR2!and!CDR3!are!highlighted!in!yellow,!green!and!red!respectively.!

The! region! highlighted! in! blue! is! the! fourth! loop! which! is! located! in! the!

vicinity!of!the!CDRs.!The!graph!shows!that!large!shifts!are!observed!for!the!

backbone!amide!groups!of!CDR2!and!CDR3.!!

!

! !
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No!additional!backbone!amide!signals!were!observed!in!the!VHH!67:ILP6!complex!

spectrum,!which!could!correspond!to!the!missing!CDR1!signals!in!free!VHH!67.!This!

suggests!that!the!binding!of! ILP6!to!VHH!67!does!not!stabilise!these!residues! in!a!

single!conformation.!The!increased!backbone!amide!minimal!shift!values!observed!

for!residues!Ser125!to!Gly126,!prior!to!the!missing!CDR1!residues,!and!for!residues!

Gln133,!Met136!and!Gly137,!after!the!missing!signals,!may!suggest!that!this!region!

is! affected! by! ILP6! binding! but! that! residues! Tyr127! to! Tyr131! remain! in!

intermediate!exchange!in!the!bound!form.!To!better!visualise!the!residues!affected!

by!binding,!Figure!4.13!shows! the!backbone!amide!minimal! shift! results!mapped!

onto!the!NMR!solution!structure!of!VHH!67.!The!results!show!a!clearly!defined!ILP6!

paratope!on!VHH!67!that!includes!both!CDR2!and!CDR3!and!the!visible!residues!of!

CDR1.!Few!effects!are!seen!in!the!framework!regions!of!VHH!67!implying!that!no!

significant!long!range!structural!changes!are!occurring!upon!binding.!!

!

!
Figure( 4.13( –( ILQ6(Paratope( on(VHH( 67( as(Determined( by(NMR(Minimal(

Shift(

Panel! A! shows! the! ribbon! representation! of! VHH! 67!with! CDR1! coloured!

yellow,!CDR2!coloured!green!and!CDR3!coloured!red.!Panel!B!shows!then!

minimal!shift!results!from!the!HSQC!data!of!VHH!67!plotted!onto!the!space!

filled!NMR!structure!of!VHH!67!in!the!same!orientation!as!Panel!A!and!then!

rotated!180!°!about!the!yPaxis.!Residues!are!coloured!according!to!minimal!

shift! using! a! gradient! of!white! (minimal! shift! of! 0.02! ppm!or! less)! to! red!

(minimal!shift!of!greater!than!0.07!ppm).!Residues!highlighted!in!yellow!are!

those!for!which!no!NMR!data!were!obtained.!!
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4.3.5!–!NMR!Minimal!Shift!Mapping!of!the!VHH!67!Epitope!on!ILP6!

To!map! the!binding! site!of!VHH!67!on! ILP6,! 15NP1H!TROSY!and! 15NP13CP1H!TROSYP

HNCO!spectra!of!free!ILP6!and!of!the!ILP6!bound!to!VHH!67!were!collected.!Shown!

in!Figure!4.14!is!an!overlay!of!the!TROSY!spectra!of!free!ILP6!and!ILP6!bound!to!VHH!

67.!!

!

!
Figure( 4.14( –( Comparison(of( the( Spectra( of( Free( ILQ6( and( ILQ6( Bound( to(

VHH(67(

Shown!in!blue!is!the!15NP1H!TROSY!spectrum!of!15N/13C/2H!labelled!free!ILP6!

at! a! concentration! of! 380! μM! in! 25! mM! sodium! phosphate,! 100! mM!

sodium! chloride! buffer,! pH! 6.4! collected! at! 35! °C! on! a! 800!MHz! Bruker!

Avance! II! spectrometer! for! 60!minutes.! Overlaid! in! red! is! the! equivalent!

spectrum! for! ILP6! bound! to! unlabelled!VHH!67! at! a! concentration!of! 254!

μM.! ! Significant! differences! in! the! amide! chemical! shifts! can! be! seen!

between!the!free!and!bound!forms!of!ILP6.!

! !
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The! backbone! amide! minimal! shift! values! for! each! residue! were! calculated! as!

described!in!Section!4.1.2!using!the!scaling!factor!values!of!αHN!=!1,!αN!=!0.2!and!αC’!

=! 0.35.! The! minimal! shift! values! plotted! against! residue! number! are! shown! in!

Figure!4.15!!

!

!
Figure(4.15(–(Backbone(Amide(Minimal(Shift(Values(for(ILQ6(Induced(upon(

Binding(to(VHH(67(

The!graph!shows!the!backbone!amide!minimal!shift!values!for!ILP6,!induced!

upon! binding! to! VHH! 67,! calculated! from! the! free! versus! bound! TROSYP

HNCO!spectra,!plotted!against!residue!number.!The!helices!(A,!B,!C!and!D)!

of! the! four! helix! bundle! are! highlighted! respectively! with! red,! orange,!

yellow!and!green!boxes.!The!additional!short!helix!(E)!lying!outside!the!four!

helix!bundle!is!highlighted!with!a!blue!box.!

! !
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The!backbone!amide!minimal!shift!results!were!then!mapped!onto!the!structure!of!

ILP6!(Somers!et'al.,!1997,!PDB!accession!code!1ALU)!and!are!shown!in!Figure!4.16.!

The!minimal! shift!mapping! results!of!VHH!67!onto! ILP6! show! significant! shifts!of!

residues!at!the!base!of!ILP6.!This!does!not!correspond!to!residues!at!Site!I,!Site!II!or!

Site!III.!!

!

!
Figure(4.16(–VHH(67(Epitope(on(ILQ6(at(Determined(by(NMR(Minimal(Shift(

Panel! A! shows! a! ribbon! representation! of! ILP6! (Somers! et' al.,! 1997,! PDB!

accession! code! 1ALU)! with! Helix! A! highlighted! in! red,! Helix! B! in! orange,!

Helix!C! in!yellow,!Helix!D! in!green!and!Helix!E! in!blue.!Panel!B!shows!the!

location! of! the! minimal! shift! changes! induced! upon! binding! to! VHH! 67!

highlighted!on!the!crystal!structure!of!ILP6!in!the!same!orientation!as!Panel!

A!and!then!rotated!180!°!about!the!yPaxis.!Residues!are!coloured!according!

to!the!minimal!shift!using!a!gradient!of!white!(minimal!shift!of!0.08!ppm!or!

less)!to!red!(minimal!shift!of!greater!than!0.15!ppm).!Residues!coloured!in!

yellow!are!those!for!which!no!NMR!data!were!obtained.!!

! !
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4.3.6!–!Mapping!of!VHH!67!Epitope!on!ILP6!using!HDX!by!MS!

HDX! by!MS! was! carried! out! for! free! ILP6! and! for! ILP6! with! VHH! 67! bound.! The!

difference!in!deuterium!uptake!between!the!two!samples!is!shown!in!Figure!4.17.!

In!general,!there!is!little!difference!between!the!deuterium!uptake!of!the!free!and!

the!bound!forms!of!ILP6!and,!unlike!VHH!18,!no!obvious!regions!of!reduced!uptake!

are!observed!with!the!VHH!bound.!Plotting!these!results!onto!the!structure!of!ILP6!

(Figure!4.18)!does!show!some!changes!in!the!deuterium!uptake!towards!the!base!

of!ILP6!(antipodal!to!Site!III)!but!the!data!does!not!provide!a!clear!epitope!like!that!

seen!for!the!HDX!by!MS!results!of!VHH!18!onto!ILP6.!!

!

!
Figure(4.17(–(HDX(Difference(Plot(of(VHH(67(on(ILQ6(

The! difference! plot! shows! the! difference! in! deuterium! uptake! of! the!

unbound!ILP6!compared!to!the!ILP6!with!VHH!67!bound.!The!coloured!lines!

show!the!deuterium!uptake!per!peptide!at!1!minute!(orange),!10!minutes!

(red),! 30! minutes! (light! blue),! 120!minutes! (dark! blue)! and! 240!minutes!

(black).!The!vertical!bars!represent!the!sum!of!the!differences!for!all!time!

points.! The! grey! shaded! area! is! an! indicator! of! the! experimental! error!

associated!with!each!measurement.!

!
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!
Figure(4.18(–(VHH(Protected(Surface(on(ILQ6(as(Measured(by(HDX(

Panel! A! shows! a! ribbon! representation! of! ILP6! (Somers! et' al.,! 1997,! PDB!

accession! code! 1ALU)! with! Helix! A! highlighted! in! red,! Helix! B! in! orange,!

Helix!C! in!yellow,!Helix!D! in!green!and!Helix!E! in!blue.!Panel!B!shows!the!

results!of!the!HDX!by!MS!of!VHH!67!highlighted!on!the!crystal!structure!of!

ILP6!in!the!same!orientation!as!Panel!A!and!then!rotated!180!°!about!the!yP

axis.! Residues! are! coloured! according! to! the! average! difference! in!

deuterium! uptake! per! residue! from! white! (0.01! D! per! residue)! to! red!

(greater!than!0.1!D!per!residue).!Residues!coloured!in!yellow!are!those!for!

which!no!data!were!obtained.!!

!

4.4!–!Discussion!!

The! work! described! in! Chapter! 3! highlighted! significant! differences! in! the!

conformational!heterogeneity!of!the!antigenPbinding!regions!of!the!antiPILP6!VHH!

antibodies.!One!of!the!aims!of!the!work!described!in!this!chapter!was!to!map!the!

binding!sites!of!the!VHH:ILP6!complexes!and!in!doing!so,!determine!the!role!of!the!

flexible!CDRs! in!binding.!To!achieve!this!NMR!minimal!shift!mapping!and!HDX!by!

MS!methods!were!used.!!

!

In! the! case! of! VHH! 18,! the! absence! of! NMR! signals! for! six! residues! of! CDR3!

suggested!CDR3!may!adopt!multiple!conformations!when! free! in! solution.!When!

the! complex! was! formed! with! ILP6,! no! additional! backbone! amide! signals! were!

observed! by! NMR! that! could! be! associated!with! the! stabilisation! of! the! flexible!
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loop,!implying!that!CDR3!exists!in!multiple!conformations!even!when!bound!to!ILP

6.! This! may! mean! that! CDR3! of! VHH! 18! is! not! involved! in! the! binding! of! ILP6,!

although!as!the!residues!either!side!of!the!missing!signals!are!showing!larger!than!

average!minimal! shift! values! this! seems! unlikely.! The!more! likely! explanation! is!

that!the!plastic!nature!of!ILP6!(Xu!et'al.,!1996)!allows!continued!exchange!between!

conformations!when!these!CDR3!residues!are!at!the!binding!interface!(Addis!et'al.,!

2014).!The!paratope!mapping!of! the!VHH!binding!site!onto! ILP6!by!NMR!minimal!

shift! suggested! that! the! interaction! site! between!VHH!18! and! ILP6! is! through! all!

three! CDRs!with! some! involvement! from! the! fourth! loop! located! in! the! antigen!

binding! region.! Unfortunately,! HDX! by! MS! mapping! of! the! paratope! was! not!

successful!as!digestion!of!the!VHH!did!not!yield!suitable!fragments!to!give!a!good!

coverage! of! the! protein! sequence.! The!mapping! of! the! ILP6! binding! site! showed!

that!VHH!18!binds!to!the!same!site!that!would!be!occupied!by!gpP130!D3!in!the!ILP

6!signalling!hexamer!(Site! II)!which! is! in!agreement!with!the!results!of!previously!

reported! ELISA! blocking! assays! and! cell! based! bioassay! (Hancock,! 2010! and!

summarised! in! Section!1.5).! The!epitope!on! ILP6!was! fairly!well! defined!by!NMR!

minimal!shift!mapping!but!a!more!localised!result!was!seen!when!using!the!HDX!by!

MS!method.!This!difference!may!be!due!to!inherent!differences!in!the!way!the!two!

methods! work.! NMR! is! sensitive! to! any! subtle! changes! in! the! chemical!

environment! of! residues! upon! binding! and! these!may! induce! long! range! effects!

through!the!protein!structure!whereas!HDX!by!MS!is!dependent!on!the!exposure!

of!specific!amide!protons!to!D2O!with!little!effect!on!neighbouring!residues.!!

!

Minimal!shift!mapping!of!the!paratope!of!VHH!67!identified!residues!of!CDR2!and!

CDR3! as! having! the! largest! differences! between! the! free! and! bound! form.! No!

additional! backbone! amide! signals! that! could! correspond! to! the! missing! CDR1!

signals!were!observed.!Small!but!significant!minimal!shift!values!were!obtained!for!

the!residues!either!side!of!the!missing!CDR1!residues,!implying!that!CDR1!is!likely!

to! be! involved! in! binding! but,! as! with! VHH! 18,! the! residues! of! CDR1! are! still!

exchange!broadened!because!CDR1!itself!remains!in!multiple!conformations!when!

bound!to!ILP6!or!due!the!dynamic!nature!of!ILP6.!The!NMR!epitope!mapping!of!the!

interaction!site!on!ILP6!suggested!VHH!67!binds!towards!the!base!of! ILP6,!remote!
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from!Sites!I,!II!and!III,!implying!a!novel!binding!site!may!have!been!identified.!This!

would! fit!with! the!biological!data!collected! for!VHH!67! in!which!no!blocking!was!

seen!at!either!Site!II!or!Site!III!and!that!the!formation!of!the!signalling!hexamer!was!

not! inhibited! by! the! presence! of! VHH! 67! (Hancock,! 2010! and! summarised! in!

Section!1.5).!HDX!by!MS!showed!very!small!differences!in!the!deuterium!exchange!

rates! across! the! entire! structure! of! ILP6! making! it! difficult! to! identify! a! precise!

binding!site.!!

!

This!work!has!shown!that!paratope!and!epitope!mapping!are!possible!using!VHHs!

in! the! same! way! that! has! been! reported! for! larger! antibody! fragments.! The!

applicability! of! each! method! appears! to! be! dependent! on! the! binding!

characteristics,!for!example,!NMR!minimal!shift!mapping!worked!well!for!both!the!

VHH! 18:ILP6! and! VHH! 67:ILP6! complexes! whereas! using! HDX! by!MS! to!map! the!

binding!sites!on!ILP6!was!only!successful!for!the!VHH!18:ILP6!complex.!The!reason!

for! the! limited! success!with!HDX!by!MS!mapping!may!be!due! to! the!position!of!

VHH! binding! to! ILP6.! The! Site! II! interface,! where! VHH! 18! binds,! is! made! up! of!

residues!from!Helix!A!and!Helix!C!(Xu!et'al.,!1996,!Somers!et'al.,!1997).!By!contrast,!

VHH!67!appears!to!bind!at!the!base!of!ILP6!interacting!with!all!four!of!the!helices!

that!make!up!the!four!helix!bundle.!Conformational!changes!brought!about!at!the!

base!of!ILP6!by!the!binding!of!VHH!67!may!result!in!subtle!changes!to!the!positions!

of! all! the!helices,! altering! the! solvent! exposure!of! the! amide!protons! across! the!

entire! protein,!whereas,! the! effects! of! VHH! 18! interacting!with! just! Helix! A! and!

Helix!C!will!be!more!localised.!!

!

The! observation! that! one! CDR! of! both! VHH! 18! and! VHH! 67! appears! to! be! in!

conformational!exchange!in!the!free!and!bound!forms!agrees!with!work!published!

by!Addis!et'al.!describing!conformational!heterogeneity!in!antibody!binding!(Addis!

et' al.,! 2014).! The! work! describes! the! NMR! analysis! of! two! antibodyPantigen!

systems:! a! Fab! fragment! binding! to! ILP1β! and! a! scFv! fragment! binding! to! ILP6.!

Despite!very!different!target!antigens,!ILP1β!being!a!βPsheet!protein!and!ILP6!being!

αPhelical,!signals!corresponding!to!the!backbone!amide!groups!of!CDR3!in!the!VH!

and!VL!domains!were!absent!from!the!NMR!spectra!of!the!free!Fab!and!the!free!
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scFv.!It!was!suggested!that!this!conformational!heterogeneity!allows!the!initiation!

of!binding,! increasing!both!the!likelihood!of!binding!and!the!on!rate.!All!the!VHH!

antibodies! studied! in! Chapter! 3! show! conformational! heterogeneity! in! the! free!

form!and! this! remains! the!case! in! the!bound! form!for! the! two!VHHs!analysed! in!

this! chapter.! This! work! provides! evidence! of! an! additional! type! of! antibody!

fragment!exhibiting!the!same!conformational!heterogeneity.!Interestingly!for!VHH!

67,! CDR1! rather! than! CDR3! is! assumed! to! be! adopting! multiple! conformations,!

suggesting!that!the!soft!capture!mechanism!is!not!exclusive!to!CDR3.!

!

The!quality!of! the!epitope!mapping! results!acquired!with! the!Fab,! scFv!and!VHH!

fragments!does!vary!as!illustrated!in!Figure!4.19.!The!epitope!mapping!of!the!Fab!

fragment!onto!ILP1β!highlights!a!discrete!region!to!which!the!Fab!is!thought!to!bind!

(Addis!et'al.,!2014).! In!contrast,!when!mapping!the!epitope!of!the!scFv!onto!ILP6,!

chemical! shift! differences! are! seen! throughout! the! protein!making! it! difficult! to!

identify! the! region! of! binding! (Addis! et' al.,! 2014).! The! differences! observed!

between! the! Fab! and! scFv! results! were! assumed! to! be! a! result! of! the! inherent!

plasticity!of!ILP6!rather!than!due!to!the!different!antibody!formats.!The!mapping!of!

the!binding!sites!on!ILP6!using!the!VHH!fragments!shows!more!defined!regions!of!

perturbed! residues! than!was! observed!with! the! scFv,! even!when! binding! to! the!

dynamic!ILP6.!!

! !
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!

!
Figure(4.19(–(NMR(Minimal(Shift(Mapping(of(Binding(Sites( for(Different(

AntibodyQAntigen(Interactions(

The!results!of!binding!site!mapping!of!a!Fab!fragment!onto!ILP1β!(Panel!A)!

(Addis!et'al.,!2014),!a!scFv!fragment!onto!ILP6!(Panel!B)!(Addis!et'al.,!2014),!

VHH!18!onto! ILP6!(Panel!C)!and!VHH!67!onto! ILP6!(Panel!D).!All!structures!

are!coloured!using!a!gradient!of!white!(a!small!difference!in!chemical!shift!

between!the!free!and!bound!forms)!to!red!(a! large!difference!in!chemical!

shift!between!the!free!and!bound!forms).!Residues!coloured!in!yellow!are!

those!for!which!no!NMR!data!were!obtained.!

!

The!paratope!mapping!by!NMR!for!VHH!18!and!VHH!67!suggests!that!all!three!of!

the!CDR!loops!are!involved!in!binding!to!ILP6.!Analysis!of!the!crystal!structures!of!

the! VHH:ILP6! complexes! described! in! Section! 1.5! (Hancock,! 2010)! highlights!

interesting!differences!between! the!extent!of!CDR! involvement! in!binding!which!

may!be!related!to!the!length!of!CDR3.!The!CDR3!loops!of!the!five!VHH:ILP6!crystal!

structures!ranged!in!length!from!10!residues,!the!same!length!CDR3!as!VHH!18,!to!

20!residues,!a!CDR3!length!one!residue!greater!than!VHH!67!(Hancock,!2010).!!

! !
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As! described! by! Lo! Conte!et' al.,! the! interface! area! is! the! “accessible! surface! on!

both! partners! that! becomes! inaccessible! to! solvent! due! the! proteinPprotein!

contacts”!and!can!be!calculated!by!subtracting!the!solvent!accessible!surface!area!

of! the! complex! from! the! sum! of! the! solvent! accessible! surfaces! of! the! free!

antibody! and! free! antigen.! The! interface! areas! calculated! for! the! antiPILP6!

complexes!are!shown!in!Table!4.1!(Lo!Conte!et'al.,!1999).!!

!

!
Table(4.1(Q(Interface(Area(of(the(VHH:ILQ6(Complexes(Calculated(from(the(

XQRay(Crystal(Structures(

Interface!areas!of!the!VHH:ILP6!complexes!calculated!from!the!XPray!crystal!

structures!(Hancock,!2010)!by!subtracting!the!solvent!accessible!surface!of!

the! complex! (using! MOLMOL! Koradi! et' al.,! 1996)! from! the! sum! of! the!

solvent!accessible!surfaces!of!the!free!VHH!and!free!ILP6!as!described!by!Lo!

Conte!et'al.!(Lo!Conte!et'al.,!1999).!Also!included!in!the!table!(highlighted!in!

blue)! is! the! interface! area! determined! from! the! VHH67:ILP6! crystal!

structure!as!reported!in!Chapter!6.!

!

The! predicted! interaction! surface! area! for! a! conventional! antibodyPantigen!

complex! is!1680!±!260!Å2! (Lo!Conte!et'al.,! 1999)!and! the! interface!areas! for! the!

antiPILP6!VHH!antibodies!fall!within!this!predicted!range!with!the!exception!VHH!38!

and!VHH!146,!both!of!which!have!long!CDR3!loops!and!bind!to!a!cleft!at!Site!III!of!

ILP6.! The! prediction! of! interface! area! made! by! Lo! Conte! et' al.! was! based!

predominantly!on!the!crystal!structures!of!conventional!antibodies,!with!just!one!

out!of!the!19!structures!analysed!being!a!VHH:antigen!structure.!Therefore!these!

predictions!are!based!mainly!on!antibodies!where! six!CDR! loops,! three! from! the!

VH!and!three!from!the!VL,!can!interact!with!the!antigen.! Interestingly,! it!appears!

VHH Interface+Area+(Å2)
VHH+15 1767
VHH+29 1792
VHH+38 1249
VHH+56 1731
VHH+146 1173
VHH+67 1430
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that! VHH! domains,! with! just! three! CDR! loops,! can! form! equivalent! antibodyP

antigen!interface!areas.!!

!

To! explore! the! VHH! binding! sites! further,! the! VHH:ILP6! crystal! structures! were!

analysed! to! identify! the! regions! of! the! VHH! that! contribute! to! the! binding!

interface.! The! interface! residues! were! determined! by! comparing! the! solvent!

accessibility!of!each!VHH!residue!in!the!free!form!compared!to!when!the!VHH!was!

bound!to!ILP6.!Any!residues!for!which!a!greater!than!10!%!decrease!in!the!solvent!

accessible! surface! was! seen! when! bound! to! ILP6! were! considered! to! be! at! the!

interface.! The! solvent! accessible! surface! of! these! interface! residues! were! then!

determined!to!give!a!total!interface!area,!the!sum!of!the!solvent!accessible!surface!

of!all!interface!residues.!From!this!the!interface!area!contributed!from!each!region!

of! the! VHH! could! be! calculated! and! then! the! percentage! contribution! of! each!

region! to! the! interface! determined.! The! results! from! this! analysis! are! shown! in!

Table!4.2.!!

!

(
Table( 4.2( –(Analysis( of( VHH( Interface(Residues(making( up( the(VHHQILQ6(

Binding(Interface(for(the(antiQILQ6(VHH(Antibodies(

Interface!residues!of! the!VHH!antibodies!were! identified!according!to!the!

difference!in!solvent!accessible!surface!area!in!the!free!form!compared!to!

when! bound! to! ILP6.! The! sum! of! the! solvent! accessible! surface! of! these!

interface! residues! is! termed! the!Total!VHH! Interface!Area.! From! this,! the!

interface! area! and! percentage! contribution! for! each! region! of! the! VHH!

were!calculated.!Also!included!in!the!table!(highlighted!in!blue)!are!results!

determined!from!the!VHH67:ILP6!crystal!structure!as!reported!in!Chapter!6.!!

!

VHH Site CDR1 CDR2 CDR3 FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4 FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4
VHH/15 III* 6 16 10 1104 0 346 0 240 279 240 0 0 31 0 22 25 22 0
VHH/29 II 3 17 15 1075 250** 67 0 0 0 758 0 23** 6 0 0 0 71 0
VHH/38 III/ 6 17 16 777 0 0 0 39 0 738 0 0 0 0 5 0 95 0
VHH/56 III* 6 16 10 1247 0 403 0 214 250 380 0 0 32 0 17 20 30 0
VHH/146 III 8 16 20 646 0 118 0 0 0 528 0 0 18 0 0 0 82 0
VHH/67 8 13 17 19 917 0 15 0 295 0 606 0 0 2 0 32 0 66 0

*/Blocking/ELISAs/suggest/Site/III/binding/but/crystal/structure/shows/binding/remote/to/Site/III
**/Includes/interaction/through/residues/upstream/of/the/mature/antibody/sequence

CDR/Length/(No./of/
Residues)

Total/VHH/
Interface/
Area/(Å2)

VHH/Interface/Area/(Å2) Percentage/of/Total/VHH/Interface/Area/(%)
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The!general! trend!appears! to!be! that! for!VHHs!with!elongated!CDR3! loops! (VHH!

29,!VHH!38!and!VHH!146)!binding!occurs!predominantly!through!CDR3!with!some!

involvement! from! one! of! the! remaining! CDRs! (see! Figure! 4.20).! For! those! VHH!

antibodies!with!much!shorter!CDR3!loops,!not!only!are!all!three!CDRs!involved!in!

binding!but!the!fourth!loop!in!the!Framework3!region!also!forms!part!of!the!VHHP

ILP6!interface!with!all!four!loops!contributing!almost!equally!to!the!binding!surface!

(see!Figure!4.21).!!

!

!
Figure(4.20(Q(Interface(Residues(of(VHH(Antibodies(with(Long(CDR3(Loops(

The!crystal!structures!of!VHH!29,!VHH!38!and!VHH!146!in!complex!with!ILP6!

are!shown!in!Panels!A,!B!and!C!respectively.!CDR1!is!coloured!yellow,!CDR2!

green!and!CDR3!is!shown!in!red.!Line!representations!are!used!to!highlight!

interface!residues.!For!VHH!antibodies!with! long!CDR3!loops!the! interface!

residues!are!predominantly!located!in!CDR3.!!

!

!

!!

A" B" C"
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!
Figure(4.21(Q(Interface(Residues(of(VHH(Antibodies(with(Short(CDR3(Loops(

Panel!A!shows!the!VHH!15:ILP6!crystal!structure!with!CDR1!coloured!yellow,!

CDR2!green!and!CDR3!in!blue.!The!crystal!structure!of!VHH!56!in!complex!

with!ILP6!is!shown!in!Panel!B!with!CDR1!in!yellow,!CDR2!in!blue!and!CDR3!in!

red.! Line! representations! are! used! to! highlight! the! interface! residues! for!

both!VHH!antibodies.!These!two!examples!of!VHHs!with!short!CDR3!loops!

show! that! binding! occurs! through! all! three! CDRs! and! the! fourth! loop! in!

Framework3.!

!

The!analysis!of!the!antiPILP6!VHH!crystal!structures!(Hancock,!2010)!has!shown!that!

for! VHH! domains! with! shorter! CDR3! loops! binding! does! not! always! occur!

predominantly!through!CDR3!as!suggested!by!the! literature!(Muyldermans!et'al.,!

2009).! For! the! two! examples! of! VHH! domains! with! short! CDR3! loops! discussed!

here! it! appears! that! as! the! CDR3! length! decreases,! the! contribution! to! binding!

from!CDR1!and!CDR2! increases!along!with! the! contribution! from! the! framework!

regions,!notably!the!fourth!loop!of!the!antigenPbinding!region.!This!implies!that!to!

compensate! for! the! lack! of! the! VL! interactions,! VHH! antibodies! bind! through!

longer!CDR!loops!or!bind!through!framework!residues!in!addition!to!the!CDR!loops.!

!

A"

B"
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Given! that! VHH! 18! has! the! same! length! CDR3! as! VHH! 15! and! VHH! 56! we!may!

expect! residues! from!CDR1,!CDR2!and! the! framework! regions!at! the! interface! to!

compensate!for!the!shorter!CDR3.!NMR!minimal!shift!mapping!identified!residues!

in!CDR1,!CDR2!and!Framework3!that!were!perturbed!upon!binding!to!ILP6.!Despite!

signals! from! six! of! the! CDR3! residues! not! being! visible! by! NMR,! signals!

corresponding!to!residues!either!side!of! the!missing!residues!are!perturbed.!This!

would!suggest!that!all!three!CDRs!and!the!additional!loop!in!Framework3!interact!

with!ILP6.!VHH!67!has!a!much!longer!CDR3!so!is!most!comparable!to!VHH!146,!the!

crystal!structure!of!which!shows!that!residues!from!CDR1!and!CDR3!make!up!the!

entire! interface.! The! NMR! minimal! shift! mapping! of! VHH! 67! shows! a! similar!

pattern!with!the!most!significant!perturbations!observed!in!the!signals!of!residues!

in!CDR2!and!CDR3.!The!VHH!67:ILP6!crystal!structure!is!presented!in!Chapter!6!and!

confirms!that!the!interface!is!predominantly!made!up!of!residues!from!CDR2!and!

CDR3!with!only!one!residue!of!CDR1!involved!in!binding.!

!

The!lack!of!published!crystal!structures!of!VHH!antibodies!with!shorter!CDR3!loops!

makes! it!difficult! to! test!whether! this! relationship!between!CDR3! length!and! the!

involvement! of! framework! residues! in! the! interface! holds! for! VHH! antibodies!

raised!against!different!antigens.!Table!4.3!shows!the!same!analysis!as!was!carried!

out! for! the! antiPILP6!VHHs!performed!on! the!VHH! crystal! structures!discussed! in!

Section!1.2,!with!the!exception!of!VHHPH14!for!which!only!the!free!VHH!structure!

was!solved.!For!most!of! the!VHHs!(cAbPLys3,!cAbPRN05,!VHHPRR6,!cAbPCN05!and!

AMD9)!binding!occurs!through!one,!two!or!all!three!CDR!loops.!A!small!number!of!

Framework1! residues! form! part! of! the! binding! interface! of! cAbPLys3,! cAbPRN05!

and!AMD9!but!these!residues!are!directly!adjacent!to!CDR1!so!could!be!considered!

an! extension! of! CDR1.! AMB7! and! AMD10! are! interesting! examples! because! the!

binding! interface! includes! residues!of!CDR1,!CDR2,!CDR3!and! framework!despite!

having!longer!CDR3!loops.!AMB7!and!AMD10!appear!to!bind!side!on!to!planar!sites!

of! porcine! pancreatic! αPamylase! (PPA)! whereas! AMD9! binds! in! a! conventional!

manner!through!the!antigen!binding!loops!at!the!top!of!the!VHH!to!a!cavity!of!PPA.!

This!may! suggest! that! the! involvement! of! framework! regions! is! dictated! by! the!

conformation!of!the!antigenPbinding!site!rather!than!just!CDR3!length.!
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!
Table( 4.3( –( Analysis( of( Residues( making( up( the( VHHQAntigen( Binding(

Interface(for(Literature(VHH(Structures(

Interface! residues! were! identified! according! to! the! difference! in! solvent!

accessible! surface!area! in! the! free! form!compared! to!when! the!VHH!was!

bound! to! the!antigen.!The!sum!of! the! solvent!accessible! surface!of! these!

interface! residues! is! termed! the!Total!VHH! Interface!Area.! From! this,! the!

interface! area! and! percentage! contribution! for! each! region! of! the! VHH!

were!calculated.!(

!

4.5!P!Conclusions!

Studying! the! VHH:ILP6! complexes! by! NMR! has! identified! that! the! dynamic! CDRs!

reported! in!Chapter!3! remain!dynamic!when!bound.!This!adds!more!evidence! to!

the! supposition! by! Addis! et' al.,! that! conformational! heterogeneity! may! be!

important!to!efficient!antibodyPantigen!binding.!!

!

The! results!of! the!binding!site!mapping! for!VHHs!and! ILP6!using!minimal! shift!by!

NMR!and!HDX!by!MS!showed!mixed!success.!Paratope!mapping!using!HDX!by!MS!

was!not!successful!due!to!poor!digestion!of!the!VHH,!however,!paratope!mapping!

by! NMR! did! identify! the! binding! site! and! also! highlighted! the! continued!

conformational!exchange!of!some!of!the!CDR!loops.!Mapping!the!epitope!of!VHH!

18!onto!ILP6!was!successful,!with!both!NMR!and!MS!identifying!a!defined!binding!

area! that!agrees!with! results! from! the!ELISA!assays.!The!mapping!of! the!binding!

site!of!VHH!67!onto!ILP6!indicates!a!new!binding!site!at!the!base!of!ILP6,!antipodal!

to!Site!III.!!

!

FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4
cAb,Lys3 Lysozyme 24 12* 12 0 23 0 53 0
cAb,RN05 RNAse8A 12 20* 20 0 0 0 60 0
VHH,R6 RR68Dye8(Hapten) 17 0 27 0 46 0 27 0
cAb,CA05 Bovine8Carbonic8Anhydrase 19 0 0 0 0 0 100 0
AMB7 Porcine8Pancreatic8α,Amylase 19 0 8 25 17 17 33 0
AMD9 Porcine8Pancreatic8α,Amylase 14 8* 16 0 38 0 38 0
AMD10 Porcine8Pancreatic8α,Amylase 13 0 0 20 20 20 40 0

*8Directly8adjacent8to8CDR1

CDR38
Length

Percentage8of8Total8VHH8Interface8Area8(%)VHH Antigen
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Analysis!of!the!VHH:ILP6!crystal!structures!discussed!in!Section!1.5!(Hancock,!2010)!

suggested! that! VHHs! with! elongated! CDR3! loops! bind! predominantly! through!

CDR3,!as!suggested!previously!(Muyldermans!et'al.,!2009),!with!some!involvement!

from!one!other!CDR.!For!VHHs!with!shorter!CDR3!loops,!the!interface!is!made!up!

of!residues!from!all!three!CDRs!and!other!framework!regions,!most!commonly!the!

Framework3! residues! that!make!up! the! fourth! loop! at! the! antigenP! binding! site.!

VHH!18!with!a!short!CDR3!and!VHH!67!with!an!elongated!CDR3,!both!fit!with!these!

findings.! However,! analysis! of! literature! crystal! structures! suggests! that! this!

relationship!may!not!applicable!for!VHHs!raised!to!other!antigens.!

!

In! conclusion,! it! has! been! shown! that! VHH! domains! can! be! used! in! a! similar!

manner!to!other!antibody!formats!to!map!interaction!surfaces!and!yield!important!

information!regarding!the!dynamics!of!the!VHHs!in!the!free!and!bound!states.! In!

order!to!help!understand!the! impact!of!dynamics!on!the!binding!kinetics!of!VHH!

antibodies!and!antibodies!in!general,!Chapter!5!focuses!on!the!importance!of!the!

structured!CDR3!of!VHH!67.!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Chapter!5!–!Destabilising!CDR3!of!VHH!67!and! the!Effect!on!

Binding!to!ILP6!

(

5.1!–!Introduction!

The! solution! structure! of! VHH! 67,! presented! in! Chapter! 3,! established! that! the!

elongated!CDR3!was!stabilised!into!a!single!conformation!in!the!antigen!free!form.!

The!work! described! in! Chapter! 4! confirmed! this! stabilised!CDR3! loop! is! likely! to!

form!part!of!the!binding!site!to! ILP6.!Therefore,!the!aim!of!the!work!described!in!

this!chapter!was!to!identify!factors!that!may!be!responsible!for!the!stabilisation!of!

CDR3! in! VHH! 67! and! look! at! the! impact! on! binding! kinetics! of! destabilising! the!

structured!CDR3.!

!

As!discussed!in!Section!3.4!(Figure!3.19),!the!interaction!between!three!conserved!

aromatic!residues,!Phe139,!Tyr217!and!Trp220,!may!be!responsible!for!stabilising!

CDR3.! Phe139! forms! part! of! Framework2! and! is! one! of! the! characteristic! VH! to!

VHH! substitutions! thought! to! help! decrease! the! hydrophobicity! of! what,! in! a!

conventional!VH!domain,!would!be! the!VHPVL! interface.! In! the!panel!of!antiPILP6!

VHH!antibodies,! this!phenylalanine! is!conserved! in!all!VHH!antibodies!with!CDR3!

lengths! of! 15! residues! or! greater! and! substituted!with! either! a! tyrosine,! serine,!

histidine!or!valine!in!VHHs!with!shorter!CDR3!loops!(see!Figure!5.1).!This!suggests!

that!there!may!be!a!relationship!between!the!presence!of!the!phenylalanine!and!

CDR3!length.!!

!

In!VHH!67,!Tyr217!is!situated!at!the!CPterminal!of!CDR3!and!although!the!tyrosine!

residue!is!not!conserved!in!all!of!the!antiPILP6!VHH!antibodies,!there!appears!to!be!

a!precedent!for!an!aromatic!residue!in!this!position!for!VHHs!with!CDR3!lengths!of!

15!residues!or!greater!(see!Figure!5.1).!After!comparing!the!free!NMR!structure!of!

VHH! 67!with! the! crystal! structures! of! the! bound! antiPILP6! VHHs!with! long! CDR3!

loops,!the!assumption!was!made!that!Tyr217!is!not!directly!involved!in!binding!to!

ILP6.!The!crystal!structure!of!VHH!67!in!complex!with!ILP6!is!presented!in!Chapter!6!

and!confirms!that!this!assumption!was!correct.!!
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Trp220! is! the! first! residue! of! Framework4! and! is! conserved! in! all! antiPILP6! VHH!

antibodies!with!the!exception!of!four!VHHs!in!which!the!tryptophan!is!replaced!by!

either!an!arginine!(as!in!VHH!30,!VHH!145!and!VHH!94)!or!a!leucine!(as!in!VHH!26).!

There! does! not! appear! to! be! a! relationship! between! the! conservation! of! this!

tryptophan!with!CDR3! loop! length!as!Trp220! is!present! in!VHHs!with!CDR3! loops!

ranging!from!7!to!20!residues!(see!Figure!5.1).!!

! !
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!
Figure(5.1(Q(Sequence(Alignment(of(the(antiQILQ6(VHHs(

The! amino! acid! sequences! of! the! antiPILP6! VHH! antibodies! aligned! using!

Clustal!Omega!(Sievers!et'al.,!2011),!is!shown!ordered!by!CDR3!length!with!

a! blue! dashed! line! showing! the! cut! off! of! 15! residues.! The! conserved!

phenylalanines! in! Framework2! are! highlighted! with! an! orange! box;! the!

aromatic! residues! in! CDR3! are! highlighted! with! black! boxes;! and! the!

conserved!tryptophans!in!Framework4!are!highlighted!with!green!boxes.!!

! !

VHH
46 Q V Q L V E S G G G S V Q A G G S L R L S C T + V P G Y + + T S A S G C M A W F R Q A P G K E R E G I A
146 D V Q L V E S G G G S V Q A G G S L R L S C A + A S G Y T D T T Y T Y C M G W F R Q A P G K E R E A V A
2 Q V Q L V E S G G G S V Q A G G S L R L S C V + L S K G + Y F V S V R C M A W F R Q A P G K E R E G V A
67 D V Q L V E S G G G S V Q A G G S L R L S C G + F S G Y S Y T Y N Q Y Y M G W F R Q A P G K E R E G V A
30 Q V Q L E E S G G G S V Q A G G S L R L S C A + A S G Y + + T A N N Y C M G W F R Q A P G K E R E G V A
12 Q V Q L V E S G G G S V Q T G G S L R L S C A + G S + + + + E Y S S K C L G W F R Q A P G T E R E G V A
27o E V Q L V E S G G G S V Q A G G S L R L S C A + A S G G + + L L S T Y A V G W F R Q V P G R E C V L L T
21 D V Q L V E S G G G S V Q T G G S L R L S C A + A S G Y P Y P A N M Y C M A W F R Q A P G K E R D W V A
63 D V Q L V E S G G G S V Q A G G S L R L S C A + P S T F + + T Y D A D C V G W F R Q A P G K E R E G V A
103 D V Q L V E S G G D S V Q A G G S L R L S C V + V S I F + + A Y D A D C V G W F R Q A A G L E R E G V A
145 Q V Q L V E S G G G S V Q T G E S L R L S C V + A S K N + T W F S S A Y L G W F R Q A P G K E R E G V A
3 Q V Q L V E S G G G S V Q A G G S L R L S C A + V S E H + + T Y T S D C M G W F R Q A P G K E R E R V A
40 Q V Q L V E S G G G S V Q A G G S L R L S C A + A S G Y + + T Y E D E C M G W F R Q A P G K E R E A V A
66 E V Q L V E S G G G S V R A G G S L R L S C A + A S D N + + I S S S E C M G W F R Q A P G R E R E G V A
107 Q V Q L V E S G G G S V Q A G G S L R L S C A + A S G L + + T Y S T I H M G W F R Q A P G K E R E G V A
38 Q V Q L V E S G G G S V Q A G G S L R L A C A + H S G F + + T V E E N C M A W F R Q A P G K E R E G V A
19 D V Q L V E S G G G S V Q T G G T L R L S C V + A S G L + + T V N S Y C I A W F R Q G P G K E R E G V G
22o D V Q L V E S G G G S V Q A G G S L R L S C A + V S G Y + + + Y S R Y C A G W F R Q A P G K E R E G V A
8 Q V Q L V E S G G G S V Q A G G S L G L S C A A + + E F + + T F D A D C M G W F R Q A P G K E R E G V A
29 Q V Q L V E S G G G S V Q A G G S L R L S C A + A S E Y + + + + + T P C M A W F R Q V L G N E R E A V A
26 D V Q L V E S G G G S V Q A G G S L R L S C A + V S G F + + S F S E Y C I G W S R Q G P G L E R E G V A
142 Q V Q L V E S G G G S V Q A G G S L R L S C A + A S G Y + + T P C T Y T M S W H R Q A P G K E R E F V S
15 Q V Q L V E S G G G S V Q A G G S L R L S C V A A S G Y + + T G C T Y D M R W Y R Q A P G K E R E F V S
22 Q V Q L V E S G G G S V Q A G G S L R L S C A + A S G Y + + I G C T Y E M H W Y R Q A P G K E R E F V S
56 Q V H L V E S G G G L V Q A G G S L R L S C A + A S G Y + + I G C T Y E T R W Y R E A P G K D R E F V S
18 E V Q L V E S G G G S V Q A G G S L R L S C A + A S G L + + R I S E C T T G W Y R Q A P G K E R E L V S
94 E V Q L V E S G G G L V Q P G G S L R L S C A + A S G F + + I F S N Y A M S W V R Q A P G K E F E W V S
97 E V Q L V E S G G G S V Q A G G S L R L S C V + P S Q Y + + T F S H C R M E W F R Q V P G K E R E L V S

VHH
46 A I S S + G S F K T H Y A D S V K G R F T I S Q D I P N D T L Y L Q M N N L E P E D T A M Y Y C A Q
146 C I D S + + G G N E L Y A D S V K G R F I I S Q D N A K K T V Y L Q M S S L K P E D T A I Y Y C A A
2 A V S G + G G G S L Y Y T D S V K G R F T L S R D N A K N T L Y L S L N S L K P E D T A M Y Y C A A
67 S I N R + D G I R T F Y A D S V K G R F T I S R D N A K N T V Y L Q M N S L K P E D T A I Y Y C A A
30 T I N S + G G D S T N Y A D S V K G R F T I S R D N A K N T V Y L Q M N S L S P E D T A M Y Y C A A
12 F I N I A G G G N T Y Y A D S V K G R F A I S R D N A K N M V Y L Q M N N L K P E D T A M Y Y C A E
27o S T I Q + + D G S T I Y D A S V K G R F T I S L D N A K N M V Y L Q M N S L K P E D T A V Y Y C A A
21 N T D + + + S G G T N Y A D S V K G R F T I S Q D R A K N T V Y L Q M N N L K P E D T A I Y Y C A A
63 H I N R + M D G T T Y Y A K F V K G R F T M S R E N A K N T V Y L Q M N S L Q P E D T S I Y Y C A A
103 H I N R + M D G T T Y Y A N F V K G R F T M S R E N A K N T V Y L Q M N S L Q P E D T A I Y Y C S A
145 S I F R + Y D D T T S Y A D S V K G R F T I S Q V D A T N T V Y L Q M N S L K P D D T A M Y Y C A A
3 F I Y S + S G D L T Y Y D D S V K G R F T I S Q D N A K K T V Y L Q M D S L K P E D T A M Y Y C A R
40 V I H T + S S G V P Y Y A D S V K G R F T I S Q D N A K N T V N L Q M Y S L K P E D T A M Y Y C A I
66 S I H M + + V G V E D Y A D S V K G R F T I S Q D N V K K T V Y L Q M N S L K P E D T A I Y Y C A A
107 A F Y S + H S G G T D Y A N S V K G R F T I S Q D L A K N T V Y L Q M N S L K V E D T A M Y Y C A A
38 R I Y T + G S G S T Y Y A D S V K G R F T F S Q D N A K N T V Y L Q M N S L K P E D T A M Y Y C A A
19 F I D T + + + S F T Y Y A D S V K G R F T I S Q D N A K N T V F L Q M N S L K P E D T A I Y Y C A A
22o V M D I + + G G D T S Y A D P V K G R F T I S Q D N A K N M V Y L Q M N S L K P E D T A I Y Y C A A
8 V I S R + M R G T I F Y N S S V R S R V A I S R D N A K S T V Y L Q M N S L K P E D T A M Y Y C A A
29 T I K S + G G G S T W Y A D S V K G R F D I S Q D D T K I L V Y L Q M N S L E P E D T A I Y Y C A A
26 A I G S + G G S Y T Y Y A D S V K G R F T I S P D N A K N T V Y L H M N S L K P E D T A T Y Y C T T
142 S I V N + + D G T I R Y A E S V K G R F T I S Q D N A E T T V W L Q M N S L K P E D T A M Y Y C R R
15 G I D S + + D G R A T Y A D S V K G R F T I S Q S N A K I A V Y L Q M D S L K L E D T A M Y Y C N L
22 G I D S + + D G R T S Y V D S V K G R F T I S Q D H A K I A V Y L Q M N S L K P E D T A M Y Y C K L
56 S I D S + + D D T T S Y A D S V K G R F T I S Q D N A K D T V Y L Q M S A L K P E D T A M Y L C K R
18 K F S N + + L G T T W Y T G S V K G R F T I S Q D S A K N T V Y L Q M N S L S P G D T A M Y Y C N T
94 S I G S + E S S I T S Y E D S V K G R F T I S + D N A K N T L Y L Q M N S L K T E D T A M Y Y C T K
97 R L N N + + L G G T Y Y A D S V K G R F T I S Q D N A K N T L Y L Q M N S L K P E D T A M Y Y C H T

VHH
46 N S E E I W G C G G S W Y S G Y G Y T Y W G Q G T Q V T V S S
146 D S N L Y T C R F R F P A G K G A F T Y W G Q G T Q V T V S S
2 A S R F D D C N S G S W S E E V A Y M S W G R G T Q V T V S S
67 D R D L F P L Y + S T W S S A T R Y N Y W G R G T Q V T V S S
30 A F E W S R G S + C P D L D V R D F G Y R G Q G T Q V T V S S
12 R F V H F C G S G + + L Y T G T D F H N W G Q G T Q V T V S S
27o D S S F I L S Q + + G A S C P F P G N Y W G Q G T Q V T V S S
21 V R T L F C P + + L T V T S D F K F H Y W G Q G T Q V T V S S
63 R P R + + + C T N D Y T S T R N N W N Y W G Q G T Q V T V S S
103 R P R + + + C D F Y Y G S S R D S W D Y W G Q G T Q V T V S S
145 G L R P T W M N + + + R S A N I D I G L R G Q G T Q V T V S S
3 S A R + + S N F + C Y T L S V T E F G T W G Q G T Q V T V S S
40 T G D + + Y C Y + Y P S P V K T N Y N Y W G Q G T Q V T V S S
66 T T S + + T C F + Y P T L R T D G Y A Y W G Q G T Q V T V S S
107 A Y G + + A D F + F T P L A P N R Y A Y W G Q G T Q V T V S S
38 A T + + + P C F + V S T L I P A A Y D I W G Q G T Q V T V S S
19 P R + + + R R L + C Y T L D L S N D D Y W G Q G T Q V T V S S
22o N L + + + C G Y + I A T M S A H M Y N N W G Q G T Q V T V S S
8 G E T C + + + Y + + S D I R R A D F G Y W G R G T Q V T V S S
29 T F T P A + C Y + + + + E D S A W Y L S W G Q G T Q V T V S S
26 D L R S + + + + + + + + S C Y G R Y K Y L G Q G T Q V T V S S
142 Q C V + + + + + + + + + + Y N P G V D Y W G Q G T Q V T V S S
15 Q C L + + + + + + + + + + R Y P G E Y Y W G Q G T Q V T V S S
22 T C V + + + + + + + + + + Y N P R Q Y Y W G Q G T Q V T V S S
56 Q C W + + + + + + + + + + Y N R N R Y W W G Q G T Q V T V S S
18 D L C + + + + + + + P W Y + + + Y E N T W G Q G T Q V T V S S
94 G G K I F Y + + + + + + + + + + D L Q Q R G L G T Q V T V S S
97 S F C + + + + + + + S + + + + + + A S G W G Q G T Q V T V S S
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The!conservation!of!these!three!aromatic!residues!is!also!seen!in!VHH!antibodies!

raised! to! other! proteins! including! the! antiPlysozyme! cAbLys3! that! has! a! CDR3!

length! of! 24! residues,! the! antiPPPA! VHH! AMD9! that! has! a! CDR3! length! of! 14!

residues! and! the! bovine! RNase! A! binder! cAbPRN05! with! a! CDR3! length! of! 12!

residues.! An! overlay! of! cAbPLys3,! AMD9,! cAbPRN05! and! the! antiPILP6! VHH!

structures!is!shown!in!Figure!5.2.!

!

!
Figure( 5.2( –( Overlay( of( VHH( Crystal( Structures( Highlighting( Aromatic(

Residues(Around(CDR3(

The!overlay! shows! the! free!NMR!structure!of!VHH!67! in! cyan,! the!crystal!

structures!of!several!bound!antiPILP6!VHHs!(Hancock,!2010),!with!VHH!29!in!

purple,!VHH!38!in!orange!and!VHH!146!in!blue,!and!other!literature!crystal!

structures!of!the!antiPlysozyme!cAbPLys3!in!magenta!(Desmyter!et'al.,!1996,!

PDB!accession!code!1MEL),!the!antiPPPA!VHH!AMD9!in!yellow!(Desmyter!et'

al.,!2002,!PDB!accession!code!1KXQ)!and!the!bovine!RNase!A!binder!cAbP

RN05! in! green! (Decanniere! et' al.,! 1998,! PDB! accession! code! 1BZQ).! The!

aromatic! residues! thought! to! stabilise! CDR3! are! shown! as! red! line!

representations.! The! boxed! region! shows! an! expanded! view! of! the!

aromatic!residues.!

W220$

F139$

Y217$
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In!order!to!test!the!hypothesis!that!the! interaction!between!Phe139,!Tyr217!and!

Trp220! is! responsible! for! the! stabilisation! of! CDR3! via! the! formation! of! an!

additional! region! of! framework,! a! series! of! mutations! to! VHH! 67,! in! which! the!

aromatic!residues!were!substituted!by!alanine,!were!prepared.!The!mutants!were!

then! analysed! by! surface! plasmon! resonance! (SPR)! to! determine! the! effect! of!

substituting! the! aromatic! residues! on! the! binding! to! ILP6.! For! the! mutants!

displaying!differences!in!binding!kinetics!over!VHH!67!wild!type!(WT),!NMR!spectra!

were!acquired!to!determine!the!structural!changes!resulting!from!the!mutations.!

(

5.2!–!Material!and!Methods!

5.2.1!–!Construct!Design!for!VHH!67!Mutants!

Forward!and!reverse!primers!were!designed!to!incorporate!the!single,!double!and!

triple!mutations!into!both!mammalian!and!E.coli!expression!vectors!using!either!an!

Agilent! QuikChange! Lightning! or! QuikChange! Lightning! Multi! SitePDirected!

Mutagenesis! kits.! The!primers!are! shown! in!Figure!5.3.! The! forward!and! reverse!

primers!of!F139A,!Y217A!and!W220A!were!designed!to!make!single!mutations.!The!

forward!and!reverse!primers!Y217A!W220A!were!designed!to!incorporate!a!double!

mutation! and! to! allow! a! triple!mutation! the! forward! primer! F139A!was! used! in!

combination!with!the!forward!primer!Y217A!W220A.!!

! !
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!
Figure(5.3(–(Primers(for(VHH(67(Mutants(

The!figure!shows!the!forward!and!reverse!primers!designed!to!incorporate!

the! alanine! residues! into! the! VHH! 67!mutants.! Shown! in! yellow! are! the!

bases!responsible!for!the!aromatic!to!alanine!substitutions.!!

!

5.2.2!–!PCR!Amplification!of!Mutant!DNA!for!Single!and!Double!Mutations!

PCR! reactions! were! carried! out! using! the! Agilent! QuikChange! Lightning! SiteP

Directed! Mutagenesis! Kit! and! were! performed! using! DNA! from! both! the!

mammalian!expression!vectors,!prepared!by!Dr.!Laura!Griffin!(UCB),!and!the!E.coli!

expression! vectors,! prepared! as! described! in! Chapter! 2.! The!PCR! reactions!were!

performed!on!approximately!50!ng!of!DNA!with!5!μl!of!10!x!QuikChange!Lightning!

buffer,!0.75!μl!of!QuikSolution!reagent,!1!μl!of!QuikChange!Lightning!enzyme,!125!

ng!of!each!oligonucleotide!(forward!and!reverse),!1!μl!of!dNTP!mix!and!made!up!to!

50!μl!in!sterile!dH2O.!Reactions!were!carried!out!under!the!following!conditions:!

!
(

! !

F139A&
!Forward! TAC!TAT!ATG!GGG!TGG!GCC!CGC!CAG!GCT!CCA!GG!

Reverse! CC!TGG!AGC!CTG!GCG!GGC!CCA!CCC!CAT!ATA!GTA!

! !Y217A&
!Forward! TCA!TCG!GCC!ACC!CGA!GCT!AAC!TAC!TGG!GGC!CG!

Reverse! CG!GCC!CCA!GTA!GTT!AGC!TCG!GGT!GGC!CGA!TGA!

! !W220A&
!Forward! ACC!CGA!TAT!AAC!TAC!GCG!GGC!CGG!GGG!ACC!

Reverse! GGT!CCC!CCG!GCC!CGC!GTA!GTT!ATA!TCG!GGT!

! !Y217A&W220A&
Forward! GG!TCA!TCG!GCC!ACC!CGA!GCT!AAC!TAC!GCG!GGC!CGG!GG!
Reverse! CC!CCG!GCC!CGC!GTA!GTT!AGC!TCG!GGT!GGC!CGA!TGA!CC!
!

95#°C #2#minutes#
95#°C# #20#seconds#
60#°C# #10#seconds#
68#°C #2.75#minutes#
68#°C #5#minutes#

18#Cycles#
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5.2.3!–!PCR!Amplification!of!Mutant!DNA!for!the!Triple!Mutation!

PCR!reactions!were!carried!out!using!the!Agilent!QuikChange!Lightning!Multi!SiteP

Directed! Mutagenesis! Kit! and! were! again! performed! using! DNA! from! both! the!

mammalian!and!the!E.coli!expression!vectors.!The!PCR!reactions!were!performed!

on!approximately!50!ng!of!DNA!with!2.5!μl!of!10!x!QuikChange!Lightning!buffer,!

0.75!μl!of!QuikSolution!reagent,!1!μl!of!QuikChange!Lightning!Multi!enzyme!blend,!

125!ng!of!the!two!forward!oligonucleotides,!1!μl!of!dNTP!mix!and!made!up!to!25!μl!

in!sterile!dH2O.!Reactions!were!carried!out!under!the!following!conditions:!

!
!

5.2.4!–!Restriction!Enzyme!Digests!

1!μl!of!Dpn!I!restriction!enzyme!was!added!to!each!PCR!reaction!and!incubated!at!

37!°C!for!10!minutes.!

!

5.2.5!–!Transformation!of!Digested!DNA!into!Competent!E.coli!Cells!

2! µl! of! the! digested! PCR! products! were! transformed! in! to! 40! µl! of! XL10PGold!

ultracompetent!cells!as!described!in!Section!2.2.7.!The!culture!was!then!streaked!

onto! LBPagar! plates! supplemented! with! either! 50! μg! mlP1! kanamycin! for! the!

mammalian! expression! vector! samples! or! 100! μg! mlP1! ampicillin! for! the! E.coli!

expression!vector!samples!and!incubated!overnight!at!37!°C.!

!

5.2.6!–!Plasmid!DNA!Isolation!for!Sequencing!

Single! transformation! colonies! were! picked! into! 3! ml! of! LB! supplemented! with!

either!50!μg!mlP1!kanamycin!or!100!μg!mlP1!ampicillin,!incubated!and!harvested!as!

described! in! Section! 2.2.3.! DNA!was! isolated! as! per!manufacturer’s! instructions!

using!mini! prep! kits! (Qiagen)! and! sequencing! performed! as! described! in! Section!

2.2.8.!

!

! !

95#°C #2#minutes#
95#°C# #20#seconds#
55#°C# #30#seconds#
65#°C #2.75#minutes#
65#°C #5#minutes#

30#Cycles#
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5.2.7!–!Mammalian!Expression!of!VHH!67!Mutants!

To!determine! the!binding!affinity!of! the!mutants! to! ILP6,! smallPscale!mammalian!

expression! was! performed! and! the! supernatants! analysed! by! SPR.! Mammalian!

expression! of! VHH! 67! WT! was! carried! out! alongside! the! mutants! as! a! positive!

control.! Transfections!were! carried! out! in! HEK293! cells! using! the! 293fectin! lipid!

based! transfection! reagent,! according! to! the! manufacturer’s! instructions!

(Invitrogen).! Transfected! cells! were! grown! at! 37! °C! on! a! shaking! platform! for! 6!

days.! The! supernatant!was! harvested!by! centrifugation! (300! x! g! for! 10!minutes)!

and!were!then!filtered!through!a!0.2!μm!filter!and!0.01!%!w/v!sodium!azide!added!

to!prevent!microbial!growth.!!

!

5.2.8!–!Surface!Plasmon!Resonance!Binding!Analysis!of!VHH!67!Mutants!to!ILP6!

To! determine! the! binding! affinity! to! ILP6! of! the! VHH! 67! WT! and! mutants,! SPR!

binding! experiments! were! carried! out! on! a! Biacore! 3000.! A! goat! antiPllama!

antibody! (Bethyl! Laboratories)!was! immobilised!onto! the! sensor! of! the! SPR! chip!

using!amine!coupling!chemistry.!After!equilibration!with!the!running!buffer,!HBSP

EP! (Biacore,!GE!Healthcare),! the!capture!of! the!VHH!antibodies!was!achieved!by!

injecting!the!supernatants! from!the!mammalian!expression!over!the! immobilised!

goat!antiPllama!antibody.!The!level!of!VHH!capture!was!kept!low,!approximately!50!

RU,! to! avoid! mass! transport! limited! binding.! Affinity! measurements! were!

performed!by! titrating! ILP6!over! the! captured!VHH!proteins! at! concentrations!of!

1.25!nM,!2.5!nM,!5!nM,!10!nM!and!20!nM.!Double!referenced!binding!curves!were!

analysed!using!the!BIAevaluation!software!(Biacore!AB).!Kinetics!parameters!were!

determined! using! the! Binding! With! Drifting! Baseline! fitting! algorithm.! To!

determine! the! affinity! of!weaker! binders,! ILP6! titrations! of! 100! nM! and! 200! nM!

were!also!included.!!

!

5.2.9!–!E.coli!Expression!of!Isotopically!Labelled!VHH!67!Mutants!

For! those!mutants!displaying!a!difference! in!affinity! to! ILP6!compared!to!VHH!67!

WT,! 15N/13C! labelled!protein! for!NMR!structural!analysis!was!expressed,! refolded!

and!purified!as!described!in!Sections!2.2.13!and!2.2.14.!

( (
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5.2.10! –! Circular! Dichroism! and! Differential! Scanning! Calorimetry! of! VHH! 67!

Mutants!

Circular!dichroism!(CD)!analysis!was!carried!out!as!described! in!Section!2.2.19!to!

confirm! the!VHH!67!mutants! showed! the! same! secondary! structural! features! as!

VHH!67!WT!and!differential!scanning!calorimetry!(DSC)!analysis!was!carried!out!to!

determine! the! midpoint! of! thermal! transition! or! unfolding! temperature! (Tm)! of!

VHH!67!WT! compared! to! the!mutants.! Samples!were!prepared! in!duplicate! at! a!

concentration! of! 0.5! mg! mlP1! in! the! NMR! buffer! (see! Section! 3.2.2)! with! the!

reference!cell!containing!NMR!buffer!only!and!analysed!on!a!Microcal!VP!Capillary!

DSC!instrument!(GE!Healthcare).!The!samples!were!heated!from!10!°!C!to!100!°!C!

at!a!rate!of!60!°!C!per!hour!with!a!prePscan!of!15!minutes!and!a!filtering!period!of!5!

seconds.! The! Tm! was! calculated! using! the! Origin! 7.0! software! (OriginLab),! after!

blank! subtraction! and! automatic! baseline! determination.! This! work! was! carried!

out!with!considerable!assistance!from!Dr.!Oliver!Durrant!(UCB).!

!

5.2.11! –! NMR! Data! Acquisition,! Processing! and! Analysis! for! Sequence! Specific!

Assignments!of!the!VHH!67!Mutants!

NMR!spectra!were!acquired!from!0.35!ml!samples!of!150!P!300!μM!VHH!in!NMR!

buffer! (see! Section! 3.2.2).! 15NP1H! HSQC! and! 15NP13CP1H! HNCO! spectra! were!

collected! as! described! in! Section! 3.2.2! to! allow! for! actual! shift! analysis! to! be!

carried!out!between!VHH!67!WT!and!the!mutants.!To!allow!backbone!assignment!

of!the!VHH!67!mutants,!15NP13CP1H!HNCA!(Kay!et!al.,!1990)!spectra!with!acquisition!

times!of!25!ms! for! 15N,!9!ms! for! 13C!and!50!ms! for! 1H!were!collected!using!nonP

uniform!sampling!(NUS)!over!a!period!of!72!hours,!with!the!datasets!sparsed!at!25!

%.!The!nonPuniform!sampled!data!were!reconstructed!using!istHMS!(Hyberts!et'al.,!

2012).!Spectra!were!analysed!using!the!Sparky!package!(T.!D.!Goddard!and!D.!G.!

Kneller,!SPARKY!3,!University!of!California!San!Francisco).!Assignments!were!made!

for!the!VHH!67!mutants!by!comparing!the!Cα!and!amide!chemical!shifts!from!the!
15NP13CP1H!HNCA!spectra!to!the!Cα!and!amide!chemical!shifts!assigned!for!the!VHH!

67!WT.!

!

! !
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5.2.12!–!Secondary!Structure!Prediction!from!NMR!Chemical!Shifts!!

The!location!of!secondary!structure!elements!were!predicted!by!the!Torsion!Angle!

Likelihood!from!Shift!method!(TALOS+)!(Cornilescu!et'al.,!1999,!Shen!et'al.,!2009)!

as!described!in!Section!3.2.4.!

!

5.2.13!–Actual!Shift!Analysis!of!the!VHH!67!Mutants!

Following!backbone!assignment!of!the!VHH!67!mutants!actual!shift!analysis!could!

be! carried! out! by! comparing! the! 15N,! 13C! and! 1H! resonances! of! the!mutants! to!

those!of!the!WT!using!the!equation!below:!

!

Δ! = !"#!!!" −!"!!!" !×!!!"
!+ !"#!!! −!"!! !×!!!

!+ !"#!!!! −!"!!!! !×!!!!
!
!

!

Scaling! factors! αHN,! αN! and! αC’! are! applied! to! each! term! to! account! for! the!

difference!in!the!spectral!dispersion!of!the!1H,!15N!and!13C!dimensions!as!described!

in! Section! 4.3.1.! Residues!most! affected! by! the! substitutions! will! be! those!with!

greatest!actual!shift!values.!(Δδ).!

!

!5.3!–!Results!!

5.3.1!–!Cloning!of!VHH!Mutants!into!Mammalian!and!E.coli!Vectors!

The! mutant! DNA! was! successfully! cloned! into! both! the! mammalian! expression!

vector!and!the!E.coli!expression!vector!as!confirmed!by!DNA!sequencing.!

!

5.3.2!–!Mammalian!Expression!of!VHH!67!Mutants!

Mammalian!expression!of! the!VHH!67!mutants!was!carried!out!using!7!μl!of! the!

DNA!isolated!as!described!in!Section!5.2.6.!Alongside!the!mutants,!VHH!67!WT!was!

also!expressed!using!1!μl!of!DNA!as!supplied!by!Dr.!Laura!Griffin!(UCB).!After!a!sixP

day!incubation!the!supernatants!were!harvested!by!centrifugation!and!the!binding!

to!ILP6!analysed!by!SPR.!!

!

! !
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5.3.3!–!Surface!Plasmon!Resonance!Binding!Analysis!of!VHH!67!Mutants!to!ILP6!

Plotted!in!Figures!5.4!through!to!5.7!are!the!results!of!the!ILP6!titrations!over!the!

captured!VHH!67!WT,!VHH!67!F139A,!VHH!67!Y21A!and!VHH!67!W220A!mutants.!

Data!has!not!been!presented!for!the!Y217A!W220A!double!mutant!or!the!F139A!

Y217A!W220A!triple!mutant!as!no!binding!was!observed.!The!results!for!the!10!nM!

samples!have!been! removed!due! to!poor! response!curves.!The!SPR!experiments!

involved! the! capture! of! the! VHH! mutants! using! an! antiPllama! antibody.! The!

successful! capture! of! the! mutants! implies! that! the! aromatic! to! alanine!

substitutions!have!not!disrupted!the!VHH!structure!so!much!as!to!alter!the!overall!

VHH!topology!and!prevent!association!with!the!antiPllama!antibody.!

!

!
Figure(5.4(–(SPR(Analysis(of(ILQ6(Binding(to(VHH(67(WT(

The!ILP6!titration!over!captured!VHH!67!WT!is!presented!with!20!nM!shown!

in!green,!5!nM!shown! in!yellow,!2.5!nM!shown! in!orange!and!1.25!nM!in!

red.! The! ILP6! injection! begins! at! 380! seconds! and! continues! until! 560!

seconds.!Plotted!alongside!the!raw!data,!as!lighter!lines,!are!the!fitted!data.!

The! fitting!of! these!data! calculated! the! affinity!of!VHH!67!WT! to!be!11.6!

nM.!The!inset!graph!shows!the!level!of!VHH!capture!reached!approximately!

40!RU!prior!to!the!injections!of!ILP6.!!

!

!
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!
Figure(5.5(–(SPR(Analysis(of(ILQ6(Binding(to(VHH(67(F139A(

The! ILP6! titration!over! captured!VHH!67!F139A! is!presented!with!200!nM!

shown! in! purple,! 100! nM! shown! in! blue,! 20! nM! shown! in! green,! 5! nM!

shown! in! yellow,! 2.5! nM! shown! in! orange! and! 1.25! nM! in! red.! The! ILP6!

injection!begins!at!380!seconds!and!continues!until!560!seconds.!The!inset!

graph!shows!the! level!of!VHH!capture!reached!approximately!20!RU!prior!

to! the! injections! of! ILP6.! Binding! was! only! observed! at! the! highest!

concentration!of!ILP6.!

! !
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!
Figure(5.6(–(SPR(Analysis(of(ILQ6(Binding(to(VHH(67(Y217A(

The! ILP6! titration!over! captured!VHH!67!Y217A! is!presented!with!200!nM!

shown! in! purple,! 100! nM! shown! in! blue,! 20! nM! shown! in! green,! 5! nM!

shown! in! yellow,! 2.5! nM! shown! in! orange! and! 1.25! nM! in! red.! The! ILP6!

injection!begins!at!380!seconds!and!continues!until!560!seconds.!The!inset!

graph!shows!the! level!of!VHH!capture!reached!approximately!40!RU!prior!

to!the!injections!of!ILP6.!Binding!was!not!observed!for!VHH!67!Y217A,!even!

at!the!highest!concentration.!

! !
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!
Figure(5.7(–(SPR(Analysis(of(ILQ6(Binding(to(VHH(67(W220A(

The! ILP6! titration!over! captured!VHH!67!W220A! is! presented!with!20!nM!

shown!in!green,!5!nM!shown!in!yellow,!2.5!nM!shown!in!orange!and!1.25!

nM!in!red.!The!ILP6!injection!begins!at!380!seconds!and!continues!until!560!

seconds.!Plotted!alongside!the!raw!data,!as!lighter!lines,!are!the!fitted!data.!

The!fitting!of!these!data!calculated!the!affinity!of!VHH!67!W220A!to!be!18.3!

nM.!The!inset!graph!shows!the!level!of!VHH!capture!reached!approximately!

40!RU!prior!to!the!injections!of!ILP6.!!

!

Table!5.1!shows!the!on!rates,!off!rates!and!affinities!calculated!from!the!SPR!data!

displayed! above.! The! data! show! that! the! W220A! substitution! results! in! only! a!

slight!reduction!in!the!binding!of!ILP6,!from!12!nM!to!18!nM,!suggesting!that!this!

mutation! does! not! alter! the! structure! of! VHH! 67.! Interestingly,! analysis! of! the!

sequence!alignments!of!the!antiPILP6!VHH!antibodies!suggested!that!the!presence!

of!this!tryptophan!was!not!related!to!CDR3!length,!possibly!indicating!that!it!is!not!

required! for! the! stabilisation! of! the! long! CDR3.! The! F139A! mutation! shows! a!

significant! reduction! in! the! affinity! to! ILP6! to! the! point! that! binding! can! only! be!

observed!with!an!ILP6!concentration!of!200!nM.!From!the!SPR!results!a!KD!value!of!

>! 200! nM! was! estimated! implying! that! this! mutation! does! have! a! substantial!

impact! on! the! structure! of! VHH! 67.! The! results! also! suggest! that! the! Y217A!

mutation!has!a!dramatic!impact!on!the!structure!of!VHH!67!as!no!binding!to!ILP6!is!
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observed!in!the!single!mutation,!double!mutation!or!triple!mutations!even!at!the!

top! concentration! of! 200! nM.! Although! Tyr217! forms! part! of! CDR3,! the! crystal!

structure!of!VHH!67! in! complex!with! ILP6,! presented! in!Chapter!6,! confirms! that!

this! residue!does!not! form!part!of! the!VHH!67PILP6! interface! so! the! reduction! in!

binding! is!not!a!result!of! the! loss!of!a!key!binding!residue.!To! investigate!further!

the! impact!of! these!mutations!on! the! structure!of!VHH!67,!and! in!particular! the!

conformation!of!CDR3,!the!F139A!and!Y217A!mutants!were!selected!for!structural!

analysis!by!NMR.!

!

!
Table( 5.1( –( ILQ6( Binding( Kinetics( as( Measured( by( SPR( for( the( VHH( 67(

Mutants(

The!results!show!that!the!W220A!mutation!has!little!impact!on!the!binding!

of!ILP6.!However,!the!inclusion!of!the!F139A!or!Y217A!mutations!in!VHH!67!

results!in!a!significant!drop!in!affinity!to!ILP6.!!

!

5.3.4!–!E.coli!Expression,!Purification!and!Refolding!of!Isotopically!Labelled!VHH!67!

Mutants!

As!described!in!Section!5.3.3,!it!was!decided!that!the!structures!of!VHH!67!F139A!

and! VHH! 67! Y217A! should! be! investigated! further! by! NMR.! The! mutants! were!

expressed!as!15N/13C!labelled!proteins!in!E.coli,!purified!and!refolded!as!described!

in! Sections! 2.2.13! and!2.2.14.! 15NP1H!HSQC! spectra!of!VHH!67! F139A! (Figure!5.8!

Panel! B)! and! VHH! 67! Y217A! (Figure! 5.8! Panel! C)! show!many! similarities! to! the!

spectra!of!VHH!67!WT!(Figure!5.89!Panel!A)!suggesting!that!the!mutants!have!the!

same!overall!fold!as!the!VHH!67!WT!so!have!been!successfully!expressed,!purified!

and!refolded.!

*"Approximate"KD"value"es3mated"from"100"nM"and"200"nM"IL=6"concentra3ons"

Value Std)Error Value Std)Error KD)(nM)
WT 6.93)x)105 1.70)x)104 1.11)x)10?2 1.42)x)10?4 11.6

F139A ? ? ? ? >)200*
Y217A ? ? ? ? ?
W220A 8.87)x)105 3.71)x)104 1.63)x)10?2 2.73)x)10?4 18.3

Y217A)W220A ? ? ? ? ?
F139A)Y217A)W220A ? ? ? ? ?

ka)(M?1)s?1) kd)(s?1)
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Approximately!190!signals!were!observed!in!the!HSQC!spectrum!of!VHH!67!WT.!Of!

these!signals,!128!were!assigned!as!backbone!amides!and!30!were!assigned!as!side!

chain!NH2s!or!tryptophan!indolic!NHs.!This!left!30!signals!unassigned!which,!as!the!

majority! of! these! signals! appeared! to! be! fairly! weak,! were! attributed! to! small!

amounts!of!incorrectly!folded!protein.!The!number!of!peaks!observed!in!the!HSQC!

spectra!of!the!VHH!67!mutants!were!much!lower,!with!approximately!150!signals!

observed!in!the!HSQC!spectra!for!both!VHH!67!F139A!and!VHH!67!Y217A.!

! !
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!
Figure(5.8(–(15NQ1H(HSQC(Spectra(of(VHH(67(WT(and(the(VHH(67(Mutants(

Panel!A! shows! the! 15NP1H!HSQC! spectrum!of! the! 15N/13C! labelled!VHH!67!

WT!at! a! concentration!of!312!μM! in!25!mM!sodium!phosphate,! 100!mM!

sodium!chloride,!pH!6.4!collected!at!35!°C!on!a!600!MHz!Bruker!Avance!II!

spectrometer!for!40!minutes.!Shown!in!Panel!B!is!the!equivalent!spectrum!

for! the! F139A!mutant!of!VHH!67!at! a! concentration!of! 156!μM!on!a!800!

MHz! Bruker! Avance! spectrometer! and! in! Panel! C! the!HSQC! spectrum! for!

the!Y217A!mutant!of!VHH!67!at!a!concentration!of!265!μM!on!a!600!MHz!

Bruker!Avance!spectrometer! is!shown.!The!spectra!confirm!the!successful!

expression!and!refolding!of!the!labelled!protein.!!

!
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5.3.5!–!Far!UV!Circular!Dichromism!and!Differential!Scanning!Calorimetry!Analysis!

of!VHH!67!Mutants!

A!comparison!of!the!Far!UV!CD!spectra!of!VHH!67!WT!and!the!VHH!67!mutants!is!

shown!in!Figure!5.9.!The!results!confirm!that!the!F139A!and!Y217A!mutations!have!

not!disrupted!the!βPsheet!character!of!the!protein.!

!

!
Figure(5.9(–(Comparison(of(the(Far(UV(CD(Spectra(for(VHH(67(WT(and(the(

VHH(67(Mutants(

The!CD!spectra!of!VHH!67!F139A!(red)!and!VHH!67!Y217A!(green)!compare!

well!to!the!spectra!of!VHH!67!WT!(cyan)!confirming!the!mutations!have!not!

altered!the!β!Psheet!character!of!the!protein.!!

!

DSC! analysis! was! only! carried! out! on! Y217A! as! insufficient! purified! F139A! was!

available.! Figure! 5.10!displays! the! results! of! the!DSC! analysis! confirming! that,! in!

making!the!tyrosine!to!alanine!mutation,!the!protein!remains!folded.!The!Tm!values!

for!VHH!67!WT!and!VHH!67!Y217A!were!calculated!at!69!°!C!and!61°!C!respectively.!

This!8!°!C!reduction!in!the!temperature!of!unfolding!suggests!that!the!structure!of!

the!mutant! is! significantly! different! to! that! of! the!WT! protein! so! could! indicate!

destabilisation!of!CDR3.!
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!
Figure( 5.10( –( Comparison( of( DSC( Spectra( of( VHH( 67( WT( and( VHH( 67(

Y217A(

The!graph!shows!the!heat!capacity!(Cp)!of!VHH!67!WT!(red!and!green)!and!

VHH! 67! Y217A! (blue! and! cyan)! plotted! as! a! function! of! temperature.! A!

reduction! of! 8! °C! in! the!midpoint! of! unfolding! (Tm)! is! observed! between!

VHH! 67! WT! and! VHH! 67! Y217A! suggesting! the! mutant! protein! is!

significantly!different!to!the!WT!protein.!

(

5.3.6!–!Sequence!Specific!Assignments!for!VHH!67!F139A!and!Y217A!

As!a!consequence!of!a!significant!shift! in!many!of!the!backbone!amide!signals!of!

the!mutant!proteins!compared!to!the!WT!protein,!a!combination!of!15NP1H!HSQC,!
15NP13CP1H!HNCO!and!15NP13CP1H!HNCA!spectra!were!used!to!obtain!the!sequence!

specific!backbone!amide!assignments!of!VHH!67!F139A!and!VHH!67!Y217A.!

!

Sequence! specific! backbone! amide! assignments! were! obtained! for! 62! %! of! the!

residues!in!F139A.!The!backbone!amide!assignments!for!Ser125,!Tyr127!to!Asn132,!

Tyr134,!Met136,!Trp138! to!Ala139,!Arg147! to!Asp156,! Ile158,!Phe161! to!Ser165,!

Gly168,!Asn176!to!Ala177,!Thr180!to!Val181,!Ala199!to!Ser212,!Ala214!to!Thr215!

and!Asn218!to!Tyr219!were!not!obtained.!This!is!a!substantial!reduction!compared!
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with! the! 96!%! that!were! assigned! in! the!VHH!67!WT! (Section! 3.3.1.2).! A! similar!

result!was! observed!with! Y217A!with! only! 75!%!of! residues! being! assigned.! The!

backbone! amide! assignments! for! Ser125,! Tyr127! to! Tyr131,! Ser152! to! Arg155,!

Thr160! to!Phe161,!Ala163,!Arg174,!Asp203! to! Trp220!were!not!obtained.! Figure!

5.11! shows! that,! as! a! result! of! both! the! F139A! and! the! Y217A! mutations,! the!

majority!of! signals! corresponding! to! residues! in!CDR3!are!no! longer! visible.!Also!

missing!from!F139A!is!a!large!proportion!of!the!CDR2!signals.!

!

As!detailed!in!Section!5.3.4,!approximately!150!signals!were!observed!in!the!HSQC!

spectrum!of! VHH!67! F139A! and! of! these,! 92! signals!were! assigned! as! backbone!

amides! leaving!approximately!60!signals!unassigned.!Assuming!that!around!30!of!

these!signals!will!correspond!to!side!chain!NH2s!or!tryptophan!indolic!NHs,!as!was!

seen!with!VHH!67!WT,!this!leaves!around!30!unassigned!backbone!amide!signals.!

As! is! highlighted! in! Figure! 5.11! Panel! A,! 50! amino! acids! remain! unassigned,!

therefore,!around!20!backbone!amide!signals!are!absent!from!the!HSQC!spectrum.!!

!

The!corresponding!analysis!of!the!HSQC!spectrum!of!VHH!67!Y217A!shows!that!of!

approximately!150!peaks!observed,!104!were!assigned!as!backbone!amide!signals!

and! around! 30! can! be! assumed! to! arise! from! side! chain! NH! groups! leaving!

approximately!15!unassigned!backbone!amide!signals! for! the!34!amino!acids! left!

unassigned!(see!Figure!5.11!Panel!B).!Therefore,!as!with!VHH!67!F139A,!around!20!

backbone!amide!signals!are!absent!from!the!HSQC!spectrum.!!

!!!!!!
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!
Figure(5.11(–(Sequence(Specific(Assignments(for(VHH(67(Mutants(

Panel! A! shows! the! assignments! for! VHH! 67! F139A! with! the! assigned!

residues! shown! in! blue! and! the! unassigned! residues! shown! in! red.! Blue!

boxes! are! used! to! highlight! the! CDRs! and! the! point! of! mutation! is!

highlighted!with!a! green!box.!Panel!B! shows! the!assignments! for!VHH!67!

Y217A!coloured!as!Panel!A.!!

!

5.3.7!–!Secondary!Structure!Prediction!for!VHH!67!F139A!and!Y217A!

The!locations!of!secondary!structure!elements!for!VHH!67!mutants,!as!determined!

from!the!chemical!shift!data!by!the!program!TALOS+!(Cornilescu!et'al.,!1999!and!

Shen!et'al.,!2009),!are!shown!in!Figure!5.12!alongside!the!results!for!VHH!67!WT.!

The! results! show! that,! where! the! signals! remain! visible,! a! similar! pattern! of!

secondary!structure!between!the!WT!and!the!mutants!is!predicted.!This!suggests!

that!the!mutations!have!not!disrupted!the!predominantly!βPsheet!character!of!the!

protein,!a!finding!supported!by!the!CD!data.!

! !
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!

!
Figure( 5.12( –( Secondary( Structure( Elements(of(VHH(67(WT(and(VHH(67(

Mutants(

The! location! of! regions! of! regular! secondary! structure! as! determined! by!

TALOS+!are!highlighted!above!the!protein!sequence!for!VHH!67!WT,!VHH!

67! F139A!and!VHH!67!Y217A.!βPstrands! are!highlighted!with!blue!arrows!

and! αPhelical! regions! with! red! boxes.! The! crosses! above! the! protein!

sequence!highlight!the!backbone!amides!that!were!not!assigned.!

!

5.3.8! –! Comparison! of! the! Chemical! Shift! Assignments! for! VHH! 67! F139A! and!

Y217A!

Actual!shift!mapping!was!used!to!investigate!the!effects!of!the!aromatic!to!alanine!

mutations!on! the! structure!of!VHH!67.!Figure!5.13! shows! the!HSQC!spectrum!of!

VHH!67!WT!overlaid!with!the!HSQC!spectra!of!the!two!mutants!and!highlights!the!

chemical!shift!differences!observed!for!some!amide!groups!between!the!WT!and!

the!mutants.!

! !
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!

!
Figure(5.13(–(Overlay(of(the(15NQ1H(HQSC(Spectra(of(VHH(67(WT(and(the(

Mutants(

The!figure!shows!the!15NP1H!HSQC!spectra!for!15N/13C!labelled!VHH!67!WT!

in! blue,! VHH! 67! F139A! in! green! and!VHH! 67! Y217A! in! red.! Spectra!were!

collected!at!concentrations!between!156!μM!and!312!μM!in!25!mM!sodium!

phosphate,!100!mM!sodium!chloride,!pH!6.4!at!35 °C!on!either!a!600!MHz!

Bruker!Avance!spectrometer!or!a!800!MHz!Bruker!Avance!II!spectrometer!

for!between!40!and!60!minutes.!

!

The! combined! actual! shift! values! between! the!mutant! and!WT! structures! were!

calculated,!using!the!resonances!from!the!15NP13CP1H!HNCO!spectra,!as!described!in!

Section!5.2.13!and!are!shown!plotted!against!residue!number!in!Figure!5.14.!Many!

residues!that!were!assigned! in!VHH!67!WT!are!no! longer!observable! in! the!NMR!

spectra!of!the!mutants!and!are!highlighted!in!the!figure.!
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!
Figure(5.14(–(Graph(of(Actual(Shift(Values(for(the(VHH(67(Mutants(

The! graph! shows! the! actual! shift! values! for! VHH!67! F139A! (Panel! A)! and!

VHH!67!Y217A!(Panel!B),!compared!to!VHH!67!WT,!plotted!against!residue!

number!and!highlights!the!regions!most!affected!by!the!aromatic!to!alanine!

mutations.!Horizontal!blue!lines!indicate!the!residues!that!were!assigned!in!

the!WT! but! not! in! the!mutants.! The! position! of! the! aromatic! to! alanine!

mutations!are!highlighted!with!an!asterisk.!

!

! !
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Plotting!the!actual!shift!results!onto!the!solution!structure!of!VHH!67!WT!highlights!

the! regions! most! affected! by! the! mutations! (shown! in! Figure! 5.15).! Although!

chemical! shift!differences!are!observed!between!residues!of! the!WT!and!mutant!

VHHs,! the! number! of! perturbed! residues! is! less! than! seen! in! previous!mapping!

experiments,!for!example!the!paratope!mapping!of!VHH!67!when!bound!to!ILP6!as!

reported!in!Section!4.3.4.!More!significant!than!the!visibly!perturbed!residues,!are!

the! number! of! residues! that! were! assigned! in! the!WT! structure! but! cannot! be!

assigned!in!the!mutant!structures,!43!residues!for!F139A!and!25!for!Y217A.!This!is!

most! likely! due! to! exchange! broadening! of! the! peaks! resulting! in! the! signals!

disappearing! into! the! baseline! of! the! spectra.! The! residues! affected! (shown! in!

green! in!Figure!5.15!Panel!B!and!Panel!C)!are!predominantly! located!around! the!

position!of!the!aromatic!to!alanine!mutations!in!CDR2!and!CDR3.!!

! !
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!
Figure(5.15(–Actual( Shift(Mapping(of( the( Structural( Changes( Induced(by(

the(VHH(67(Mutants(

Panel!A!shows!the!solution!structure!of!VHH!67!WT!coloured!in!cyan!with!

CDR1,! CDR2! and! CDR3! highlighted! in! yellow,! green! and! red! respectively.!

The!ribbon!representation!of!VHH!67!is!shown!on!the!left,!in!the!middle!is!

the!space!filled!structure!in!the!same!orientation!and!on!the!right!the!space!

filled!structure!rotated!180!°!around!the!y!axis.!Panel!B!shows!the!results!

for! the!actual! shift!mapping!of!VHH!67!F139A!and!Panel!C! the! results! for!

VHH! 67! Y217A.! The! structures! in! Panel! B! and! Panel! C! are! in! the! same!

orientation! as! Panel! A! but! are! coloured! according! to! the! chemical! shift!

differences!using!a!gradient!of!white!(shift!less!than!0.05!ppm)!to!red!(shift!

greater!than!0.1!ppm).!Residues!not!assigned! in!either!VHH!67!WT!or!the!

mutant! are! shown! in! yellow! and! residues! assigned! in! the! WT! but! not!

assigned!in!the!mutant!are!shown!in!green.!The!position!of!the!aromatic!to!

alanine!mutation!is!shown!in!cyan.!
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5.4!–!Discussion!

The! aim!of! the!work! described! in! this! chapter!was! to! understand! the!molecular!

basis!of!the!conformational!stability!of!the!CDR3!loop!of!VHH!67.!A!comparison!of!

the! solution! structure! of! VHH! 67!with! the! other! antiPILP6! VHH! crystal! structures!

and! literature!VHH! structures! identified!an! interaction!between! three! conserved!

aromatic! residues! located! in! and! around! CDR3! that! appeared! to! stabilise! CDR3.!

Single,! double! and! triple! aromatic! to! alanine! mutations! were! incorporated! into!

both! the!mammalian!and!E.coli! expression!vectors! to!allow!analysis!by!SPR,!DSC!

and!NMR.!!

!

The!SPR!experiments!revealed!a!reduction!in!ILP6!affinity!for!VHH!67!F139A!(KD!>!

200!nM)!and!VHH!67!Y217A!(KD!>>!200!nM)!compared!to!the!WT!(KD!12!nM)!but!no!

significant!change! in!affinity!was!observed!with!VHH!67!W220A! (KD!18!nM).!DSC!

analysis! of! Y217A! showed! a! significant! reduction! in! the! Tm! compared! to! WT!

suggesting! a! change! in! the! structure! and! the!NMR!analysis! of! F139A!and!Y217A!

indicated!that!the!mutations!did!not!appear!to!disrupt!the!predominantly!βPsheet!

character!of!the!protein!but!that!many!of!the!residues!of!Framework2,!CDR2!and!

CDR3!that!were!assigned!in!the!WT!were!no!longer!visible!in!the!mutants.!

!

Actual! shift! analysis! of! the! mutants! compared! to! the! WT! was! carried! out! to!

identify! the! regions! of! the! VHH! in! which! chemical! shift! perturbations! were!

observed.! Combining! these! results! with! the! location! of! the! unassigned! residues!

gives! a! strong! indication! that! these!mutations!have!destabilised! the! structure!of!

CDR3!and!this!in!turn!has!had!an!impact!on!residues!in!the!vicinity!of!CDR3.!

!

Although! the! result! of! both! the! F139A! and! the! Y217A! substitutions! appears! to!

destabilise! the! CDR3! loop,! the! affect! on! affinity! and! the! nature! of! the!

perturbations!observed!by!NMR! for! the! two!mutants!do!differ! considerably.!The!

proportion!of! assigned! residues! in!VHH!67!F139A! (62!%)!was! lower! than! that!of!

VHH! 67! Y217A! (75!%).! Highlighting! the! unassigned! residues! on! the! structure! of!

VHH!67!(Figure!5.16)!shows!that!many!residues!equivalent!to!those!unassigned!in!

F139A! are! in! fact! visible! in! Y217A! but! are! significantly! perturbed,! especially! in!
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Framework2!and!CDR2.!If!the!F139A!and!Y217A!mutations!have!destabilised!CDR3!

and! resulted! in! the! loop! being!more! dynamic,!we!would! expect! the! residues! in!

Framework2!and!CDR2!to!be!perturbed!as!the!chemical!environment!would!have!

been!altered!and!this!appears!to!be!the!result!observed!with!Y217A.!The!fact!that!

in! F139A! the! signals! for! these! residues! are! not! observed! suggests! that! they! are!

themselves!now!dynamic!or,!more!likely,!in!contact!with!the!dynamic!CDR3!some!

of! the! time! and! hence! the! signals! will! be! exchange! broadened.! Therefore,! a!

conclusion! that! could!be!made! from! these! results! is! that! the!Y217A! substitution!

results! in!CDR3!being!destabilised!and! in!a!conformation,!or!conformations,! that!

do!not!contact!Framework2!and!CDR2!whereas!the!F139A!substitution!also!results!

in! the! destabilisation! of! CDR3! but! the! conformations! sampled! by! the! dynamic!

CDR3! includes! a! conformation,! or! conformations,! that! make! contact! with!

Framework2!and!CDR2,!similar!to!the!original!conformation.!

! !
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!
Figure(5.16(–(Location(of(Perturbed(and(Unassigned(Residues( in(VHH(67(

F139A(and(VHH(67(Y217A(

The!figure!shows!the!ribbon!representation!of!F139A!(Panel!A)!and!Y217A!

in!(Panel!B)!coloured!as!in!Figure!5.15.!

!
Presented!in!Figure!5.17!are!the!proposed!results!of!each!of!the!three!mutations.!

When! Trp220! is! substituted! for! an! alanine,! the! interaction! between! Phe139! of!

Framework2! and! Tyr217! of! CDR3! remains.! The! comparable! affinity! to! ILP6!

observed! for!VHH!67!W220A! (KD!18!nM)!and! for!VHH!67!WT! (KD!12!nM)! implies!

that! this! interaction! is! sufficiently! strong! to! maintain! the! CDR3! loop! in! the!

structured,!binding!conformation.!
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!
Figure(5.17(Q(Proposed(Changes(in(CDR3(Structure(and(Dynamics(Resulting(

from(the(Aromatic(to(Alanine(Mutations(

A! ribbon! representation! of! VHH! 67! WT! is! shown! in! Panel! A! with! CDR1!

highlighted! in! yellow,! CDR2! in! green! and! CDR3! in! red.! The! aromatic!

residues! Phe139,! Tyr217! and! Trp220! are! shown! as! grey! line!

representations.!A! schematic! showing! the! interaction!between!Phe139!of!

Framework2,!Tyr217!of!CDR3!and!Trp220!of!Framework4!is!shown!in!Panel!

B,! coloured! as! in! Panel!A.! Panel! C! shows!each!of! the!mutations!made! to!

VHH!67!and!the!proposed!changes!to!the!structure!of!CDR3!as!a!result!of!

the!mutations.!

(

! !
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The!substitution!of!Phe139!in!Framework2!resulted!in!a!significant!reduction!in!the!

affinity!to!ILP6!compared!to!VHH!67!WT!(KD!>200!nM!compared!to!KD!12!nM)!and!

also! resulted! in! the! loss!of! backbone!amide! signals! corresponding! to! residues! in!

FR2,!CDR2!and!CDR3!when!analysed!by!NMR.!The!proposed!structural!changes!for!

the!F139A!mutation!are!shown!in!Figure!5.17.!CDR3!may!be!partially!destabilised!

due!to!the!absence!of!Phe139!but! if! the! interaction!between!Tyr217!and!Trp220!

remains,! CDR3! may! be! somewhat! restricted! and! only! able! to! adopt! a! limited!

number! of! conformations.! If! one! of! these! conformations! is! the! conformation!

observed! in! VHH! 67!WT,! with! CDR3! folded! against! Framework2! and! CDR2,! it! is!

likely!that!backbone!amide!signals!for!residues!in!these!regions!would!be!exchange!

broadened! and! may! even! be! absent! from! the! NMR! spectrum.! This! increased!

flexibility!would!also!result!in!an!entropic!penalty!having!to!be!paid!upon!binding!

which!could!explain!the!decreased!affinity!to!ILP6.!!

!

When! Tyr217! is! substituted! the! resulting!NMR! spectrum! and! the! affinity! to! ILP6!

show!significant!differences!to!the!results!obtained!with!VHH!67!F139A.!These!may!

be!rationalised!by!a!difference! in!the!conformations!adopted!by!CDR3!in!VHH!67!

Y217A!as!presented! in!Figure!5.17.!Without! the! interaction!between!Tyr217!and!

either! Phe139! or! Trp220,! the! CDR3! loop! is! likely! to! be! more! flexible! than! was!

observed! in! VHH! 67! F139A! and! VHH! 67! W220A.! This! increase! in! entropy! may!

explain! the!absence!of!binding! to! ILP6.! In! contrast! to!VHH!67! F139A,! residues! in!

Framework2! and! CDR2! of! VHH! 67! Y217A! were! visible! by! NMR! but! were!

significantly! perturbed.! This! implies! that! any! increase! in! the! flexibility! or!

conformational! heterogeneity! in! these! regions! does! not! result! in! exchange!

broadening! of! NMR! signals! but! does! suggest! that! the! chemical! environment! of!

these! residues!has! altered! from!VHH!67!WT,!most! likely! due! to!CDR3!no! longer!

being!in!contact!with!these!regions.!!!
(

! !
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5.5!–!Conclusions!!

The! mutagenesis! studies! undertaken! in! this! chapter! have! shown! that! the!

substitution! of! the! aromatic! residues! Phe139! and! Tyr217! from! VHH! 67! has! a!

considerable! impact! on! the! dynamics! and! conformational! stability! of! the!

structured! CDR3.! Both! mutations! appear! to! destabilise! CDR3! making! it! more!

dynamic!and!resulting!in!exchange!broadening!that!ultimately!leads!to!the!loss!of!

signals! from! the! NMR! spectra! of! VHH! 67! F139A! and! VHH! 67! Y217A.! The!

conformations!adopted!by!the!newly!liberated!CDR3!appear!to!differ!between!the!

two!mutants!as!seen!by!the!effect!on!binding!to!ILP6!and!by!NMR!analysis.!

!

The! structured! CDR3! of! VHH! 67! may! be! a! unique! example! of! where! the! static!

character!of!the! loop!is!critical!to!antigen!binding.!This!structured!CDR3!in!a!free!

antibody!is!not!common!either!in!the!antiPILP6!VHHs!(as!described!in!Section!3.4)!

or! in!other!conventional!antibody!derived!Fabs!and!scFvs!as!discussed! in!Section!

4.4!where!flexibility!is!thought!to!be!critical!to!allow!soft!capture!of!an!antibody!by!

its! antigen! (Addis! et' al.,! 2014).! The! work! in! Chapter! 6! investigates! the! binding!

between! VHH! 67! and! ILP6! in! an! attempt! to! gain! more! understanding! into! the!

mechanism!of!binding.!!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Chapter!6!–!Functional!Effects!of!VHH!67!on!ILP6!Signalling!

(

6.1!–!Introduction!

The!work!described!in!Chapter!3!identified!that,!unlike!other!antiPILP6!VHHs,!VHH!

67! appears! to! have! an! entirely! structured! CDR3.! Chapter! 5! highlighted! that! in!

making! this! CDR3! more! dynamic! a! significant! reduction! in! binding! to! ILP6! is!

observed.!The!NMR!minimal!shift!analysis!and!the!hydrogen!deuterium!exchange!

(HDX)!as!monitored!by!(MS)!analysis!discussed!in!Chapter!4!both!pointed!towards!

VHH!67!binding!to!ILP6!at!a!novel!binding!site!at!the!base!of!the!four!helix!bundle.!

This!observation! fits!with! results! from! the!ELISA!and!bioassay!data,! described! in!

Section!1.5,!that!could!not!positively! identify!VHH!67!as!a!Site!II!or!Site!III!binder!

and! showed!VHH!67!did! not! inhibit! the! formation!of! the! ILP6! signalling! complex!

(Hancock,!2010).!The!aim!of! the!work!described! in! this! chapter!was! to!carry!out!

further!experiments,!utilising!XPray!crystallography!and!surface!plasmon!resonance!

(SPR),! to!help!understand!the!binding!of!VHH!67!to! ILP6! in!an!attempt!to!explain!

some!of!the!unique!features!displayed!by!VHH!67.!

!

6.2!–!Material!and!Methods!

6.2.1!–!ELISA!and!Cell!Based!Assays!

As!part!of!the!work!carried!out!by!Dr!Laura!Griffin!(UCB),!a!full!characterisation!of!

the! purified!VHH!proteins!was! undertaken! as! summarised! Section! 1.5! (Hancock,!

2010).!This!included!Site!II!and!Site!III!blocking!ELISA!assays!to!determine!the!site!

of! interaction! and! a! cellPbased! assay! used! to! assess! the! ability! of! each! VHH! to!

inhibit!ILP6!signalling.!

(

6.2.2!–!XPRay!Crystallography!

6.2.2.1!–!Complex!Formation!for!XPRay!Crystallography!

To!prepare!the!complex!sample!for!XPray!crystallography,!a!5!%!excess!of!VHH!67!

was!mixed! with! ILP6! and! incubated! at! 25! °C! for! 2! hours.! The! sample! was! then!

purified!by!gel!filtration!chromatography!to!remove!any!free!VHH.!A!Superdex!200!

16/60!column!(GE!Healthcare)!was!equilibrated!at!1.6!ml!minP1!with!50!mM!sodium!
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chloride,!25!mM!Tris,!pH!7.5.!The!complexed!sample!was!loaded!onto!the!column!

at!a!flow!rate!of!1!ml!minP1!and!2!ml!fractions!were!collected!between!50!and!100!

minutes.! Fractions!were! analysed!by! analytical! gel! filtration! and! the! appropriate!

fractions!pooled.! The! concentration!of! the!pooled! fractions!were!determined!by!

absorbance!at!280!nm!and!then!concentrated,!using!a!10,000!Da!MWCO!Millipore!

Amicon!Ultra!15!ml!centrifugal!filter!unit!to!a!concentration!of!20!mg!mlP1.!The!final!

purity!of!the!complex!was!then!confirmed!by!analytical!gel!filtration.!

!

6.2.2.2!–!Crystallisation!Trials!!

This! work! was! carried! out! with! considerable! assistance! from! Dr.! Gareth! Hall!

(University! of! Leicester)!who! kindly! collected! and! processed! the! diffraction! data!

and!carried!out!the!refinement!of!the!structure.!

(

Crystallisation!trials!were!set!up!using!the!MorpheusTM,!PACT,!JCSG+,!MIDAS,!and!

Clear!Strategy!1!screens!(Molecular!Dimensions),!utilising!the!Cartesian!Honeybee!

8+1!microPdispensing!system.!!The!protein!to!precipitant!ratio!was!mixed!at!1:1,!to!

a! final! volume! of! 0.2! μl,! using! MRC! crystallisation! 96Pwell! sitting! drop! vapour!

diffusion!plates! (Molecular!Dimensions).! !Crystal! trays!were!set!up!at!19!oC,!with!

crystals!being!observed!in!the!MorpheusTM!screen!after!only!2!days,!in!a!condition!

containing!25!%!PEG!3350,!25!%!PEG!1000,!25!%!MPD,!0.1!M'MOPS/HEPES!buffer!

solution,! pH! 7.5,! and! 0.12! M! ethylene! glycol! solution.! ! Optimisation! of! this!

condition! was! carried! out! by! varying! the! precipitant,! pH! and! ethylene! glycol!

concentrations,!and!by!keeping!the!incubation!temperature!at!19!oC.!!Fewer,!larger!

crystals!were!observed!in!lower!precipitant!concentrations,!whereas!increasing!the!

salt! concentration! also! resulted! in! fewer! larger! crystals,! but! these!were! visually!

more! disordered.! The! optimisation! did! not! show! any! significant! improvements!

over!the!initial!conditions!so!the!final!crystallisation!conditions!remained!as!25!%!

PEG!3350,!25!%!PEG!1000,!25!%!MPD,!0.1!M'MOPS/HEPES!buffer!solution,!pH!7.5,!

and!0.12!M!ethylene!glycol!solution.!

(

! !



!
!

209!

6.2.2.3!–!Crystal!Diffraction!and!Data!Collection!

Diffraction!data!for!the!VHH!67:ILP6!crystal!were!collected!on!Beamline!I03!at!the!

Diamond! Light! Source! synchrotron! using! λ! =! 0.96863! Å! and! a! Pilatus3! 6M! area!

detector.! Fortunately,! the! crystallisation! mother! liquor! did! not! require! a!

cryoprotectant,! allowing! the! crystal! to! be! immediately! flash! frozen! in! liquid!

nitrogen.! ! Initial! diffraction! allowed! the! crystal! to! be! indexed! by! collecting! two!

images! separated! by! 90! o! with! an! exposure! time! of! 0.2! seconds.! ! A! collection!

strategy!was! established! in!which! 360! o! of! data!were! collected,! by! exposing! the!

crystal!for!0.2!seconds,!per!0.2!o!oscillation.!!The!detector!distance!was!set!at!0.579!

m,!allowing!the!data!to!be!collected!to!a!maximum!resolution!of!1.75!Å.!!!

!

6.2.2.4!–!Indexing,!Integration!and!Scaling!of!Data!

The! VHH! 67:ILP6! crystals! that! were! generated! under! the! final! optimised!

crystallisation!conditions,!as!detailed!in!Section!6.2.2.2,!are!shown!in!Figure!6.1.!!

!
!

!
Figure(6.1(Q(Examples(of(the(VHH(67:ILQ6(Crystals(

The!figure!shows!the!VHH!67:ILP6!crystals!grown!after!2!days!at!19!oC!in!25!

%! PEG! 3350,! 25! %! PEG! 1000,! 25! %! MPD,! 0.1! M' MOPS/HEPES! buffer!

solution,!pH!7.5,!and!0.12!M!ethylene!glycol!solution.!

!

! !



!
!

210!

XDS!(Kabsch,!2010)!was!used!to!index!and!integrate!the!images!collected!from!the!

VHH! 67:ILP6! crystal.! ! From! the! data! collected! a! primitive! orthorhombic! Bravais!

lattice,!with!regularised!cell!dimensions,!a!=!47.80!Å,!b!=!57.65!Å!and!c!=!119.83!Å;!

and!angles!α!=!90.0!o,!β!=!90.0!o!and!γ!=!90.0!o,!was!determined.!To!compensate!for!

fluctuations! in! beam! intensity! and! the! absorption! of! the! crystal! the! intensities!

from!the! ILP6:VHH!67!dataset!were!scaled!using!SCALA! (CCP4),!using! the!dataset!

integrated!in!spacegroup!P21221.!!!!

!

6.2.2.5!–!Molecular!Replacement!!

The!previously!solved!NMR!structure!for!ILP6!(Xu!et'al.,!1997,!PDB!accession!code!

1IL6,)! was! used! for!molecular! replacement.! ! A! homology!model! of! VHH! 67!was!

made! using! Swissmodel! (Guex! et' al.,! 2009)! based! on! the! solved! VHH! structure!

(Loris!et'al.,!2003,!PDB!accession!code!1MVF).!!A!Matthews!coefficient!calculation!

suggested!that!the!most!likely!solution!contained!one!ILP6!molecule!and!one!VHH!

67!molecule! in!the!asymmetric!unit,!giving!a!solvent!content!of!44.3!%.! !PHASER!

(McCoy'et'al.,!2005)!was!applied!to!execute!the!molecular!replacement,!setting!it!

to!search!for!one!copy!of!ILP6!and!one!copy!of!VHH!67,!in!the!spacegroup!P21221.!!

PHASER!found!a!single!molecular!replacement!solution!in!P21221!giving!a!zPscore!of!

14.1!and!a!log!likelihood!gain!(LLG)!score!of!86.77.!!(

!

6.2.2.6!–!Model!Building!and!Refinement!!

The! solution! from! PHASER!was! loaded! into! Coot! (Emsley! and! Cowtan,! 2004)! to!

allow!manual!model!building!to!be!carried!out.!The!electron!density!map!for!the!

ILP6! molecule! correlated! well! with! the! molecular! replacement! model,! with! the!

exception!of!residues!Asn49!to!Asn61!in!the!region!between!Helix!A!and!Helix!B;!

and! Asp135! to! Thr139! in! the! region! between! Helix! C! and! Helix! E;! which! were!

disordered! and! subsequently! not!modelled.! ! Sufficient! electron!density!was! also!

unavailable!to!model!fifteen!NPterminal!residues!of!the!VHH!67,!incorporating!the!

His6Ptag!and!TEV!cleavage!site,!and!as!such!these!residues!were!omitted!from!the!

structure.! ! In!addition,!significant!structural!refinement!was!required!for!residues!

Tyr127! to! Tyr134,! Arg155! to! Ile158! and! Arg202! to! Arg226,! representing! CDR1,!

CDR2! and! CDR3,! respectively,! reflecting! significant! differences! between! the!
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homology!model!and!the!final!structure!of!VHH!67.! !Refinement!was!carried!out,!

using! phenix_refine! (Adams' et' al.,! 2010),! TLS! refinement!

(translation/liberation/screw)!and!an!appropriate!weighting!term.!!Model!building!

and!refinement!ceased!when!the!Rfree!value!remained!constant!and!the!structure!

validation!methods!suggested!no!outliers.!

!

6.2.2.7!–!Structure!Validation!!

The! structure! was! validated! throughout! the! model! building! and! refinement!

process!using!both!the!Validate! functions! in!Coot!and!the!statistics!outputted!by!

phenix.refine.! ! Refinement! stopped! when! the! Rfree! value! ceased! to! reduce!

following! further! rounds! of!model! building! and! refinement.! ! The! resulting! Rfactor!

and! Rfree! values! were! 23.1! %! and! 28.2! %,! respectively.! ! The! Comprehensive!

validation! function! in! Phenix! were! applied! to! validate! the! final! structure.! ! ! The!

Ramachandran!plot!produced!by!RAMPAGE!(Lovell!et'al.,!2002)!showed!that!98.5!

%!of!residues!were!in!the!most!favoured!regions,!with!1.5!%!within!the!additional!

allowed! regions.! ! The! final! statistics! and! Ramachandran! plot! for! the! crystal!

structure!of!VHH!67:ILP6!are!shown!in!Table!6.1!and!Figure!6.2.!
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!

Table(6.1(Q(XQRay(Diffraction(Analysis(Statistics(for(VHH(67:ILQ6(Complex(

(

Crystal(Data(

Space&Group& & & & & & & & & P&21&2&21&

Unit2cell&dimensions&(Å)&& & & Unit2cell&angles&(o)&

a" " " 47.80& & & & α& & & 90.00&

b" " " 57.65& & & & β& & & 90.00&

c& & & 119.83& & & & γ& & & 90.00&

Protein&molecules&per&unit&cell& & & & & & & 2&

(

Data*collection(statistics(

Resolution&(Å)& & & & & & & & & 2.91&

Number&of&measured&reflections& & & & & & 46806&

Number&of&unique&reflections& & & & & & & 7639&

Average&redundancy& & & & & & & & 6.1(5.8)&

Average&I/σ& & & & & & & & & 19.5&(2.9)&

Completeness&(30.922.91Å)&(%)& & &&&&&& & & & & 99.4&(98.2)&

Rmerge& & & & & & & & & & 0.05&(0.58)&

&

Final(refinement(statistics(

Protein&atoms& & & & & & & & & 2247&

Solvent&atoms& & & & & & & & & 0&

"R&factor&(28.8322.91&Å)&(R&free)& & & & & & & 0.231&(0.282)&

R.m.s.&deviations&from&ideal&geometry&

Bond&distances&(Å)& & & & & & & 0.006&

Bond&angles&(o)& & & & & & & & 1.151&

Average&B&Factors&(Å2)&

& Wilson&B2Factor&& & & & & & & 86.8&

Main2chain&atoms& & & & & & & 98.0&

& Side2chain&atoms& & & & & & & 104.4&

& Solvent&& & & & & & & & n/a&

& Solvent&Content&(%)& & & & & & & 44.3&

&

†&High2resolution&shell,&3.07&2&2.91&
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(
Figure(6.2(Q(Ramachandran(Plot(of(the(VHH(67:ILQ6(Complex(

Ramachandran!plot,!generated!using!RAMPAGE,!showing!that!98.5!%!of!the!

residues!were!in!the!most!favoured!regions.!

!

! !
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6.2.3!–!Surface!Plasmon!Resonance!

To! further! investigate! the! effects! of! the! presence! of! the! VHH! antibodies! on! the!

formation!of!the!ILP6!signalling!complex,!SPR!experiments!were!set!up!on!a!Biacore!

3000!with!considerable!help!from!Dr.!Terry!Baker!(UCB).!

!

The!following!constructs!were!immobilised!onto!the!sensor!of!the!SPR!chip!using!

amine!coupling!chemistry!as!per!manufacturer’s! instructions!(GE!Healthacre):!gpP

80!Domains!2!and!3!fused!to!human!scFc!(gpP80!D2D3!hscFc);!gpP130!extra!cellular!

domain!human!Fc!(gpP130!ECD!hFc);!and!gpP130!Domain!1!scFc!(gpP130!D1!scFc).!

Passed! over! the! sensors! were! the! following! samples:! (1)! ILP6! control,! (2)! gpP80!

control,! (3)! ILP6:gpP80! control,! (4)! VHH! control,! (5)! ILP6:VHH! complex,! (6)! gpP

80:VHH!complex!and!(7)!ILP6:gpP80:VHH!complex.!The!running!buffer!was!HBSPEP!

(0.01! M! HEPES! pH! 7.4,! 0.15! M! NaCl,! 3! mM! EDTA,! 0.005! %! (v/v)! P20)! (GE!

Healthcare)! and! sensors! were! regenerated! using! 40! mM! HCl.! All! samples! were!

made!up!to!a!concentration!of!300!nM!in!the!running!buffer!and!then!mixed!at!a!

ratio! of! 1:1:1! (ILP6:gpP80:VHH)! to! give! a! final! concentration! of! 100! nM! (running!

buffer!was!used!in!place!of!samples!when!required).!

!

To!measure!the!effect!of!the!VHH!on!Site!I!binding,!the!response!for!ILP6!alone!was!

compared! to! the! response! for! the! ILP6:VHH! complex! when! passed! over! the!

immobilised!gpP80!D2D3!hscFc.!To!measure!the!effect!of!the!VHH!on!Site!II!binding!

the!response!for!the!ILP6:gpP80!complex!was!compared!to!response!for!the!ILP6:gpP

80:VHH! complex! when! passed! over! the! immobilsed! gpP130! ECD! hFc.! Finally,! to!

measure! the!effect!of! binding!at! Site! III,! the! response!of! the! ILP6:gpP80! complex!

was! compared! to! that! of! the! ILP6:gpP80:VHH! complex! was! passed! over! the!

immobilised! gpP130! D1! scFc.! Figure! 6.3! shows! a! schematic! of! the! three!

experiments.!

! !
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!

!
Figure(6.3(–(Characterisation(of(the(VHH(Binding(Sites(by(SPR(

Panel!A!shows!a!schematic!of!the!experiment!used!to!determine!the!effect!

of!the!VHH!on!Site!I!binding,!Panel!B!shows!a!schematic!of!the!experiment!

measuring!the!effect!of!Site!II!binding!and!Panel!C!shows!a!schematic!of!the!

experiment!used!to!measure!the!effect!of!binding!at!Site!III.!ILP6!is!shown!in!

green,!gpP80!in!magenta,!gpP130!in!yellow!and!the!VHH!in!cyan.!

! !
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Double! referenced! binding! curves! were! analysed! using! BIAevaluation! software.!

The!response!in!Response!Units!(RU)!was!corrected!for!molecular!weight!and!then!

stoichiometric! ratios! calculated! by! dividing! the! response! in! the! presence! of! the!

VHH!by!the!response!for!the!appropriate!control.!The!dissociation!rate!constants!

(kd)!were!determined!using!a!biphasic!Langmuir!dissociation!algorithm.!!

(

6.2.4!–!NMR!Minimal!Shift!Mapping!

Minimal!shift!mapping!of! the!epitope!of!VHH!67!onto! ILP6!has!been!described! in!

Section! 4.3.5.! The! same! method! (as! described! in! Section! 4.1.2)! was! used! to!

determine!the!epitope!of!VHH!94!on!ILP6.!!

!

6.3!P!Results!

6.3.1!–!ELISA!and!Cell!Based!Assay!

The! results! from! the!ELISA! site!blocking!assays!are! shown! in! Figures!6.4!and!6.5!

(adapted!from!Hancock,!2010).!Data!were!collected!for!the!majority!of!the!panel!

of! antiPILP6! VHH! antibodies! but! to! simplify! the! analysis! only! a! selection! of! the!

results!are!shown.!Alongside!the!data!for!VHH!67!are!the!data!for!VHH!15,!VHH!29,!

VHH!38,!VHH!56!and!VHH!146!as!these!are!the!VHHs!for!which!crystal!structures!

were! obtained! by! Dr.! Laura! Griffin! (UCB)! and! have! been! discussed! in! previous!

chapters.!The!binding!of!VHH!94!to!ILP6!will!also!be!discussed!later!in!this!chapter!

so!results!for!VHH!94!have!also!been! included.!Unfortunately,!VHH!18,!for!which!

the!solution!structure!was!solved!in!Chapter!3,!was!not!tested!as!a!purified!protein!

in!the!ELISA!assays!or!the!bioassay!so!could!not!be!included!in!the!figures.!

!

The!results!of!the!Site!II!blocking!ELISA!assay!are!shown!in!Figure!6.4.!Inhibition!of!

the!binding!of!ILP6!to!gpP130!D3!is!observed!in!the!presence!of!VHH!29!with!a!half!

maximal! inhibitory! concentration! (IC50)!of! 17.7!nM.!This! result! is! consistent!with!

the! crystal! structure! identifying! VHH! 29! binding! as! a! Site! II! binder.! VHH! 38! and!

VHH!146!show!no!significant!inhibition!of!ILP6!binding!to!gpP130!D3!binding!at!Site!

II!(at!the!maximum!concentration!of!75!nM!less!than!25!%!inhibition!was!observed!

for! VHH! 38! and! less! than! 10! %! inhibition! was! observed! for! VHH! 146).! This! is!

consistent! with! the! crystal! structures,! which! show! both! VHH! 38! and! VHH! 146!
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binding!at!Site!III.!The!crystal!structures!identified!VHH!15!and!VHH!56!binding!in!

the!vicinity!of!Site!III!but!are!not!Site!III!cleft!binders!like!VHH!38!and!VHH!146.!The!

Site!II!blocking!ELISA!results!for!VHH!15!show!approximately!50!%!inhibition!at!the!

top!concentration!measured!so!although!VHH!15!does!not!bind!at!Site!II!there!may!

be!allosteric!effects!leading!to!some!inhibition!of!gpP130!D3!binding!at!Site!II.!VHH!

56!does!not!inhibit!the!binding!at!Site!II.!The!binding!site!of!VHH!94!is!at!present!

unknown! but,! with! an! IC50! value! of! 9.8! nM! calculated,! VHH! 94! does! appear! to!

inhibit!the!binding!of!gpP130!D3!to!ILP6!at!Site!II.!At!the!time!of!running!this!assay!

the!binding!site!of!VHH!67!was!also!unknown!but! results!of!epitope!mapping!by!

both!NMR!and!HDX!suggested!that!it!may!bind!at!the!base!of!ILP6!(antipodal!to!Site!

III).!With!a!maximum!inhibition!of!30!%,!the!Site! II!blocking!ELISA!results!suggest!

that!VHH!67!is!unlikely!to!bind!at!Site!II.!

!

VHH!18!was!not!measured!as!a!purified!protein!but!initial!screening!of!VHH!18!as!a!

transient!suggested!an! inhibition!of! ILP6!binding! to!gpP130!D3!and!was! therefore!

classed!as!a!Site! II!blocker!(data!not!shown)!which! is!consistent!with!the!epitope!

mapping!results!obtained!by!NMR!and!HDX.!!

! !
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!
Figure(6.4(–(Identification(of(Site(II(Binding(VHH(Antibodies(by(ELISA(

The!graph!in!Panel!A!shows!the!results!of!the!Site!II!blocking!ELISA!assay!for!

VHH!15!(green),!VHH!29!(purple),!VHH!38!(orange),!VHH!56!(red),!VHH!67!

(cyan),!VHH!94!(yellow)!and!VHH!146!(blue).!Triplicate!data!were!collected!

and! the!mean! values! are! plotted!with! error! bars! indicating! one! standard!

deviation! (sd).! Panel! B! shows! the! same! results! plotted! as! a! percentage!

inhibition! of! gpP130! D3! binding! at! Site! II.! Panel! C! shows! the! IC50! values!

calculated! (where! appropriate)! alongside! the! 95! %! confidence! intervals!

after!the!data!were!fitted!using!a!dose!response!model!in!GraphPad!Prism!

(log!(inhibitor)!vs.!variable!slope!P!four!parameters).!

A"

B"

C" IC50%(nM) 95%%%Confidence%Intervals%(nM)

VHH%15 >%75

VHH%29 17.7 10.0%?%31.1

VHH%38 >%75

VHH%56 >%75

VHH%67 >%75

VHH%94 9.8 4.2%?%22.9

VHH%146 >%75

IC50%(nM) 95%%%Confidence%Intervals%(nM)

VHH%15 1.7 1.4%?%2.1

VHH%29 >%75

VHH%38 0.9 0.8%?%1.1

VHH%56 2.4 1.4%?%4.2

VHH%67 0.7%* 0.3%?%1.5

VHH%94 0.6%* 0.3%?%1.4

VHH%146 1.1 0.7%?%1.5

*%IC50%value%corresponds%to%a%negative%%%inhibition%
(enhancement%in%the%binding%of%gp?130%D1)%
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Shown!in!Figure!6.5!are!the!results!of!the!Site!III!blocking!ELISA!for!the!same!seven!

VHHs.!The!VHHs!can!be!divided!into!three!groups:!those!which!show!inhibition!of!

Site! III;! those!which! show!no! effect! on! the! binding! of! gpP130!D1! at! Site! III;! and!

those!which!appear!to!enhance!the!binding!of!gpP130!D1!at!Site!III.!!

!

VHH!38!and!VHH!146,!known!from!the!crystal!structures!to!be!Site!III!binders,!fall!

as! expected! into! the! first! category.! IC50! values! for! VHH! 38! and! VHH! 146! were!

calculated!as!0.9!nM!and!1.1!nM!respectively!and!show!complete!inhibition!of!gpP

130! D1! binding! at! concentrations! of! 7.5! nM! and! above.! VHH! 15! and! VHH! 56,!

known!from!the!crystal!structures!to!bind!in!the!vicinity!of!Site!III,!have!IC50!values!

of! around! 2! nM! but! do! not! completely! block! the! binding! of! gpP130! D1! at! the!

maximum!concentration.!This!is!consistent!with!VHH!15!and!VHH!56!binding!near!

Site!III,!so!having!some!inhibitory!effect,!but!not!in!the!cleft!blocking!the!binding!of!

gpP130!D1.!!

!

VHH!29!shows!no!effect!on!the!binding!at!Site!III!with!an!inhibition!of!just!10!%!at!

the!maximum!concentration.!This! is!consistent!with!the!crystal!structure!and!the!

Site!II!blocking!ELISA!results!identifying!VHH!29!as!a!Site!II!binder.!

!

VHH!67!and!VHH!94!are!very! interesting!as! in! the!presence!of! the!antibodies!an!

enhancement!rather!than!inhibition!of!ILP6!binding!to!Site!III!is!observed,!with!IC50!

values!calculated!at!0.6!to!0.7!nM.!This!unexpected!enhancement!in!binding!of!gpP

130!D1!to!ILP6,!suggests!that!VHH!67!and!VHH!94!are!binding!to!a!regulatory!site!

away! from! Site! III! but! are! positively! modulating! the! binding! at! Site! III! via! an!

allosteric! mechanism,! which! may! point! towards! a! new! opportunity! for! drug!

development.!
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!
Figure(6.5(–(Identification(of(Site(III(Binding(VHH(Antibodies(by(ELISA!!

The!graph! in!Panel!A!shows!the!results!of! the!Site! III!blocking!ELISA!assay!

for!VHH!15!(green),!VHH!29!(purple),!VHH!38!(orange),!VHH!56!(red),!VHH!

67! (cyan),! VHH! 94! (yellow)! and! VHH! 146! (blue).! Triplicate! data! were!

collected! and! the!mean! values! are! plotted!with! error! bars! indicating!one!

standard! deviation! (sd).! Panel! B! shows! the! same! results! plotted! as! a!

percentage!inhibition!of!gpP130!D1!binding!at!Site!III.!Panel!C!shows!the!IC50!

values! calculated! (where! appropriate)! alongside! the! 95! %! confidence!

intervals! after! the! data! were! fitted! using! a! dose! response! model! in!

GraphPad!Prism!(log!(inhibitor)!vs.!variable!slope!P!four!parameters).!

A"

B"

C"

IC50%(nM) 95%%%Confidence%Intervals%(nM)

VHH%15 >%75

VHH%29 17.7 10.0%?%31.1

VHH%38 >%75

VHH%56 >%75

VHH%67 >%75

VHH%94 9.8 4.2%?%22.9

VHH%146 >%75

IC50%(nM) 95%%%Confidence%Intervals%(nM)

VHH%15 1.7 1.4%?%2.1

VHH%29 >%75

VHH%38 0.9 0.8%?%1.1

VHH%56 2.4 1.4%?%4.2

VHH%67 0.7%* 0.3%?%1.5

VHH%94 0.6%* 0.3%?%1.4

VHH%146 1.1 0.7%?%1.5

*%IC50%value%corresponds%to%a%negative%%%inhibition%
(enhancement%in%the%binding%of%gp?130%D1)%
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There!are!two!possible!scenarios!that!could!rationalise!the!enhanced!binding!of!ILP

6! to! gpP130! in! the! presence! of! VHH! 67! and! VHH! 94! as! observed! in! the! Site! III!

blocking! ELISA.! Firstly,! the! VHH! antibody! binds! to! ILP6! remote! from! Site! III! but!

induces!conformational!changes!in!ILP6!that!result! in!enhanced!binding!to!gpP130!

at!Site!III.!Secondly,!the!apparent!enhancement!in!binding!is!the!result!of!the!VHH!

antibody! stabilising! the! ILP6:gpP80! complex.! The! ILP6:gpP80! complex! used! in! the!

ELISA!assays!was!a!fusion!of!ILP6!and!gpP80!with!the!three!domains!(ILP6,!gpP80!D2!

and!gpP80!D3)!fused!via!the!flexible!NP!and!CPtermini!of!ILP6!and!gpP80!respectively.!

The! format!of! this! fusion!protein! is! shown! in!Figure!6.6!and! is!designed!to!allow!

selfPconfiguration!into!the!active!form!that!binds!to!gpP130!D1.!It!is!likely!that!the!

fusion!protein!is!in!equilibrium!between!an!open!and!an!active!form!so!if!the!VHH!

antibody! stabilises! the! active! form,! the! equilibrium! is! shifted! towards! this! form!

and!an!enhancement!in!binding!to!gpP130!would!be!observed.!

!!

!
Figure(6.6(Q(Stabilisation(of(the(gpQ80:ILQ6(Complex(in(the(Presence(of(the(

VHH(Antibody(

The! equilibrium! between! the! open! and! the! active! form! of! the! gpP80!

(magenta)! and! ILP6! (green)! fusion! protein! is! shown! in! Panel! A.! In! the!

presence!of!the!VHH!antibody!the!equilibrium!may!have!altered!favouring!

the!active!form!(Panel!B)!

!

D2#D3#

IL'6#

D3#

D2#
IL'6#

D3#

D2#
IL'6#

VH
H#

Open#Form# Ac5ve#Form#

A#

B#

D2#D3#

IL'6#

VH
H#



!
!

222!

The! inhibition!of! ILP6!signalling!results! for!the!antiPILP6!VHHs!are!shown!in!Figure!

6.7.!A!reduction!of!the!STAT3!response!is!seen!in!the!presence!of!VHH!15,!VHH!29,!

VHH!38,!VHH!94!and!VHH!146!suggesting! these! five!VHHs!disrupt! ILP6! signalling.!

VHH!56!and!VHH!67!show!no!significant! reduction! in!STAT3!response!suggesting!

that!binding!to!ILP6!occurs!at!a!site!that!does!not!inhibit!the!formation!of!the!ILP6!

signalling! complex! and,! therefore,! does! not! disrupt! signalling.! This! is! consistent!

with!the!results!from!the!ELISA!blocking!assays!for!VHH!56!and!VHH!67!that!show!

no!significant!inhibition!of!either!gpP130!D3!at!Site!II!or!gpP130!D1!at!Site!III.!

!

!
Figure(6.7(Q(Inhibition(of(ILQ6(Signalling(for(all(antiQILQ6(VHH(Antibodies(

Figure!reproduced!with!the!permission!of!Dr.!Laura!Griffin!(Hancock,!2010).!

The! STAT3! response! in! the! presence! of! the! VHH! antibodies! is! shown.! A!

reduction! in! the! STAT3! response! due! to! inhibition! of! the! ILP6! signalling!

complex! can! be! seen! for! VHH!15! (pink! triangles),! VHH!29! (red! triangles),!

VHH!38! (blue! squares),! VHH!94! (orange! circles)! and!VHH!46! (red! circles).!

The!STAT3!response!in!the!presence!of!VHH!56!(black!diamonds)!and!VHH!

67!(black!squares)!does!not!reduce!suggesting!that!these!VHHs!do!not!bind!

through!Site!II!or!Site!III.!!
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6.3.2!–!XPRay!Crystallography!of!VHH!67!:!ILP6!

The! crystal! structure! obtained! for! VHH! 67! bound! to! ILP6! is! shown! in! Figure! 6.8,!

which!reveals!that!VHH!67!binds!to!the!base!of!ILP6!(antipodal!to!Site!III).!

!

!
Figure(6.8(–(XQRay(Crystal(Structure(of(VHH(67(Bound(to(ILQ6(

The!2.91!Å!XPray!crystal!structure!of!VHH!67!(cyan)!bound!to!ILP6!(green)!is!

shown! in! Panel! A.! Residues! Ser47,! Asn61! and! Leu133! are! labelled! to!

highlight!the!regions!of!ILP6!that!were!not!modelled.!The!position!of!Site!II!

and!Site!III!are!indicated!on!the!structure!of!ILP6!and!Site!I!is!located!on!the!

foremost! helices.! Panel! B! shows! the! same! crystal! structure! but! coloured!

according!to!B!factor!with!a!gradient!of!blue!(65!Å2)!through!to!red!(210!Å2)!

!

! !
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6.3.2.1!–!Residues!and!CDR!Dynamics!of!VHH!67!as!Revealed!by!the!VHH!67:ILP6!

Crystal!Structure!!

The!solvent!accessible!surface!for!each!residue!was!calculated!for!free!VHH!67!and!

for!VHH!67! in! complex!with! ILP6!using!MOLMOL! (Koradi!et'al.,! 1996).! Figure!6.9!

Panel!A!shows!the!difference! in! the!percentage!of! the!solvent!accessible!surface!

(free!P!bound)!plotted!against!residue!number.!The!residues!for!which!the!solvent!

accessible!surface! is!greater,!by!more! than!10!%,! in! the! free!VHH!67! than! in! the!

complex!were!considered! to!be!at! the!VHH!67PILP6! interface.!These! residues!are!

highlighted!on!the!structure!in!Figure!6.9!Panel!B.!

! !
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!

!

!
Figure(6.9(Q(VHH(67(Interface(with(ILQ6(

The!graph! in!Panel!A!shows!the!difference! in!solvent!accessible!surface! for!

free!VHH!67!compared! to!VHH!67! in!complex!with! ILP6.!Panel!B! shows! the!

results!of!these!calculations!plotted!onto!the!crystal!structure!of!VHH!67!in!

complex! with! ILP6.! ILP6! is! shown! in! grey! and! VHH! 67! shown! in! cyan! with!

CDR1,!CDR2!and!CDR3!coloured! in!yellow,!dark!green!and!red!respectively.!

The! residues! for! which! the! solvent! accessible! surface! is! greater,! by! more!

than!10!%,!in!the!free!VHH!67!than!when!in!complex!with!ILP6!are!shown!as!

line! representations.! The! results! show! residues! Tyr135! of! CDR1,! Asn154,!

Arg155!and!Arg159!of!CDR2!and!Arg202,!Asp203,!Phe205,!Pro206,! Leu207,!

Tyr208! and! Ser209! of! CDR3! make! up! the! majority! of! the! VHH! 67PILP6!

interface.!
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The! minimal! shift! analysis! by! NMR! suggested! that! both! CDR2! and! CDR3! were!

involved! in! the! binding! of! VHH! 67! to! ILP6! and! this! is! confirmed! by! the! crystal!

structure.! Figure! 6.10! shows! selected! residues! of! CDR2! forming! part! of! the!

interface!with!ILP6.!!

!

!
Figure(6.10(–(CDR2(Residues(of(VHH(67(at(the(Interface(with(ILQ6(

As!predicted!from!NMR!minimal!shift!mapping,!CDR2!of!VHH!67!is!involved!

in!binding!to!ILP6.!The!space!filled!structure!of!ILP6!is!shown!in!grey.!VHH!67!

is!shown!in!cyan!with!CDR1!coloured!in!yellow,!CDR2!coloured!in!green!and!

CDR3! coloured! in! red.! The! boxed! region! shows! an! expanded! view!of! the!

interface,!with!the!CDR2!residues!making!contact!with!ILP6!highlighted.!

!

The!key!interactions!between!the!side!chains!the!CDR2!residues!of!VHH!67!and!ILP6!

are! shown! in! Figure! 6.11.! The!Nδ2! atom! in! the! side! chain! of! Asn154! forms! two!

hydrogen!bonds!with!Gln183!of! ILP6;! the!NH2!group!of!Arg155! forms!a!hydrogen!

bond!to!Met184!and!a!salt!bridge!to!Arg182!of!ILP6;!and!the!side!chain!of!Arg159!

forms!a!hydrogen!bond!with!Phe78!and!a!salt!bridge!to!Glu80.!

!
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!
Figure(6.11(Q(Side(Chain(Contacts(made(by(CDR2(Residues(of(VHH(67(with(

ILQ6(

The!VHH!67:ILP6!crystal!structure!is!shown!on!the!left!with!ILP6!coloured!in!

grey! and! VHH! 67! in! cyan.! The! region! highlighted! in! red! is! expanded! to!

identify!the!side!chain!contacts!between!CDR2!of!VHH!67!and!ILP6.!!!

!

The!side!chains!of!two!residues!of!CDR3!(Phe205!and!Tyr208)!are!seen!extending!

from!VHH! 67! into! a! cleft! at! the! base! of! ILP6! (see! Figure! 6.12).! As!with! previous!

examples!of!VHH!crystal!structures!including!cAbPLys3!(Desmyter!et'al.,!1996)!and!

VHH!146:ILP6!(Hancock,!2010),!these!two!residues!are!in!the!NPterminal!portion!of!

CDR3! and! the! CPterminal! portion! of! CDR3! appears! to! act! as! a! region! of! extra!

framework!and!is!not!involved!in!binding!to!ILP6.!In!addition!to!these!hydrophobic!

interactions!are!two!hydrogen!bonds,!between!Asp203!of!VHH!67!and!Ser22!of!ILP6!

and!Leu207!of!VHH!67!and!Met184!of!ILP6!(see!Figure!6.13).!
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!
Figure(6.12(–(CDR3(Residues(of(VHH(67(at(the(Interface(with(ILQ6(

As!predicted!from!NMR!minimal!shift!mapping,!CDR3!of!VHH!67!is!involved!

in!binding!to!ILP6.!The!space!filled!structure!of!ILP6!is!shown!in!grey.!VHH!67!

is!shown!in!cyan!with!CDR1!highlighted!in!yellow,!CDR2!highlighted!in!green!

and!CDR3!highlighted!in!red.!The!boxed!region!shows!an!expanded!view!of!

the! interface,! with! Phe205! and! Tyr208! (shown! as! line! representations)!

extending!from!VHH!67!into!a!cleft!at!the!base!of!ILP6.!
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(

Figure(6.13(Q(Side(Chain(Contacts(made(by(CDR3(Residues(of(VHH(67(with(ILQ6(

In!Panel!A!the!VHH!67:ILP6!crystal!structure! is!shown!on!the! left!with! ILP6!

coloured! in! grey! and! VHH! 67! in! cyan.! The! region! highlighted! in! red! is!

expanded! to! identify! the! side! chain! contacts! between! the! CDR3! residues!

Asp203! and! Leu207! of! VHH! 67! and! ILP6.! In! Panel! B! ILP6! is! coloured!

according! to! hydrophobicity! (Eisenberg! et' al.,! 1984)! with! the! most!

hydrophobic! residues! coloured! in! red.! The! expanded! view! on! the! right!

shows!that!Phe205!and!Tyr208!protrude!into!a!hydrophobic!pocket!at!the!

base!of!ILP6.!Panel!C!and!Panel!D!show!the!hydrophobic!interactions!made!

between!Phe205!and!Tyr208!of!VHH!67!and!ILP6!
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In!the!free!solution!structure!of!VHH!67!five!residues!of!CDR1!were!believed!to!be!

in! conformational! exchange.! The! continued! absence! of! backbone! signals!

corresponding!to!these!residues!from!the!VHH!bound!to!ILP6!suggested!that!these!

residues!were!not! stabilised!upon!binding! to! ILP6.! The! crystal! structure! confirms!

that! these! residues!do!not! form!part! of! the! interface!with! ILP6! (shown! in! Figure!

6.14)! and!may! still! be! dynamic!when! in! complex!with! ILP6.! The! B! factors! in! this!

region! are! also! higher! than! seen! for! the! framework! regions! of! VHH! 67! and! the!

other!two!CDRs!(see!Figure!6.16)!supporting!the!fact!that!these!residues!may!be!in!

a!more!dynamic!region!of!the!protein.!Tyr135,!located!towards!the!CPterminus!of!

CDR1!does!form!part!of!the!interface!with!ILP6!as!shown!in!Figure!6.14.!Figure!6.15!

highlights!the!hydrogen!bonds!formed!between!the!OH!group!of!the!tyrosine!side!

chain!and!Ser22!and!Met184!of!ILP6.!

!

!
Figure(6.14(–(CDR1(Residues(of(VHH(67(at(the(Interface(with(ILQ6(

The!space!filled!structure!of!ILP6!is!shown!in!grey.!VHH!67!is!shown!in!cyan!

with!CDR1!coloured!in!yellow,!CDR2!in!green!and!CDR3!in!red.!The!residues!

of!CDR1!thought!to!be! in!conformational!exchange!are! indicated!with!the!

dashed!grey!line!and!do!not!form!part!of!the!ILP6!interface.!The!side!chain!

of!Tyr135!forms!part!of!the!VHH67PILP6!interface!and!is!highlighted!as!a!line!

representation.!
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!
Figure(6.15(Q(Side(Chain(Contacts(made(by(Tyr135(of(CDR1(with(ILQ6(

The!VHH!67:ILP6!crystal!structure!is!shown!on!the!left!with!ILP6!coloured!in!

grey!and!VHH!67!in!cyan.!The!region!highlighted!in!red!is!expanded!to!show!

the!side!chain!contacts!of!Tyr135!of!CDR1.!

!

The! graph! shown! in! Figure! 6.16! plots! the! B! factors! for! the! Cα! atoms! against!

residue! number! for! VHH! 67.! B! factors! for! CDR1! and! CDR3! are! greater! than! the!

average! along! with! the! fourth! loop! at! the! antigenPbinding! site! comprising! of!

residues!Asp175!to!Thr180.!The!other!regions!with!higher!than!average!B!factors!

are!the!turns!between!the!β!sheets:!residues!Ser111!to!Gly115,!Gln141!to!Glu148!

and!Asn186!to!Ala194.!

!
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!
Figure(6.16(–(A(Summary(of(the(B(Factors(Observed(for(VHH(67(Bound(to(

ILQ6(

The!graph!shows!the!B!factors!of!VHH!67!plotted!against!residue!number.!

CDR1!is!highlighted!in!orange,!CDR2!in!green!and!CDR3!in!red.!The!blue!box!

indicates!the!position!of! the! fourth! loop! in!the!vicinity!of! the!other!CDRs.!

The! dashed! lines! highlight! the! values! of! the!mean! B! factor! (yellow),! the!

mean! plus! one! standard! deviation! (orange)! and! the! mean! plus! two!

standard!deviations!(red)!

!

Of! the! four! free! solution! structures! that! were! studied! in! Chapter! 3,! VHH! 67!

appeared!to!be!the!least!dynamic.!Unlike!VHH!18,!VHH!29!and!VHH!146,!the!entire!

length!of!the!long!CDR3!was!visible!by!NMR!along!with!NOEs!between!the!residues!

in!CDR3!and!Framework!2.!Overlaying!the!free!solution!structure!of!VHH!67!with!

the!bound!crystal!structure!(Figure!6.17!Panel!A)!shows!very!little!difference!in!the!

conformation! of! the! two! structures.! Backbone! superimposition! of! the! NMR!

structure!closest!to!the!mean!and!the!crystal!structure!(residues!Asp101!to!Ser229)!

gives!an!overall!RMSD!of!1.59!Å.!However,!calculating!the!RMSD!values!for!each!Cα!

atom! highlights! two! regions! in! which! the! conformation! of! the! free! and! bound!

structures!do!differ!(see!Figure!6.17!Panel!B),!these!are!CDR1!and!the!fourth!loop!

in!Framework3.!CDR1!was!poorly!defined! in! the! free!NMR!structures!and! shows!

high! B! factors! in! the! crystal! structure! so! it! is! unsurprising! that! there! is! poor!

0"

20"

40"

60"

80"

100"

120"

140"

160"

180"

10
1"

10
6"

11
1"

11
6"

12
1"

12
6"

13
1"

13
6"

14
1"

14
6"

15
1"

15
6"

16
1"

16
6"

17
1"

17
6"

18
1"

18
6"

19
1"

19
6"

20
1"

20
6"

21
1"

21
6"

22
1"

22
6"

B"
Fa
ct
or
"

Residue"Number"

CDR1" CDR2" CDR3"



!
!

233!

agreement!between!the!two!structures!for!this!region.!Closer!examination!of!the!

family! of! NMR! structures! of! VHH! 67! (Figure! 3.15)! shows! that! the! region! of!

Framework3!that!makes!up!the!fourth!loop!of!the!antigen!binding!site!is!less!well!

defined! than! other! areas! of! framework! so! again! it! is! not! surprising! that! the!

conformation!of!the!free!NMR!structure!and!the!bound!crystal!structure!may!vary!

more!in!this!region.!
!

!
Figure(6.17(–(Overlay(of(Crystal(and(NMR(Structures(of(VHH(67(

In!Panel!A!the!bound!crystal!structure!of!VHH!67!(cyan)!is!overlaid!with!the!

NMR! structure! closest! to! the! mean! of! free! VHH! 67! (orange).! Plotted! in!

Panel!B!are!the!RMSD!values!for!each!Cα!atom!highlighting!the!differences!

in! conformation! between! the! free! and! bound! structures.! The! region! of!

CDR1! coloured! in! yellow! are! the! residues! that! are! thought! to! be! in!

conformational! exchange! and! for! which! no! NMR! assignments! were!

obtained.!The!structures!overlay!well!with!the!exception!of!CDR1!and!the!

fourth! loop! in! Framework3,! which! are! both! poorly! defined! in! the! NMR!

structure.!

!

Not!only!do!the!backbone!atoms!of!the!free!NMR!structure!and!the!bound!crystal!

structure!overlay!well!but!also!the!side!chain!groups!of!the!two!residues!that!reach!

into!the!cleft!at!the!base!of!ILP6!are!positioned!almost!identically!between!the!two!

structures! (shown! in!Figure!6.17).!This!suggests!that!Phe205!and!Tyr208!are!preP

positioned!into!the!correct!orientation!for!binding!thus!no!entropic!penalty!is!paid!

upon!binding.!
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6.3.2.2! –! Interface! Residues! of! ILP6! as! Revealed! by! the! VHH! 67:ILP6! Crystal!

Structure!!

The!residues!of! ILP6!at!the! interface!with!the!VHH!were!calculated!from!the!VHH!

67:ILP6! crystal! structure! as! described! in! Section! 6.3.2.1! and! the! results! are!

presented! in! Figure! 6.18.! The! interface! includes! residues! from! the! NPtermini! of!

Helix!A!and!Helix!B,! the!CPterminus!of!Helix!C,! the!turn!between!Helices!C!and!D!

and! the! N! terminus! of! Helix! D.! In! Figure! 6.19! the! results! of! the! binding! site!

mapping! by! NMR! minimal! shift! and! HDX! are! shown! alongside! the! interface!

residues!determined!from!the!crystal!structure.!Both!the!NMR!and!HDX!mapping!

predict!the!ILP6!epitope!to!include!the!NPtermini!of!Helix!A!and!Helix!B!and!the!CP

termini!of!Helix!C!and!Helix!D!but!the!predicted!binding!site!also!includes!a!number!

of! residues! extending! along! the! helices! and! in! the! loop! regions! between! the!

helices.!This!may,!as!described!in!Section!4.4,!be!a!result!of!VHH!67!binding!end!on!

to!the!four!helix!bundle!resulting!in!a!ripple!effect!through!ILP6!making!the!binding!

surface!appear!larger!than!just!the!interface!residues.!!

! !
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!
Figure(6.18(Q(ILQ6(Interface(with(VHH(67(

The! graph! in! Panel! A! shows! the! difference! in! solvent! accessible! surface!

between! free! ILP6! and! ILP6! in! complex!with! VHH! 67.! In! Panel! B! VHH! 67! is!

shown!in!cyan!and!ILP6!shown!with!Helices!A,!B,!C,!D!and!E!coloured!in!red,!

orange,! yellow,! green! and! blue! respectively.! The! residues! for! which! the!

solvent!accessible!surface!is!greater,!by!more!than!10!%,!in!the!free!ILP6!than!

when! in! complex!with!VHH!67!are!highlighted!as! line! representations.! The!

results!show!that!residues!Thr20,!Ser21,!Ser22,!Phe78,!Glu80,!Glu81,!Leu84,!

Lys129,!Lys131,!Gln183!and!Met184!make!up!the!majority!of!the!VHH!67PILP6!

interface.!
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!
Figure(6.19(Q(A(Comparison(of(the(VHH(67(Binding(Site(Mapping(on(ILQ6(by(

NMR(and(HDX(with(the(Interface(Residues(Identified(from(the(ILQ6:VHH67(

Crystal(Structure((

The!sequence!of!ILP6!is!shown!with!the!helices!A,!B,!C!,!D!and!E!highlighted!

in! red,! orange,! yellow,! green! and! blue! respectively.! Residues! at! the!

interface! with! VHH! 67,! as! determined! by! the! difference! in! solvent!

accessible!surface,!are!highlighted!with!a!�.!The!binding!site!as!predicted!

by!NMR!minimal!shift!mapping!and!HDX!by!MS!are!highlighted!with!either!a!

✓ or a ✓✓ depending!on!the!differences!seen!in!the!chemical!shift!or!rate!

of!hydrogen!deuterium!exchange!between!free!ILP6!and!ILP6!bound!to!VHH!

67.!!
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V2 S53 R104 ✓ ✓ N155 ✓

P3 K54 F105 ✓ Q156 ✓

P4 E55 E106 ✓ ✓ W157 ✓

G5 A56 S107 ✓ L158 ✓

E6 L57 S108 ✓ Q159 ✓

D7 A58 E109 ✓ D160
S8 E59 E110 ✓ M161
K9 N60 Q111 ✓ T162 ✓

D10 N61 ✓ A112 ✓ T163 ✓

V11 L62 ✓ R113 ✓ H164 ✓

A12 N63 A114 ✓ L165 ✓

A13 L64 V115 I166 ✓ ✓

P14 P65 − Q116 ✓ L167 ✓

H15 K66 ✓ M117 ✓ R168 ✓ ✓

R16 M67 ✓✓ S118 S169 ✓

Q17 A68 T119 ✓✓ F170 ✓

P18 E69 − K120 ✓✓ K171 ✓

L19 ✓✓ ✓ K70 ✓✓ − V121 ✓ E172 ✓ ✓

T20 ✓ ★ D71 ✓ − L122 ✓✓ F173 ✓

S21 ✓ ★ G72 ✓✓ − I123 ✓ L174 ✓✓

S22 ✓ ★ C73 − Q124 ✓✓ Q175 ✓✓

E23 ✓✓ ✓ F74 ✓✓ ✓ F125 ✓✓ ✓✓ S176 ✓✓ ✓✓

R24 ✓ ✓ Q75 ✓ L126 ✓✓ S177 ✓✓

I25 ✓ S76 ✓ ✓ Q127 ✓✓ ✓✓ L178 ✓ ✓✓

D26 ✓✓ ✓ G77 ✓✓ ✓ K128 ✓✓ ✓✓ R179 ✓✓ ✓✓

K27 ✓✓ ✓ F78 − ✓ ★ K129 ✓✓ ✓✓ ★ A180 ✓✓ ✓✓

Q28 ✓ N79 ✓ A130 ✓✓ ✓✓ L181 ✓✓ −

I29 ✓✓ ✓ E80 ✓ ★ K131 ✓✓ ✓✓ ★ R182 ✓✓ −

R30 ✓✓ ✓ E81 ✓ ★ N132 ✓✓ Q183 − ★
Y31 ✓✓ ✓ T82 ✓ L133 ✓✓ M184 − ★
I32 ✓✓ ✓ C83 ✓ D134 ✓ ✓✓

L33 ✓✓ ✓ L84 ✓ ✓ ★ A135 ✓✓ ✓✓

D34 ✓ V85 ✓✓ ✓ I136 ✓✓

G35 ✓ K86 ✓ ✓ T137 ✓✓ Epitope1Mapping
I36 ✓ I87 ✓ ✓ T138 ✓✓

S37 ✓ I88 ✓✓ ✓ P139 − ✓✓

A38 ✓ ✓ T89 D140
L39 ✓ G90 ✓✓ P141 − ✓

R40 ✓ L91 ✓✓ T142
K41 − ✓ L92 T143
E42 E93 N144 − Data1Not1Available
T43 F94 A145
C44 ✓✓ E95 S146 X'Ray1Crystal1Structure
N45 V96 L147 ✓ ★ Interface1Residues1
K46 Y97 L148 ✓

S47 L98 T149 ✓

N48 ✓ E99 K150 ✓

M49 ✓ Y100 L151 ✓

C50 L101 ✓ Q152 ✓

E51 − Q102 ✓ A153 ✓

Large1Differences1between1
Free1and1Bound

Some1Difference1between1
Free1and1Bound
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Figure!6.20!shows!the!B!factors!for!ILP6!bound!to!VHH!67!plotted!against!residue!

number.!As!expected,!the!helical!regions!of!ILP6!are!well!modelled!and!show!low!B!

factors.!Higher!B!factors!are!observed!in!the!interPhelix!regions,!which!prevented!

the!modelling!of!Asn49!to!Asn61!and!Asp135!to!Thr139.!Residues!Asn49!to!Asn61!

are!often!disordered!in!the!free!form!(Somers!et'al.,!1997)!but!are!stabilised!upon!

binding!of!gpP130!D1!(Boulanger!et'al.,!2003)!forming!a!loop!between!Helix!A!and!

Helix!B.!!

!

!
Figure(6.20(–(A(Summary(of(the(B(Factors(Observed(for(ILQ6(Bound(to(VHH(

67(

The!graph!shows!the!B!factors!obtained!for! ILP6!bound!to!VHH!67!plotted!

against! residue!number.!The! four!helices! (A,!B,!C!and!D)!of! the! four!helix!

bundle! are! highlighted! by! red! boxes.! The! additional! short! helix! (E)! lying!

outside!the!four!helix!bundle!is!highlighted!with!a!grey!box.!Residues!Asn48!

to!Asn61!and!Asp134!to!Thr138!were!not!modelled!as!poor!electron!density!

was!observed.!The!dashed! lines!highlight! the!values!of! the!mean!B! factor!

(yellow),!the!mean!plus!one!standard!deviation!(orange)!and!the!mean!plus!

two!standard!deviations!(red).!

!

! !
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An!overlay!of! the! free! crystal! structure!of! human! ILP6! (Somers!et' al.,! 1997,! PDB!

accession!code!1ALU)!and! the!crystal! structure!of! ILP6!when!bound!to!VHH!67! is!

shown! in!Figure!6.21.!As!detailed!above,! the!region!between!Helix!A!and!Helix!B!

(Asn48!to!Asn61)! is!not!modelled!in!either!the!free!or!the!bound!structure!and!a!

region! between! Helix! C! and! Helix! D! (Asp134! to! Thr138)! is!modelled! in! the! free!

structure!but!could!not!be!modelled!in!the!bound!structure.!The!main!differences!

in!the!structures!were!observed!in!the!NPterminus!of!Helix!A!and!the!CPterminus!of!

Helix!C!where!the!residues!Phe205!and!Tyr208!are!shown!to! interact!with!ILP6! in!

the!crystal!structure!(see!Figure!6.21!Panel!B).!The!interaction!of!Helix!C!with!VHH!

67!appears! to! result! in!a! slight! change! in!conformation!of! the!entire!helix!which!

then! alters! the! structure! of! the! CPterminus! of! Helix! B! along!with! the! inter! helix!

loop! linking!Helix!B!and!Helix!C.!This!may!explain!the!differences! in!the!chemical!

shift! and! the! rate! of! hydrogen! deuterium! exchange! observed! for! these! regions!

despite!not!being!part!of!the!VHH!67PILP6!interface.!

! !
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!
Figure(6.21(Q(Overlay(of(the(Free(and(Bound(Crystal(Structures(of(ILQ6(

The! crystal! structure! of! ILP6! when! in! complex! with! VHH! 67! is! shown! in!

green!and!the!crystal!structure!of! free! ILP6! is!shown! in!orange!(Somers!et'

al.,!1997,!PDB!accession!code!1ALU).!Arrows!indicate!regions!of!difference!

between!the!two!structures.!The!boxed!region!shows!the!structure!of!ILP6!

in!the!same!orientation!with!helices!A,!B,!C,!D!and!E!coloured!red,!orange,!

yellow,!green!and!blue!respectively.!Panel!B!displays!the!position!of!Phe205!

and!Tyr208!of!VHH!67!(shown!in!cyan)!in!relation!to!Helices!A!and!C.!

!

6.3.2.3!–!VHH!67!Binding!to!a!New!Site!on!ILP6!

The!crystal!structure!shows!that!VHH!67!binds!to!a!site!distinct!from!the!three!sites!

known!to!be!involved!in!the!formation!of!the!ILP6!signalling!complex!(described!in!

Section!1.4).!Figure!6.22!shows!the!crystal!structure!of!VHH!67!bound!to!ILP6!with!

the! proteins! that! form! the! ILP6! signalling! complex! aligned! to! ILP6! and!

superimposed!onto!it:!gpP80!domains!2!and!3!(gpP80!D2D3),!binding!at!Site!I;!gpP

130!domains!2!and!3!(gpP130!D2D3),!binding!at!Site!II;!and!gpP130!domain!1!(gpP

130!D1),!binding!at!Site!III.!!

C"Terminus++
Helix+C+

C"Terminus++
Helix+B+N"Terminus++

Helix+C+

N"Terminus++
Helix+A+

C+A+

Phe205+

Tyr208+

A+
B+
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!
Figure(6.22(–(Superimposition(of(gpQ80(and(gpQ130(onto(the(VHH(67:ILQ6(

Crystal(Structure(

The! space! filled! structure!of! ILP6! is! shown! in!grey!with!VHH!67,! shown! in!

cyan,! binding! at! the! base! of! ILP6.! Superimposed! onto! the! VHH! 67:ILP6!

crystal!structure!are!gpP80!D2D3!(magenta),!gpP130!D2D3!(yellow)!and!gpP

130!D1!(blue)!highlighting!Site!I,!Site!II!and!Site!III!binding!sites!respectively!

(adapted!from!Boulanger!et'al.,!2003,!PDB!accession!code!1P9M).!

!

Figure! 6.23! shows! the! crystal! structure! of! VHH! 67! aligned! with! one! of! the! ILP6!

molecules! in!the!crystal!structure!of!the!ILP6!signalling!complex!(Boulanger!et'al.,!

2003,!PDB!accession! code!1P9M).!VHH!67!does!not!appear! to!bind! in!a!position!

that!would!inhibit!the!formation!of!the!ILP6!signalling!complex,!which!is!consistent!

with!the!cell!assays!showing!no!inhibition!of!ILP6!signalling!in!the!presence!of!VHH!

67!(Section!6.3.1).!

gp#130'D1'

gp#130'D2D3'

VHH'67'

gp#80'D2D3'
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!!

! !
Figure(6.23(–(Superimposition(of(VHH(67(onto(the(ILQ6(Signalling(Complex(

Panel! A! shows! the! ILP6! signalling! complex! (Boulanger! et' al.,! 2003,! PDB!

accession!code!1P9M)!with!ILP6!coloured!in!green,!gpP80!D2D3!in!magenta,!

gpP130!D2D3!in!yellow!and!gpP130!D1!in!blue.!The!crystal!structure!of!VHH!

67! is!coloured!in!cyan!and!aligned!on!the!structure!of! ILP6.!Panel!B!shows!

the!same!figure!but!with!the!ILP6!signalling!complex!shown!as!a!space!filled!

structure.!!

!

! !
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6.3.3!–!Characterisation!of!VHH!Binding!Sites!on!ILP6!by!SPR!

As!discussed!in!Section!6.3.1,!the!cell!based!bioassays!showed!no!inhibition!of!ILP6!

signalling! in! the!presence!of!VHH!67!and!as!discussed! in!Section!6.3.2.3! this! can!

now!be!explained!by!the!new!binding!site!identified!from!the!VHH!67:ILP6!crystal!

structure.!An!enhanced!response!was!observed!in!the!Site!III!blocking!ELISA!in!the!

presence! of! VHH! 67,! as! described! in! Section! 6.3.1,! and! the! two! potential!

explanations! for! this! enhancement! in! ILP6! binding! to! gpP130! D1! were! that!

conformational! changes! to! ILP6! occur! upon! binding! to! VHH! 67,! or! that! VHH! 67!

stabilises! the! gpP80:ILP6! complex! (see! Figure! 6.6).! To! investigate! the! functional!

effect!of!VHH!67!on!the!formation!of!the!ILP6!signalling!complex!SPR!experiments!

were! performed! as! described! in! Section! 6.2.3.! A! selection! of! three,! previously!

studied,! VHHs! were! analysed! by! SPR,! these! were:! VHH! 67! and! VHH! 94,! both!

showing!an!enhanced!response! in!the!Site! III!blocking!ELISA!assay!and!VHH!29,!a!

known!Site!II!binder.!VHH!29!was!included!as!a!negative!control!for!the!Site!I!and!

Site! III! SPR! experiments! but! should! show! inhibition! of! binding! in! the! Site! II!

experiment.! The! presence! of! VHH! 67! and! VHH! 94! in! the! Site! III! binding! SPR!

experiment!should!show!an!increased!affinity!to!gpP130!D1!over!the!control!as!this!

was! the! result! observed! in! the! Site! III! blocking! ELISA.! If! the! reason! for! this!

enhancement!in!gpP130!D1!binding!is!due!to!stabilisation!of!the!gpP80:ILP6!complex!

then!an!increased!affinity! in!the!presence!of!the!VHH!should!also!be!observed!in!

the!Site!I!binding!SPR!experiment.!

!

Table!6.2!lists!the!stoichiometric!ratios,!calculated!by!dividing!the!response!in!the!

presence!of!each!VHH!by! the! response! for! the!appropriate! control,! in! the!Site! I,!

Site!II!and!Site!III!binding!site!SPR!experiments.!The!Site!I!experiment!compares!ILP

6! alone! and! ILP6:VHH! binding! to! immobilised! gpP80,! the! Site! II! experiment!

compares! ILP6:gpP80!and! ILP6:gpP80:VHH!binding! to! immobilised! gpP130!ECD!and!

the!Site!III!experiment!compares!ILP6:gpP80!and!ILP6:gpP80:VHH!binding!to!gpP130!

D1!(see!Section!6.2.3!for!a!more!detailed!description).!Presented! in!Figures!6.24,!

6.25!and!6.26!are! the!SPR!sensorgrams! for!each!of! the!binding!experiments!and!

tables!detailing!the!calculated!dissociation!rate!constants.!!

!
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!
Table(6.2(–(Stoichiometric(Ratios(Calculated(from(SPR(Binding(Experiments(

The! table! shows! the! stoichiometric! ratios! calculated! from! the! SPR! binding!

experiments!used!to!determine!the!effect!on!the!binding!of!ILP6!at!Site!I,!Site!

II!and!Site!III!in!the!presence!of!VHH!67,!VHH!94!and!VHH!29.!The!presence!of!

VHH!67!and!VHH!94!both!showed!a!two!fold!increase!in!the!binding!of!ILP6!to!

gpP80!at!Site!I.!The!presence!of!VHH!29!showed!an!inhibition!of!binding!of!ILP

6:gpP80!to!gpP130!ECD.!The!results!quoted!are!from!a!single!experiment!but!

are! consistent! with! data! collected! previously! (Dr.! Terry! Baker! (UCB),!

unpublished!data).!

!

Enhanced!binding!of!both!the!VHH!67:ILP6!complex!and!the!VHH!94:ILP6!complex!

to!the!immobilised!gpP80!D2D3!are!observed!in!the!Site!I!SPR!binding!assay!and,!as!

predicted,!little!effect!was!observed!in!the!presence!of!the!Site!II!binder!VHH!29.!

The!enhancement!seen!for!both!VHH!67!and!VHH!94!was!around!two!fold!higher!

than!seen!in!the!absence!of!VHH!(see!Table!6.2!and!Figure!6.24)!and!suggest!some!

allosteric!effects!at!Site!I!modulated!by!the!binding!of!VHH!67!or!VHH!94!to!ILP6.!

The!dissociation!curves! in!the!presence!of!all!VHHs!can!be!fitted!using!a!biphasic!

function!(see!Figure!6.24).!The!ILP6!control!and!VHH!29:ILP6!show!similar!off!rates!

with!approximately!75!%!contribution!from!a!faster!rate!constant!(average!value!of!

1.9!x!10P2!sP1)!and!the!remainder!from!a!slower!rate!constant!(average!value!of!2.6!

x!10P3!sP1).!In!the!presence!of!VHH!67!and!VHH!94!the!dissociation!profile!of!ILP6!is!

very!different.!Although!both!dissociation!curves!were!fitted!to!a!biphasic!model,!

the!dissociation!occurs!predominantly!(>!90!%)!with!a!rate!constant!of!around!1.1!

x! 10P5! sP1,! two! to! three! orders! of! magnitude! slower! than! was! observed! for! ILP6!

alone!and!in!the!presence!of!the!Site!II!binder.!!

VHH#67 VHH#94 VHH#29
gp+80#D2D3

Site#I
gp+130#ECD

Site#II
gp+130#D1
Site#III

Stoichiometric#Ratio

0.651.04 0.88

0.45

0.82

0.93 0.85

2.06 1.97
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!
Figure( 6.24( –( Results( of( the( SPR( Experiment(Measuring( the( Effect( of( the(

VHH(Antibodies(on(Site(I(Binding(!

The!sensorgram!shows!the!results!of!the!Site!I!binding!experiment!in!which!

the! VHH:ILP6! complexes! were! passed! over! the! immobilsed! gpP80! D2D3.!

Dissociation! rate! constants! were! calculated! using! a! biphasic! Langmuir!

binding!model.!The! two!kd!values!and! the!contribution!both! rates!make! to!

the!overall!off!rate!are!detailed!in!the!table!along!with!standard!error!values.!!

!

Figure!6.25!shows!the!effect!of!the!presence!of!the!VHHs!on!the!binding!of!the!ILP

6:gpP80!complex!to!the!immobilised!gpP130!ECD.!No!change!in!response!was!seen!

over!the!control!when!either!VHH!67!or!VHH!94!were!present!(see!Table!6.2).!As!

expected,!a!reduction!in!binding!is!observed!in!the!presence!of!VHH!29!which!has!

been!shown!to!bind!to!Site!II!and!therefore!should!inhibit!the!interaction!between!

the!ILP6:gpP80!complex!and!the! immobilised!gpP130!(see!Table!6.2).!The!off!rates!

of!the!ILP6:gpP80!control,!the!VHH!67:ILP6:gpP80!complex!and!the!VHH!94:ILP6:gpP

80! complex! can! be! predominantly! fitted! (97!%)! to! a! single! rate! constant!with! a!

value! of! approximately! 3.9! x! 10P5! sP1.! The! off! rate! in! the! presence! of! VHH! 29! is!
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approximately!20Pfold!slower!than!is!seen!for!ILP6:gpP80!control!but!it!can!be!seen!

in!Figure!6.25!that!it!is!the!on!rate!that!has!altered!compared!to!the!control.!This!

slower!on!rate!accounts!for!the!reduction!in!the!binding!of!the!ILP6:gpP80!complex!

to!gpP130!ECD!(a!stoichiometric!ratio!of!0.45!in!the!presence!of!VHH!29!compared!

to!a!stoichiometric!ratio!of!1!for!the!control,!as!shown!in!Table!6.2).!

!

!
Figure( 6.25( –( Results( of( the( SPR( Experiment(Measuring( the( Effect( of( the(

VHH(Antibodies(on(Site(II(Binding(!

The!sensorgram!shows!the!results!of!the!Site!II!binding!experiment!in!which!

the!VHH:ILP6:gpP80!complexes!were!passed!over!the!immobilsed!gpP130!ECD.!

Dissociation! rate! constants! were! calculated! using! a! biphasic! Langmuir!

binding!model.!The! two!kd!values!and! the!contribution!both! rates!make! to!

the!overall!off!rate!are!detailed!in!the!table!along!with!standard!error!values.!!

!

! !
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The!final!sensorgram!in!Figure!6.26!shows!VHH!67,!VHH!94!and!VHH!29!have!little!

effect!on!binding!at!Site!III!(see!Table!6.2).!The!dissociation!profiles!of!the!control!

and!in!the!presence!of!each!of!the!VHHs!are!very!similar!with!all!data!being!fitted!

using!a!biphasic!function!with!kd!values!falling!in!the!range!of!1.11!x!10P2!sP1!to!8.81!

x!10P3!sP1.!!

!

!
Figure( 6.26( –( Results( of( the( SPR( Experiment(Measuring( the( Effect( of( the(

VHH(Antibodies(on(Site(III(Binding(!

The!sensorgram!shows!the!results!of!the!Site!III!binding!experiment!in!which!

the!VHH:ILP6:gpP80!complexes!were!passed!over!the!immobilsed!gpP130!D1.!

Dissociation! rate! constants! were! calculated! using! a! biphasic! Langmuir!

binding!model.!The! two!kd!values!and! the!contribution!both! rates!make! to!

the!overall!off!rate!are!detailed!in!the!table!along!with!standard!error!values.!!

!

!
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6.3.4!–!NMR!Minimal!Shift!Mapping!of!VHH!94!Epitope!on!ILP6!

From!the!Site! III!blocking!ELISA!assay,! the!presence!of!both!VHH!67!and!VHH!94!

appeared! to! increase! the!binding!of!hyper! ILP6! to!gpP130!D1.!NMR!minimal! shift!

mapping!of!VHH!94!was!undertaken!to!understand!whether!the!binding!mode!of!

VHH!94!is!similar!to!that!of!VHH!67.!As!with!VHH!67,!15NP1H!TROSY!and!15NP13CP1H!

TROSYPHNCO!spectra!of!free!ILP6!and!of!the!ILP6!bound!to!VHH!94!were!collected.!

The! results!of! the!minimal! shift!mapping!are!highlighted!on! the!structure!of! ILP6!

(Somers!et'al.,!1997,!PDB!accession!code!1ALU)!in!Figure!6.27.!The!results!suggest!

a! binding! site! similar! to! that! seen! with! VHH! 67,! with! the! perturbed! residues!

predominantly!located!at!the!base!of!ILP6,!suggesting!that!VHH!94!may!bind!in!the!

same!region!as!VHH!67.!

!

!
Figure(6.27(–(VHH(94(Binding(Site(on(ILQ6(as(Determined(by(NMR(Minimal(

Shift(

Panel! A! shows! a! ribbon! representation! of! ILP6! (Somers! et' al.,! 1997,! PDB!

accession!code!1ALU)!with!Helix!A!coloured!in!red,!Helix!B!in!orange,!Helix!

C!in!yellow,!Helix!D!in!green!and!Helix!E!in!blue.!Panel!B!shows!the!location!

of! the!minimal!shift!changes! induced!upon!binding!to!VHH!94!highlighted!

on!the!crystal!structure!of!ILP6!in!the!same!orientation!as!Panel!A!and!then!

rotated! 180! °! about! the! yPaxis.! Residues! are! coloured! according! to! the!

minimal!shift!using!a!gradient!from!white!(minimal!shift!of!0.1!ppm!or!less)!

to!red!(minimal!shift!greater!than!0.2!ppm).!Residues!coloured!in!yellow!are!

those!for!which!no!NMR!data!was!obtained.!
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Figure! 6.28! shows! a! comparison! between! the! perturbed! residues! when! ILP6! is!

bound!to!VHH!67!(Panel!A)!and!when!bound!to!VHH!94!(Panel!B).!!

!

!
Figure(6.28(Q(Comparison(of(NMR(Minimal(Shift(Mapping(of(the(Epitope(of(

VHH(67(and(VHH(94(onto(ILQ6(

Space!filled!structure!of!ILP6!are!shown!coloured!according!to!the!results!of!

the! NMR! minimal! shift! mapping! using! a! gradient! of! white! to! red! (as! in!

Figure!4.16!for!VHH!67!and!Figure!6.27!for!VHH!94).!Residues!coloured! in!

yellow! are! those! for!which! no!NMR! data! is! available.! Panel! A! shows! the!

results! of! binding! to! VHH! 67! showing! both! front,! back,! top! and! bottom!

views! and! Panel! B! shows! the! same! results! but! when! bound! to! VHH! 94.!

Significant!perturbation!can!be!seen!in!residues!towards!the!base!of!ILP6!for!

both!VHHs.!

!

6.4!–!Discussion!

The!assumption!that!VHH!67!was!binding!to!a!site!distinct!from!to!Site!I,!Site!II!and!

Site! III!on! ILP6!was!confirmed!by!the!XPray!crystal!structure.!A!comparison!of! the!

bound!crystal!structure!with!the!free!NMR!structure!shows!very!little!difference!in!

the!structure!of!the!antigenPbinding!region!implying!that!the!free!structure!is!preP

orientated!into!its!bound!conformation!and!therefore!loses!no!entropy!in!binding.!

Observations!made! in! Chapter! 5! suggest! that!making! CDR3!more! flexible! has! a!

detrimental!effect!on!antigen!binding,!this!could!be!due!to!the!entropic!penalty!of!
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a!disordered!CDR3!becoming!ordered!upon!binding.!Having!the!crystal!structure!of!

VHH!67!bound! to! ILP6! confirms! that! none!of! the!mutated! residues! (as! shown! in!

Section! 5.1)! have! any! direct! contact!with! ILP6,! therefore,! the! changes! in! affinity!

seen!with!the!F139A!and!Y217A!mutations!are!most!likely!the!result!of!changes!in!

dynamics!rather!than!removal!of!key!binding!residues.!!

!

SPR! experiments! were! performed! in! an! attempt! to! understand! the! biological!

impact!of!the!new!binding!site!identified!by!the!VHH!67:ILP6!crystal!structure.!The!

Site!I!binding!SPR!experiments!revealed!an!increase!in!the!binding!of!ILP6!to!gpP80!

when! VHH! 67! and! VHH! 94! were! present! suggesting! that! these! two! VHHs! may!

enhance! the! interaction! between! ILP6! and! gpP80,! stabilising! the! ILP6:gpP80!

complex.!This!offers!an!explanation!for!the!enhancement!in!binding!in!the!Site!III!

blocking! ELISA! as! described! in! Section! 6.3.1! and! Figure! 6.6.! However,! given! the!

enhanced! response! for! VHH! 67! and! VHH! 94! in! the! Site! III! blocking! ELISA,! an!

increased!response!was!also!expected!in!the!Site!III!SPR!experiment!but!this!is!not!

the!case.!It!is!proposed!that!this!could!be!due!to!either!differences!in!the!reagents!

used!or!differences!in!the!concentrations!of!reagents!used!in!the!two!experiments.!!

!

The! interaction! between! ILP6! and! gpP80! is! relatively! weak! with! a! KD! of!

approximately! 1! nM! (Yamasaki! et' al.,! 1988).! In! the! Site! III! blocking! ELISA! the!

concentration!of! ILP6PgpP80!fusion!protein!used!was!100!ng!mlP1!or,!given!that! ILP

6:gpP80! fusion! is! approximately! 42! kDa! in! size,! 2!nM.!With! a!KD!of! 1!nM,! at! this!

concentration!it!is!likely!that!ILP6:gpP80!fusion!is!in!equilibrium!between!the!open!

and! active! form! (as! shown! in! Figure! 6.6! Panel! A),! therefore,! if! the! VHH! does!

enhance! the! formation! of! the! complex! the! effect! will! be! observed! by! an!

enhancement!in!the!binding!to!gpP130!D1!in!the!presence!of!the!VHH!over!ILP6:gpP

80!alone! (as!discussed! in! Section!6.3.1).! The!Site! III! SPR!binding!experiment!was!

carried!out!with!an!ILP6:gpP80!concentration!of!100!nM,!significantly!greater!than!

the!KD.!Therefore,! it! is! likely! that! the!equilibrium!would!be! favoured!towards!the!

active! form!so!any!enhancement! in!binding!between! ILP6!and!gpP80!that!may!be!

achieved!in!the!presence!of!the!VHH!may!not!be!apparent!by!enhanced!binding!of!

the!ILP6:gpP80:VHH!complex!to!gpP130!D1.!
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!

Alternatively,!as!described!in!Section!6.3.1,!a!fusion!of!ILP6!and!gpP80!was!used!in!

the!blocking!ELISAs!whereas!for!the!SPR!experiments!a!complex!of!ILP6!and!gpP80!

was! formed! prior! to! titration! over! gpP130! D1.! The! reason! for! using! the! fusion!

protein!was!to!encourage,!by! the!close!proximity!of! the! ILP6!and!gpP80!domains,!

the! relatively! weak! Site! I! interaction! between! ILP6! and! gpP80! (Yamasaki! et' al.,!

1988).!Original! fusion!constructs! included!a! flexible! (Gly4Ser)2!linker!between! the!

ILP6! and! gpP80!D3! (Fischer!et' al.,! 1997)! but! this!was! optimised! by! removing! the!

(Gly4Ser)2!linker!in!favour!of!using!the!flexible!NP!and!CPtermini!of!ILP6!and!gpP80!to!

join!the!domains!(Hancock,!2010).!This!may!have!introduced!steric!hindrance!into!

the! fusion! protein! resulting! in! a! suboptimal,! but! still! active,! conformation! being!

formed.!The! results! from!the!Site! I! SPR!experiment!confirms!an!enhancement! in!

the!binding!of!ILP6!to!gpP80!in!the!presence!of!VHH!67!and!VHH!94!and!it!may!be!

that! this! interaction! between! the! VHH! and! the! ILP6! of! the! fusion! protein!

encourages!the!formation!of!the!optimum!ILP6:gpP80!complex!and!overcomes!the!

steric! hindrance.! This!would! then! explain! the! enhanced!binding! to! gpP130!D1! in!

the!ELISA!as!the!interaction!at!Site!III! is!reliant!of!the!formation!of!the!ILP6:gpP80!

complex!(Boulanger!et'al.,!2003).!The!complex!formed!between!ILP6!and!gpP80!for!

the! Site! III! SPR! experiment! is! not! restricted! as! the! domains! are! not! covalently!

linked,!therefore,!the!conformation!of!the!ILP6:gpP80!complex!remains!the!same!in!

the! absence! or! presence! of! the! VHH.! Figure! 6.29! illustrates! the! this! proposed!

explanation!of! the!differences!between!the!Site! III!blocking!ELISA!and!the!Site! III!

binding!SPR!experiment.!
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!
Figure(6.29(Q(Comparison(of(Site(III(Blocking(ELISA(and(Site(III(Binding(SPR(

Experiment(

The! schematics! show! the! proposed! explanation! for! differences! observed!

between!the!Site!III!blocking!ELISA!and!the!Site!III!Binding!SPR!experiment.!

The! fusion! protein! of! ILP6! and! gpP80! used! in! the! ELISA! may! restrict! the!

conformation!of! the! ILP6:gpP80!complex!whereas! the!presence!of!VHH!67!

encourages!the!complex!into!the!optimum!conformation!for!binding!to!gpP

130! D1.! In! the! presence! of! the! VHH! an! increased! ELISA! response! is!

observed!as!enhanced!binding!is!seen!to!gpP130!D1!at!Site!III.!The!complex!

formed! prior! to! the! Site! III! binding! SPR! experiment! adopts! the! optimum!

confirmation! in! the! presence! or! absence! of! VHH! so! no! difference! is!

observed!in!the!SPR!response!with!or!without!the!VHH.!

!

! !
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Revisiting!the!NMR!minimal!shift!mapping!shows!large!perturbations!in!the!region!

of!ILP6!that!interacts!with!gpP80!D2D3!when!VHH!67!is!bound!(Figure!6.30).!These!

chemical!shift!differences!may!be!indicative!of!structural!changes!that!result!in!the!

enhanced!binding!to!gpP80!D2D3.!!

!

!
Figure(6.30(Q(NMR(Minimal(Shift(Perturbations(Induced(upon(the(Binding(

of(VHH(67(to(ILQ6(at(the(gpQ80(Binding(Site(

The!crystal!structure!of!VHH!67:ILP6!is!shown!with!VHH!67!as!a!cyan!ribbon!

and!ILP6!as!a!space!filled!structure!coloured!according!to!the!NMR!minimal!

shift!results!using!a!gradient!from!white!(small!shifts)!to!red!(large!shifts).!

The! magenta! ribbon! highlights! the! position! of! gpP80! D2D3! in! the! ILP6!

signalling! complex! (adapted! from! Boulanger! et' al.,! 2003,! PDB! accession!

code!1P9M!and!aligned!with!the!ILP6!crystal!structure).!Large!chemical!shift!

perturbations! in! the! structure! of! ILP6! can! be! seen! in! residues! that!would!

form!the!interface!between!ILP6!and!gpP80.!!

!

! !
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6.5!–!Conclusions!!

The!experiments!described!in!this!chapter!have!confirmed!that!VHH!67!binds!to!a!

novel!binding!site!at!the!base!of!ILP6!consistent!with!results!from!the!NMR!binding!

site!mapping,!ELISA!and!cell!based!assays.!Another! interesting! finding! is! that! the!

binding!of!VHH!67!at!this!novel!site!appears!to!cause!allosteric!changes!in!ILP6!that!

result! in! the! enhanced! binding! of! gpP80! D2D3.! A! second! example! of! a! VHH!

exhibiting! the! signs! of! allosteric!modulation! at! the! gpP80!D2D3! binding! site!was!

also!identified.!

! !
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Chapter!7!–!Using!VHH!Antibody!Fragments!as!a!Tool!for!Drug!

Discovery!

(

7.1!–!Introduction!

The!final!objective!of!this!project!was!to!evaluate!the!use!of!VHH!antibodies!as!a!

tool! for! small!molecule! drug! discovery.! This! chapter! aims! to! collate! the! findings!

from!the!previous!chapters!in!order!to!discuss!the!application!of!using!VHHs!to!aid!

the!drug!discovery!process.!!

!

7.2!–!Discussion!!

With!over!25!antibodies!now!approved!for!use!by!the!FDA!(Reichert,!2010)!and!a!

further!350!currently!in!clinical!trials!(Reichert,!2013)!no!one!can!deny!the!interest!

in,!and!success!of,!using!antibodies!as!therapeutics.!However,!disadvantages,!such!

as! limited! tissue! penetration! and! the! expense! that! can! be! associated! with!

manufacturing!such!complex!molecules,!means!that!the!search!for!small!molecule!

alternatives! to! antibody! treatments! are! also! actively! pursued,! with! the! ideal!

scenario! being! to! use! the! high! specificity! of! antibodies! to! guide! small!molecule!

drug!design.!Not!only!can!antibodies!be!used!to!help!design!small!molecules!but!

the! risk! associated!with! small!molecule! drug! discovery! can! be! reduced! by! using!

antibodies! to! validate! biological! pathways! and! define! the! region! of! interaction!

(Lawson,!2012).!!!!

!

The!availability!of! structural! information,! from!established! techniques! such!as!XP

ray! crystallography! and! NMR,! can! offer! advantages! when! designing! small!

molecules! to! modulate! proteinPprotein! interactions.! Identification! of! residues!

making!up!the!proteinPprotein!interface!can!act!as!a!template!from!which!peptidic!

or! small! molecule! mimics! can! be! designed.! Typically! for! antibodyPantigen!

interactions,! structural! information! from! antibody! fragments! such! as! Fabs! and!

scFvs!would!be!used!to!gain!an!insight!into!the!characteristics!of!the!binding!site.!

The!work!described!in!this!project!not!only!supports!the!use!of!VHH!antibodies!as!
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alternatives!to!these!larger!antibody!fragments,!but!also!offers!significant!benefits!

over!current!strategies.!

!

The! methods! used! for! the! expression! and! purification! of! the! VHH! antibodies!

studied! led! to! the! generation! of! high! yields! of! pure! VHH! proteins! (up! to!

approximately!50!mg! lP1! for!unlabelled!protein!and!around!20!mg! lP1! for! labelled!

protein)! which! provided! high! quality! NMR,! crystallography! and! SPR! data.!

Unfortunately,! for! the! panel! of! VHH! antibodies! studied,! conditions! to! express!

soluble!VHHs! in!E.coli!were!not! identified,!however,! there!are!many!examples!of!

soluble! VHH! expression! described! in! the! literature! (Desmyter! et' al.,! 1996;!

Ghahroudi!et'al.,!1997;!Lauwereys!et'al.,!1998;!Muyldermans!et'al.,!2001;!Vranken!

et'al.,!2002!and!Vuchelen!et'al.,!2009).!

!

The!physical!characteristics!of!VHH!antibodies,!such!as!their!small!size!compared!

to! Fabs! and! enhanced! stability! compared! to! scFvs,! offer! an! obvious! advantage!

compared!to!conventional!antibody!fragments.!For!a!small!number!of!VHHs,!signs!

of!aggregation!were!observed!but!overall!the!samples!were!easier!to!handle!than!

scFvs! due! to! the! reduced! size! and!because! they! consist! of! a! single! domain.! The!

stability! of! the! VHH! antibodies! allowed! collection! of! NMR! data! at! 35! °C! over!

periods!of!several!days!without!degradation!of!the!sample.!!

!

VHH!fragments!have!the!advantage!that!all!antigen!binding!affinity!and!specificity!

is! encoded! in! a! single! domain,! therefore,! if! using! the! structural! features! of! the!

antibody! to!guide!small!molecule!design,! the!same! information!would!be!gained!

from!a!15!kDa!VHH!as!from!a!28!kDa!scFv!or!a!50!kDa!Fab.!!

!

The! work! described! in! Chapter! 3! shows! that! high! quality! NMR! spectra! can! be!

obtained!from!VHH!proteins,!with!very!little!signal!overlap!observed!in!the!2D!and!

3D! spectra.! This! allowed! the! solution! structures!of! two!of! the!unbound!antiPILP6!

VHHs!to!be!determined! in!a!much!quicker!timeframe!than!would!be!possible! for!

larger!antibody!fragments.!The!solution!structures!gave!an!interesting!insight!into!

the!dynamics!of!the!VHH!CDR!loops!with!both!structured!and!flexible!loops!being!
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identified.! The! work! presented! in! Chapter! 5! revealed! that! destructuring! CDR3!

resulted! in! significant! conformational! changes! and! reduced! affinity,! which!

emphasises! the! importance! of! the! structured! CDR3! loop! to! the! interaction!

between!VHH!67!and!ILP6.!In!this!case!the!more!dynamic!CDR1!may!help!to!guide!

the! VHH! antibody! into! position,! but! it! is! the! structured! CDR3! loop! that! is!

responsible!for!binding!so!the! interactions!between!CDR3!and!the!antigen!would!

be!used!as!a!template!from!which!to!design!a!small!molecule.!This!highlights!that!

when!looking!to!design!small!molecules!to!mimic!the!binding!of!an!antibody!to!a!

particular! antigen,! an!understanding!of! the!dynamics!of! the!CDRs!at! the!binding!

interface! and! the! possible! conformations! sampled! by! the! CDRs! could! be! very!

valuable.!NMR!offers!an! insight! into! the!dynamics!not!necessarily!obtained! from!

crystallography!where!protein!dynamics!may!be!affected!by!the!crystal!packing.!!

!

XPray! crystallography! is! one! method! that! can! be! used! to! identify! the! binding!

interfaces! within! a! complex,! but! if! suitable! crystals! of! the! complex! cannot! be!

produced,!as!was!the!case!with!the!VHH!18:ILP6!complex,!other!methods!such!as!

minimal!shift!mapping!by!NMR!and!HDX!by!MS!can!be!used!as!an!alternative.!The!

work!described!in!Chapter!4!confirmed!that!the!mapping!of!the!binding!interfaces!

of!both!the!VHH!and!the!antigen,! in!this!case! ILP6,!could!be!achieved!using!NMR!

minimal!shift!and!HDX!by!MS!methods.!Paratope!mapping!by!NMR!implied!that!all!

three!CDRs!of!the!VHHs!were!likely!to!form!the!VHHPILP6!interface!and!in!the!case!

of! VHH! 67! this! was! later! confirmed!with! the! VHH! 67:ILP6! crystal! structure.! The!

implication! that!all! three!CDR! loops!of! the!VHHs!were! involved! in!binding! led! to!

further! analysis! of! the! antiPILP6! VHH! crystal! structures! (Hancock,! 2010)! to!

determine! the! interface! area.! This! showed! that! VHH! antibodies! are! capable! of!

forming! interface! areas! comparable! to! that! of! conventional! antibody! fragments!

through! either! the! elongated! CDR3! loop! or! through! the! framework! regions! in!

addition! to! the! CDR! loops.! This! large! interface! area!may! also! explain! how! VHH!

antibodies!can!form!high!affinity!interactions!with!an!antigen!despite!having!fewer!

CDR!loops.!!

!
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Of! the! examples! discussed! in! this! thesis,! the! epitope!mapping! of! ILP6! using! the!

VHH!antibodies!was!more!successful!than!previous!attempts!using!scFvs!(Addis!et'

al.,! 2014),! with! a! better! defined! epitope! observed! using! the! smaller! antibody!

fragment.!The!successful!epitope!mapping!results!obtained!using!VHH!antibodies!

suggest!that,!as!with!conventional!antibodies,!it!will!be!possible!to!screen!a!target!

antigen! for! potential! binding! sites! but! with! the! added! benefit! of! the! improved!

physical! properties! of! the! VHH! antibodies.! Another! advantage! of! using! VHH!

fragments!over!scFvs!and!Fabs!for!epitope!mapping!is!that!the!overall!size!of!the!

antibody:antigen! complex! will! be! smaller! and! therefore! less! likely! to! result! in!

shorter!NMR!relaxation!times!and!the!associated!loss!in!sensitivity.!!

!

A!unique!characteristic!of!the!VHH!antibodies!is!the!elongated!CDR3!loop!and!this!

feature! could! offer! advantages! over! the! CDR! loops! of! conventional! antibody!

fragments.!For!example,!the!elongated!CDR3!loops!associated!with!VHH!antibodies!

are!perceived!to!have!the!ability!to!access!alternative!binding!sites!(Muyldermans,!

2001).! Additional! residues! in! the!NPterminal! portion! of! CDR3! of! VHH! antibodies!

such! as! cAbPLys3! (Desmyter! et' al.,! 1996)! have! been! shown! to! extend! from! the!

antigen!binding!site!into!a!cleft!of!the!antigen!and!may!provide!starting!points!for!

the! design! of! small! molecule! binders! that! may! not! have! been! discovered! with!

conventional!antibodies.!!

!

An! interesting! outcome! of! the! structural! work! with! VHH! 67! is! its! potential!

application! to! the! design! of! phage! display! libraries.! The! objective! of! a! phage!

display! campaign! is! to! obtain! a! suitable! antibody! scaffold! from! a! naïve!

immunisation!library!and!synthetically!optimise!the!scaffold!to!improve!the!affinity!

and!specificity!of!the!antibody!for!the!chosen!target!(Pande!et'al.,!2010).!From!the!

work!described!in!this!project!and!from!previously!reported!literature!examples,!a!

set!of!recommendations!could!be!made!to!allow!a! library!to!be!designed!using!a!

VHH! as! a! scaffold.! The! NMR! and! crystal! structures! of! VHH! 67! (Chapter! 3! and!

Chapter!6)!and!the!cAbPLys3!crystal!structure!(Desmyter!et'al.,!1996)!highlight!that!

binding! occurs! through! the! NPterminal! region! of! CDR3! whereas! the! CPterminal!

region! of! the! long! CDR3! folds! back! over! the! VHH! creating! an! extra! section! of!
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framework.! The! work! described! in! Chapter! 5! revealed! that! destabilising! this!

additional!region!of!framework!had!a!dramatic!and!negative!effect!on!the!affinity!

of! the!VHH!to! ILP6.!This!suggests! that! if!VHH!67!was!to!be!used!as!scaffold! for!a!

library,! residues! in! the! CPterminal! region! of! CDR3! should! not! be! altered! as! the!

stability!of!the!VHH!could!be!compromised!with!little!chance!of!any!enhancement!

in!affinity.! Instead,!the!optimisation!should!be!focussed!on!the!NPterminal!region!

of!CDR3!as!these!are!the!residues!more!likely!to!form!the!antigenPbinding!site.!In!

addition! to! this,! if! the! strategy!was! to! extend! the! CDR3! loop! into! a! cleft! of! the!

antigen!to!gain!greater!affinity!and!specificity,! it! is!again!the!NPterminal!region!in!

to!which!the!extra!residues!should!be!incorporated.!

!

The! example! described! below! illustrates! how! using! VHH! antibody! fragments! to!

design!small!molecule!binders!may!be!possible.!As!a!result!of!screening!a!fragment!

library!for!activity!towards!ILP6,!a!small!molecule!binder!was!identified.!The!XPray!

crystal! structure! of! the! small!molecule! bound! to! ILP6!was! solved! and! shows! the!

small!molecule!binding!to!ILP6!in!the!same!location!as!was!observed!with!VHH!67!

(see!Figure!7.1!Panel!A).!An!overlay!of!the!small!molecule!crystal!structure!with!the!

VHH!67!crystal!structure!(as!discussed!in!Chapter!6)!shows!the!aromatic!group!of!

the! small!molecule!making! the! same! interaction!with! ILP6! as! Phe205! of! VHH! 67!

(Figure!7.1!Panel!B).!The!next!step!would!be!to!elaborate!the!initial!small!molecule!

hit!to!enhance!the!affinity!of!the!molecule!to!ILP6.!Using!the!VHH!67:ILP6!complex!

structure! as! a! guide,! a! modification! to! the! small! molecule! could! be! made! to!

incorporate! an! additional! aromatic! group! that,! through! the! design! on! an!

appropriate!linker,!would!mimic!the!interaction!between!Tyr208!of!VHH!67!and!ILP

6.!!
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!
Figure( 7.1( Q( Crystal( Structure( of( a( Small( Molecule( Bound( to( ILQ6( and( a(

Comparison(to(the(VHH(67:ILQ6(Crystal(Structure(

Presented!in!Panel!A!is!the!crystal!structure!of!the!small!molecule,!shown!in!

orange,! binding! to! the! base! of! ILP6,! shown! in! green.! Panel! B! shows! an!

overlay!of!the!VHH!67:ILP6!crystal!structure!with!that!of!the!small!molecule.!

VHH! 67! is! shown! in! cyan!with! a! line! representation! highlighting! the! two!

binding! residues,! Phe205! and! Tyr208.! The! region! highlighted! in! red! is!

expanded!to!show!that!the!aromatic!group!of!the!small!molecule!appears!

to!be!making!a!similar!interaction!as!Phe205!of!VHH!67.!For!confidentiality!

reasons!the!complete!structure!of!the!small!molecule!cannot!be!shown.!

!

The! identification! of! this! small!molecule! binding! to! ILP6! in! the! same! location! as!

VHH!67!was!a!serendipitous!discovery!made!independently!to!the!work!carried!out!

in! this!project!but! clearly! illustrates! the!great!potential!of!antibody!guided! small!

molecule!drug!design!and!discovery.!

! !

A" B"
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7.3!–!Conclusions!!

In!conclusion,!the!work!described!in!this!thesis!clearly!indicates!that!VHH!antibody!

fragments! are! a! good! alternative! to! conventional! antibody! fragments! for! the!

structural! characterisation! of! antibodyPantigen! interactions! and! the! subsequent!

design! of! small! molecule! binders.! The! information! gained! from! VHH! antibodies!

offer!equal!value!to!that!acquired!using!Fabs!and!scFvs!with!respect!to!binding!site!

mapping,! the! determination! of! solution! structures! and! insights! into!

conformational!dynamics!but! the!small!size,! relative!simplicity!and!the!enhanced!

stability! of! VHH! antibodies! offer! savings! in! the! time! and! resources! required! to!

obtain!detailed!structural! information.!Characteristics!such!as!the!binding!affinity!

originating!from!a!single!domain!and!the!elongated!CDR3! loops!could!potentially!

offer!more!simplistic!small!molecule!design!strategies!and!access!to!binding!sites!

that!are!unique!to!VHH!antibodies.!!!!

! !
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Appendices!
!
A.1!P!Minimal!Media!
!
(NH4)2SO4! ! 1.0!g!lP1!! (15N!labelled!if!required)!

Na2HPO4! ! 6.8!g!lP1!

KH2PO4!! ! 3.0!g!lP1!

NaCl! ! ! 0.5!g!lP1!

Na2SO4!! ! 0.3!mM!

EDTA! ! ! 50.0!mg!lP1!

MnCl2! ! ! 16.0!mg!lP1!

FeCl3! ! ! 5.0!mg!lP1!

ZnCl2! ! ! 0.5!mg!lP1!

CuCl2! ! ! 0.1!mg!lP1!

CoCl2! ! ! 0.1!mg!lP1!

H3BO3! ! ! 0.1!mg!lP1!

MgSO4!! ! 1.0!mM!

CaCl2! ! ! 0.3!mM!

dPBiotin! ! 1.0!mg!lP1!

Thiamine! ! 1.0!mg!lP1!

Glucose! ! 2.0!g!lP1!! (13C!labelled!if!required)!

!

Made!up!in!dH2O!and!the!pH!adjusted!to!pH!7.4!with!NaOH.!

!

!

!
!
!
!
!
!
!
!
!
!
!
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A.2!P!TALOS!Based!Torsion!Angle!Constraints!used!for!Structural!
Calculations!
!
A.2.1!P!VHH!18!Torsion!Angle!Constraints!
!

Residue( Angle( Constraint(Range(

102!VAL! PHI! P143! P3!
PSI! 56! 184!

103!GLN!
PHI! P168! P96!
PSI! 122! 170!

104!LEU!
PHI! P167! P83!
PSI! 99! 175!

105!VAL!
PHI! P173! P97!
PSI! 107! 151!

106!GLU! PHI! P146! P34!
PSI! 104! 164!

107!SER! PHI! P170! P66!
PSI! 142! 182!

111!SER! PHI! P137! P73!
PSI! 116! 172!

112!VAL!
PHI! P152! P112!
PSI! 132! 176!

113!GLN!
PHI! P175! P35!
PSI! 108! 172!

114!ALA!
PHI! P75! P35!
PSI! 115! 155!

115!GLY! PHI! 70! 114!
PSI! P38! 14!

116!GLY! PHI! P145! P37!
PSI! 89! 205!

117!SER! PHI! P175! P95!
PSI! 130! 174!

118!LEU!
PHI! P162! P118!
PSI! 105! 173!

119!ARG!
PHI! P172! P96!
PSI! 111! 159!

120!LEU!
PHI! P148! P96!
PSI! 110! 166!

121!SER! PHI! P152! P92!
PSI! 103! 163!

122!CYS! PHI! P152! P104!
PSI! 117! 157!

123!ALA! PHI! P152! P88!
PSI! 105! 149!

124!ALA!
PHI! P162! P86!
PSI! 126! 166!

!
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Residue( Angle( Constraint(Range(

125!SER!
PHI! P163! P47!
PSI! 106! 178!

128!ARG!
PHI! P104! P56!
PSI! 57! 181!

129!ILE!
PHI! P77! P37!
PSI! P68! P12!

130!SER! PHI! P88! P48!
PSI! P51! 9!

131!GLU! PHI! P130! P66!
PSI! P44! 20!

132!CYS! PHI! P165! P89!
PSI! 127! 175!

133!THR!
PHI! P159! P55!
PSI! 101! 145!

134!THR!
PHI! P155! P67!
PSI! 111! 151!

135!GLY!
PHI! P180! P64!
PSI! 136! 188!

136!TRP! PHI! P168! P92!
PSI! 119! 163!

137!TYR! PHI! P168! P100!
PSI! 143! 183!

138!ARG! PHI! P168! P92!
PSI! 121! 169!

139!GLN!
PHI! P180! P68!
PSI! 109! 149!

140!ALA!
PHI! P125! P41!
PSI! 87! 171!

141!PRO! PSI! 118! 158!

143!LYS!
PHI! P154! P62!
PSI! 65! 205!

144!GLU!
PHI! P150! P26!
PSI! 116! 176!

145!ARG!
PHI! P125! P53!
PSI! 93! 157!

146!GLU! PHI! P146! P86!
PSI! 115! 155!

147!LEU! PHI! P99! P55!
PSI! 104! 152!

148!VAL! PHI! P145! P69!
PSI! P46! P6!

149!SER!
PHI! P193! P105!
PSI! 134! 174!

150!LYS!
PHI! P159! P107!
PSI! 106! 162!

151!PHE!
PHI! P165! P85!
PSI! 106! 146!
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Residue( Angle( Constraint(Range(

152!SER!
PHI! P177! P53!
PSI! 115! 187!

153!ASN!
PHI! 30! 70!
PSI! 20! 64!

154!LEU!
PHI! P116! P60!
PSI! P28! 24!

155!GLY! PHI! 53! 101!
PSI! P5! 51!

156!THR! PHI! P128! P68!
PSI! 127! 183!

157!THR! PHI! P172! P92!
PSI! 130! 182!

158!TRP!
PHI! P161! P109!
PSI! 109! 153!

159!TYR!
PHI! P155! P99!
PSI! 123! 171!

160!THR!
PHI! P88! P48!
PSI! 97! 177!

161!GLY! PHI! P110! P22!
PSI! P69! 15!

162!SER! PHI! P87! P47!
PSI! P42! 2!

163!VAL! PHI! P136! P72!
PSI! P22! 34!

164!LYS!
PHI! P139! 1!
PSI! 61! 181!

165!GLY!
PHI! 67! 111!
PSI! P44! 28!

166!ARG!
PHI! P112! P52!
PSI! 118! 182!

167!PHE! PHI! P188! P68!
PSI! 124! 180!

168!THR! PHI! P165! P89!
PSI! 85! 165!

169!ILE! PHI! P139! P95!
PSI! 110! 150!

170!SER!
PHI! P166! P82!
PSI! 107! 175!

171!GLN!
PHI! P149! P109!
PSI! 118! 174!

172!ASP!
PHI! P154! P62!
PSI! 96! 172!

173!SER! PHI! P107! P23!
PSI! P65! 11!

174!ALA! PHI! P89! P45!
PSI! P53! P9!

175!LYS! PHI! P115! P71!



!
!

265!

Residue( Angle( Constraint(Range(

176!ASN!
PHI! P143! P31!
PSI! 91! 195!

177!THR!
PHI! P171! P87!
PSI! 127! 175!

178!VAL!
PHI! P156! P108!
PSI! 112! 152!

179!TYR! PHI! P145! P105!
PSI! 121! 161!

180!LEU! PHI! P151! P91!
PSI! 98! 146!

181!GLN! PHI! P138! P66!
PSI! 97! 161!

182!MET!
PHI! P169! P77!
PSI! 113! 173!

183!ASN!
PHI! P150! P82!
PSI! 139! 187!

184!SER!
PHI! 34! 74!
PSI! 20! 60!

185!LEU! PHI! P136! 4!
PSI! 96! 164!

186!SER! PHI! P170! P42!
PSI! 70! 190!

187!PRO! PSI! P50! P10!

190!THR! PHI! P96! P52!
PSI! 110! 150!

191!ALA! PHI! P127! P83!
PSI! P65! 15!

192!MET! PHI! P155! P39!
PSI! 114! 154!

193!TYR!
PHI! P125! P85!
PSI! 114! 170!

194!TYR!
PHI! P157! P113!
PSI! 131! 179!

195!CYS!
PHI! P161! P121!
PSI! 120! 176!

196!ASN! PHI! P170! P118!
PSI! 111! 191!

197!THR! PHI! P156! P96!
PSI! 130! 170!

198!ASP! PHI! P163! P95!
PSI! 143! 183!

199!LEU!
PHI! P167! P27!
PSI! 67! 207!

200!CYS!
PHI! P175! P91!
PSI! 77! 217!

208!TRP!
PHI! P219! P79!
PSI! 111! 191!



!
!

266!

Residue( Angle( Constraint(Range(

210!GLN!
PHI! P151! P59!
PSI! P45! 43!

212!THR!
PHI! P158! P58!
PSI! 100! 144!

213!GLN!
PHI! P132! P64!
PSI! 105! 149!

214!VAL! PHI! P140! P84!
PSI! 104! 144!

215!THR! PHI! P161! P73!
PSI! 100! 140!

216!VAL! PHI! P144! P80!
PSI! 98! 150!

217!SER!
PHI! P138! P62!
PSI! 63! 187!

218!SER!
PHI! P104! P40!
PSI! P58! P6!

!
!
! !
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!
!
A.2.2!P!VHH!67!Torsion!Angle!Constraints!
!

Residue( Angle( Constraint(Range(

96!LEU!
PHI! P143! P3!
PSI! 99! 187!

97!TYR!
PHI! P194! P54!
PSI! 69! 201!

98!PHE!
PHI! P130! 10!
PSI! 97! 153!

101!ASP!
PHI! P119! P63!
PSI! P56! 20!

102!VAL!
PHI! P183! P59!
PSI! 108! 160!

103!GLN!
PHI! P155! P95!
PSI! 114! 154!

104!LEU!
PHI! P161! P81!
PSI! 102! 174!

105!VAL!
PHI! P156! P100!
PSI! 98! 158!

106!GLU!
PHI! P132! P32!
PSI! 106! 166!

107!SER!
PHI! P159! P79!
PSI! 103! 243!

109!GLY!
PHI! 57! 105!
PSI! P2! 38!

111!SER!
PHI! P149! P77!
PSI! 109! 177!

112!VAL!
PHI! P161! P89!
PSI! 115! 179!

113!GLN!
PHI! P184! P48!
PSI! 103! 179!

114!ALA!
PHI! P76! P36!
PSI! 114! 154!

115!GLY!
PHI! 70! 110!
PSI! P28! 16!

116!GLY!
PHI! P148! P40!
PSI! 89! 209!

117!SER!
PHI! P177! P93!
PSI! 125! 177!

118!LEU!
PHI! P166! P122!
PSI! 105! 173!

!
!
!
!
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Residue( Angle( Constraint(Range(

119!ARG!
PHI! P164! P92!
PSI! 111! 151!

120!LEU!
PHI! P149! P85!
PSI! 109! 169!

121!SER!
PHI! P157! P89!
PSI! 112! 164!

122!CYS!
PHI! P137! P81!
PSI! 78! 146!

124!PHE!
PHI! P153! P105!
PSI! 103! 163!

125!SER!
PHI! P159! P51!
PSI! 122! 182!

133!GLN!
PHI! P122! P50!
PSI! P42! 18!

135!TYR!
PHI! P110! P58!
PSI! P60! P16!

136!MET!
PHI! P185! P73!
PSI! 132! 180!

138!TRP!
PHI! P161! P109!
PSI! 129! 169!

139!PHE!
PHI! P174! P106!
PSI! 131! 183!

140!ARG!
PHI! P166! P94!
PSI! 114! 166!

141!GLN!
PHI! P172! P72!
PSI! 105! 149!

146!GLU!
PHI! P159! P39!
PSI! 120! 180!

147!ARG!
PHI! P119! P43!
PSI! 114! 154!

148!GLU!
PHI! P159! P83!
PSI! 112! 160!

150!VAL!
PHI! P133! P57!
PSI! P54! P10!

151!ALA!
PHI! P189! P97!
PSI! 116! 184!

152!SER!
PHI! P152! P112!
PSI! 106! 146!

153!ILE!
PHI! P151! P111!
PSI! 119! 175!

154!ASN!
PHI! P132! P52!
PSI! 151! 203!

155!ARG!
PHI! P80! P40!
PSI! P55! P3!

156!ASP!
PHI! P118! P78!
PSI! P13! 27!

!
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Residue( Angle( Constraint(Range(

157!GLY!
PHI! 48! 104!
PSI! P8! 44!

158!ILE!
PHI! P118! P62!
PSI! P58! 14!

160!THR!
PHI! P159! P103!
PSI! 142! 182!

161!PHE!
PHI! P189! P61!
PSI! 134! 178!

162!TYR!
PHI! P174! P102!
PSI! 133! 173!

163!ALA!
PHI! P122! P42!
PSI! 110! 166!

164!ASP!
PHI! P76! P36!
PSI! P61! P9!

165!SER!
PHI! P101! P45!
PSI! P55! P7!

166!VAL!
PHI! P131! P87!
PSI! P26! 34!

167!LYS!
PHI! P79! P39!
PSI! 111! 151!

168!GLY!
PHI! 65! 109!
PSI! P35! 25!

169!ARG!
PHI! P104! P64!
PSI! 110! 186!

170!PHE!
PHI! P194! P62!
PSI! 132! 180!

171!THR!
PHI! P148! P92!
PSI! 102! 142!

172!ILE!
PHI! P141! P97!
PSI! 107! 167!

173!SER!
PHI! P158! P78!
PSI! 110! 174!

174!ARG!
PHI! P171! P111!
PSI! 129! 173!

175!ASP!
PHI! P184! P52!
PSI! 97! 161!

176!ASN!
PHI! P106! P22!
PSI! P61! 7!

177!ALA!
PHI! P90! P50!
PSI! P48! P8!

178!LYS!
PHI! P113! P73!
PSI! P17! 23!

179!ASN!
PHI! 36! 76!
PSI! 29! 69!

180!THR!
PHI! P156! P84!
PSI! 114! 178!

!
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Residue( Angle( Constraint(Range(

181!VAL!
PHI! P149! P109!
PSI! 107! 147!

182!TYR!
PHI! P152! P100!
PSI! 117! 169!

183!LEU!
PHI! P163! P75!
PSI! 93! 153!

184!GLN!
PHI! P127! P67!
PSI! 86! 162!

185!MET!
PHI! P167! P75!
PSI! 113! 173!

186!ASN!
PHI! P154! P78!
PSI! 124! 188!

187!SER!
PHI! P175! P27!
PSI! 114! 214!

188!LEU!
PHI! P145! P25!
PSI! P78! 80!

189!LYS!
PHI! P190! P50!
PSI! 100! 170!

191!GLU!
PHI! P83! P43!
PSI! P51! P7!

192!ASP!
PHI! P109! P69!
PSI! P39! 17!

193!THR!
PHI! P94! P54!
PSI! 116! 160!

195!ILE!
PHI! P129! P49!
PSI! 113! 157!

196!TYR!
PHI! P124! P76!
PSI! 115! 167!

197!TYR!
PHI! P147! P107!
PSI! 120! 164!

198!CYS!
PHI! P136! P96!
PSI! 94! 150!

199!ALA!
PHI! P136! P92!
PSI! 125! 165!

200!ALA!
PHI! P166! P114!
PSI! 130! 194!

202!ARG!
PHI! P95! P43!
PSI! P61! P5!

203!ASP!
PHI! P105! P53!
PSI! P54! 10!

208!TYR!
PHI! P96! P44!
PSI! P51! 1!

209!SER!
PHI! P147! P43!
PSI! P69! 27!

!
!
!
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Residue( Angle( Constraint(Range(

210!THR!
PHI! P136! P44!
PSI! P50! 26!

212!SER!
PHI! P114! P54!
PSI! P37! 27!

213!SER!
PHI! P146! P54!
PSI! 61! 153!

214!ALA!
PHI! P80! P36!
PSI! P58! P10!

215!THR!
PHI! P89! P49!
PSI! P42! 6!

216!ARG!
PHI! P130! P58!
PSI! P41! 35!

218!ASN!
PHI! P101! P61!
PSI! P58! P6!

220!TRP!
PHI! P161! P109!
PSI! 131! 171!

224!THR!
PHI! P154! P70!
PSI! 105! 149!

225!GLN!
PHI! P133! P65!
PSI! 100! 152!

226!VAL!
PHI! P161! P65!
PSI! 106! 146!

227!THR!
PHI! P152! P68!
PSI! 102! 142!

228!VAL!
PHI! P147! P87!
PSI! 112! 152!

229!SER!
PHI! P154! P66!
PSI! 99! 167!

!
!



! 272#

A.3#'#Chemical#Shift#Index#Data#
#
A.3.1#'#Sequence#Specific#Assignments#Obtained#for#VHH#18#
!
!

E101# C'# 176.3#

# N# 119.8#

# H# 8.102#

# Cα# 56.37#

# Cβ# 30.89#

# Cγ# '#

# Hα# 4.329#

# Hβ2# '#

# Hβ3# '#

# Hγ2# '#

# Hγ3# '#

# # #
V102# C'# 176.1#

# N# 120.7#

# H# 8.101#

# Cα# 61.74#

# Cβ# 33.33#

# Cγ1# 20.83#

# Cγ2# 22.09#

# Hα# 4.638#

# Hβ# 2.042#

# Qγ1# 1.031#

# Qγ2# 0.970#

# # #
Q103# C'# 173.3#

# N# 123.4#

# H# 8.474#

# Cα# 55.57#

# Cβ# 33.30#

# Cγ# 34.19#

# Hα# 4.639#

# Hβ2# 2.019#

# Hβ3# 1.936#

# Hγ2# 2.254#

# Hγ3# 2.254#

# Hε21# '#

# Hε22# '#

# Nε2# '#

# # #
L104# C'# 176.1#

# N# 122.6#

# H# 8.366#

# Cα# 53.66#

# Cβ# 44.81#

# Cγ# 28.15#

# Cδ1# 23.32#

# Cδ2# 26.64#

#
#

L104# Hα# 4.966#

# Hβ2# 1.314#

# Hβ3# 1.152#

# Hγ# 0.906#

# Qδ1# 0.701#

# Qδ2# 0.657#

# # #
V105# C'# 176.5#

# N# 120.3#

# H# 8.585#

# Cα# 62.21#

# Cβ# 35.35#

# Cγ1# 21.07#

# Cγ2# 21.28#

# Hα# 4.383#

# Hβ# 2.021#

# Qγ1# 0.959#

# Qγ2# 0.959#

# # #
E106# C'# 177.2#

# N# 131.9#

# H# 10.040#

# Cα# 56.51#

# Cβ# 30.81#

# Cγ# 37.65#

# Hα# 5.960#

# Hβ2# 2.211#

# Hβ3# 2.119#

# Hγ2# 2.777#

# Hγ3# 2.516#

# # #
S107# C'# 173.5#

# N# 115.1#

# H# 9.245#

# Cα# 57.74#

# Cβ# 65.55#

# Hα# 4.866#

# Hβ2# 3.944#

# Hβ3# 3.818#

# # #
G108# C'# 174.4#

# N# 107.8#

# H# 8.651#

# Cα# 45.08#

# Hα2# 4.711#

# Hα3# 3.754#

# #
#
#
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G109# C'# 172.9#

# N# 105.4#

# H# 7.541#

# Cα# 45.32#

# Hα2# 3.950#

# Hα3# 3.639#

# # #
G110# C'# 171.5#

# N# 107.0#

# H# 7.592#

# Cα# 44.94#

# Hα2# 4.235#

# Hα3# 3.974#

# # #
S111# C'# 174.4#

# N# 115.7#

# H# 8.295#

# Cα# 56.56#

# Cβ# 64.23#

# Hα# 5.694#

# Hβ2# 3.837#

# Hβ3# 3.702#

# # #
V112# C'# 173.7#

# N# 121.7#

# H# 8.766#

# Cα# 59.42#

# Cβ# 35.89#

# Cγ1# 20.53#

# Cγ2# 21.55#

# Hα# 4.606#

# Hβ# 2.073#

# Qγ1# 0.823#

# Qγ2# 0.822#

# # #
Q113# C'# 175.9#

# N# 122.8#

# H# 8.226#

# Cα# 55.05#

# Cβ# 30.20#

# Cγ# 34.15#

# Hα# 4.614#

# Hβ2# 2.045#

# Hβ3# 1.981#

# Hγ2# 2.416#

# Hγ3# 2.416#

# Hε21# 7.607#

# Hε22# 6.787#

# Nε2# 112.1#
#
#
#
#
#

# #

A114# C'# 178.2#

# N# 124.3#

# H# 8.263#

# Cα# 53.83#

# Cβ# 18.04#

# Hα# 3.701#

# Qβ# 1.404#

# # #
G115# C'# 175.5#

# N# 112.8#

# H# 9.606#

# Cα# 44.86#

# Hα2# 4.467#

# Hα3# 3.574#

# # #
G116# C'# 170.6#

# N# 109.1#

# H# 8.439#

# Cα# 44.63#

# Hα2# 4.345#

# Hα3# 3.777#

# # #
S117# C'# 173.1#

# N# 110.0#

# H# 7.869#

# Cα# 56.57#

# Cβ# 67.21#

# Hα# 5.594#

# Hβ2# 3.768#

# Hβ3# 3.684#

# # #
L118# C'# 173.7#

# N# 121.5#

# H# 8.488#

# Cα# 54.46#

# Cβ# 48.29#

# Cγ# 26.70#

# Cδ1# 24.11#

# Cδ2# 26.55#

# Hα# 4.405#

# Hβ2# 1.344#

# Hβ3# 1.274#

# Hγ# 1.282#

# Qδ1# 0.782#

# Qδ2# 0.666#

# # #
R119# C'# 175.3#

# N# 122.1#

# H# 8.229#

# Cα# 54.79#

# Cβ# 32.45#

# Cγ# 27.71#

# Cδ# 43.55#
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R119# Hα# 4.883#

# Hβ2# 1.728#

# Hβ3# 1.600#

# Hγ2# 1.295#

# Hγ3# 1.229#

# Hδ2# 2.878#

# Hδ3# 2.868#

# # #
L120# C'# 177.1#

# N# 127.1#

# H# 8.758#

# Cα# 53.25#

# Cβ# 43.64#

# Cγ# 26.47#

# Cδ1# 21.43#

# Cδ2# 26.22#

# Hα# 4.990#

# Hβ2# 1.176#

# Hβ3# 0.915#

# Hγ# 1.178#

# Qδ1# 0.247#

# Qδ2# '0.068#

# # #
S121# C'# 172.7#

# N# 114.6#

# H# 8.951#

# Cα# 57.03#

# Cβ# 66.10#

# Hα# 5.088#

# Hβ2# 3.789#

# Hβ3# 3.701#

# # #
C122# C'# 171.5#

# N# 124.8#

# H# 8.992#

# Cα# 54.78#

# Cβ# 40.71#

# Hα# 4.845#

# Hβ2# 3.278#

# Hβ3# 2.622#

# # #
A123# C'# 177.0#

# N# 128.8#

# H# 8.456#

# Cα# 51.29#

# Cβ# 20.99#

# Hα# 4.869#

# Qβ# 1.363#

# # #
A124# C'# 177.3#

# N# 125.9#

# H# 8.336#

# Cα# 50.86#

A124# Cβ# 22.95#

# Hα# 5.376#

# Qβ# 1.243#

# # #
S125# C'# 174.0#

# N# 116.1#

# H# 8.893#

# Cα# 57.73#

# Cβ# 65.33#

# Hα# 4.823#

# Hβ2# '#

# Hβ3# '#

# # #
G126# C'# 171.9#

# N# 111.9#

# H# 8.845#

# Cα# 46.09#

# Hα2# 4.253#

# Hα3# 3.537#

# # #
L127# C'# '#

# N# 113.9#

# H# 7.459#

# Cα# 54.02#

# Cβ# 43.88#

# Cγ# '#

# Cδ1# 28.19#

# Cδ2# 26.68#

# Hα# 4.562#

# Hβ2# 1.770#

# Hβ3# 1.516#

# Hγ# '#

# Qδ1# 0.900#

# Qδ2# 0.656#

# # #
R128# C'# 176.3#

# N# '#

# H# '#

# Cα# 54.74#

# Cβ# 29.64#

# Cγ# '#

# Cδ# '#

# Hα# '#

# Hβ2# '#

# Hβ3# '#

# Hγ2# '#

# Hγ3# '#

# Hδ2# '#

# Hδ3# '#

# # #
I129# C'# 176.4#

# N# 129.7#

# H# 8.945#
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I129# Cα# 65.84#

# Cβ# 39.24#

# Cγ1# 30.65#

# Cγ2# 16.27#

# Cδ1# 14.55#

# Hα# 3.515#

# Hβ# 1.227#

# Hγ12# 1.191#

# Hγ13# 1.090#

# Qγ2# 0.621#

# Qδ1# 0.543#

# # #
S130# C'# 175.6#

# N# 115.0#

# H# 8.170#

# Cα# 60.12#

# Cβ# 63.05#

# Hα# 4.296#

# Hβ2# 4.054#

# Hβ3# 4.054#

# # #
E131# C'# 175.4#

# N# 118.6#

# H# 7.554#

# Cα# 55.74#

# Cβ# 30.11#

# Cγ# 36.97#

# Hα# 4.544#

# Hβ2# 2.318#

# Hβ3# 1.912#

# Hγ2# 2.282#

# Hγ3# 2.173#

# # #
C132# C'# 173.8#

# N# 116.8#

# H# 7.409#

# Cα# 55.51#

# Cβ# 49.46#

# Hα# 4.783#

# Hβ2# 2.996#

# Hβ3# 2.996#

# # #
T133# C'# 174.6#

# N# 116.7#

# H# 8.950#

# Cα# 62.95#

# Cβ# 69.97#

# Cγ2# 21.17#

# Hα# 4.933#

# Hβ# 3.865#

# Qγ2# 0.945#

#

#
#
# #

T134# C'# 173.7#

# N# 126.7#

# H# 8.876#

# Cα# 61.93#

# Cβ# 69.31#

# Cγ2# 21.73#

# Hα# 5.127#

# Hβ# 3.809#

# Qγ2# 0.888#

# # #
G135# C'# 171.9#

# N# 114.8#

# H# 9.123#

# Cα# 43.60#

# Hα2# 5.118#

# Hα3# 3.417#

# # #
T136# C'# 175.3#

# N# 119.0#

# H# 8.901#

# Cα# 56.07#

# Cβ# 32.59#

# Hα# 5.723#

# Hβ2# 3.149#

# Hβ3# 2.933#

# Hδ1# 6.990#

# Hε1# 7.524#

# Hε3# 7.752#

# Hη2# 7.043#

# Hζ2# '#

# Hζ3# 6.925#

# Nε1# 120.2#

# # #
Y137# C'# 175.2#

# N# 123.7#

# H# 10.450#

# Cα# 56.21#

# Cβ# 43.70#

# Hα# 5.686#

# Hβ2# 3.136#

# Hβ3# 2.907#

# Qδ# 6.874#

# Qε# 6.629#

# # #
R138# C'# 174.2#

# N# 116.8#

# H# 9.691#

# Cα# 53.62#

# Cβ# 33.01#

# Cγ# 24.67#

# Cδ# 45.27#

# Hα# 5.781#

# Hβ2# 0.923#
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R138# Hβ3# 0.874#

# Hγ2# 1.486#

# Hγ3# 1.486#

# Hδ2# 2.845#

# Hδ3# 2.743#

# # #
Q139# C'# 174.4#

# N# 122.9#

# H# 9.442#

# Cα# 55.25#

# Cβ# 33.20#

# Cγ# '#

# Hα# 4.878#

# Hβ2# 2.351#

# Hβ3# 2.170#

# Hγ2# 2.350#

# Hγ3# 2.377#

# Hε21# 7.770#

# Hε22# 6.793#

# Nε2# 112.1#

# # #
A140# C'# '#

# N# 136.6#

# H# 9.379#

# Cα# 50.02#

# Cβ# 18.43#

# Hα# 4.860#

# Qβ# 1.489#

# # #
P141# C'# 178.3#

# Cα# 64.44#

# Cβ# 31.68#

# Cγ# 28.15#

# Cδ# 50.47#

# Hα# 4.332#

# Hβ2# 2.305#

# Hβ3# 1.929#

# Hγ2# 2.174#

# Hγ3# 2.020#

# Hδ2# 3.880#

# Hδ3# 3.660#

# # #
G142# C'# 174.0#

# N# 112.6#

# H# 8.716#

# Cα# 45.87#

# Hα2# 4.133#

# Hα3# 3.761#

# # #
K143# C'# 176.1#

# N# 119.9#

# H# 8.004#

# Cα# 54.32#

K143# Cβ# 35.54#

# Cγ# 25.02#

# Cδ# 28.79#

# Cε# 42.22#

# Hα# 4.771#

# Hβ2# 2.043#

# Hβ3# 1.960#

# Hγ2# 1.452#

# Hγ3# 1.359#

# Hδ2# 1.696#

# Hδ3# 1.696#

# Hε2# 3.021#

# Hε3# 3.021#

# # #
E144# C'# 176.9#

# N# 118.9#

# H# 8.322#

# Cα# 55.86#

# Cβ# 30.71#

# Cγ# 36.52#

# Hα# 4.339#

# Hβ2# 2.109#

# Hβ3# 1.960#

# Hγ2# 2.386#

# Hγ3# 2.340#

# # #
R145# C'# 175.6#

# N# 122.7#

# H# 8.790#

# Cα# 57.34#

# Cβ# 30.74#

# Cγ# 27.50#

# Cδ# 43.43#

# Hα# 4.575#

# Hβ2# 1.728#

# Hβ3# 1.641#

# Hγ2# 1.585#

# Hγ3# 1.503#

# Hδ2# 2.453#

# Hδ3# 2.366#

# # #
E146# C'# 175.1#

# N# 125.2#

# H# 9.416#

# Cα# 54.33#

# Cβ# 33.52#

# Cγ# 35.66#

# Hα# 5.009#

# Hβ2# 2.183#

# Hβ3# 2.086#

# Hγ2# 2.314#

# Hγ3# 2.302#

# # #
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L147# C'# 176.6#

# N# 127.6#

# H# 8.891#

# Cα# 55.89#

# Cβ# 41.91#

# Cγ# 26.95#

# Cδ1# 27.00#

# Cδ2# 21.86#

# Hα# 3.733#

# Hβ2# 1.712#

# Hβ3# 1.204#

# Hγ# 1.323#

# Qδ1# 0.363#

# Qδ2# 0.272#

# # #
V148# C'# 176.3#

# N# 122.0#

# H# 9.425#

# Cα# 62.13#

# Cβ# 33.85#

# Cγ1# 21.01#

# Cγ2# 22.50#

# Hα# 4.627#

# Hβ# 2.242#

# Qγ1# 1.134#

# Qγ2# 1.124#

# # #
S149# C'# 175.1#

# N# 112.4#

# H# 7.888#

# Cα# 57.05#

# Cβ# 66.19#

# Hα# 5.573#

# Hβ2# 4.061#

# Hβ3# 3.590#

# # #
K150# C'# 173.4#

# N# 122.0#

# H# 8.734#

# Cα# 55.79#

# Cβ# 37.97#

# Cγ# 25.26#

# Cδ# 29.66#

# Cε# 41.44#

# Hα# 5.556#

# Hβ2# 1.722#

# Hβ3# 1.614#

# Hγ2# 1.317#

# Hγ3# 1.317#

# Hδ2# 1.309#

# Hδ3# 1.309#

# Hε2# 2.506#

# Hε3# 2.256#

# # #
F151# C'# 175.7#

# N# 124.9#

# H# 9.246#

# Cα# 56.96#

# Cβ# 41.96#

# Hα# 4.956#

# Hβ2# 3.286#

# Hβ3# 2.656#

# Qδ# 7.121#

# Qε# 7.347#

# Hζ# '#

# # #
S152# C'# 174.9#

# N# 122.5#

# H# 8.863#

# Cα# 57.97#

# Cβ# 66.03#

# Hα# 4.925#

# Hβ2# 4.157#

# Hβ3# 4.142#

# # #
N153# C'# 175.1#

# N# 119.3#

# H# 8.362#

# Cα# 55.67#

# Cβ# 36.78#

# Hα# 4.330#

# Hβ2# 2.782#

# Hβ3# 2.543#

# Hδ21# 7.446#

# Hδ22# 6.834#

# Nδ2# 113.7#

# # #
L154# C'# 177.7#

# N# 117.1#

# H# 7.645#

# Cα# 54.32#

# Cβ# 42.20#

# Cγ# 26.92#

# Cδ1# 25.25#

# Cδ2# 22.69#

# Hα# 4.472#

# Hβ2# 1.704#

# Hβ3# 1.503#

# Hγ# 1.577#

# Qδ1# 0.867#

# Qδ2# 0.816#

#

#
#
#
#
#
#

#
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G155# C'# 174.0#

# N# 108.2#

# H# 7.853#

# Cα# 45.74#

# Hα2# 4.053#

# Hα3# 3.422#

# # #
T156# C'# 174.1#

# N# 111.8#

# H# 7.296#

# Cα# 60.61#

# Cβ# 70.06#

# Cγ2# 22.08#

# Hα# 4.479#

# Hβ# 4.193#

# Qγ2# 1.130#

# # #
T157# C'# 173.7#

# N# 113.9#

# H# 8.447#

# Cα# 59.93#

# Cβ# 72.34#

# Cγ2# 23.13#

# Hα# 5.189#

# Hβ# 3.957#

# Qγ2# 1.191#

# # #
W158# C'# 173.7#

# N# 121.8#

# H# 7.971#

# Cα# 57.97#

# Cβ# 33.13#

# Hα# 4.571#

# Hβ2# 3.195#

# Hβ3# 2.754#

# Hδ1# 7.400#

# Hε1# 10.110#

# Hε3# 6.952#

# Hη2# 7.137#

# Hζ2# 7.508#

# Hζ3# 6.546#

# Nε1# 130.1#

# # #
Y159# C'# 173.1#

# N# 123.9#

# H# 7.441#

# Cα# 56.49#

# Cβ# 42.55#

# Hα# 4.617#

# Hβ2# 2.721#

# Hβ3# 2.125#

# Qδ# 6.972#

# Qε# 6.762#

# # #
T160# C'# 175.5#

# N# 115.8#

# H# 7.378#

# Cα# 61.61#

# Cβ# 68.33#

# Cγ2# 22.23#

# Hα# 3.855#

# Hβ# 4.396#

# Qγ2# 1.353#

# # #
G161# C'# '#

# N# 114.0#

# H# 8.480#

# Cα# 48.55#

# Hα2# 4.019#

# Hα3# 3.582#

# # #
S162# C'# 175.8#

# N# '#

# H# '#

# Cα# 60.35#

# Cβ# 63.03#

# Hα# '#

# Hβ2# '#

# Hβ3# '#

# # #
V163# C'# 175.3#

# N# 112.4#

# H# 7.354#

# Cα# 59.96#

# Cβ# 31.26#

# Cγ1# 20.37#

# Cγ2# 20.32#

# Hα# 4.155#

# Hβ# 0.901#

# Qγ1# 0.148#

# Qγ2# 0.184#

# # #
K164# C'# 177.4#

# N# 125.4#

# H# 7.118#

# Cα# 58.52#

# Cβ# 32.26#

# Cγ# 25.17#

# Cδ# 29.38#

# Cε# 42.02#

# Hα# 3.575#

# Hβ2# 1.697#

# Hβ3# 1.605#

# Hγ2# 1.304#

# Hγ3# 1.311#

# Hδ2# 1.636#
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K164# Hδ3# 1.636#

# Hε2# 2.943#

# Hε3# 2.901#

# # #
G165# C'# 174.0#

# N# 116.0#

# H# 9.119#

# Cα# 45.47#

# Hα2# 4.271#

# Hα3# 3.511#

# # #
R166# C'# 175.8#

# N# 117.2#

# H# 7.713#

# Cα# 57.25#

# Cβ# 31.19#

# Cγ# 28.55#

# Cδ# 43.42#

# Hα# 4.616#

# Hβ2# 2.128#

# Hβ3# 1.670#

# Hγ2# 1.459#

# Hγ3# 1.368#

# Hδ2# 3.290#

# Hδ3# 3.290#

# # #
F167# C'# 175.0#

# N# 120.1#

# H# 7.561#

# Cα# 52.66#

# Cβ# 39.61#

# Hα# 6.129#

# Hβ2# 2.965#

# Hβ3# 2.970#

# Qδ# 7.055#

# Qε# 7.272#

# Hζ# 7.136#

# # #
T168# C'# 173.8#

# N# 112.9#

# H# 8.847#

# Cα# 61.55#

# Cβ# 72.34#

# Cγ2# 21.76#

# Hα# 5.088#

# Hβ# 3.853#

# Qγ2# 1.213#

# # #
I169# C'# 172.5#

# N# 133.5#

# H# 9.485#

# Cα# 58.77#

# Cβ# 41.62#

I169# Cγ1# 29.36#

# Cγ2# 29.36#

# Cδ1# 15.78#

# Hα# 5.734#

# Hβ# 1.964#

# Hγ12# 1.315#

# Hγ13# 1.354#

# Qγ2# 1.326#

# Qδ1# 1.042#

# # #
S170# C'# 171.5#

# N# 118.7#

# H# 8.724#

# Cα# 57.85#

# Cβ# 65.64#

# Hα# 4.771#

# Hβ2# 3.910#

# Hβ3# 3.910#

# # #
Q171# C'# 173.8#

# N# 120.1#

# H# 8.712#

# Cα# 54.81#

# Cβ# 34.55#

# Cγ# '#

# Hα# 4.733#

# Hβ2# 1.591#

# Hβ3# 1.513#

# Hγ2# '#

# Hγ3# '#

# Hε21# '#

# Hε22# '#

# Nε2# '#

# # #
D172# C'# 176.8#

# N# 124.9#

# H# 8.689#

# Cα# 52.53#

# Cβ# 42.76#

# Hα# 5.018#

# Hβ2# 2.989#

# Hβ3# 2.619#

# # #
S173# C'# 177.4#

# N# 121.0#

# H# 9.114#

# Cα# 61.59#

# Cβ# 62.70#

# Hα# '#

# Hβ2# '#

# Hβ3# '#

#
#
# #
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A174# C'# 179.7#

# N# 125.3#

# H# 8.375#

# Cα# 54.98#

# Cβ# 18.32#

# Hα# 4.310#

# Qβ# 1.537#

# # #
K175# C'# 177.3#

# N# 114.9#

# H# 7.490#

# Cα# 55.35#

# Cβ# 32.82#

# Cγ# 25.80#

# Cδ# 29.02#

# Cε# 42.12#

# Hα# 4.400#

# Hβ2# 2.046#

# Hβ3# 2.038#

# Hγ2# 1.528#

# Hγ3# 1.403#

# Hδ2# 1.692#

# Hδ3# 1.692#

# Hε2# 3.018#

# Hε3# 3.018#

# # #
N176# C'# 173.1#

# N# 126.6#

# H# 8.369#

# Cα# 53.03#

# Cβ# 39.19#

# Hα# 4.407#

# Hβ2# 3.691#

# Hβ3# 2.432#

# Hδ21# 8.114#

# Hδ22# 7.228#

# Nδ2# 112.4#

# # #
T177# C'# 171.7#

# N# 110.0#

# H# 7.501#

# Cα# 61.44#

# Cβ# 74.28#

# Cγ2# 20.94#

# Hα# 5.313#

# Hβ# 3.309#

# Qγ2# 0.354#

# # #
V178# C'# 174.1#

# N# 125.6#

# H# 8.390#

# Cα# 60.51#

# Cβ# 35.36#

V178# Cγ1# 22.52#

# Cγ2# 22.53#

# Hα# 4.606#

# Hβ# 1.712#

# Qγ1# 1.057#

# Qγ2# 0.859#

# # #
Y179# C'# 172.1#

# N# 126.8#

# H# 9.076#

# Cα# 56.79#

# Cβ# 41.85#

# Hα# 5.590#

# Hβ2# 2.769#

# Hβ3# 2.769#

# Qδ# 6.880#

# Qε# 6.708#

# # #
L180# C'# 174.4#

# N# 122.0#

# H# 8.785#

# Cα# 53.37#

# Cβ# 43.31#

# Cγ# '#

# Cδ1# 23.20#

# Cδ2# 25.15#

# Hα# 4.738#

# Hβ2# 0.811#

# Hβ3# '0.385#

# Hγ# '#

# Qδ1# 0.784#

# Qδ2# 0.224#

# # #
Q181# C'# 174.4#

# N# 128.8#

# H# 9.077#

# Cα# 55.11#

# Cβ# 29.30#

# Cγ# 33.51#

# Hα# 4.221#

# Hβ2# 2.046#

# Hβ3# 1.948#

# Hγ2# 2.378#

# Hγ3# 2.378#

# Hε21# '#

# Hε22# '#

# Nε2# '#

# # #
M182# C'# 173.1#

# N# 127.4#

# H# 8.878#

# Cα# 54.87#

# Cβ# 35.38#
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M182# Cγ# 29.67#

# Cε# '#

# Hα# 4.085#

# Hβ2# 1.724#

# Hβ3# 1.114#

# Hγ2# 1.519#

# Hγ3# 1.519#

# Qε# '#

# # #
N183# C'# 173.5#

# N# 119.8#

# H# 7.754#

# Cα# 51.20#

# Cβ# 40.94#

# Hα# 5.144#

# Hβ2# 3.140#

# Hβ3# 2.801#

# Hδ21# 7.374#

# Hδ22# 6.783#

# Nδ2# 113.1#

# # #
S184# C'# 175.9#

# N# 111.2#

# H# 8.614#

# Cα# 57.77#

# Cβ# 61.95#

# Hα# 3.687#

# Hβ2# 4.043#

# Hβ3# 3.687#

# # #
L185# C'# 176.8#

# N# 119.3#

# H# 8.305#

# Cα# 56.44#

# Cβ# 42.90#

# Cγ# 27.96#

# Cδ1# 24.37#

# Cδ2# 27.12#

# Hα# 4.034#

# Hβ2# 1.401#

# Hβ3# 1.313#

# Hγ# 1.407#

# Qδ1# 0.901#

# Qδ2# 0.561#

# # #
S186# C'# '#

# N# 119.6#

# H# 9.753#

# Cα# 55.57#

# Cβ# 65.80#

# Hα# 5.106#

# Hβ2# 4.107#

# Hβ3# 3.797#

# # #
P187# C'# '#

# Cα# 66.17#

# Cβ# 31.98#

# Cγ# 28.56#

# Cδ# 51.21#

# Hα# 4.426#

# Hβ2# 2.508#

# Hβ3# 1.964#

# Hγ2# 2.246#

# Hγ3# 1.800#

# Hδ2# 3.883#

# Hδ3# 3.670#

# # #
G188# C'# 174.5#

# N# '#

# H# '#

# Cα# 46.17#

# Hα2# '#

# Hα3# '#

# # #
D189# C'# 176.7#

# N# 118.3#

# H# 8.722#

# Cα# 54.90#

# Cβ# 42.74#

# Hα# 4.846#

# Hβ2# 3.016#

# Hβ3# 2.858#

# # #
T190# C'# 174.5#

# N# 120.5#

# H# 7.727#

# Cα# 64.71#

# Cβ# 70.00#

# Cγ2# 20.04#

# Hα# 4.398#

# Hβ# 4.394#

# Qγ2# 1.558#

# # #
A191# C'# 175.8#

# N# 128.6#

# H# 9.282#

# Cα# 52.98#

# Cβ# 21.79#

# Hα# 4.517#

# Qβ# 1.258#

# # #
M192# C'# 175.7#

# N# 118.0#

# H# 7.601#

# Cα# 54.54#

# Cβ# 33.37#
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M192# Cγ# 32.23#

# Cε# '#

# Hα# 4.940#

# Hβ2# 2.093#

# Hβ3# 1.907#

# Hγ2# 2.526#

# Hγ3# 2.526#

# Qε# '#

# # #
Y193# C'# 175.0#

# N# 126.1#

# H# 9.335#

# Cα# 57.78#

# Cβ# 40.92#

# Hα# 5.478#

# Hβ2# 3.061#

# Hβ3# 2.903#

# Qδ# 6.913#

# Qε# '#

# # #
Y194# C'# '#

# N# 118.6#

# H# 9.634#

# Cα# 56.04#

# Cβ# 44.10#

# Hα# 5.323#

# Hβ2# 3.297#

# Hβ3# 2.850#

# Qδ# 6.886#

# Qε# 6.623#

# # #
C195# C'# 171.9#

# N# '#

# H# '#

# Cα# 52.95#

# Cβ# 46.24#

# Hα# '#

# Hβ2# '#

# Hβ3# '#

# # #
N196# C'# 172.8#

# N# 120.7#

# H# 8.459#

# Cα# 51.10#

# Cβ# 43.42#

# Hα# 4.735#

# Hβ2# 1.269#

# Hβ3# 1.276#

# Hδ21# '#

# Hδ22# '#

# Nδ2# '#

#
#
# #

T197# C'# 172.4#

# N# 112.0#

# H# 8.392#

# Cα# 58.68#

# Cβ# 70.87#

# Cγ2# 24.66#

# Hα# 5.007#

# Hβ# 4.235#

# Qγ2# 1.032#

# # #
D198# C'# 174.5#

# N# 120.1#

# H# 8.631#

# Cα# 51.61#

# Cβ# 45.12#

# Hα# 4.839#

# Hβ2# 2.409#

# Hβ3# 2.222#

# # #
L199# C'# 177.1#

# N# 115.0#

# H# 8.383#

# Cα# 55.91#

# Cβ# 38.97#

# Cγ# 27.16#

# Cδ1# 25.87#

# Cδ2# 23.11#

# Hα# 3.950#

# Hβ2# 1.937#

# Hβ3# 1.638#

# Hγ# 1.396#

# Qδ1# 0.824#

# Qδ2# 0.791#

# # #
C200# C'# '#

# N# 117.8#

# H# 8.869#

# Cα# 55.22#

# Cβ# 40.47#

# Hα# 4.798#

# Hβ2# 3.566#

# Hβ3# 2.613#

# # #
P201# C'# '#

# Cα# 64.53#

# Cβ# 31.73#

# Cγ# 28.34#

# Cδ# 50.28#

# Hα# 4.318#

# Hβ2# 2.305#

# Hβ3# 1.906#

# Hγ2# 2.153#

# Hγ3# 1.966#
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P201# Hδ2# 3.849#

# Hδ3# 3.849#

# # #
W202# C'# '#

# N# '#

# H# '#

# Cα# '#

# Cβ# '#

# Hα# '#

# Hβ2# '#

# Hβ3# '#

# Hδ1# 7.162#

# Hε1# 9.930#

# Hε3# '#

# Hη2# '#

# Hζ2# 7.420#

# Hζ3# '#

# Nε1# 128.3#

# # #
Y203# C'# '#

# N# '#

# H# '#

# Cα# '#

# Cβ# '#

# Hα# '#

# Hβ2# '#

# Hβ3# '#

# Qδ# '#

# Qε# '#

# # #
Y204# C'# '#

# N# '#

# H# '#

# Cα# '#

# Cβ# '#

# Hα# '#

# Hβ2# '#

# Hβ3# '#

# Qδ# '#

# Qε# '#

# # #
E205# C'# '#

# N# '#

# H# '#

# Cα# '#

# Cβ# '#

# Cγ# '#

# Hα# '#

# Hβ2# '#

# Hβ3# '#

# Hγ2# '#

# Hγ3# '#

# # #

N206# C'# '#

# N# '#

# H# '#

# Cα# '#

# Cβ# '#

# Hα# '#

# Hβ2# '#

# Hβ3# '#

# Hδ21# '#

# Hδ22# '#

# Nδ2# '#

# # #
T207# C'# 171.2#

# N# '#

# H# '#

# Cα# 60.40#

# Cβ# 69.94#

# Cγ2# '#

# Hα# '#

# Hβ# '#

# Qγ2# '#

# # #
W208# C'# 178.2#

# N# 120.0#

# H# 8.246#

# Cα# 56.96#

# Cβ# 33.83#

# Hα# 5.164#

# Hβ2# 3.544#

# Hβ3# 2.946#

# Hδ1# 7.220#

# Hε1# 9.990#

# Hε3# 7.240#

# Hη2# 5.112#

# Hζ2# 6.888#

# Hζ3# 6.085#

# Nε1# 130.2#

# # #
G209# C'# 174.2#

# N# 110.4#

# H# 8.824#

# Cα# 45.28#

# Hα2# 4.982#

# Hα3# 4.615#

# # #
Q210# C'# 177.5#

# N# 117.4#

# H# 8.906#

# Cα# 56.80#

# Cβ# 30.60#

# Cγ# 34.41#

# Hα# 4.611#

# Hβ2# 2.434#
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Q210# Hβ3# 2.292#

# Hγ2# 2.690#

# Hγ3# 2.690#

# Hε21# 7.770#

# Hε22# 6.988#

# Nε2# 112.6#

# # #
G211# C'# '#

# N# 111.8#

# H# 9.481#

# Cα# 44.56#

# Hα2# '#

# Hα3# 3.772#

# # #
T212# C'# 171.8#

# N# 117.3#

# H# 8.943#

# Cα# 60.71#

# Cβ# 70.85#

# Cγ2# 20.17#

# Hα# 4.702#

# Hβ# 3.868#

# Qγ2# 1.140#

# # #
Q213# C'# 175.6#

# N# 131.1#

# H# 8.499#

# Cα# 56.92#

# Cβ# 29.84#

# Cγ# '#

# Hα# 4.595#

# Hβ2# 2.188#

# Hβ3# 2.056#

# Hγ2# '#

# Hγ3# '#

# Hε21# 6.853#

# Hε22# 6.740#

# Nε2# 111.7#

# # #
V214# C'# 174.9#

# N# 128.4#

# H# 8.827#

# Cα# 62.05#

# Cβ# 34.21#

# Cγ1# 20.16#

# Cγ2# 22.88#

# Hα# 4.608#

# Hβ# 2.453#

# Qγ1# 0.647#

# Qγ2# 0.605#

# #

#
#
#
#

T215# C'# 172.2#

# N# 124.8#

# H# 8.621#

# Cα# 61.98#

# Cβ# 70.59#

# Cγ2# 21.98#

# Hα# 4.661#

# Hβ# 3.976#

# Qγ2# 1.173#

# # #
V216# C'# 175.8#

# N# 128.7#

# H# 8.479#

# Cα# 60.03#

# Cβ# 32.48#

# Cγ1# 21.04#

# Cγ2# 20.20#

# Hα# 4.835#

# Hβ# 1.880#

# Qγ1# 0.655#

# Qγ2# 0.470#

# # #
S217# C'# 173.2#

# N# 122.9#

# H# 8.544#

# Cα# 57.69#

# Cβ# 65.01#

# Hα# 4.634#

# Hβ2# 3.899#

# Hβ3# 3.833#

# # #
S218# C'# '#

# N# 121.8#

# H# 8.153#

# Cα# 60.68#

# Cβ# 64.91#

# Hα# 4.312#

# Hβ2# '#

# Hβ3# 3.890#
!
!
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A.3.2$($Sequence$Specific$Assignments$Obtained$for$VHH$67$
!
D101$ C'$ 175.2$

$ N$ 119.3$

$ H$ 8.291$

$ Cα$ 55.11$

$ Cβ$ 41.83$

$ Hα$ 4.574$

$ Hβ2$ 2.694$

$ Hβ3$ 2.694$

$ $ $
V102$ C'$ 175.0$

$ N$ 119.3$

$ H$ 7.284$

$ Cα$ 61.41$

$ Cβ$ 34.61$

$ Cγ1$ 21.64$

$ Cγ2$ 21.19$

$ Hα$ 4.057$

$ Hβ$ 1.046$

$ Qγ1$ 0.268$

$ Qγ2$ 0.062$

$ $ $
Q103$ C'$ 173.8$

$ N$ 125.1$

$ H$ 8.268$

$ Cα$ 54.46$

$ Cβ$ 31.76$

$ Cγ$ 33.84$

$ Hα$ 4.472$

$ Hβ2$ 1.763$

$ Hβ3$ 1.611$

$ Hγ2$ 2.122$

$ Hγ3$ 2.067$

$ Hε21$ 7.302$

$ Hε22$ 6.651$

$ Nε2$ 111.7$

$ $ $
L104$ C'$ 176.3$

$ N$ 125.2$

$ H$ 8.406$

$ Cα$ 52.85$

$ Cβ$ 43.78$

$ Cγ$ 26.73$

$ Cδ1$ 24.15$

$ Cδ2$ 25.77$

$ Hα$ 5.187$

$ Hβ2$ 1.362$

$ Hβ3$ 1.022$

$ Hγ$ 1.248$

$ Qδ1$ 0.571$

$ Qδ2$ 0.497$

$ $ $

V105$ C'$ 176.0$

$ N$ 120.0$

$ H$ 8.317$

$ Cα$ 61.87$

$ Cβ$ 35.06$

$ Cγ1$ 20.88$

$ Cγ2$ ($

$ Hα$ 4.349$

$ Hβ$ 1.936$

$ Qγ1$ 0.915$

$ Qγ2$ 0.874$

$ $ $
E106$ C'$ 176.5$

$ N$ 131.4$

$ H$ 10.070$

$ Cα$ 57.10$

$ Cβ$ 31.07$

$ Cγ$ 37.82$

$ Hα$ 5.517$

$ Hβ2$ 2.229$

$ Hβ3$ 2.229$

$ Hγ2$ 2.862$

$ Hγ3$ 2.367$

$ $ $
S107$ C'$ 173.5$

$ N$ 115.6$

$ H$ 9.440$

$ Cα$ 57.85$

$ Cβ$ 65.57$

$ Hα$ 4.817$

$ Hβ2$ 3.869$

$ Hβ3$ 3.869$

$ $ $
G108$ C'$ 174.3$

$ N$ 108.1$

$ H$ 8.542$

$ Cα$ 44.86$

$ Hα2$ 4.658$

$ Hα3$ 3.749$

$ $ $
G109$ C'$ 172.9$

$ N$ 105.4$

$ H$ 7.622$

$ Cα$ 45.20$

$ Hα2$ 4.020$

$ Hα3$ 3.539$

$ $ $
G110$ C'$ 171.5$

$ N$ 106.9$

$ H$ 7.548$

$ Cα$ 44.83$
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G110$ Hα2$ 4.238$

$ Hα3$ 3.939$

$ $ $
S111$ C'$ 174.3$

$ N$ 115.6$

$ H$ 8.262$

$ Cα$ 56.40$

$ Cβ$ 64.19$

$ Hα$ 5.649$

$ Hβ2$ 3.762$

$ Hβ3$ 3.679$

$ $ $
V112$ C'$ 173.6$

$ N$ 121.9$

$ H$ 8.784$

$ Cα$ 59.46$

$ Cβ$ 35.76$

$ Cγ1$ 20.63$

$ Cγ2$ 20.64$

$ Hα$ 4.551$

$ Hβ$ 2.028$

$ Qγ1$ 0.804$

$ Qγ2$ 0.804$

$ $ $
Q113$ C'$ 175.9$

$ N$ 122.9$

$ H$ 8.186$

$ Cα$ 54.89$

$ Cβ$ 30.14$

$ Cγ$ 33.98$

$ Hα$ 4.600$

$ Hβ2$ 2.060$

$ Hβ3$ 2.020$

$ Hγ2$ 2.400$

$ Hγ3$ 2.399$

$ Hε21$ 7.587$

$ Hε22$ 6.760$

$ Nε2$ 112.2$

$ $ $
A114$ C'$ 178.1$

$ N$ 124.4$

$ H$ 8.251$

$ Cα$ 53.70$

$ Cβ$ 17.86$

$ Hα$ 3.639$

$ Qβ$ 1.362$

$ $ $
G115$ C'$ 175.4$

$ N$ 113.1$

$ H$ 9.657$

$ Cα$ 44.72$

$ Hα2$ 4.445$

$ Hα3$ 3.554$

$ $ $
G116$ C'$ 170.5$

$ N$ 109.2$

$ H$ 8.430$

$ Cα$ 44.48$

$ Hα2$ 4.321$

$ Hα3$ 3.756$

$ $ $
S117$ C'$ 173.0$

$ N$ 109.9$

$ H$ 7.841$

$ Cα$ 56.44$

$ Cβ$ 67.20$

$ Hα$ 5.587$

$ Hβ2$ 3.759$

$ Hβ3$ 3.664$

$ $ $
L118$ C'$ 173.5$

$ N$ 122.1$

$ H$ 8.560$

$ Cα$ 54.44$

$ Cβ$ 47.97$

$ Cγ$ 26.83$

$ Cδ1$ ($

$ Cδ2$ 25.80$

$ Hα$ 4.349$

$ Hβ2$ 1.260$

$ Hβ3$ 1.266$

$ Hγ$ 1.270$

$ Qδ1$ 0.700$

$ Qδ2$ 0.672$

$ $ $
R119$ C'$ 175.5$

$ N$ 122.6$

$ H$ 8.126$

$ Cα$ 54.46$

$ Cβ$ 32.33$

$ Cγ$ 27.92$

$ Cδ$ 43.44$

$ Hα$ 4.916$

$ Hβ2$ 1.721$

$ Hβ3$ 1.621$

$ Hγ2$ 1.258$

$ Hγ3$ 1.208$

$ Hδ2$ 2.944$

$ Hδ3$ 2.944$

$ $ $
L120$ C'$ 177.0$

$ N$ 127.1$

$ H$ 8.659$

$ Cα$ 53.15$

$ Cβ$ 43.76$

$ Cγ$ 26.28$
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L120$ Cδ1$ ($

$ Cδ2$ 26.14$

$ Hα$ 4.900$

$ Hβ2$ 1.147$

$ Hβ3$ 0.880$

$ Hγ$ 1.212$

$ Qδ1$ 0.282$

$ Qδ2$ (0.033$

$ $ $
S121$ C'$ 173.0$

$ N$ 114.2$

$ H$ 8.845$

$ Cα$ 56.84$

$ Cβ$ 66.64$

$ Hα$ 5.452$

$ Hβ2$ 3.752$

$ Hβ3$ 3.666$

$ $ $
C122$ C'$ 172.7$

$ N$ 122.7$

$ H$ 8.976$

$ Cα$ 53.28$

$ Cβ$ 41.72$

$ Hα$ 5.366$

$ Hβ2$ 3.083$

$ Hβ3$ 2.980$

$ $ $
G123$ C'$ 171.4$

$ N$ 116.2$

$ H$ 8.784$

$ Cα$ 44.55$

$ Hα2$ 4.633$

$ Hα3$ 3.581$

$ $ $
F124$ C'$ 174.8$

$ N$ 124.8$

$ H$ 8.103$

$ Cα$ 56.07$

$ Cβ$ 42.71$

$ Hα$ 5.006$

$ Hβ2$ 2.509$

$ Hβ3$ 2.384$

$ Qδ$ 6.600$

$ Qε$ 6.303$

$ Hζ$ ($

$ $ $
S125$ C'$ 171.7$

$ N$ 122.4$

$ H$ 7.900$

$ Cα$ 57.16$

$ Cβ$ 64.83$

$ Hα$ 4.344$

$ Hβ2$ 3.558$

S125$ Hβ3$ 3.484$

$ $ $
G126$ C'$ ($

$ N$ 110.2$

$ H$ 7.651$

$ Cα$ 45.03$

$ Hα2$ 3.964$

$ Hα3$ 3.553$

$ $ $
Y127$ C'$ ($

$ N$ ($

$ H$ ($

$ Cα$ ($

$ Cβ$ ($

$ Hα$ ($

$ Hβ2$ ($

$ Hβ3$ ($

$ Qδ$ ($

$ Qε$ ($

$ $ $
S128$ C'$ ($

$ N$ ($

$ H$ ($

$ Cα$ ($

$ Cβ$ ($

$ Hα$ ($

$ Hβ2$ ($

$ Hβ3$ ($

$ $ $
Y129$ C'$ ($

$ N$ ($

$ H$ ($

$ Cα$ ($

$ Cβ$ ($

$ Hα$ ($

$ Hβ2$ ($

$ Hβ3$ ($

$ Qδ$ ($

$ Qε$ ($

$ $ $
T130$ C'$ ($

$ N$ ($

$ H$ ($

$ Cα$ 61.42$

$ Cβ$ 70.28$

$ Cγ2$ 22.45$

$ Hα$ 4.510$

$ Hβ$ 4.588$

$ Qγ2$ 1.291$

$ $ $
Y131$ C'$ 176.3$

$ N$ ($

$ H$ ($
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Y131$ Cα$ 59.94$

$ Cβ$ 39.06$

$ Hα$ 3.412$

$ Hβ2$ 2.812$

$ Hβ3$ 2.635$

$ Qδ$ ($

$ Qε$ ($

$ $ $
N132$ C'$ 174.6$

$ N$ 108.2$

$ H$ 8.202$

$ Cα$ 60.27$

$ Cβ$ 36.45$

$ Hα$ 3.897$

$ Hβ2$ 2.924$

$ Hβ3$ 2.605$

$ Hδ21$ 7.455$

$ Hδ22$ 6.857$

$ Nδ2$ 111.8$

$ $ $
Q133$ C'$ 175.6$

$ N$ 115.2$

$ H$ 7.890$

$ Cα$ 55.43$

$ Cβ$ 28.45$

$ Cγ$ 34.18$

$ Hα$ 4.023$

$ Hβ2$ 1.937$

$ Hβ3$ 1.875$

$ Hγ2$ 2.392$

$ Hγ3$ 2.276$

$ Hε21$ 7.244$

$ Hε22$ 6.795$

$ Nε2$ 111.9$

$ $ $
Y134$ C'$ 176.8$

$ N$ 116.6$

$ H$ 7.922$

$ Cα$ 58.60$

$ Cβ$ 38.57$

$ Hα$ 4.313$

$ Hβ2$ 2.616$

$ Hβ3$ 2.554$

$ Qδ$ 6.911$

$ Qε$ 6.645$

$ $ $
Y135$ C'$ 174.6$

$ N$ 125.2$

$ H$ 9.260$

$ Cα$ 59.13$

$ Cβ$ 39.97$

$ Hα$ 3.906$

$ Hβ2$ 2.918$

Y135$ Hβ3$ 2.910$

$ Qδ$ 7.270$

$ Qε$ 7.050$

$ $ $
M136$ C'$ 175.5$

$ N$ 115.5$

$ H$ 7.494$

$ Cα$ 52.16$

$ Cβ$ 34.74$

$ Cγ$ 30.66$

$ Cε$ 16.83$

$ Hα$ 6.077$

$ Hβ2$ 1.832$

$ Hβ3$ 1.732$

$ Hγ2$ 2.543$

$ Hγ3$ 2.017$

$ Qε$ 1.774$

$ $ $
G137$ C'$ 170.4$

$ N$ 108.0$

$ H$ 9.258$

$ Cα$ 44.72$

$ Hα2$ 5.070$

$ Hα3$ 3.707$

$ $ $
W138$ C'$ 175.5$

$ N$ 115.4$

$ H$ 9.125$

$ Cα$ 55.52$

$ Cβ$ 33.29$

$ Hα$ 5.875$

$ Hβ2$ 3.169$

$ Hβ3$ 2.880$

$ Hδ1$ 6.924$

$ Hε1$ 7.525$

$ Hε3$ 6.914$

$ Hη2$ 6.997$

$ Hζ2$ 6.978$

$ Hζ3$ 7.692$

$ Nε1$ 121.0$

$ $ $
F139$ C'$ 174.6$

$ N$ 123.4$

$ H$ 10.110$

$ Cα$ 56.19$

$ Cβ$ 45.36$

$ Hα$ 5.431$

$ Hβ2$ 3.175$

$ Hβ3$ 2.914$

$ Qδ$ 6.717$

$ Qε$ 7.022$

$ Hζ$ ($

$ $ $
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R140$ C'$ 173.9$

$ N$ 116.7$

$ H$ 9.779$

$ Cα$ 53.62$

$ Cβ$ 32.65$

$ Cγ$ 24.20$

$ Cδ$ 44.93$

$ Hα$ 5.950$

$ Hβ2$ 0.834$

$ Hβ3$ 0.781$

$ Hγ2$ 1.470$

$ Hγ3$ 1.431$

$ Hδ2$ 2.707$

$ Hδ3$ 2.660$

$ $ $
Q141$ C'$ 174.3$

$ N$ 122.3$

$ H$ 9.364$

$ Cα$ 55.15$

$ Cβ$ 33.01$

$ Cγ$ 29.46$

$ Hα$ 4.863$

$ Hβ2$ 1.662$

$ Hβ3$ 1.658$

$ Hγ2$ 2.356$

$ Hγ3$ 2.320$

$ Hε21$ 7.781$

$ Hε22$ 6.790$

$ Nε2$ 112.3$

$ $ $
A142$ C'$ ($

$ N$ 136.3$

$ H$ 9.339$

$ Cα$ 49.92$

$ Cβ$ 18.33$

$ Hα$ 4.824$

$ Qβ$ 1.453$

$ $ $
P143$ C'$ 178.3$

$ Cα$ 64.36$

$ Cβ$ 31.72$

$ Cγ$ 27.96$

$ Cδ$ 50.35$

$ Hα$ 4.285$

$ Hβ2$ 2.271$

$ Hβ3$ 1.892$

$ Hγ2$ 2.139$

$ Hγ3$ 1.984$

$ Hδ2$ 3.836$

$ Hδ3$ 3.630$

$ $ $
G144$ C'$ 174.0$

$ N$ 112.6$

G144$ H$ 8.675$

$ Cα$ 45.68$

$ Hα2$ 4.108$

$ Hα3$ 3.735$

$ $ $
K145$ C'$ 176.1$

$ N$ 120.0$

$ H$ 7.933$

$ Cα$ 54.30$

$ Cβ$ 35.44$

$ Cγ$ 24.73$

$ Cδ$ 28.60$

$ Cε$ 41.95$

$ Hα$ 4.767$

$ Hβ2$ 2.050$

$ Hβ3$ 1.942$

$ Hγ2$ 1.422$

$ Hγ3$ 1.303$

$ Hδ2$ 1.679$

$ Hδ3$ 1.680$

$ Hε2$ 3.016$

$ Hε3$ 3.010$

$ $ $
E146$ C'$ 176.8$

$ N$ 118.7$

$ H$ 8.248$

$ Cα$ 55.54$

$ Cβ$ 30.73$

$ Cγ$ 36.33$

$ Hα$ 4.361$

$ Hβ2$ 2.094$

$ Hβ3$ 1.925$

$ Hγ2$ 2.365$

$ Hγ3$ 2.302$

$ $ $
R147$ C'$ 175.6$

$ N$ 121.4$

$ H$ 8.634$

$ Cα$ 57.26$

$ Cβ$ 30.54$

$ Cγ$ 27.38$

$ Cδ$ 42.86$

$ Hα$ 4.500$

$ Hβ2$ 1.632$

$ Hβ3$ 1.616$

$ Hγ2$ 1.516$

$ Hγ3$ 1.421$

$ Hδ2$ 2.248$

$ Hδ3$ 2.247$

$ $ $
E148$ C'$ 176.1$

$ N$ 124.4$

$ H$ 9.496$
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E148$ Cα$ 54.06$

$ Cβ$ 33.48$

$ Cγ$ 35.60$

$ Hα$ 5.019$

$ Hβ2$ 2.096$

$ Hβ3$ 2.096$

$ Hγ2$ 2.280$

$ Hγ3$ 2.280$

$ $ $
G149$ C'$ 172.9$

$ N$ 113.9$

$ H$ 9.497$

$ Cα$ 46.88$

$ Hα2$ 2.956$

$ Hα3$ 2.654$

$ $ $
V150$ C'$ 174.0$

$ N$ 122.1$

$ H$ 8.822$

$ Cα$ 63.56$

$ Cβ$ 33.96$

$ Cγ1$ 21.24$

$ Cγ2$ 21.29$

$ Hα$ 4.436$

$ Hβ$ 2.197$

$ Qγ1$ 1.195$

$ Qγ2$ 1.054$

$ $ $
A151$ C'$ 174.7$

$ N$ 118.6$

$ H$ 7.902$

$ Cα$ 51.15$

$ Cβ$ 23.96$

$ Hα$ 4.996$

$ Qβ$ 1.362$

$ $ $
S152$ C'$ 171.5$

$ N$ 114.0$

$ H$ 8.314$

$ Cα$ 57.38$

$ Cβ$ 66.56$

$ Hα$ 5.302$

$ Hβ2$ 4.089$

$ Hβ3$ 3.377$

$ $ $
I153$ C'$ 171.8$

$ N$ 123.2$

$ H$ 9.141$

$ Cα$ 58.82$

$ Cβ$ 43.30$

$ Cγ1$ 28.52$

$ Cγ2$ 16.10$

$ Cδ1$ 15.21$

I153$ Hα$ 5.319$

$ Hβ$ 1.539$

$ Hγ12$ 1.693$

$ Hγ13$ ($

$ Qγ2$ 1.046$

$ Qδ1$ 0.871$

$ $ $
N154$ C'$ 175.8$

$ N$ 123.3$

$ H$ 8.235$

$ Cα$ 51.64$

$ Cβ$ 37.90$

$ Hα$ 4.775$

$ Hβ2$ 2.907$

$ Hβ3$ 2.901$

$ Hδ21$ ($

$ Hδ22$ ($

$ Nδ2$ ($

$ $ $
R155$ C'$ 175.7$

$ N$ 117.0$

$ H$ 7.224$

$ Cα$ 60.37$

$ Cβ$ 28.77$

$ Cγ$ 26.76$

$ Cδ$ 43.41$

$ Hα$ 3.325$

$ Hβ2$ 1.904$

$ Hβ3$ 1.390$

$ Hγ2$ 0.516$

$ Hγ3$ 0.238$

$ Hδ2$ 2.767$

$ Hδ3$ 2.685$

$ $ $
D156$ C'$ 177.6$

$ N$ 110.7$

$ H$ 7.208$

$ Cα$ 53.17$

$ Cβ$ 40.76$

$ Hα$ 4.390$

$ Hβ2$ 2.848$

$ Hβ3$ 2.551$

$ $ $
G157$ C'$ 173.4$

$ N$ 107.2$

$ H$ 7.459$

$ Cα$ 45.50$

$ Hα2$ 4.194$

$ Hα3$ 3.482$

$ $ $
I158$ C'$ 176.1$

$ N$ 118.5$

$ H$ 8.094$
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I158$ Cα$ 62.12$

$ Cβ$ 38.42$

$ Cγ1$ 27.82$

$ Cγ2$ 17.46$

$ Cδ1$ 12.42$

$ Hα$ 4.145$

$ Hβ$ 2.048$

$ Hγ12$ 1.341$

$ Hγ13$ 1.251$

$ Qγ2$ 0.882$

$ Qδ1$ 0.826$

$ $ $
R159$ C'$ 173.8$

$ N$ 119.9$

$ H$ 7.785$

$ Cα$ 54.97$

$ Cβ$ 32.04$

$ Cγ$ 27.42$

$ Cδ$ 43.14$

$ Hα$ 4.604$

$ Hβ2$ 1.632$

$ Hβ3$ 1.651$

$ Hγ2$ 1.618$

$ Hγ3$ 1.612$

$ Hδ2$ 3.328$

$ Hδ3$ 3.296$

$ $ $
T160$ C'$ 172.6$

$ N$ 111.1$

$ H$ 7.439$

$ Cα$ 58.04$

$ Cβ$ 72.49$

$ Cγ2$ 23.09$

$ Hα$ 4.939$

$ Hβ$ 3.591$

$ Qγ2$ 1.038$

$ $ $
F161$ C'$ 172.6$

$ N$ 118.1$

$ H$ 7.730$

$ Cα$ 56.95$

$ Cβ$ 42.55$

$ Hα$ 4.159$

$ Hβ2$ 1.484$

$ Hβ3$ 0.842$

$ Qδ$ 6.807$

$ Qε$ 7.186$

$ Hζ$ 7.274$

$ $ $
Y162$ C'$ 176.0$

$ N$ 113.8$

$ H$ 7.977$

$ Cα$ 56.72$

Y162$ Cβ$ 43.72$

$ Hα$ 4.846$

$ Hβ2$ 3.019$

$ Hβ3$ 2.340$

$ Qδ$ 6.979$

$ Qε$ 6.625$

$ $ $
A163$ C'$ 179.2$

$ N$ 124.9$

$ H$ 8.274$

$ Cα$ 52.11$

$ Cβ$ 19.21$

$ Hα$ 4.705$

$ Qβ$ 1.849$

$ $ $
D164$ C'$ 178.3$

$ N$ 123.7$

$ H$ 9.132$

$ Cα$ 58.12$

$ Cβ$ 40.47$

$ Hα$ 4.351$

$ Hβ2$ 2.732$

$ Hβ3$ 2.732$

$ $ $
S165$ C'$ 175.8$

$ N$ 110.3$

$ H$ 8.232$

$ Cα$ 59.80$

$ Cβ$ 62.89$

$ Hα$ 4.281$

$ Hβ2$ 3.877$

$ Hβ3$ 3.877$

$ $ $
V166$ C'$ 175.2$

$ N$ 112.0$

$ H$ 7.375$

$ Cα$ 60.09$

$ Cβ$ 31.66$

$ Cγ1$ 20.48$

$ Cγ2$ 20.50$

$ Hα$ 4.156$

$ Hβ$ 1.062$

$ Qγ1$ 0.290$

$ Qγ2$ 0.294$

$ $ $
K167$ C'$ 177.4$

$ N$ 125.7$

$ H$ 7.279$

$ Cα$ 58.21$

$ Cβ$ 32.28$

$ Cγ$ 24.83$

$ Cδ$ 29.49$

$ Cε$ 41.97$
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K167$ Hα$ 3.673$

$ Hβ2$ 1.818$

$ Hβ3$ 1.781$

$ Hγ2$ 1.443$

$ Hγ3$ 1.400$

$ Hδ2$ 1.789$

$ Hδ3$ 1.789$

$ Hε2$ 3.068$

$ Hε3$ 3.032$

$ $ $
G168$ C'$ 174.0$

$ N$ 115.9$

$ H$ 9.088$

$ Cα$ 45.35$

$ Hα2$ 4.260$

$ Hα3$ 3.514$

$ $ $
R169$ C'$ 175.8$

$ N$ 117.3$

$ H$ 7.734$

$ Cα$ 57.36$

$ Cβ$ 30.88$

$ Cγ$ ($

$ Cδ$ ($

$ Hα$ 4.583$

$ Hβ2$ ($

$ Hβ3$ ($

$ Hγ2$ ($

$ Hγ3$ ($

$ Hδ2$ ($

$ Hδ3$ ($

$ $ $
F170$ C'$ 174.9$

$ N$ 119.8$

$ H$ 7.565$

$ Cα$ 52.48$

$ Cβ$ 39.50$

$ Hα$ 6.124$

$ Hβ2$ 2.931$

$ Hβ3$ 2.927$

$ Qδ$ 7.035$

$ Qε$ 7.299$

$ Hζ$ 7.096$

$ $ $
T171$ C'$ 174.1$

$ N$ 112.5$

$ H$ 8.799$

$ Cα$ 61.25$

$ Cβ$ 72.19$

$ Cγ2$ 21.61$

$ Hα$ 5.114$

$ Hβ$ 3.794$

$ Qγ2$ 1.137$

$ $ $
I172$ C'$ 171.6$

$ N$ 131.8$

$ H$ 9.405$

$ Cα$ 58.02$

$ Cβ$ 41.92$

$ Cγ1$ 28.62$

$ Cγ2$ 15.14$

$ Cδ1$ ($

$ Hα$ 5.671$

$ Hβ$ 1.601$

$ Hγ12$ 2.288$

$ Hγ13$ 1.084$

$ Qγ2$ 0.934$

$ Qδ1$ 0.894$

$ $ $
S173$ C'$ 171.8$

$ N$ 118.4$

$ H$ 8.309$

$ Cα$ 57.70$

$ Cβ$ 65.54$

$ Hα$ 4.611$

$ Hβ2$ ($

$ Hβ3$ ($

$ $ $
R174$ C'$ 172.8$

$ N$ 118.1$

$ H$ 9.340$

$ Cα$ 54.24$

$ Cβ$ 36.04$

$ Cγ$ 24.63$

$ Cδ$ 44.45$

$ Hα$ 5.448$

$ Hβ2$ 2.264$

$ Hβ3$ 1.485$

$ Hγ2$ 1.730$

$ Hγ3$ 1.734$

$ Hδ2$ 3.028$

$ Hδ3$ 2.824$

$ $ $
D175$ C'$ 177.0$

$ N$ 121.2$

$ H$ 8.651$

$ Cα$ 52.50$

$ Cβ$ 42.72$

$ Hα$ 5.012$

$ Hβ2$ 3.133$

$ Hβ3$ 2.571$

$ $ $
N176$ C'$ 176.5$

$ N$ 124.4$

$ H$ 9.293$

$ Cα$ 54.75$
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N176$ Cβ$ 36.93$

$ Hα$ 5.042$

$ Hβ2$ 3.121$

$ Hβ3$ 2.947$

$ Hδ21$ 7.698$

$ Hδ22$ 6.837$

$ Nδ2$ 107.1$

$ $ $
A177$ C'$ 179.0$

$ N$ 122.4$

$ H$ 8.593$

$ Cα$ 53.80$

$ Cβ$ 18.97$

$ Hα$ 4.505$

$ Qβ$ 1.542$

$ $ $
K178$ C'$ 176.3$

$ N$ 115.4$

$ H$ 7.407$

$ Cα$ 55.21$

$ Cβ$ 33.67$

$ Cγ$ 25.36$

$ Cδ$ 29.19$

$ Cε$ 41.80$

$ Hα$ 4.355$

$ Hβ2$ 2.016$

$ Hβ3$ 1.431$

$ Hγ2$ 1.451$

$ Hγ3$ 1.321$

$ Hδ2$ 1.647$

$ Hδ3$ 1.647$

$ Hε2$ 2.985$

$ Hε3$ 2.985$

$ $ $
N179$ C'$ 173.3$

$ N$ 117.9$

$ H$ 7.734$

$ Cα$ 53.46$

$ Cβ$ 36.40$

$ Hα$ 3.277$

$ Hβ2$ 2.985$

$ Hβ3$ 2.633$

$ Hδ21$ 7.113$

$ Hδ22$ 6.650$

$ Nδ2$ 110.0$

$ $ $
T180$ C'$ 173.9$

$ N$ 108.8$

$ H$ 7.322$

$ Cα$ 60.75$

$ Cβ$ 73.39$

$ Cγ2$ 22.01$

$ Hα$ 5.263$

T180$ Hβ$ 3.382$

$ Qγ2$ 0.658$

$ $ $
V181$ C'$ 171.7$

$ N$ 124.8$

$ H$ 8.545$

$ Cα$ 59.16$

$ Cβ$ 34.43$

$ Cγ1$ 23.03$

$ Cγ2$ 22.40$

$ Hα$ 5.044$

$ Hβ$ 2.151$

$ Qγ1$ 1.185$

$ Qγ2$ 0.979$

$ $ $
Y182$ C'$ 175.5$

$ N$ 125.1$

$ H$ 9.230$

$ Cα$ 56.59$

$ Cβ$ 42.19$

$ Hα$ 5.691$

$ Hβ2$ 2.866$

$ Hβ3$ 2.802$

$ Qδ$ 6.985$

$ Qε$ 6.751$

$ $ $
L183$ C'$ 174.3$

$ N$ 122.6$

$ H$ 8.715$

$ Cα$ 53.32$

$ Cβ$ 42.70$

$ Cγ$ 26.78$

$ Cδ1$ 22.82$

$ Cδ2$ 25.53$

$ Hα$ 4.729$

$ Hβ2$ 0.761$

$ Hβ3$ (0.641$

$ Hγ$ 0.535$

$ Qδ1$ 0.658$

$ Qδ2$ 0.246$

$ $ $
Q184$ C'$ 174.3$

$ N$ 128.8$

$ H$ 9.025$

$ Cα$ 55.03$

$ Cβ$ 29.15$

$ Cγ$ 33.47$

$ Hα$ 4.179$

$ Hβ2$ 1.993$

$ Hβ3$ 1.911$

$ Hγ2$ 2.376$

$ Hγ3$ 1.918$

$ Hε21$ 7.016$
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Q184$ Hε22$ 6.866$

$ Nε2$ 113.3$

$ $ $
M185$ C'$ 172.9$

$ N$ 127.8$

$ H$ 8.814$

$ Cα$ 54.73$

$ Cβ$ 34.97$

$ Cγ$ 29.86$

$ Cε$ 17.74$

$ Hα$ 4.007$

$ Hβ2$ 1.747$

$ Hβ3$ 1.026$

$ Hγ2$ 1.491$

$ Hγ3$ 0.048$

$ Qε$ 1.065$

$ $ $
N186$ C'$ 173.4$

$ N$ 120.0$

$ H$ 7.718$

$ Cα$ 51.06$

$ Cβ$ 40.81$

$ Hα$ 5.124$

$ Hβ2$ 3.136$

$ Hβ3$ 2.782$

$ Hδ21$ 7.357$

$ Hδ22$ 6.760$

$ Nδ2$ 113.0$

$ $ $
S187$ C'$ 176.1$

$ N$ 111.1$

$ H$ 8.538$

$ Cα$ 57.60$

$ Cβ$ 61.83$

$ Hα$ 3.650$

$ Hβ2$ 4.033$

$ Hβ3$ 4.045$

$ $ $
L188$ C'$ 176.9$

$ N$ 119.1$

$ H$ 8.187$

$ Cα$ 56.56$

$ Cβ$ 42.84$

$ Cγ$ 28.20$

$ Cδ1$ 26.94$

$ Cδ2$ 24.52$

$ Hα$ 3.948$

$ Hβ2$ 1.402$

$ Hβ3$ 1.322$

$ Hγ$ 1.340$

$ Qδ1$ 0.524$

$ Qδ2$ 0.922$

$ $ $

K189$ C'$ ($

$ N$ 122.3$

$ H$ 9.627$

$ Cα$ 53.38$

$ Cβ$ 34.32$

$ Cγ$ 25.23$

$ Cδ$ 29.33$

$ Cε$ 41.93$

$ Hα$ 4.868$

$ Hβ2$ 2.144$

$ Hβ3$ 2.131$

$ Hγ2$ 1.601$

$ Hγ3$ 1.490$

$ Hδ2$ 1.670$

$ Hδ3$ 1.653$

$ Hε2$ 2.894$

$ Hε3$ 2.892$

$ $ $
P190$ C'$ 179.0$

$ Cα$ 66.20$

$ Cβ$ 31.75$

$ Cγ$ 28.38$

$ Cδ$ 50.36$

$ Hα$ 4.303$

$ Hβ2$ 2.447$

$ Hβ3$ 1.938$

$ Hγ2$ 2.290$

$ Hγ3$ 1.781$

$ Hδ2$ 3.851$

$ Hδ3$ 3.628$

$ $ $
E191$ C'$ 176.2$

$ N$ 115.4$

$ H$ 9.321$

$ Cα$ 58.63$

$ Cβ$ 28.44$

$ Cγ$ 37.13$

$ Hα$ 4.334$

$ Hβ2$ 2.085$

$ Hβ3$ 2.085$

$ Hγ2$ 2.236$

$ Hγ3$ 2.236$

$ $ $
D192$ C'$ 176.7$

$ N$ 118.8$

$ H$ 8.701$

$ Cα$ 55.16$

$ Cβ$ 42.14$

$ Hα$ 4.789$

$ Hβ2$ 3.096$

$ Hβ3$ 2.833$

$
$
$ $
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T193$ C'$ 174.3$

$ N$ 120.6$

$ H$ 7.906$

$ Cα$ 65.09$

$ Cβ$ 69.90$

$ Cγ2$ 21.56$

$ Hα$ 4.369$

$ Hβ$ 4.349$

$ Qγ2$ 1.540$

$ $ $
A194$ C'$ 175.6$

$ N$ 128.5$

$ H$ 9.154$

$ Cα$ 52.73$

$ Cβ$ 21.74$

$ Hα$ 4.477$

$ Qβ$ 1.188$

$ $ $
I195$ C'$ 175.6$

$ N$ 118.0$

$ H$ 7.578$

$ Cα$ 61.67$

$ Cβ$ 38.37$

$ Cγ1$ 28.50$

$ Cγ2$ 17.81$

$ Cδ1$ 12.92$

$ Hα$ 4.406$

$ Hβ$ 1.700$

$ Hγ12$ 0.874$

$ Hγ13$ ($

$ Qγ2$ 0.335$

$ Qδ1$ 0.866$

$ $ $
Y196$ C'$ 174.8$

$ N$ 127.8$

$ H$ 9.226$

$ Cα$ 57.83$

$ Cβ$ 40.82$

$ Hα$ 5.188$

$ Hβ2$ 2.982$

$ Hβ3$ 2.775$

$ Qδ$ 6.914$

$ Qε$ 6.639$

$ $ $
Y197$ C'$ 174.6$

$ N$ 119.5$

$ H$ 9.777$

$ Cα$ 56.55$

$ Cβ$ 43.22$

$ Hα$ 5.225$

$ Hβ2$ 3.277$

$ Hβ3$ 2.875$

$ Qδ$ 6.910$

Y197$ Qε$ 6.632$

$ $ $
C198$ C'$ 170.9$

$ N$ 125.4$

$ H$ 10.470$

$ Cα$ 53.20$

$ Cβ$ 42.95$

$ Hα$ 4.176$

$ Hβ2$ 2.378$

$ Hβ3$ 2.232$

$ $ $
A199$ C'$ 174.8$

$ N$ 127.5$

$ H$ 8.486$

$ Cα$ 50.54$

$ Cβ$ 21.42$

$ Hα$ 4.572$

$ Qβ$ (0.408$

$ $ $
A200$ C'$ 176.6$

$ N$ 119.5$

$ H$ 8.705$

$ Cα$ 50.53$

$ Cβ$ 26.55$

$ Hα$ 5.896$

$ Qβ$ 1.479$

$ $ $
D201$ C'$ 175.0$

$ N$ 115.5$

$ H$ 8.587$

$ Cα$ 56.63$

$ Cβ$ 49.23$

$ Hα$ 5.097$

$ Hβ2$ 2.814$

$ Hβ3$ 1.971$

$ $ $
R202$ C'$ 176.8$

$ N$ 122.1$

$ H$ 9.084$

$ Cα$ 57.36$

$ Cβ$ 31.88$

$ Cγ$ 28.26$

$ Cδ$ 42.90$

$ Hα$ 4.698$

$ Hβ2$ 1.588$

$ Hβ3$ 1.516$

$ Hγ2$ 1.096$

$ Hγ3$ 0.331$

$ Hδ2$ 2.448$

$ Hδ3$ 2.387$

$ $ $
D203$ C'$ 174.4$

$ N$ 120.2$
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D203$ H$ 9.525$

$ Cα$ 54.29$

$ Cβ$ 41.75$

$ Hα$ 5.104$

$ Hβ2$ 2.843$

$ Hβ3$ 2.420$

$ $ $
L204$ C'$ 175.1$

$ N$ 121.2$

$ H$ 5.481$

$ Cα$ 52.90$

$ Cβ$ 41.27$

$ Cγ$ 26.10$

$ Cδ1$ 25.99$

$ Cδ2$ 25.94$

$ Hα$ 3.986$

$ Hβ2$ 1.138$

$ Hβ3$ (0.182$

$ Hγ$ (0.005$

$ Qδ1$ ($

$ Qδ2$ ($

$ $ $
F205$ C'$ ($

$ N$ 120.1$

$ H$ 7.627$

$ Cα$ 56.49$

$ Cβ$ 39.82$

$ Hα$ 4.383$

$ Hβ2$ 3.227$

$ Hβ3$ 2.862$

$ Qδ$ 7.309$

$ Qε$ 7.401$

$ Hζ$ 7.350$

$ $ $
P206$ C'$ ($

$ Cα$ 61.81$

$ Cβ$ 32.38$

$ Cγ$ 23.83$

$ Cδ$ 49.08$

$ Hα$ 3.942$

$ Hβ2$ 1.434$

$ Hβ3$ 1.174$

$ Hγ2$ 1.587$

$ Hγ3$ 1.430$

$ Hδ2$ 3.108$

$ Hδ3$ 3.058$

$ $ $
L207$ C'$ 177.7$

$ N$ ($

$ H$ ($

$ Cα$ 57.34$

$ Cβ$ 42.19$

$ Cγ$ 26.75$

L207$ Cδ1$ 25.84$

$ Cδ2$ 24.16$

$ Hα$ 3.894$

$ Hβ2$ 1.929$

$ Hβ3$ 1.373$

$ Hγ$ 1.425$

$ Qδ1$ 1.019$

$ Qδ2$ 0.786$

$ $ $
Y208$ C'$ 175.9$

$ N$ 112.6$

$ H$ 7.940$

$ Cα$ 59.47$

$ Cβ$ 37.29$

$ Hα$ 3.244$

$ Hβ2$ 3.085$

$ Hβ3$ 2.970$

$ Qδ$ 7.093$

$ Qε$ 6.796$

$ $ $
S209$ C'$ 175.5$

$ N$ 112.0$

$ H$ 6.824$

$ Cα$ 57.78$

$ Cβ$ 64.27$

$ Hα$ 4.346$

$ Hβ2$ 3.498$

$ Hβ3$ 3.247$

$ $ $
T210$ C'$ 178.0$

$ N$ 112.5$

$ H$ 7.282$

$ Cα$ 62.64$

$ Cβ$ 70.46$

$ Cγ2$ 21.16$

$ Hα$ 4.030$

$ Hβ$ 3.758$

$ Qγ2$ 0.762$

$ $ $
W211$ C'$ 177.0$

$ N$ 117.8$

$ H$ 7.634$

$ Cα$ 59.78$

$ Cβ$ 27.66$

$ Hα$ 3.991$

$ Hβ2$ 3.314$

$ Hβ3$ 3.052$

$ Hδ1$ 6.861$

$ Hε1$ 9.948$

$ Hε3$ 7.115$

$ Hη2$ 6.571$

$ Hζ2$ 7.188$

$ Hζ3$ 6.204$
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W211$ Nε1$ 129.4$

$ $ $
S212$ C'$ 174.2$

$ N$ 111.7$

$ H$ 6.521$

$ Cα$ 57.22$

$ Cβ$ 61.79$

$ Hα$ 3.578$

$ Hβ2$ 3.162$

$ Hβ3$ 3.162$

$ $ $
S213$ C'$ 174.6$

$ N$ 119.5$

$ H$ 7.856$

$ Cα$ 56.96$

$ Cβ$ 62.69$

$ Hα$ 4.604$

$ Hβ2$ 3.859$

$ Hβ3$ 3.822$

$ $ $
A214$ C'$ 179.6$

$ N$ 130.6$

$ H$ 8.885$

$ Cα$ 55.46$

$ Cβ$ 18.08$

$ Hα$ 3.681$

$ Qβ$ 1.137$

$ $ $
T215$ C'$ 175.6$

$ N$ 105.2$

$ H$ 7.755$

$ Cα$ 63.32$

$ Cβ$ 68.56$

$ Cγ2$ 21.89$

$ Hα$ 4.044$

$ Hβ$ 4.208$

$ Qγ2$ 1.185$

$ $ $
R216$ C'$ 174.9$

$ N$ 118.2$

$ H$ 7.584$

$ Cα$ 54.36$

$ Cβ$ 28.99$

$ Cγ$ 27.09$

$ Cδ$ 40.81$

$ Hα$ 4.145$

$ Hβ2$ 1.867$

$ Hβ3$ 1.856$

$ Hγ2$ 1.503$

$ Hγ3$ 1.503$

$ Hδ2$ 3.161$

$ Hδ3$ 3.023$

$ $ $

Y217$ C'$ 176.9$

$ N$ 117.4$

$ H$ 7.498$

$ Cα$ 57.33$

$ Cβ$ 38.12$

$ Hα$ 4.509$

$ Hβ2$ 2.772$

$ Hβ3$ 2.115$

$ Qδ$ ($

$ Qε$ ($

$ $ $
N218$ C'$ 174.8$

$ N$ 122.1$

$ H$ 9.487$

$ Cα$ 55.43$

$ Cβ$ 40.13$

$ Hα$ 4.553$

$ Hβ2$ 2.599$

$ Hβ3$ 1.960$

$ Hδ21$ 7.815$

$ Hδ22$ 6.761$

$ Nδ2$ 115.4$

$ $ $
Y219$ C'$ 173.4$

$ N$ 117.0$

$ H$ 8.019$

$ Cα$ 57.73$

$ Cβ$ 40.27$

$ Hα$ 5.100$

$ Hβ2$ 2.869$

$ Hβ3$ 2.792$

$ Qδ$ ($

$ Qε$ ($

$ $ $
W220$ C'$ 178.1$

$ N$ 120.5$

$ H$ 8.474$

$ Cα$ 56.83$

$ Cβ$ 34.06$

$ Hα$ 4.901$

$ Hβ2$ 3.454$

$ Hβ3$ 2.800$

$ Hδ1$ 6.832$

$ Hε1$ 9.457$

$ Hε3$ 7.098$

$ Hη2$ 4.906$

$ Hζ2$ 7.428$

$ Hζ3$ 6.168$

$ Nε1$ 129.3$

$ $ $
G221$ C'$ 173.9$

$ N$ 111.1$

$ H$ 9.064$
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G221$ Cα$ 44.70$

$ Hα2$ 4.722$

$ Hα3$ 4.549$

$ $ $
R222$ C'$ 177.9$

$ N$ 118.1$

$ H$ 8.932$

$ Cα$ 56.88$

$ Cβ$ 31.70$

$ Cγ$ 27.22$

$ Cδ$ 43.94$

$ Hα$ 4.583$

$ Hβ2$ 2.103$

$ Hβ3$ 2.103$

$ Hγ2$ 1.999$

$ Hγ3$ 1.911$

$ Hδ2$ 3.355$

$ Hδ3$ 3.355$

$ $ $
G223$ C'$ 173.4$

$ N$ 111.3$

$ H$ 9.187$

$ Cα$ 44.19$

$ Hα2$ 3.747$

$ Hα3$ 3.576$

$ $ $
T224$ C'$ 172.0$

$ N$ 116.9$

$ H$ 8.819$

$ Cα$ 59.98$

$ Cβ$ 70.71$

$ Cγ2$ 19.94$

$ Hα$ 4.763$

$ Hβ$ 3.884$

$ Qγ2$ 1.173$

$ $ $
Q225$ C'$ 175.2$

$ N$ 130.6$

$ H$ 8.552$

$ Cα$ 56.86$

$ Cβ$ 29.52$

$ Cγ$ 32.92$

$ Hα$ 4.427$

$ Hβ2$ 2.061$

$ Hβ3$ 2.056$

$ Hγ2$ 2.262$

$ Hγ3$ 2.081$

$ Hε21$ 6.952$

$ Hε22$ 6.749$

$ Nε2$ 112.0$

$ $ $
V226$ C'$ 174.9$

$ N$ 128.3$

V226$ H$ 8.810$

$ Cα$ 61.98$

$ Cβ$ 34.27$

$ Cγ1$ 19.90$

$ Cγ2$ 19.89$

$ Hα$ 4.651$

$ Hβ$ 2.381$

$ Qγ1$ 0.613$

$ Qγ2$ 0.614$

$ $ $
T227$ C'$ 172.1$

$ N$ 124.7$

$ H$ 8.561$

$ Cα$ 61.90$

$ Cβ$ 70.47$

$ Cγ2$ 21.82$

$ Hα$ 4.623$

$ Hβ$ 3.949$

$ Qγ2$ 1.146$

$ $ $
V228$ C'$ 175.7$

$ N$ 128.6$

$ H$ 8.496$

$ Cα$ 59.94$

$ Cβ$ ($

$ Cγ1$ 20.87$

$ Cγ2$ 20.23$

$ Hα$ 4.822$

$ Hβ$ 1.918$

$ Qγ1$ 0.655$

$ Qγ2$ 0.445$

$ $ $
S229$ C'$ 173.2$

$ N$ 122.6$

$ H$ 8.485$

$ Cα$ 57.62$

$ Cβ$ 65.11$

$ Hα$ 4.614$

$ Hβ2$ 3.900$

$ Hβ3$ 3.818$

$ $ $
S230$ C'$ ($

$ N$ 121.9$

$ H$ 8.148$

$ Cα$ 60.57$

$ Cβ$ 64.70$

$ Hα$ 4.292$

$ Hβ2$ 3.858$

$ Hβ3$ 3.858$
!
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Abstract Heavy chain antibodies differ in structure to
conventional antibodies lacking both the light chain and the

first heavy chain constant domain (CH1). Characteristics of

the antigen-binding variable heavy domain of the heavy
chain antibody (VHH) including the smaller size, high

solubility and stability make them an attractive alternative

to more traditional antibody fragments for detailed NMR-
based structural analysis. Here we report essentially com-

plete backbone and side chain 15N, 13C and 1H assignments

for a free VHH. Analysis of the backbone chemical shift
data obtained indicates that the VHH is comprised pre-

dominantly of b-sheets corresponding to nearly 60 % of the

protein backbone.

Keywords Heavy chain antibody ! VHH ! NMR

resonance assignments ! Secondary structure

Biological context

We have previously shown that antibody fragments, such
as antigen binding fragments (Fabs) and single chain

variable domain constructs (scFvs), can be used as alter-
natives to full length antibodies to investigate the structural

characteristics of antibody-antigen binding (Wilkinson

et al. 2009). Reducing the size of fragments further to just
the heavy chain variable domain (VH) has proved less

successful as removal of the light chain variable domain

(VL) exposes a large hydrophobic surface that can cause
VH fragments to aggregate (Ward et al. 1989). The pos-

sibility of producing stable VH domains, without the need

for substitution of selected hydrophobic residues at the VH-
VL interface has become more likely with the discovery of

a class of antibodies that have evolved without light chains

(Hamers-Casterman et al. 1993).
Heavy chain antibodies (HCAbs) are produced along-

side conventional antibodies in Camelidae, but lack both

the light chain and the first heavy chain constant domain
(CH1). The antigen-binding variable heavy domains of

heavy chain antibodies (VHH) are less prone to aggrega-

tion as the residues situated at what would be the VH-VL
interface in conventional antibodies are less hydrophobic

(Muyldermans et al. 1994). Another interesting character-
istic of VHHs are elongated complementarity determining

regions (CDR). These longer CDRs may explain why

HCAbs exhibit similar affinity and specificity to conven-
tional antibodies despite having fewer CDRs to interact

with antigens (Muyldermans et al. 1994). HCAbs may also

be able to access alternative binding sites, such as clefts
and cavities on protein targets not accessible by the rela-

tively flat paratopes of conventional antibodies (Sheriff and

Constantine 1996).
The smaller size, high solubility and stability of VHH

domains make them an attractive alternative to more tra-

ditional antibody fragments (such as Fabs and scFvs) for
detailed NMR-based structural analysis. In particular, to

probe the conformational properties and features of the
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CDR loops in both the free and antigen bound states, to

improve our understanding of antibody recognition of tar-
get proteins and the molecular processes involved. In this

communication we report essentially complete backbone

and side chain resonance assignments for an unbound VHH
domain, referred to as VHH 18, as well as the positions of

elements of regular secondary structure. VHH 18 is a 118

residue protein isolated from a heavy chain camelid anti-
body raised against the cytokine interleukin-6.

Methods and experiments

Uniformly 15N and 15N/13C labelled samples of VHH 18
(with an N terminal hexahistidine tag and TEV cleavage

site) were prepared from a pET21-based Escherichia coli

expression vector. Samples were prepared from cells
grown in minimal medium containing 1 g/l [ 99 % 15N

ammonium sulphate and/or 2 g/l [ 99 % 13C glucose as

the sole sources of nitrogen and carbon. A 13C labelled
sample for the 13C/1H NOESY-HSQC experiment was

prepared as described above, but with the addition of non-

isotopically labelled aromatic amino acids to the minimal
medium (His, Phe, Trp and Tyr at 50 mg/l). VHH 18 was

expressed as insoluble inclusion bodies, which were iso-

lated, resolubilised in 6 M guanidine hydrochloride and
purified under denaturing conditions on a Ni–NTA column

according to the manufacturer’s instructions (QIAGEN).

The VHH 18 containing fractions were pooled, diluted to

2 mg/ml and the protein refolded by dilution into 50 mM
TRIS, 1 M guanidine hydrochloride, 1 mM reduced glu-

tathione and 0.2 mM oxidised glutathione buffer at pH 8.5

(method adapted from Williamson et al. 1996). The refol-
ded VHH 18 was concentrated by ultrafiltration on a Vi-

vaflow 200 5,000 Da molecular weight cut off tangential

flow concentrator according to the manufacturer’s
instructions (Sartorius).

NMR spectra were acquired from 0.35 ml samples of

300–400 lM VHH 18 in a 25 mM sodium phosphate,
100 mM sodium chloride, 10 lM EDTA and 0.02 % (w/v)

sodium azide buffer at pH 6.4 containing 10 % D2O/90 %

H2O or 100 % D2O as appropriate. NMR data were
acquired at 35 !C on 600 MHz Bruker Avance, 600 MHz

Bruker DRX or 800 MHz Bruker Avance II spectrometers.

The 2D and 3D spectra recorded to make sequence-specific
15N, 13C and 1H resonance assignments were: 1H-1H

TOCSY with mixing times of 30 and 60 ms; 1H-1H NO-

ESY with an NOE mixing time of 125 ms; 15N/1H HSQC;
TOCSY-HSQC with a mixing time of 55 ms; 15N/1H

NOESY-HSQC and 13C/1H HSQC-NOESY with NOE

mixing times of 125 ms; 13C/1H HSQC; HCCH-TOCSY
with a mixing time of 19.5 ms and 15N/13C/1H HNCACB,

CBCA(CO)NH and HNCO (reviewed in Cavanagh et al.
2006). Typical acquisition times in F1 and F2 for the 3D

experiments were 16.8–20 ms for 15N, 6.8–8 ms for 13C

(20 ms in the HNCO) and 15–19 ms for 1H, with an

 (
1
H) [ppm]

(15
N

) 
[p

pm
]

Fig. 1 15N/1H HSQC spectrum
of VHH 18. Sequence-specific
assignments of signals from
backbone amide groups are
indicated by residue type and
number. In addition, side chain
amide group assignments are
labelled ‘s’. Signals labelled
with residue numbers \1 are
associated with the histidine tag
and TEV cleavage site
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acquisition time of 50 ms in F3 (1H). Typical acquisition

times in 2D experiments were 40 ms (15N), 9 ms (13C) or
35–40 ms (1H) in F1 and 100–200 ms in F2 (1H). 3D

experiments were collected over approximately 72 h, 2D
1H experiments over approximately 24 h, and 2D 15N/1H
or 13C/1H spectra over 40 min. The WATERGATE method

was used for water suppression when necessary. 2D and 3D

NMR data were processed using NMRPipe (Delaglio et al.
1995), with linear prediction used, when required, to

extend the effective acquisition times by up to two fold in

indirect dimensions. Spectra were analysed using the
Sparky package (T. D. Goddard and D. G. Kneller,

SPARKY 3, University of California, San Francisco).

VHH 18 gives rise to well-resolved spectra, as illus-
trated by the 15N/1H HSQC spectrum shown in Fig. 1. This

allowed for almost complete backbone resonance assign-

ments to be made. The locations of secondary structure
elements, as determined from the chemical shift data by the

A

B

C

Fig. 2 Secondary structure of
VHH 18. Regions of regular
secondary structure, as
determined by the programmes
TALOS (row A) and CSI (row
B), are highlighted below the
protein sequence in panel a. For
comparison, the secondary
structure reported for an
unrelated free VHH domain is
also shown (row C, Renisio
et al. 2002). b sheets are shown
in blue and a helical regions in
red. Panel b shows the deviation
of the observed Ca chemical
shifts from the random coil
values (Wishart and Sykes
1994). Residues within b sheet
regions are characterised by
negative secondary shifts of
[0.7 ppm and the helical
regions by positive shifts of
[0.7 ppm (Wishart and Sykes
1994). An equivalent plot
showing the Cb secondary shift
is shown in panel c. Residues
within b sheet regions are
characterised by positive
secondary shifts of [0.7 ppm
and the helical regions by
negative shifts of [0.7 ppm
(Wishart and Sykes 1994)
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programmes TALOS and CSI, are shown in Fig. 2. As

expected, this analysis revealed that the VHH 18 structure
is comprised predominantly of b-sheets, with TALOS

suggesting that the domain is composed of 10 separate

b-sheets corresponding to over 80 % of the protein back-
bone. CSI predicts a similar pattern of 11 b-sheets corre-

sponding to nearly 60 % of the protein backbone, however,

it is noticeable that in a few cases the b-sheets identified by
CSI are significantly shorter than those predicted by

TALOS. Comparison of our results for VHH 18 to a pre-
viously published NMR structure of an unrelated free VHH

(Renisio et al. 2002), suggests that the CSI approach

more reliably identifies the secondary structure elements of
VHH 18.

Extent of assignments and data deposition

Sequence-specific backbone amide assignments were
obtained for all residues in VHH 18 with the exception of

R28, S62, G88, C95 and W102 to T107 (91 %), and for Ca
and Cb signals apart from W102 to N106 (95 %). All Ha
and Hb signals were assigned with the exception of E1

(Hb2 and Hb3), C22 (Ha), S25 (Hb2 and Hb3), R28, S62,

S73, G88, C95 and W102 to T107 (89 %). For the
remaining non-exchangeable side chain signals (15N, 13C

and 1H) assignments were obtained apart from E1, Q3, L27

(Cc and Hc), R28, Q39 (Cc), F51 (Hf), Q71, L80 (Cc and
Hc), Q81 (He22 and Ne2), Y93 (Qe), N96 (Hd21 and

Hd22), Q113 (Cc, Hc2 and Hc3) and W102 (He3, Hg2 and

Hf3). In addition, no side chain assignments were obtained
for Y103 to T107. The comprehensive 15N, 13C and 1H

resonance assignments obtained for VHH 18 have been

deposited in the BioMagResBank database (accession
number 18837).
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Background: Antibodies are essential components of the immune system which recognize specific antigens with high
affinity.
Results: Protein antigen binding sites on antibodies show conformational exchange on a millisecond to second timescale.
Conclusion: Conformational heterogeneity at high affinity protein-protein interaction sites may be common and facilitate
efficient protein complex formation.
Significance: High affinity protein-protein interactions are critical for many biological processes.

Specific, high affinity protein-protein interactions lie at the
heart of many essential biological processes, including the
recognition of an apparently limitless range of foreign pro-
teins by natural antibodies, which has been exploited to
develop therapeutic antibodies. To mediate biological pro-
cesses, high affinity protein complexes need to form on
appropriate, relatively rapid timescales, which presents a
challenge for the productive engagement of complexes with
large and complex contact surfaces (!600 –1800 Å2). We
have obtained comprehensive backbone NMR assignments
for two distinct, high affinity antibody fragments (single
chain variable and antigen-binding (Fab) fragments), which
recognize the structurally diverse cytokines interleukin-1!
(IL-1!, !-sheet) and interleukin-6 (IL-6, "-helical). NMR
studies have revealed that the hearts of the antigen binding
sites in both free anti-IL-1! Fab and anti-IL-6 single chain
variable exist in multiple conformations, which interconvert
on a timescale comparable with the rates of antibody-antigen
complex formation. In addition, we have identified a con-
served antigen binding-induced change in the orientation of
the two variable domains. The observed conformational het-
erogeneity and slow dynamics at protein antigen binding sites
appears to be a conserved feature of many high affinity pro-
tein-protein interfaces structurally characterized by NMR,
suggesting an essential role in protein complex formation.
We propose that this behavior may reflect a soft capture, pro-
tein-protein docking mechanism, facilitating formation of

high affinity protein complexes on a timescale consistent
with biological processes.

Antibodies are both an integral component of the adaptive
immune system and a highly important class of protein thera-
peutic. Their highly specific and modular nature, coupled with
the potential to bind to a huge range of target molecules, makes
them one of the most important types of therapeutic available
today. Since monoclonal antibodies were first produced in the
1970s (1) there have been significant advances in the ability to
engineer antibodies. For example, the successful humanization
of mouse antibodies, together with the ability to now produce
completely human monoclonal antibodies, has allowed the
development of highly specific and potent therapeutics (2). Due
to the modular nature of these proteins a number of antigen-
binding derivatives have been developed as potential therapeu-
tics, including the fragment antigen-binding (Fab)6 and single
chain variable fragment (scFv). In addition, a variety of more
elaborate antibody-based therapeutics is under evaluation,
which provide further functionality required for specific appli-
cations (3).

To date, a number of Fab fragments have been licensed as
therapeutics, with several other antibody fragments in various
stages of clinical development. There are currently "30 United
States Food and Drug Administration approved, antibody-de-
rived therapeutics available, with at least nine of these generat-
ing revenues of "1 billion dollars per year (4). Antibody-based
therapeutics now constitute a large proportion of global thera-
peutic sales, and with development times comparable with
small molecule drugs and higher success rates, will remain a
major part of the pharmaceutical industry.
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The high specificity and affinity of antigen recognition lie at
the heart of both therapeutic antibody development and the
adaptive immune response. This is primarily mediated by the
hypervariable loops formed by the complementarity determin-
ing regions (CDRs), however, the conformational properties of
the CDR loops, together with potential conformational changes
induced by antigen binding, remain poorly characterized. The
lack of information relating to the antigen binding site also
includes very limited knowledge of potential conformational
heterogeneity and dynamics on a slow or fast timescale (sec-
onds to picoseconds).

Almost all of the high resolution structures currently avail-
able for antibodies have been determined by x-ray crystallogra-
phy, which limits the ability to gain insights into functionally
important conformational dynamics. In addition, there are a
relatively limited number of cases where structures have been
obtained for both the free antibody and the complex formed
with its target protein (5). Consequently, no clear picture has
emerged concerning the potential conformational changes
induced by antigen binding, and the structural nature of the
CDR loops in both the presence and absence of antigen. NMR
spectroscopy-based structural biology has now advanced to the
point at which detailed structural information can be obtained
for proteins and complexes of at least 100 kDa in size (6). This
enables the use of NMR spectroscopy to probe the conforma-
tional features and properties of both free and antigen-bound
antibody fragments, such as scFvs and Fabs.

In this paper, we report the acquisition and analysis of high
quality three-dimensional 15N/1H and 15N/13C/1H NMR spec-
tra for both free and antigen-bound scFvs and Fabs. This has
allowed the determination of comprehensive sequence-specific
backbone resonance assignments for the antibody fragments,
which have revealed conserved structural changes within dis-
tinct antibody fragments upon binding to structurally diverse
protein antigens. Furthermore, the NMR data show that the
core of the antigen binding sites, in particular the CDR3 loops,
exist in multiple conformational states that interconvert on a
relatively slow timescale (milliseconds to seconds). Interest-
ingly, this behavior appears to be a conserved feature of many
high affinity protein-protein interaction sites (7–13), suggest-
ing a key role in the formation of tight protein complexes.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The humanized anti-
IL-6 scFv and anti-IL-1! Fab antibody fragments, human IL-1!
and human IL-6 were all produced as soluble proteins in Esch-
erichia coli-based expression systems. Tandem pTTod-based
expression vectors encoding the heavy and light chain of the
anti-IL-6 Fab and anti-IL-1! Fab were provided by UCB. To
produce the anti-IL-6 scFv, the parent Fab vector was modified
by restriction digestion and PCR to produce a single expressible
gene encoding the variable light domain (VL), (Gly4Ser)4 linker,
variable heavy domain (VH) and His6 tag, as described previ-
ously for an anti-IL-1! scFv (14). pET-21-based vectors encod-
ing IL-1! or IL-6 with an N-terminal His6 tag containing a
tobacco etch virus protease site in the linker were also provided
by UCB (14, 15).

The Fab and scFv expression vectors were transformed into
W3110 E. coli-competent cells for the production of 15N, 15N/
2H, 15N/13C/2H, or unlabeled protein. Cells containing the anti-
IL-1! Fab vector were grown in either Luria-Bertani (LB)-rich
medium, or a modified Spizizen’s minimal medium (16, 17) and
expression induced at 37 °C (14). Uniformly 15N labeled and
unlabeled anti-IL-6 scFv were similarly expressed; however,
15N/2H- and 15N/13C/2H-labeled proteins were produced using
a small volume, high cell density expression procedure (18) to
obtain high yields of deuterated protein from 50-ml cultures.

IL-1! was expressed in Tuner (DE3) pLysS E. coli cells at
25 °C, as described previously (14). For the production of IL-6,
the expression vector was transformed into Origami B DE3
pLysS E. coli cells, which were grown in either LB, modified
Spizizen’s minimal medium, or high cell density minimal
medium (18), containing 100 "g/ml carbenicillin, 12.5 "g/ml
tetracycline, 15 "g/ml kanamycin, and 34 "g/ml chloramphen-
icol. Cultures were grown to an A600 of 0.3– 0.6 at 37 °C, cooled
to 17 °C, IL-6 expression induced by the addition of 100 "M
IPTG, and cells harvested after approximately a 16-h induction.

The anti-IL-6 scFv, IL-1!, and IL-6 were purified as
described previously (14, 15) using a combination of nickel
affinity (Ni-nitrilotriacetic acid) and size exclusion chromatog-
raphy (Superdex 75). The anti-IL-1! Fab was also purified as
reported previously (14) using a combination of protein G affin-
ity (protein G-Sepharose) and size exclusion chromatography
(Superdex 75). During the purification of deuterated samples of
the anti-IL-6 scFv, the protein was fully denatured and refolded
after nickel affinity chromatography to ensure complete
exchange of any buried backbone amide groups. The scFv was
denatured by the addition of 5 M guanidine hydrochloride and
refolded by dialysis into a 100 mM sodium chloride and 25 mM
Tris buffer at pH 7.5. Purified samples of the deuterated anti-
IL-1! Fab were similarly denatured (6 M guanidine hydrochlo-
ride) and refolded by dialysis (100 mM sodium chloride and 25
mM sodium phosphate buffer at pH 6.5) to obtain complete
exchange of backbone amide groups.

Surface Plasmon Resonance—On and off rate constants for
antigen binding to immobilized antibody fragments were deter-
mined by surface plasmon resonance experiments carried out
essentially as described previously (15).

NMR Spectroscopy—NMR spectra were acquired from
350-"l samples of the free and antigen-bound antibody frag-
ments (170 –500 "M) and of free and antibody-bound IL-1!
and IL-6 (200 – 400 "M). The IL-1!, anti-IL-1! Fab, and IL-1!-
Fab complex were in a 100 mM sodium chloride, 25 mM sodium
phosphate, 10 "M EDTA, 100 "M AEBSF, and 0.02% (w/v)
sodium azide buffer at pH 6.5 (90% H2O/10% D2O). Backbone
resonance assignments were initially obtained for IL-6 in a 100
mM sodium chloride and 20 mM sodium phosphate buffer at pH
6.4 (95% H2O/5% D2O). The anti-IL-6 scFv, IL-6!scFv complex
and comparable free IL-6 samples were in a similar buffer con-
taining 100 mM sodium chloride, 25 mM sodium acetate, 10 "M
EDTA, 200 "M PMSF, and 0.02% sodium azide buffer at pH 5.5
(90% H2O/10% D2O). NMR data were collected at 35, 40, and
45 °C for free IL-1!, 25, 35, and 40 °C for free IL-6, 40 °C for the
free and antigen-bound anti-IL-6 scFv, and at 45 °C for the free
and IL-1!-bound Fab, using either 600 MHz Bruker DRX or
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800 MHz Bruker Avance spectrometers equipped with triple
resonance (15N/13C/1H) cryoprobes.

A series of two- and three-dimensional TROSY-based spec-
tra (19) were acquired to obtain sequence specific backbone
resonance assignments for the anti-IL-6 scFv, anti-IL-1! Fab,
and antigen-bound complexes, including 15N/1H TROSY (19),
15N/13C/1H HNCO, HNCA, HN(CO)CA (20), HNCACB (21)
and HN(CO)CACB (22). Typical acquisition times for the two-
dimensional experiments were 30 ms in F1 (15N) and 60 ms in F2
(1H), with a total experimental time of 30 to 90 min. Typical
acquisition times for the triple-resonance three-dimensional
experiments were 6 –9 ms in indirect 13C apart from HNCO
which were 18 –22 ms, 20 –25 ms in indirect 15N and 60 –90 ms
in direct 1H, with an overall experimental time of 60 to 96 h.
Long range backbone amide NOE data were also obtained from
15N/1H NOESY-TROSY and NOESY-HSQC spectra (23),
which were recorded with acquisition times of 12–15 ms in
indirect 1H, 9 –12 ms in indirect 15N, and 60 –90 ms in direct
1H, with an NOE mixing time of 500 ms for the anti-IL-1! Fab,
450 ms for the anti-IL-6 scFv-IL6 complex, and 700 ms for the
free scFv. Total acquisition times for the NOE experiments
were 87–92 h. A series of double- and triple-resonance spectra
were also recorded to obtain essentially complete sequence-
specific backbone resonance assignments for IL-6 and IL-1!, as
described previously (14, 15).

Partially aligned samples of the free and IL-1!-bound anti-
IL-1! Fab were produced by the addition of Pf1 phage (Asla
Biotech) at 3– 4 mg/ml. Backbone amide residual dipolar cou-
pling values were derived from measured differences in the
15N/1H scalar couplings seen in spectra acquired from isotropic
and partially aligned samples, with the separation between
equivalent peaks in 15N/1H HSQC and temperature-compen-
sated TROSY spectra used to determine the couplings (24).
Individual two-dimensional spectra were collected for 5–12 h,
with acquisition times of 60 ms in direct 1H and 50 ms in indi-
rect 15N.

All NMR data were processed using Topspin 2.1 (Bruker Bio-
spin) and analyzed using the SPARKY package (Goddard and
Kneller, SPARKY 3, University of California, San Francisco).

Chemical Shift-based Mapping of Interaction Sites—Back-
bone chemical shift (15N, 13C, and 1H) comparisons between
free and bound antibody fragments and antigens were made
using the minimal shift method (7–9) and by direct comparison
of assigned backbone signals for the free and bound proteins
where available. For the anti-IL-1! Fab, peaks from the com-
prehensively assigned HNCO spectrum of the free protein were
compared with the unassigned HNCO spectrum of the
Fab!IL-1! complex. In the case of the anti-IL-6 scFv, this
approach was extended to combine an assigned free versus
bound comparison with minimal shift analysis for residues that
were not assigned in both states, which provides the fullest
overall picture of the backbone chemical shift changes induced
by complex formation. Minimal shift analysis was used to map
the affects of antibody binding on IL-1! and IL-6.

Modeling of the scFv and Fab Structures—Homology models
of the anti-IL-1! Fab and anti-IL-6 scFv were produced as
described previously, with the residual dipolar coupling refined
model of the anti-IL-1! scFv (PDB accession code 2KH2) used

as a template for the anti-IL-6 scFv (14). The homology model
obtained for the anti-IL-1! Fab was further refined using
HADDOCK (25), with a combination of backbone amide resid-
ual dipolar coupling data, chemical shift-derived backbone
dihedral angles, and backbone HN-HN NOEs included as exper-
imental restraints (14). Analysis of the scFv and Fab structural
models produced, including the mapping of antigen binding-
induced chemical shift changes, was carried out using the
PyMOL molecular graphics package.

RESULTS AND DISCUSSION

NMR Spectroscopy of Antigen-binding Antibody Fragments—
NMR samples of the anti-IL-6 scFv and anti-IL-1! Fab were
found to be stable for many days at 40 and 45 °C, respectively,
which allowed the acquisition of a range of high quality two-
dimensional and three-dimensional NMR spectra, as illus-
trated in Figs. 1 and 2. The spectra obtained show excellent
dispersion of backbone signals (15N, 13C, and 1H) and good
signal to noise ratios. The line widths observed for resonances
in highly deuterated samples of the antibody fragments allowed
the recording of an extensive set of triple resonance spectra for
both the free and antigen-bound anti-IL-6 scFv and for the free
anti-IL-1! Fab. The correlations detected between backbone
signals in these spectra, together with backbone amide NOEs
identified in three-dimensional 15N-edited NOESY experi-
ments, enabled the determination of comprehensive sequence-
specific backbone resonance assignments (HN, N, C", C!, and
C!) for both the anti-IL-6 scFv (free and bound to IL-6) and the
free anti-IL-1! Fab using well established procedures (7, 8, 14,
26, 27).

The majority of the detectable backbone amide signals (15N
and 1H) were assigned for the free anti-IL-6 scFv, with 192 of
the 218 possible backbone amide groups identified (88%
excluding the linker (20), His6 tag (6), prolines (9), and N-ter-
minal residue). Backbone amide signals were not identified for
Ser9, Leu47, Asp50, Ser77, Ser91-Tyr94, Trp96, Gly145, Asp162,
Met163, Tyr224, Cys225, Arg227-Glu236, Gly241, and Thr242 (Fig.
3). The extent of the backbone assignments obtained for the
scFv bound to IL-6 was slightly higher, with 198 possible back-
bone amide groups identified (91%). Backbone amide reso-
nances were not assigned for Leu47, Asp50, Asp56, Ser77,
Ser91-Tyr94, Trp96, Thr97, Gly138, Gly145, Tyr224, Cys225, His228-
Thr231, Asp233, Tyr234, and Thr242. For both the free and IL-6-
bound scFv nearly all of the backbone amide-associated spin
systems observed in spectra were assigned to specific residues,
with only a few very weak (3– 4) or incomplete systems (5– 6)
remaining unidentified.

For the free anti-IL-1! Fab, 15N and 1H resonances from 338
of the 419 assignable backbone amide groups were identified
(81% excluding prolines (23) and the two N-terminal residues).
Backbone amide signals were not assigned for Ile2, Gln6-Ser7,
Ser9, Asn28, Trp35, Gly41, Gln45, Asn50, Gly66, His90-Leu94,
Phe96, Ser156, Gly157, Ser168, Ser202, Ser203, Gly212, Glu213,
Glu215, Val216, Gly222, Asp242, Asp247, Leu259, Val262, Ala263,
Gly268, Gly270, Tyr273, Phe274, Asp276, Thr277, Gly280, Tyr308-
Phe320, Ser333, Ser347-Thr355, Val362-PheF365, Thr380-Gly382,
Ser392, Ser393, Ser406, Ser407, Lys434-Lys438, and His440-Ala443

(Fig. 3). More than 94% of the backbone amide-associated spin

Conformational Heterogeneity in Antibody-Antigen Recognition

7202 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 10 • MARCH 7, 2014

 at Leicester U
niversity Library on M

ay 9, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


systems detected for the Fab were assigned to specific residues,
with the assignment of only approximately 20 backbone amide
signals remaining unclear. We have previously reported essen-
tially complete backbone resonance assignments for the equiv-
alent scFv bound to IL-1! (14). Spectra acquired for the scFv
and Fab bound to IL-1! show strikingly similar shifts for back-
bone signals (HN, N, and C!) arising from the shared antigen
binding variable domains (VH and VL), which clearly indicates
an essentially identical structure for the two variable domains
and the interface formed with IL-1!. This is also reflected in the
near perfect overlay of 15N/1H HSQC spectra acquired for
IL-1! bound to the scFv and Fab (14).

Analysis of HNCO spectra collected for the free and antigen-
bound anti-IL-1! Fab revealed the appearance of 17 new peaks
upon binding to IL-1!. Comparison with the fully assigned
spectrum available for the equivalent scFv bound to IL-1! (14)
clearly showed that these new peaks arose from the backbone

amides of residues in the antigen binding CDR loops, in partic-
ular, Asn31, Phe91, Trp92, Ser93, Leu94, and Phe96 in the VL
domain and Asp247, Gly268, Gly270, Gln313, Asn314, Lys315,
Lys316, Leu317, Thr318, Trp319, and Phe320 in the VH domain
(Figs. 3 and 4). Overall, by reference to the assigned spectra of
the free anti-IL-1! Fab and equivalent scFv bound to IL-1!, 355
of the 419 (85%) assignable backbone amide signals (15N and
1H) were identified for the IL-1!-bound Fab.

The completeness of the backbone assignments obtained for
the antigen binding variable domains of the anti-IL-6 scFv and
anti-IL-1! Fab are shown in Fig. 3, which highlights many sim-
ilarities. The overall assignment level for both proteins is high;
however, the assignments are slightly more complete for the
anti-IL-6 scFv than for the anti-IL-1! Fab, with better coverage
for both the CDR loops and the framework residues. Interest-
ingly, for both the IL-6- and IL-1!-targeted antibodies the
assignment of the CDRs is incomplete in the absence of bound

FIGURE 1. Comparison of 15N/1H TROSY spectra for free and antigen-bound anti-IL-6 scFv and anti-IL-1! Fab. A and B, 15N/1H TROSY spectra of
15N-labeled anti-IL-6 when free (A) and bound to unlabeled IL-6 (B). C and D, similarly, 15N-labeled anti-IL-1! Fab spectra when free (C) and bound to unlabeled
IL-1! (D).

FIGURE 2. Strip plots representative of three-dimensional NMR spectra collected for the free anti-IL-1! Fab. A, series of 15N strips from an HNCACB
experiment, illustrating the sequential connections used to assist the assignment of backbone signals for Leu11-Arg18. B, equivalent 15N strips from a 15N/1H
NOESY-HSQC spectrum, with sequential HN-HN NOEs involving Leu11-Arg18 highlighted.
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antigen. This lack of assignments for the CDR loops reflects the
absence of backbone amide signals from many residues present
in these regions, in particular, for CDR3 of both the VL and VH
domains, which indicates the presence of a number of discreet
structural states interconverting on a relatively slow timescale
(milliseconds to seconds) (28). The striking similarity in the
behavior of the CDRs in both the anti-IL-1! Fab and anti-IL-6
scFv suggests that conformational heterogeneity is a common
feature of antibody CDR loops, particularly toward the core of
the antigen binding surface.

Comparison of the extent of the backbone assignments
obtained for the antigen-bound forms of the anti-IL-6 scFv and
anti-IL-1! Fab reveals a marked difference between the two
antibody/antigen systems (Figs. 3 and 4). In both cases, a num-
ber of backbone amide signals were recovered upon antigen
binding, which were assigned to CDR loop residues and are
highlighted on the structures shown in Fig. 4. This appearance
of missing backbone amide NMR signals suggests a stabiliza-
tion of the CDR loops through interactions with the target pro-
teins. However, whereas the majority of the CDR signals are
visible for the anti-IL-1! Fab bound to IL-1!, only a relatively
small number of new signals are seen for the anti-IL-6 scFv
bound to IL-6, with a large portion of CDR3 in both VH and VL
remaining unobservable. This difference is most likely due to
the distinct structural nature of the two antigens, with IL-1!
being structurally quite stable compared with a more dynamic
IL-6 (14, 15). Interestingly, in spectra of the anti-IL-6 scFv

FIGURE 3. Comparison of the extent of the backbone NMR assignments obtained for the variable domains (VL and VH) of the free and antigen-bound
forms of the anti-IL-6 scFv (A) and anti IL-1! Fab (B). Residues for which backbone resonance assignments were made are highlighted in gray for both the
free and antigen-bound antibody fragments. The positions of elements of regular secondary structure and CDR loops are also indicated, with "-helices shown
as red bars, !-sheets as green arrows, and CDRs as green boxes. The overall assignment level for the free scFv is slightly higher than for the Fab, but for both
antibodies backbone signals from residues in CDR3 of VL and VH remain largely unassigned due to the absence of detectable backbone amide resonances.
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FIGURE 4. Localization of antibody residues with nonobservable back-
bone amide NMR signals in the free state and appearance upon antigen
binding. Antibody residues with backbone amide resonances that were
observable only after antigen binding (green) or were missing in both the free
and bound states (yellow) are highlighted on the structural models of the
anti-IL-1! Fab and anti-IL-6 scFv. Backbone amide signals were not observed
for the heart of the antigen binding site in both free antibody fragments. The
majority of these signals appeared for the anti-IL-1! Fab on binding to IL-1!,
but remained unobservable for the anti-IL-6 scFv bound to IL-6.

Conformational Heterogeneity in Antibody-Antigen Recognition

7204 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 10 • MARCH 7, 2014

 at Leicester U
niversity Library on M

ay 9, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


bound to IL-6 a number of residues in VH CDR2 (Ser179, Thr181,
Ser183, Gly184, Thr187, Tyr188, Arg190, Ser192, and Val193) and
either in, or adjacent to VH CDR3 (Leu232, Phe235, Tyr237,
Gln240, and Gly241), show significantly broader amide proton
signals (!30 Hz) than observed for the majority of the protein
(overall average of 26.3 " 4.2 Hz), as shown in Fig. 5. This is
consistent with some remaining slow conformational exchange
behavior at the antigen binding site of the VH domain, which is

presumably possible due to the relatively flexible nature of the
IL-6 structure (15).

Mapping of Antigen Binding Sites—The effects of antigen
binding on the backbone signals (HN, N, and C#) of the anti-IL-6
scFv and anti-IL-1! Fab were determined by a combination of
minimal and actual shift analyses of HNCO spectra obtained
for the free and bound antibody fragments. The results from the
chemical shift analyses were mapped on to a homology model
of the anti-IL-6 scFv (Fig. 6) and a refined homology model of
the anti-IL-1! Fab (Fig. 7). The locations of residues affected by
antigen binding further highlight the absence of NMR signals
from a significant number of CDR residues, particularly in the
CDR3s of both the VH and VL domains (Figs. 6 & 7). The bind-
ing-induced chemical shift changes also clearly show that the
visible CDR signals are highly perturbed by antigen binding. An
antigen binding site can be clearly identified on both the anti-
IL-6 scFv and on the anti-IL-1! Fab, which is further confirmed
by NMR data obtained for the corresponding IL-1! scFv (14).

Interestingly, for both antibody fragments further antigen-
induced structural changes were revealed by chemical shift
changes that lie beyond the CDR loops. These include changes
in the framework residues supporting the CDR loops and in
residues at the interface between the VL and VH domains.
There are striking similarities in the regions affected for both
antibody fragments despite binding to structurally diverse
antigens, which strongly suggests that conserved conforma-

FIGURE 5. Linewidths of backbone amide proton NMR signals in a typical
TROSY-HNCO spectrum of the anti-IL-6 scFv bound to IL-6. The positions
of the variable domains (VL and VH) and antigen binding CDR loops are indi-
cated above the histogram. Significantly broader backbone amide signals
were observed for a number of residues in VH CDR2 and either in, or adjacent
to VH CDR3, which is consistent with slow conformational exchange in the
antigen binding region of the VH domain.

FIGURE 6. Mapping of the IL-6 interaction site on the anti-IL-6 scFv. The combined HN, N, and C# chemical shift changes for residues between free and
IL-6-bound anti-IL-6 scFv were assigned a color depending on their magnitude, with shifts of $0.002 ppm colored white, !0.03 ppm colored red, and those in
between colored on a linear gradient from white to red. Similarly, for residues with backbone signals that remained unassigned in the free or bound state
antigen-induced changes were determined by the minimal shift approach, with shifts of $0.002 ppm colored white, !0.03 ppm colored blue, and those in
between colored on a linear gradient from white to blue. Residues for which no chemical shift data could be obtained are colored yellow. The chemical shift
changes observed are mapped onto both a ribbon representation of the scFv and a surface view of the antigen binding site. The most substantial changes are
seen in the CDR loops and the interface between the two variable domains.
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tional changes beyond the CDR loops are important for
effective antigen binding. In contrast to the variable domains,
the constant domains present in the anti-IL-1! Fab show
almost no signs of chemical shift perturbation except at the
VL/CL interface. This most likely reflects movements of the VL
domain relative to the rest of the protein rather than structural
changes within the constant domain.

Mapping of Antibody Binding Sites—Nearly complete back-
bone and side chain assignments have been reported previously
for IL-1! and IL-6 (29, 30), but under solution conditions dif-
ferent from those required for this study. It proved relatively
straightforward to obtain essentially complete backbone reso-
nance assignments for both cytokines under the new condi-
tions, with backbone amide signals identified for all nonproline
residues apart from Glu51, Lys54, and Glu69 in IL-6 (98%), and
Ala1, Arg4, Asn53, and Glu64-Asn66 in IL-1! (96%). The back-
bone assignments obtained for IL-6 and IL-1! allowed further
assessment of the nature of the interaction between the anti-
body fragments and their target antigens (14, 15), with minimal
shift analysis providing information on the location of the anti-
body binding surfaces and of any structural changes induced in
the bound proteins.

IL-1! shows a discreet antibody binding site, with substantial
and highly localized chemical shift perturbations (Fig. 8A), con-

sistent with a stable structure that is not significantly affected
by antibody binding. In stark contrast, IL-6 shows significant
perturbation of NMR signals throughout the protein as a result
of scFv binding (Fig. 8B). This probably reflects the somewhat
plastic and dynamic nature of the IL-6 structure, which has
been described previously (15, 29), and may be related to the
biological function of IL-6 and conformational changes associ-
ated with the formation of the IL-6!IL-6R"!gp130 signaling
complex (15, 31). This in turn may explain the continued lack of
observable backbone amide signals for residues in both CDR3
loops of the anti-IL-6 scFv bound to IL-6, with the inherent
flexibility of IL-6 allowing continued exchange between distinct
structural states for the contacting CDR loops. This property of
the IL-6!scFv complex is in contrast to the IL-1!!Fab, or equiv-
alent IL-1!!scFv complex, in which the majority of the back-
bone amide CDR signals are seen (Fig. 4 and Ref. 14).

The exchange between multiple conformational states on a
relatively slow timescale, particularly for the CDR3s, is a con-
served feature of the two distinct antibodies that have been
characterized. The lack of backbone amide signals for these
regions implies that a number of discreet structural states are
being sampled on a millisecond to second timescale. This
behavior is conserved in two antibodies with very different anti-
gen binding sites and has recently been seen in another heavy
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chain antibody (32), which strongly suggests that conforma-
tional heterogeneity at the heart of the antigen binding site may
be a critical feature to ensure effective binding of target pro-
teins. This may simply reflect the need to accommodate flexible
surfaces on protein antigens, but also has the potential to play a
key role in facilitating productive binding to an extensive con-
tact surface (typically 1700 ! 260 Å2 (33)).

The slow dynamics of CDR loops at the heart of the antigen
binding site and associated sampling of multiple conformations
may allow antibodies to recognize and bind protein antigens
when approaching at a less than optimal orientation. If this
conformational heterogeneity in the CDRs allows the initiation
of binding at some significant variance from the ideal orienta-
tion for interaction, it could greatly improve the chances of
binding and therefore the on rate (ka) for antibody-antigen
complex formation (Fig. 9, anti-IL-1! ka " 1.4 # 106 M$1s$1,
KD " 80 pM and anti-IL-6 ka " 2.36 # 106 M$1s$1, KD 41 pM).
This soft capture type mechanism would also allow initial inter-
molecular interactions at nonoptimal orientations, facilitating
final docking of the proteins. The slow exchange between mul-
tiple conformations and relatively high affinity of interactions
involving CDR3s appears well suited to the soft capture of pro-
tein antigens, perhaps assisted by movement of the variable
domains relative to each other. This process could also serve to
guide the target protein into the optimal orientation for inter-
actions with residues in the apparently less dynamic CDR1 and
CDR2 loops, which make important contributions to overall
affinity and specificity (Fig. 10).

Conformational heterogeneity and associated slow motions
appear to be a feature of many high affinity protein-protein
interaction sites, involved in a diverse range of processes from
receptor-mediated signaling to control of gene expression
(7–13). This perhaps suggests that a soft capture type mecha-
nism may be a key feature of many high affinity protein-protein
interactions, facilitating a rate of complex formation consistent
with that required by a range of biological processes.

Changes in the conformations and dynamics of the CDR3
loops induced by antigen binding appear to be accompanied by
reorientations of the antibody variable domains relative to each
other, with significant chemical changes seen for residues at the
VH/VL interface in both the anti-IL-1! Fab and anti IL-6 scFv
(Figs. 6 and 7). A number of previous studies have reported
antigen-induced changes in the orientation of the variable
domains; however, no consistent picture has emerged (34 –37).
This may reflect the difficulty in detecting significant but small
structural changes in proteins, which can now be reliably iden-
tified for relatively large proteins and complexes through the
high sensitivity of backbone and side chain NMR chemical
shifts to changes in conformation (6 –9, 14, 15, 38).

CONCLUSIONS

The work reported here describes the results of an NMR-
based study of the structural characteristics of the antigen bind-
ing regions of antibodies selected for their ability to recognize
target proteins with very high specificity and affinity. This has
revealed conformational heterogeneity and slow dynamics at
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the heart of the antigen interaction sites, together with struc-
tural changes beyond the contact surfaces induced by antigen
binding. The characterization of antibody fragments against
two structurally distinct proteins, with IL-6 typical of a rela-
tively flexible !-helical structure and IL-1" representative of a
fairly rigid "-sheet topology, has allowed the identification of
antibody features and properties associated with antigen recog-
nition that are independent of the structure of the target
protein.

A number of structural features and properties have been
identified that are common to both the anti-IL-1" Fab and anti-
IL-6 scFv. Perhaps the most interesting is the finding that the
two distinct binding surfaces demonstrate similar conforma-
tional heterogeneity and slow dynamics for residues within the
CDR3 regions of both variable domains prior to antigen bind-
ing. This sampling of a number of distinct conformations, lead-
ing to missing backbone NMR signals, appears to be an impor-
tant feature of the heart of the antigen binding site, which is
likely to play a key role in the recognition and/or binding of
protein antigens. This inherent flexibility, sampling conforma-

tions on a millisecond to second timescale, may mediate an
initial soft capture of the antigen over a range of suboptimal
orientations of the two proteins, facilitating correct engage-
ment of the antigen with other less flexible and potentially
lower affinity CDR residues. This type of mechanism may help
to guide initial antibody-antigen contacts down a productive
binding pathway, resulting in an increased ability to bind at less
than perfect orientations, which may significantly improve the
rate of complex formation compared with rigid protein inter-
action surfaces.

Further antibody structural changes also take place following
antigen binding, with an apparent change in the orientation of
the two variable domains in both the anti-IL-1" Fab and anti-
IL-6 scFv. Flexibility at the VH/VL interface may further facili-
tate the soft capture mechanism by allowing an additional level
of adaptability. However, changes in VH/VL orientation could
also be linked to processes beyond antigen recognition, such as
the initiation of B cell receptor signaling, which remains poorly
understood. The conformational heterogeneity and slow
dynamics reported here appears to be shared by many high
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FIGURE 9. Binding of protein antigens to captured antibody fragments. Typical surface plasmon resonance sensorgrams are shown for the binding of IL-6
and IL-1" to captured anti-IL-6 scFv (A) and anti-IL-1" Fab (B), respectively. The responses obtained indicate very high affinity antigen binding for both antibody
fragments, with a KD of 41 pM determined for the anti-IL-6 scFv and 80 pM for the anti-IL-1" Fab.
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affinity protein-protein interaction surfaces across a wide range
of biological processes, which is consistent with a potentially
important role for the soft capture, protein-protein docking
mechanism in high affinity complex formation (7–13).
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