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PREFACE

My [ first[ contactwith[experimentall science was[ allaboratory[traineel period atlthe
Institute[of[Biotechnology[at[University [of Helsinki in'Summer[1997(in(thelaboratory [of
Harri[Savilahti.[Since(thislenthusiastic[summer[Ihave[beenkeenlylinterested[in[natural
sciences, later@speciallythoseltopics/doveringthe fieldsofbioorganicland/supramolecular
chemistry.[Thislinterest of mine formed[the basis[for[University and[graduate(studies,
shortl researchl projectsin[ various[ laboratories[ and[ researchl centres and now![ tol the
outcomel 0f! this[ Thesis.[ Therelare[ many people Wholhavel contributed[inl onelivayl or
another!(fo(this[workand[Twish[fo thank[all [0flyou for [your(effortsor for[justbeing[there
formelandmaking|thisThesis possible.

Thisworkis(aresultloflgroup work [dnd hasbeen[carried [out hainly [in[two [places.The
work[‘waslinitiatedin[the[Bioinorganic[ and[ Supramolecular Chemistry[ Group ofl the
Department[ of Chemistry[atl the[ University [ of Y ork[ and[ finalised[in[the Centre[ of
Excellence oflthe[AcademyofFinland (" Bio[land NanopolymerResearch group",[77317)
at[the(laboratory of Optics and Molecularmaterials of the[Departmentlofl Engineering
Physics!at[the[Helsinki[University [of Technology. Tlwould(like fo [thank [ty [Supervisors
Prof.[ David[K. Smith"and[Prof.[OllilIkkalalforlall of’ thelencouragement,insightland
thoughts. It mow [Seems [possible for e (to [See furtherand linderstand [domplex [donnections
withlessleffort,[andthis(is[possibleonly(iflonestandsonthe shouldersoflgiants.

Ilamlindebtedtoall (thosetalented [people wholhavelgiven(advice, éncouragementand
keptiuplthemood during[thelong hourslin(thelab,especially[John, Jari, [Emmi, Sirkku,
Géza, [ Katriland[Teija.[1[Wwould[also wish[to[thank the[other[members[ofl theltesearch
groupslandstafffor being/good/friendsinlandoutsidelaboratory. It hasbeenalprivilege [to
work [‘with[you. Il would furthermorelike[ tol express imy![ gratitude[to[ our important
collaborators: Markus[B.[ Linder[inCVTT[Biotechnology, Arto[ Urtti"in[ University of
HelsinkilandDaniel 'W.[Pack in WUniversity [0f Tllinois(at WrbanaChampaign.

Financial [ support/ from[ thel [Finnish[|/Academy’s[ Center[ ofl [Excellencel (Bio/lland
Nanopolymers! tesearchl group(77317), Finnish! Funding Agency! for[ Technology[ and
Innovation, [ the National [ Graduate Schooll in[ Nanoscience,  Finnish Chemicall Society,
ResearchFoundation 0f/OrionCorporation, Technological Foundation, Magnus [Ehrnrooth
Foundation/andEmil[Aaltonen/Foundationisgratefully acknowledged.

Finally, I'would [like [to 'thank [my [family [and (friends for support(over(theyears(as well
as/enduring/thoselong/discussions(aboutchemistry=they Were not/in vain.
KiitosElinaljaMalla!

Espoo,(20.2.2008

Mauri Kostiainen
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1..BACKGROUND

"Welknownothinglin(Feality, for truth lies
inlanlabyss."

[MDemocritusi(c.[420BC) T

Biologically programmed(molecular recognition [forms [the (Basis for(all domplex matural
systems. [ Biology [ has! therefore! stimulated the use of selflassembly™ [ (“bottom up™)
approaches! forthel development  ofl diverse biomimeticlhanostructures,' [which are[held
together by [competing(attractiveland [repulsive forces (Within[d[molecular(system. IDNAis
thehature’s[ verylown[predominant[biopolymer![ for[duplicationland[ storage[ of/ genetic
information[in[biology, and[ makes[ al fascinating[ building[ block[ for[self’dssembled
structuresand (biotechnological fesearch.’ [DNA [¢an be used (evenin dpplications that(are
notimmediately [obvious, [Such(as for building highly imonodisperse manostructures™ *and
DNA [based¢computing.’ ' [Compounds|that bind[DNA [with (high[affinity are[particularly
interesting [ for[ protecting[ DNA [and[ultimately deliveringlgenetic/ materiallintol¢ells;la
technique (known!(as(gene therapy.®[However, @ Single monovalent! (binding [unit ¢annot
efficiently bind[DNA [under(physiological (¢onditions and[to[dchieve high[affinity binding
multivalent(ligands imustbeitilised. Mendrimers(and(dendrons are[particularly [interesting
bindinglagents/because 0fltheir [precisely [defined [branched [structure with[alhighdensity [of
functional [Surfacel[groups, (which [¢an[offer imultiple[simultaneous linteractionsleading(to
enhanced binding [+ the ‘principle (known[as multivalency'*.”'*(Furthermore, [dendrimers
canlbeldesignedlin[suchlalway[thatlallows[their$elflassembly[through supramolecular
interactions.'”"° [ Well[defined [ structures | that [l are[ ] held [ together[ | by non ¢ovalent
interactions [¢an[belconstructed [principallyin three ways/from[dendritic/building blocks
(Figure1):"

1. Using/templated or intemplated/assembly [through(a functionalised focal [point.

2. Employingmoncovalentlintermolecular/dendron—dendron(interactionscan(givelrise
tolthehierarchical @ssembly [0fnanostructured materials.

3. Dendron/peripherywithmultiple(surface(groups(can(be functionalised(inld/desired
manner fo invoke selflassembly and multivalent binding. '

Supramolecular Dendrimer Hierarchical Assembly Multivalent Binding

Figure1.[Schematiclillustration Thow[dendronbased[structuresCareheldtogether (byhon
covalentlinteractions."

[ Term selflassembly is defined here(ds/the[spontaneous dnd teversible organization ofmolecular tinits
intolordered structures by Mon(¢ovalentinteractions.

) The International (Union of Pure [and[Applied[Chemistry (IUPAC) defines valence as: “thelmaximum
number of univalent atoms that maycombineWithlan dtom|of'thelelementlunder|donsideration, lor With(a
fragment, lor(forwhichlan atom|oflthis élement(can|be substituted.”

) [In this Thesis [term multivalent'binding is used to!describe the binding oftwo ortore entities through
separate[ simultaneous| interaction, between multiple (two or[imore)[ complementary!ligandteceptor
functionalities [dn [these [entities, [resulting [in linique thermodynamic [featurestermedlas multivalency.



1.1.[GenelTherapy

Gene'therapylis[defined(as/the uiselofl genetic material [fo[dlleviatethe [Symptoms ofla
disease.” '’ [ Theprincipleis[very[simple:[ putting therapeutic genelinto! ¢ells! treats the
disease.[ Prospects[ofl lsuccessful [ jgenel 'delivery[ range! from[ slowing[ the growth[ of
tumours'® ** Cand [ progressionofl heurodegenerative diseases, suchlas[Alzheimer’s and
Creutzfeldt Jakob! disease,” [ tol alleviating| genetic[ diseases| characterised by alsingle
mutationat a4 defined [position on[the genome, for example muscular dystrophy**[and
cysticfibrosis ** *’.[However, [several (hurdles mustbe [overcome before gene therapy (¢an
bel utilised[ to[ treatl patients[ routinely.[ Thel key[ problemsin[ gene! therapy[are: imost
importantly, (the(lack[ofleéfficient[deliverysystems(that[¢ouldnavigate [DNA [through(cell
membranes[and(alseries ofleéxtralland[intracellular(barriers, lack [oftargeting[to specific
tissueltypes, lacklofl longterm[effects and [strong[immuneltesponse. Thelsearch forlan
efficientdelivery [system, whichcould fulfillall the criteria for[successful [gene therapy, has
now [been(goingon for(several [decades. The firstclinicaltrial for(gene therapy (was(darried
out[in[1990fo treat[severe ¢combined immunodeficiency”® [and since that(several (hundred
clinical trials"havebeen[ pulled through. However, [ there[is[still ho[breakthrough[tola
success|storylandtheldiscoveryloflanfideal Wectorremains as/afutureichallenge.

Nucleiclacidused in geneltherapy¢anbeleither double stranded 'DNA [¢constructs or
single[stranded[ systems, [ suchaslantisenseoligonucleotides or[ short[interfering[ RNA
(siRNA). Delivery [0f [DNA Wwith(a[genecoding for(particularproduct'commonly [fesults in
thelincreasedproduction(oflatherapeutic/protein,[whereas(delivery [0f antisense/constructs
willusually Tead [to(areduction[0ftarget(dctivity.[Although(both0fthesedpproaches have
been(extensively(studiedand(the antisenseapproachhas/been tegarded highly [promising,
thefollowing(discussion(will mainly [focus(onthe[delivery (0fIDNA. Tolintroducegenetic
material [insidelal¢ell,[éither ex vivolor in[Vivoltransfer(methods ¢an[beluised. Ex[Vivo
method [requires the femoval, [genetic hodification(andre[administration(of’patient’s cells.
Inlvivolmethod howeverlismorelinteresting(and(involves either[systemiclor local [delivery
of genetic/material [Wwithfor éxamplelinjection. CurrentdeliveryVectors used in ex[Vivo
and invivotethods(can(bedividedlinto/twoldomplementary categories = viral ornonviral
vectors.

Virallvectors employ/algenetically modified[virus[particle[to[¢arry[the [ wanted[DNA
fragment/insidethem.[Viruses, including[for[¢xample tetroviruses andladenoviruses, are
naturally[évolved to efficientlydeliver their lownIDNA [into[cells/ind [pathogenic/manner.
Retroviruses| arel capable[ ofl integrating| permanently [ within| the[host genome![leading
possibly [tfolsustained/therapeutic eéffect.[Adenoviruseshowever/act/transiently [and [do[not
integratein the 'host genome. Viral [Vectors[thatlare used[in[geneltherapyhavelall[been
manipulated tol remove[ ldiseasel[¢ausing/ igenes/ and[ insert/ therapeutic[ lones,[ butl the
machineryWhichlallows[thel virus[tolinsert[its[ genomelintolits host's[ genomelis left
intact.”’[Viral (Vectors[¢an[therefore deliver IDNA [with[high éfficiency and¢an possibly
mediate long[term [expression.’’ (Neither(are[viral Vectors troubled by Lone [of the biggest
challenges(in[gene!therapy, theltargeting[ ofl delivery[tolspecificl¢ells: different[Viruses
show [ natural [ tropism [ to[ different[ tissues.’' [ However, [ viruses [ often[ inducel an[acute
immune [tesponse in their host, (which(hasraised serious(safety[concerns(to[¢onfront/their
common [use. [Furthermore, [viral vectors/havelalvery(limited [dapacity [considering[the[size
oflthe moleculelto[bel delivered. Theltisks[ ofl usingl viral[ vectors werel unfortunately
realised(in/clinicalltrialsinvolvingéngineered [@denoviruses [that(resulted in[patient’s[death
duelfo @lsevere immune Fesponse’>>° [and feported findings 0f the risk (6flusingéngineered



retrovirus[vectors(that/mayinducelincorrect/insertion of the therapeutic[gene[within the
regulatory [orgeneregions 0flahost [genome Teading [fo leukaemia.* >’

Nonviral [ imethods[ employ! their[ physical (carrier(free[ genel delivery)[ or[ chemical
(syntheticvector(based(geneldelivery)propertiestoldid[gene transferor[pack IDNA linto(a
formJ in[J which ] delivery ] becomes_] possible.*®~ *°[1 Physical (] approaches[ such(] as
electroporation,*’[Igene [ gun,*"" **[needlelJinjection,” [Thydrodynamic(Idelivery** Jand
ultrasound, [utilise force ol permeatel cell membranes| and( facilitate[ ‘genel transfer.
Chemical lmethods use(syntheticornaturally [0ccurring[compounds (ortheir[combination)
thatbind[DNA [and(allowthegene to cross[thel¢ell imembrane(Figure(2). [ These[vectors
canlincreasel thel efficiency[ ofl delivery and[are usuallynot! plagued by immunel and
inflammatory [ iresponse, | but[often[Jexhibit/ Jlow [transfectionJefficienciesJin[‘medical
applications, especially(in invivo delivery.[Alsoltransient/éxpression(ofithe fransgenelis’a

key[problem [thatreeds to belsolved.
DNA-carrier
complex

endocytosis

complex trapped
translation in endosome .

e "
N

( transcription 7.
N nucleus m o
S / trafﬁcking
release

degradation in
lysosome

) A
cell secretion

membrane

Figure 2. Simplified pathways (6fionviral chemical (gene delivery.*®

Synthetic[ cationic! systems/telyonltheir ability[tol condense DNA [intolhanoscopic
particles,(whichlcan(be(taken up bycells[vialéendocytosis and[deliveredlinto(the nucleus,
where[ transgenel expressionl canl takel placel (Figure[ 2).[ Cationic lipids and[ cationic
polymers dre the best(studied compounds for monviral (¢chemical [gene therapy.** *’ [Felgner
and[ ‘coworkers! first[introduced/ cationic[ lipids [(N[]1[(2,3 [dioleyloxy)propyl] IN,N,N [
trimethylammonium/(chloride ((DOTMA))**(in[1987 (and [only [a[year[later [appeared akey
study by (Wu et(al. [who lised a(cationic[polymer((poly L [lysine) in[gene [fransfer in vivo.”'
Themuch(studied polyethylenimine(PEI) wasintroduced dfew [years(later/in thid 90’s by
Boussif ef(al.”’[Theselandmarkstudies have[sincebeenflowed by numerous pioneering
studiesand(dontinue to stimulate(the current research.

Cationiclliposomesand(cationic[polymers/areisedin/slightléxcess[solthat/the resulting
DNA [ complexes[havelal cationicl net! chargel that[lcan[interact[ electrostatically [ with
mammalian( cells,” which[ contain surfacel glycosaminoglycans[and[ proteoglycans[ with
negatively[charged[]chemical]groups. /During[Jthe[Jendocytosis[Jcationic  lipids[ican
spontaneously mix [withtheéndocytic[vesicles foldirectly [increase membrane fluidity [and
promoteltelease or[ disrupt endosomeand[ prevent endosomel maturationtollysosome,



whichquicklydegrades_it[ cargo.” Cationic[polymers_however[promotelescape  from
lysosomes(withlaldifferent mechanism.[For[éxample, [a[portion[of PEI’s[amine nitrogen
atoms[¢anbelprotonated/during[éndosome maturationwhenlits[pH[drops below[6.0land
consequently[thepolymer(c¢anlactlas(aproton/spongeland offer buffering[¢apacity [folthe
lysosome.[ PEI[ can[thereforel protectt DNA[ from[ hucleasel degradation and, with[ the
protons, bring[¢chlorideions[into[the éndosome, taising/the osmoticpressureland/cause
lysosomalswellingland[ consequent( tupture! that can[provide escapel forthe[ PEIIDNA
complexes.’*** [However, [there [@re various[features in[the fransfection procedure(that can,
individually(orlin ¢oncert,[affectthe fransfection efficiency. Theselinclude; the[¢chemical
structureofthetransfection [agent,(charge [ratio [(the mominal umber ofipositive .chargesof
the[polycation(divided by the mominal mumber ofnegative charges/present on(the IDNA),
sizeland[$tructure[ of! the[resulting[lipoplexesLor[polyplexes, thelcell line and[theltotal
amount[JofTlappliedlipoplex Jorpolyplex. ' These  lfactors[IdetermineJtheir[Jstructural
morphologylandmeticharge,[which[directlyaffectthe foxicity [and [fransfection[éfficiency
oftheprocedure towards(dertain|cells.

Thelimportance oflstructural (features Wwas realised by [Safinyaland/do workers who have
extensively(studied/therelationshipbetween [structural morphology (ofcationic lipid [DNA
complexes(and transfection(efficiency [in[mammalian(cells. Thelstructural morphology of
lipoplexes(¢an e diverseland three[structures have been identified: Tamellar 1, (phase,’>
3®[with @lternatinglipid bilayers and [IDNA [monolayers, @n(inverse hexagonal [Hy“ [phase,’’
whereDNA lis [éncapsulated within [inverse icellar fubules, [and hexagonally arranged [H;
phase,” ‘where! tubular( lipid micelles are’ surrounded by DNA[tods| forming[ al three[’
dimensionally ¢ontinuous(substructure[with[honeycombl[symmetry[(Figure[3). [However,
thesel structures[ ¢canlhave very[differenteffects onltransfectionl efficiency, forlexample
efficiencyJof[Ithe[invertedThexagonal [H; [ cationic[/liposome IDNA [Icomplexes!is
independent ofithe embrane(charge [density, but for the Tamellar I, [complexesthe data
can[ bel interpreted tol al model with[ strong[ dependency[ between! efficiency and[ the
membrane charge density.”

dpNa T
Figure[3. Selffassembled liquid crystallineequilibriumphasesCofT cationicliposomeDNA

complexes. Lo" ‘phaselwithalternating lipid(bilayer and DNA monolayer and Hi© ‘phase(with
inverse(icelles [arranged on(ahexagonal Tattice.” "

DNA [bindingand [packing(is(therefore onelof'the key [features for efficient[transfection
with monviral ‘¢hemical (imethods/and linderstanding 'the [factors(thatlaffect the [interactions
between IDNA[land[Ithel]vector[lis[ Jan[ limportant! Jprerequisite/for[ their[ controlled



manipulation.[ Theionic[interaction[ between al protonated aminel and[ the phosphate
backbone of DNA formsthe basis for[most syntheticlDNA [bindingmolecules used for
genel delivery.[ However, anlindividual [ binding[unit" with[ onel pronated aminel cannot
efficiently bind[DNA [under(physiological (¢onditions and[to/dchieve high[affinity binding
larger[ ligands[ must[ be[utilised. [ While[ the[ humber ofl binding! sites and[ size[ ofl the
molecules/increase, also(the Binding/évent becomes more/complex [to linderstand land|tune.
Thereforebindingligands[that¢anlavoid[structural ' complexity [andhave alvery[precise
structurewith[relatively Tow [holecularweightlare(easier to [studyanddonsequently Haveld
bigger[ chancel to[ result[in[ applications.[ Polyvalent[ interactions givel rise to[ special
phenomenal suchas[ cooperativity "and[ multivalency and[ the[design[ ofl suchl binding
systemsrequires(a(detailed inderstanding (of(the delicate (balance (between binding eéntropy
andlenthalpy.

1.2.[Multivalency

Valence oflanleéntity has[beenldefined [as[the taximum number oflthe samelkind of
separatel interactions| thatlit[ can[form[ivith[anotherlentity. Multivalent[interactions ¢tan
therefore occurbetweenlalhostlandlalguest[both having[twolor[morel complementary
binding[Isites[resultinglin[Juniquethermodynamiclfeatures[/commonly[Itermed[as
multivalency.[Conceptually telated terms cooperativityland chelateléffect ¢an(differfrom
multivalency, butlare[sometimes ised in literaturelin[inconsistentmanner[as a substitute
for multivalency!due toanachronisticferminology.Cooperativity [can[beised [foldescribe
systems which[domotlinvolvemultivalencysuch(as/theinfluence(oflbinding(a(guest/at/the
host's[binding[site[A[on the $econd[binding[step occurringlatlsite[Blofl the[$amelhost.
Perhaps(the[best knownéxampleoflsuch[cooperative/system[in[biology[isthe binding [of
oxygen|to haemoglobin(subunits®' Wwhere ithe binding strength (6f the [Second (@, tholecule fis
increased by (the(firstlonelandthe sum[ofiboth (bindingenergies(ishigher than two [fimes

the binding[ energy [of! thel first guest (— AG™"Y > —AG g )-[Cooperativity  ¢an(therefore

avg
describeallosteric ' monovalent(interactionsthat/do mot(tely (on multivalencyland'it/¢anbe
synergisticl ] (—AGPY >-AG™),[] additivel] (- AG™> =—-AG™")[] or[] interfering

avg avg

(— AG™Y < —AG™).[ Chelate! effects alsoltefers[tol thel enhancedbinding[ of! guests|to

ave
multivalent[hosts, but[is[primarilyused [ for[ $smallmolecules(mainly metals andlions)
binding[to[multivalent, often(cyclic, hosts. Chelate [effect'should[consequently(be thought
as/subclassundermultivalency,butnotstrictly (related [to[binding [0fmetal [ions. [A [¢lassic
examplel ofl chelate! effectis the ability ofl bidentatel ligands[ (ethylenel diamine,[2,2’[]
bipyridine) tol form[almore! stablel complex[with[transition metalsthan[corresponding
monodentate ligands/(ammonia, [pyridine).

Multivalentlinteractions(areubiquitousthroughout/biologyand they [play[animportant
roleinmanybiological ‘fecognition évents.'® Tolachieve éffective (binding, matureprefers
toluse multivalentlinteractions(rather(than(a[Very[strong[monovalentlinteraction. From/an
evolutionary[point[of[View![this seems[advantageous/becausel it allows bindinglof new
emerging [holecules /by [usinglexistinginteractions(rather then[constructinglan entirely mew
oneland(dmore/dynamic(control (0flinteractions. [Forléxample,lifitherelisarapid need for(a
highlaffinity [interaction, [it(is [quicker to (multiply [the [eéxistinginteractions than [to [develop
entirelyamew bindingligand. Multivalency [alsoallows(gradingoflbiological fesponses|or
signalling by lemploying(signal/dascadeswhere strength (0flthe(signal[can vary (based on/the
number [0fhost[guest/interactions, Hesulting(in[d fange[ofpossible(signal(strengths. [This[is



alclearladvantagelsincealsingle host[guestlinteraction ¢anlin[principlelofferonly an[fon”
and[“off”[type oficontrol.

Multivalentlinteractions (éncountered [in Mature Highlight/the importancelofimultivalency
in[iany[biologicall systems. Examples oflsuchlinteractionslinclude: [viral and[bacterial
adhesionlonl¢elllsurfaces(vVialglycoprotein tecognition, [cell(celllinteractions between E[)
P, L Selectins [and sLe*[duringextravasation,’” ® [binding[oflantibodies (havingmultiple
receptor sites to antigens®* *° and (control (6f gene transcription By IDNA (binding.***’ (Gene
expression[ in[leukaryotes[ land [ Jprokaryotes[lis Icontrolled primarilyJat[Ithe[llevel [ Jof
transcription.[ Most igenes [ lin[ leukaryotes[Jare[ 'silent/ unless[ the[ multisubunit( protein
machinery [fequired for transcription(is specifically decruited/to the [TATA [box [at[the start
site[oflthe gene. [This[recruitmentlislachieved By ising[transcription factors(that(recognise
the [promotersequences, [such(as[TATA [box/and(additional ipstream sequences, located (on
the(5’[sideloflthelstartlsite. Transcription factors(bind(their(target!DNA [withhighlaffinity
and[sequence [specificitylandhavelan(additional [activation domain(that[aids theassembly
ofthe RN A [polymerase [to the [transcription complex. The IDNA [Ssequence [to [berecognised
isloften conservedand(the franscription[factorthat/tecogniseslit ¢canbe multivalent.[An
examplelof'thiskind ofTbehaviour(isthe[gene regulation by oligomericretinoid X receptor
(RXR), [ Which is a member[ofl huclearhormone!teceptor superfamily proteins.®® [RXR
consists/ofltwo[domains, [@[binding/domain(and/dligand binding[domain, and [functions(as
altranscription factor in the presencelofTits [éndogenous ligand (L), (9¢is tetinoic acid.”
The DNA bindingdomain[0f RXR [Tigand[complex (RXR L) [recognises alsingle(stranded
DNA [¢ellular(retinol (binding [protein [1I[element [((CRBPII). The striking[ feature[oflthis
recognition[Jis[that['the[Jensuing transcriptiveJresponsel lis[ Thighly [Isensitive[to['the
concentration ofl the[transcription/ factor.[ This[is[becausel thel transcription[factor[ can
functionlas multivalentlaggregatel oflligands[binding[to a ' DNA sequencewith multiple
binding/sites. Oneltolone binding affinity (between alsingle[RXRLIcomplexand(alsingle
CRBPIIl¢lementlis/verylow, however, the binding affinity[increases/forlan(interaction
between al(RXRIL),[dimerland[twoladjacent!e¢lements (CRBPII),. Anlincreaselin[the
binding[affinity(is [further(0bserved whentetramers/arelinteracting/and(the [¢learly (highest
affinity(is[between(a[pentamer(complex (RXRL)s/and[five adjacent/elements (CRBP(II)s
(Figure(4a). Theltresultlisthat(the[ratelofltranscription(is/stronglylactivated by RXRIL
multimerisation=/aldleareffectlofimultivalency.
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Figure(4.[a) Binding[ofltranscription/factors to multiple[sites[on[DNA:[the[binding
affinity [of[RXR[L[complex towards (CRBPII[élement/isincreased (when/the mumber [0f
interacting subunits [ is| increased.’®  Top: monomers| bind DNA [ with[ low [ affinity,
middle: [dimers[Wwith [higher,[and[bottom: [ pentamers[Wwith[veryhighlaffinity.[b)[The
proposed[binding(modelof’aldimeric alhelicall¢oiledc¢oillleucinezipper[protein(tola
palindromic DNA [sequence. ’[Stabilising (hydrophobic and(van der(Waals interactions
between/leucine residues hold(theltwolhelices together[$olthat they ¢anbind to the
major|groove 0of DNA.”' Dimerisation (of the [two (chains lis fequired forMNA binding.

Common[DNA [binding[motifs[thatloccurlin[transcription[factorslincludelzinc[finger
and[leucine! zipper[containing[ proteins thatrely [onmultivalency(tolincreaseltheirr DNA
binding affinity [and [ specificity.”’[ Zinc! finger[ telies onla Blharpin(turnialhelix[ motif
consisting[ ofl an[ elongated[ 30[ residuel unit, each[ containing/ twol cysteines and[two
histidines fol¢oordinate(d zincion.”*[The Zinc[ion stabilises the [structure dnd (brings the B
harpin[and ol helix[in[close proximity.”’[ Leucine zipper! relies on[ similar( strategy,
consistingloflalstretchlofl¢lose to[ 35 [tesidues/withlalleucinelatlevery[seventh[position
(Figure[4b). Leucinel residueshelp[tol bring twolleucinel zipper[ proteins’ together by
stabilisingthe forming alhelicallcoiled!coil. Furthermore, theleucinel zippers'havelan
approximately 30 (tesiduelong[basiclregionlat theirlamino(terminus, which serves asla
DNA [binding module.” [Leucine(zipper|stabilised [dimerisation!is éssential [for achieving
DNA[binding.[In[most[ cases[ the leucinel zippers dolnot bind DNA[as monomersland
dimerisation [is fequired for the transcription [factor [to [function.

Anlunderstanding[ of! the[ structureand[ thermodynamics of multivalent[ systems/ is
needed forthedesign(oflsynthetic multivalent(molecules with[desired [properties. Alsolthe
mechanism(by[whichalmultivalentmolecule operates [directly [affectsits[potency [and must
thereforebelaccounted. Multivalent/molecules(dan(affect/biological processes(principally
in[twol[Wways: [by[$imultaneous[binding tomultiple teceptor sites on[biomolecules, thus
serving[ as[inhibitors, or[by[teceptor[ clustering, which[is al key[ determinant[to! their
function[ as effectors.”* Different mechanisms by which[alligand [ can[ interact with a
receptorlarelpresented[inFigure[ 5. [Monovalentligands[can[commonly[bind[only tola
singlel site[on[thel[tector orlheterodimeriselalteceptor vialtwolteceptor[binding[faces.
Mechanismsland[topologiesof multivalent/interactions(can, however, bemore diverse:



o Chelateleffect.Multivalentlinteractions/in Host/guest(systems(decreasetheirrate
ofldissociation [(kofr), rather [than increase(the rate [0flassociation.

e Subsitel binding. Primary[ binding[ to[ the[teceptor[ alsol promotes! secondary
binding|[interaction, whichlislin[close proximity [to[the primary(one.

e Steric/stabilisation. Binding(oflalarge tultivalentligand [inhibits further ligands
from[binding by sterical (blocking(of the surfacethroughthedevelopmentofia
large(gel(like(layer.

e Receptor( clustering. [ Multivalent binding[ on[ teceptors brings[theml[ tol close
proximity [thereby (altering thesignalling properties (0f'the receptors.

o Statistical [éffect. Multivalent(ligands/havelalhighlocal [¢oncentrationof binding
units, Which[promotes [rebinding.

Monovalent ligands

a) Single site b) Heterodimerisation
0 - 53
Multivalent ligands
a) Chelate effect b) Subsite binding ¢) Steric stabilisation

S —gihes — %

d) Receptor clustering

(% e) Statistical effect

FigureS. Binding mechanism(ofmonoTand multivalent(ligands. Monovalent ligands:
a)lsinglelsite binding[b)[receptor heterodimerisation. Multivalentligands: [a)[chelate
effectb) subsite[ binding[c)[ stericl stabilization d)[ teceptor[ clustering[ ¢)[statistical
effects. ’*

Bindingbetweenl alligandandlalteceptorl can[belexpressed[ by thelfreel energyl of
interactionterm [( AG>" )[between Nlligands(and Nlteceptors. AGX" [¢an[belsplitlinto

enthalpic[( AH?*" )and entropic[{ AS"™™ ) components, of whichthe entropic[term[¢an
further(bepresentedas’a’sumloflchangeslin[translational (( ASP” ), totational [ AS™"

trans, N ot, N

and[lconformational [I( AS, ggg v )[entropies. 1Also[the [ entropy[lofTsolvation [ /( AS™Y

solvent, N

describingthe[changesin/the surrounding[solventmoleculescan(beincluded.

AGYY = AH™Y —T(ASP |+ ASPY + ASPY + ASPY ) [ N N (1)

trans, N rot, N conf, N solvent, N



Thelénthalpicterm[caneéither[favour (AHPY < AH ™ )lor(disfavour[( AH ;’v";y > AH™)
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binding. [Forl¢xample,[the binding[of alfivelsubunit[¢holeraltoxin[(ABs) tolits[teceptor,
GM, [loligosahharide /moiety, [is|Ithought[ Ito[ /be[ Jenhanced( Jenthalpically,””[Iwhereas
enthalpically [ldiminished[ binding[ s/ ‘encountered! for[lexample when[ multipleligand

receptor interactions require énergetically tinfavourable tholeculardonformations. AS™Y

trans, N

and AS™" larelrelated[tomolecule’s freedom o movelthrough spacelandtotate around

rot, N
itselfltespectively. Theylare bothTogarithmically [dependent(on(the molecularmass(of the
molecule,howeverOnly(translational [entropy [is [dependent on the [concentration wherethe
entropic costlincreases with[decreasing[¢oncentration (ASiansecIn([L])").[Conformational

entropy AS ;’;g v [islassociated [with[the [physical [arrangement oflthe 'multivalent ' molecule

thatlitlassumes|during/binding. Theframeworkthat(links/the multiple[binding/ligands
together[Jis[generallyIflexible[ Jand[Jdoes[Inot[Imatch[lexactlythe[Ispacing[between
corresponding(teceptors, | therefore ASconr #[0. Interestingly,increasing thel flexibility [of
thislinker(results/inlincreased conformational [éntropic[cost/ofldassociation, (¢onversely the
samelincrease [of( flexibility[decreases AHybecause!allligand receptor/interactionshavea

smaller[probability [fo[occurwith high énergetic Strain. [Solvent interactions AS™Y  [are

solvent, N
particularly[important[for(ions in[water,[astheyprovide[the (major [driving force for ion
solvation.[Alsoltherelease ofwater molecules thatbind strongly [together(contribute [to(the
occurringlinteractions.

Investigating[the thermodynamics oflalmultivalent[$ystem[can[belVery[ ¢challenging.
Kitov et al.['havel presented! thatl[ the[ analysis[ ofl thel thermodynamic’ parameters’ of
multivalent[ interactions [with[ almultimeric[ teceptor[ tequiresal special thermodynamic
model, whichldonsisting of 'three [€lements: freebindinglenergy [0flthe(initial [singleligand [’
receptorlinteraction,freebindingenergyofithe [other ligands [in [the [Same[molecule onthe
receptor and(probability (0flassociation [and [dissociation [0flindividual ligand (branches. *

AG = AGhy + Ay, > Wi ~D+RTY win(w/Q) 0 0 ()
i=1 i=1
AG?,, and AG; . arelthetwolmicroscopic bindinglénergies c¢orresponding tolthelinter(]

andlintramolecularlinteractions. Thefirst[term AG’

inter

firstimonovalentlinteraction AG? __ [andlis[separated(from/the(secondferm AG;,

mono intra 2

corresponds|to(thefreeénergyofithe

‘which

subsequently(describes/the maximal mumber [0fladditional [intramolecular [interactions[(#max
—1),ltherefore AG =AG. . +(i—-1)AG;  —RTInQ, [applies,.where AG’ [tepresents(the

inter intra

free energyllevell ofl al degeneratel statel inlligandteceptor complex [ with il humberlof
interactions.[ Al partial average over[ alll bound!states! ofl thelteceptor gives[the weight
coefficient[Jprobability [Jw; [oflJan[Jindividual i" Oboundllevel. I The Ustatistical Cterm

- RZ w, In(w, /Q,) [inlequation[ (2) can[ bel expressed in  entropy[ units and[ has been
regarded as(aviditylentropy [((AS? .. ),Whichlis[daeasurelofldisorder inthe(distribution0f

avidity
microscopically(distinct/complexes. The degeneracyoflthe bound states[(€;) is[dependent
on[ ithe[ topology[lof! 'the[Jinteractions Jand [ reflects lan[Jensemble[Jofl Imicroscopically
distinguishable[ ligand[ receptor[ complexes, rather[than[ anllindividuallligand(teceptor
molecule.[G.Ercolani has/drawn similar(¢onclusions/inhis[assessmentoflcooperativity [in
selflassembly, wherelhelalsolsuggests/thatlinter[landlintramolecular(processes should(be
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considered/as(two distinct/groups, [althoughonly virtually lidentical [processes [described by
equilibrium(constants having the[same dimensions should bel¢ompared.”® These!type of
models[ can[belused[forlthel analysisl of multivalentlinteractionsland[the[prediction[ of
inhibitionlevels [ofmultivalentfeceptor by (a[multivalentligand(as well asrational [design
of ‘multivalent compounds for[desired ‘purposes.’* [Although! ¢laborate[efforts have been
made(tounderstandmultivalency, [the[strong[increase[of binding [affinity [is[still mot fully
understood/in terms[ofienthalpy andleéntropy.

Howltolthoose!the best[scaffold for multiple/binding[ligands?[ Different[ classeslof
scaffoldsincludelIcovalent frameworks suchllas[low[ molecularweight[ icompounds,
dendrimers[anddendrons, [globular[proteins, [linear[polymers and[polydisperse[polymers.
Nonl¢ovalentframeworks [include [forexampleliposomes. Kiesslingdnd[co Tworkershave
studiedthelinfluencelofimultivalentligand(architecture (low holecular Wweightlcompounds,
polyamidoamine (PAMAM)[dendrimers, [(bovine 'serum albumin(protein, linear polymers
or[polydisperse polymers)(on the feceptor ligand (binding mechanism.”’ [In[this key [study,
fourldifferent’assays/wereuised to assess the inhibitor[andeffector function of different
classes ofimultivalent’compounds. Solid [phasebindingassaywasuised[to [study [binding
inhibition[Jand[quantitative [ Jprecipitation, turbidity [ 'measurements[land[ /quenchingof
fluorescenceleémission (wereused toinvestigateéffector function. Inlgeneral, Tow molucalr
weight(compounds/andglobular[proteins were [observed(to be[poor inhibitors forbinding
and['poor(JeffectorsJduelJtoJinsufficient! Ireceptor(clustering.[ | Linear[/polymers[and
polydispersel polymers[were, however, muchimore effective inhibitorsand[ effectors.
PAMAM (dendrimers falllin between oflthese fwo [groups/in terms(ofltheir(ability [to [cluster
receptors.Dendrimers and dendrons however[posses otherlinherent[advantages, [Suchlas
relatively [low ‘molecularweight,[precisely [defined[structure, multivalent(surfaceland(the
possibility [ for[ easy! structural [ Variations|thereby [ making! themlinteresting[ $caffolds for
biological lapplications.

1.3. DendrimerslandDendrons/in(Gene [Therapy

Dendrimers| arel highly[ branched! polymers exhibiting[ a symmetricl monodisperse
treelike structure. A dendron, however, isl an asymmetric[ halfl ofl al dendrimer.[ Both
dendrimers anddendrons(consist/ofithreemainstructural components (Figure(6):

o Centrall¢core[(C), thelinner[centrel of

the molecule. Also referred [fo as the s § P s P s
. AN /s /s
focal[point. s. %2 /Gz s /Gz s
e Branchedinits(G;, G2), whichldefine 3762—/61—0—61\—62/<S C—G1\—Gz/<3
thel size, [ rigidity and [ density[ of the *s—62 2—s S—s
dendrimer. s S/ \S s \S s
e Surfacelgroups((S),offering mumerous dendrimer dendron
possibilitiesforfunctionalisation. Figure 6. Structure ofldendrimers/and/dendrons.

Branchedunits areattached to the corelinlan iterative manner, o form[layers¢alled
“generations”.[Each/successive/repeatunit/along/dll Branches forms/the mext/generation 0f
growth:[G1,(G2,G3and[soon. [Therearetwo commonlapproaches/todendrimer synthesis,
divergentland/convergent. Inthe(divergent/approachbranchingmonomers/arelintroduced
onelgeneration at(altime, beginning from the coreand €nding at the periphery.” However,
convergent(synthesis(beginsfrom(the[outer [surface shell (0f the[targetmoleculelandlends,
after[an[iterative synthetic| procedure, [ at[ the[ central core.”’ [ Both[ synthetic[ strategies
possessltelativeladvantages(and disadvantages(and/the methodlofichoice always/depends
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on'thestructure [0flthe ‘targetmolecules, [the synthetic hethods [available for[growth [and[the
specificlsynthonsused/in/thedonstruction(oflthe [dendritic framework.

Thelbranched[backbonel ¢canlsubsequentlybefunctionalised with[appropriatesurface
groups,andlindeed[alVveryhighdensity ofl functionall groupslislachievableldueltolthe
branching(structure. Therefore, (the[surface¢anbe designed(tohave definitephysicalland
chemicalIproperties.[ | The lexactly[ |defined [ Jbranched Isuperstructurel loffersspecific
advantages, [for(éxample/a/globular(shape, tadially [controlled [chemicallstructure, (variable
inner[lvolume(Jand[Jmultivalent( Isurface. ]Asymmetric[ /dendrons( havelJan[ ladditional
advantage; [the central dorecan be substituted with [desired [functionality.

Dendrimers[ canlalsolbel prepared byl al variety[ oflselflassembly[ processes,[suchlas,
supramolecular¢oordination (chemistry [or(hydrogen (bonding."> **[Coordination ¢hemistry
is[synthetically(easy(toldccess,dand [With[appropriate[choice dfmetals, [can[afford [durable
structures. [ /Dendritic [structures[can(Ibe[Jprepared [ for[lexample[ by Jusing[ 12,3 [bis(2[]
pyridyl)pyrazines(ds/bridging ligands, bipyridines(as/terminal ligandsand Ru(II) lor [Os(II)
as/¢oordinating metals((Figure(7a).*' [These/complexes exhibit éxtraordinarily (large (molar
absorption(coefficientsin[the UV [and[visible spectral tegion. Furthermore, they[¢ontain
alsolalgreat number[ bf’ redox(activel centres, [ making[ these complexes[ applicable[to
multielectron [fransfercatalysts/and [photochemical molecular(devices.

Hydrogen[bond[imediated selflassembly( canlalsolbe utilised to formmesomolecular
dendriticl assemblies [ Wwith[high[§tabilities[andhelical arrangement[ dueto[the bonding
strengthTandhigh[degreel ofl directionality. [For[eéxample[ Zimmerman et[al.[prepareda
family [of[Fréchet(type[dendrimers(¢apableloflassembly(through/the tigid [tetracarboxylic
unit(at(the[focal point[(Figure[7b).**[More/strikingly, the information(programmed!into
dendritic[brancheslat'molecularllevel controls[directly[the[morphology[oflthe formed
assembly[3-[al dendriticl effect.[Higher[ dendriticl generation[was[ found[tolincreaselthe
stabilitylofidycliclhexameroverlinear(aggregation [(supramolecular(polymer).
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Figure 7.[a)[ Selflassembled heterometallic[ dendrimer.*' [b) Tsophtalic acid  functionalised
dendron.®

Alsecondway![tolutiliselselflassemblylis to ise dendriticbuilding[blocks and[their
dendron/dendron[ interactions[ to[ jgenerate [ extended[ arrays[ through[ hierarchical [lself’]
assembly. [Thiskindloflprocessusuallyleads tomanoscale [structures(in(gel [phase, [Such(as
fibersland[sheets, Whichlalsolexpress(their[properties on’a macroscopiclscale, leading/to
interesting|materials properties.® [For[éxample, [fibrillar assemblies are tecurrentlyfound
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structures [in mature, [appearing with any [kinds [0f[functionalities[and(as[part[6flcomplex
structures. Their[ tesearchis[ ofl intense[ currentinterest because ofl their[ relevancelin
neurodegenerative diseases, [such @sAlzheimer’s @and (Creutzfeldt Jakob diseases.”

Supramolecular(fibers[assembled[ from/Fréchettypeldendrons withla dipeptide (Tyr[
Ala)focalpoint[havelbeen[teported by Aidaland[¢olworkers. [ Theselstructures tely on
welllorganised[domplementary [Supramolecular/interactions Which give rise(to a/directional
assembly  process | (Figure!8).**[Higher[ generation! dendritic branching [ was| tequired(for
effectivel gelation[at[lowdendronl concentration[ (1.0l mM).[Detailed [ structural [ analysis
revealed[fibrous hanostructure for somel gelators whilelothers[showed[ 3060 hm wide
nanoribbons/(sheet(structure).Interestingly, 'Some of'the(gels/indicated ahelically [twisted
hydrogen(bonded larrays (fibers)(in ¢ircular(dichroism analysis.®

Figure 8. Proposed selflassembled structures ofithe dipeptide[¢ore dendritic hacromolecules.™

Therehasbeenénormous/interest/in isingdendritic[molecules [or materials (based ipon
dendritic buildingblocks for biological [applications.'® ****(Dendrimers and [dendrons have
widely[beenusedlas multivalent scaffolds/tolorganize manifoldbinding ligands/for(the
recognition/ofiwide(range [different[compounds, forlexample therultivalencyprinciplelin
the binding [ofsaccharides|to [proteins oncell surfaces(is mow well @stablished.' " "* > In
order (o utilise[dendrimers for[énergetically[favourablebinding[interactions, [theyshould
beldesignedlin[suchlalway where(the mumber oflbindinglinteractions[is maximised(while
internalstrainin[the [(boundmolecules(isminimised. Both[énthalpicland [éntropic[factors
must(bel ¢carefully considered[because, [¢énhanced[binding[energyof multisite attachment
mustlovercome thelsteric/strain/induced by [the binding/event. The highlocal concentration
of ' binding[units[ and [ easy[ structural tunability " ofT dendrimers can[ provide[ imeans[to
investigate how (different/@aspects(of, for(éxample, receptor clustering ([dan [beindependently
influenced by [multivalent(ligand [architecture. IDendrimers (havebeen[observed o tapidly
induce [teceptor[¢lustering, ‘although(the orientation[oflthe teceptorswas[such(that[would
allowtheirfunction as effectors. This is probablydue(to the iinfavourableldistanceland
orientation between receptorslin the complex.”’ [These [results demonstrate(that ot (Gnlythe
binding[ ligands[butlalsothe[multivalent[ligand"architecturel contribute tol the binding
modes/and affinities. [Althoughl(the principles underlyingthe multivalency [principlecanbe
understood to some[ extent, alrational design[ ofl binding[ scaffold[ canbe hotoriously
difficultiandlefficient binding ligands [are0ften[discovered by [sheer trial land [error.
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Dendrimers[areoften[uised as DNA [binding[agents and[¢onsequently[their[ability[to
transfect DNA [has (been(widely [Studied.”” ** IDNA [binding and [packing is (one[of the (key
features(for(efficient/fransfection. Thelinteractionbetween[d[single protonated [amine and
the[ phosphate[ backbone of [ DNA [ forms![the[basis[ for[ mostt DNA[binding[imolecules.
Spherical [lpolyamidoamine (PAMAM)[dendrimers | Jare[ relatively[ Istraightforward[Jto
synthesise and havela positively[¢harged[polyaminelsurfacelandaslalconsequence they
have been|studiedéxtensively.”” " [Increasing molecular(weight[0f PAMAM [dendrimers
has(been [found(toamplify ‘thetransfection(éfficiencies. Indeed,(dmolecularweight(greater
than116000Dalwas[determined [fobe [optimal. Heatfracturing[ofldendrimer framework
resultslinlalhighertransfectionl efficiency, [ potentially [ as[ consequencel of! their[ greater
flexibility and ability o compact DNA.""' [Attachment (of (polyethylene glycol (PEG) units
has[been(reported[to enhancel stability, [ transfectionlefficiencyand[circularhalfllife of
PAMAM ! Idendrons.'”" ' |Pegylated /PAMAM /Idendrons Jalso [ lexhibited[ Ivery low
cytotoxicities, although theloverall fransfection efficiency [still remained Tow. In[search for
better! transfection [ agents also[poly(propylenelimine) '**[(PPI)land dendritic L(lysine'"
havebeen!studied.Park and[¢colWorkers[took [anlinterestinglapproach and/ combined’a
linear[ polyethyleneglycol land ["dendritic[ poly(Llysine) [ to[ form[allarchitectural‘col’
polymer.'®®[Thisnovel block[colpolymer[could[selflassemble with plasmid DNA [at
physiological [¢conditions, forming[al¢ompact and[Wwater(soluble[polyionic'¢complex. The
formed[complexWwas[$tudied by atomic[force microscope (AFM)[and[found[toltakela
globular[shapel with["al relatively narrowJsize[ distribution[(see[ Figure[9). Nuclease
resistance(and(gel €lectrophoresiswere used foconfirmthe binding [and [packing results.
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Figure. a) Plasmid DNATandb)globular’¢omplexes formedbetween[DNATandldendritic
poly(L Tysine) /IPEG block (do (polymeras studied By AFM. '

Withthelaim [0fTproducing thore [programmable supramolecular(architecturesofldefined
and[controllable [composition [in'space, Diederichland[co [workershave [reported tationally
designed @amphiphilic Newkome[type dendrimers(forgenedelivery.'®’ Relying onthe low
toxicity, [ ]geometric ltunability,[Jand[]easelofl imultiple[Ifunctionalisation[ofl Jcationic
dendrimers/on(the/onehandlandthe(classic(selflassembly (0flamphiphilicmolecules(on(the
other, [ theyIdeveloped(Jallset lofl molecular[building[ blocks!to[prepare Jamphiphilic
dendrimers.[ Therationalldesign/led[tolstructures with(tigid[¢ores, high[¢ationic[charge
densitylonlonelsidelofl the dendrimer($urfacelandlalkyl tailsConlthelother[(Figure[10).
Indeed, [these[JamphiphiliclJdendrimers[ 'were[Jfound [ to[Thave[Jvery[ high[transfection
efficiencies, which[Wwereldirectly modulated [by[the size[and (humberloflalkyl(tails[and
cationic[_groupslin[the[ dendrimer. [ Transfection efficiency[ ofl these compounds even
exceeded thatofiSuperfect’ ™, which is[an(efficient dommercial ffransfection agent.
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Figure10.(A [failored [self assembling lamphiphilic/dendrimer for [éfficient [gene transfection.'”’

Alllof’thelabovelmentioned eéxamples rely lonthe IDNA [binding[function 0flthe [dendritic
vector. [However, [sincelasimple[DNA [Binding tolecule will ostikely [fail in/delivering
DNA [to [alspecific [siteldat[specific/time in[vivo,dlsolother “smart’ [functionalities have been
incorporated(in monviral vectors/in[order to [énhanceltransfectioneéfficiencylandtargeting.
Geneldeliveryvectors[with[smart[properties/ could[allow teal [fime control [ofldeliverylor
the[ geneltransfectionlinlthe body. Theseltypeslofl vectors arel currently inderlintense
researchland(c¢ouldlopennew importantways(to[develop(the field. Strategies for making
smart[dendritic vectors[with [desired[ functionalities [include[principally [two approaches:
targeting (vectors by using(cell[Surface teceptorsand/telease 0f DNA [usinglightor other
external[stimulus.[However, [smartiDNA [delivery [Vectorsbased on[dendritic[inolecules
remain largely inexplored.

Dendrimers(that(target DN A [vialdeceptormediated [éndocytosis . ¢ommonly ¢onsist oftwo
covalently (liked segments:'**(a[segment that[is a ligand for(a cell[Surface feceptor and [a
cationicl DNA [binding[segment[ (Figure[11).[ Upon mixing3with(DNAthelligands are
hypothesised(tobind DNA [and(thetargeting[units [temain[eéxposed[on(the surface. The
ligand canbechosen [to[promotelinternalization(via/receptor thediated [endocytosistolalcell
typethathas(theappropriate (cell[surface receptors [torecognise the ligand.

a) b)

@ -bindinglnit
OBP =[fargettingnit

Figure(11.[a)[Structural [design[oflabifunctional imultivalentdendron/c¢ontaining (both
binding[ and[targeting(ligands.b) Bifunctional dendron[ivith[ 15[ surfacel amines/and
three[|galactosyll residues( used[ 'forefficient/ targeting[ lof{/gene Idelivery [ itol liver
hepatocytes.' "

Kim etlal.[havel studiedlal seriesl ofl bifunctional " dendrimers[ consisting[ of T al DNA
bindingamine wedge and galactosyl functionalised (wedge.'” ' '°[They ¢concluded!that(a
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dendrimerwith[15(surfacelamines(and [threegalactosylresidues/was capableofldelivering
DNA [specifically(fo(liver(vialasialoglycoprotein feceptors onhepatocytes, (beingldlsothe
optimallvector0f'the[compoundsstudied. These tiypesofdendritic Wectorscanbedesigned
in[rational [Way[to promotel efficient DNA [binding[and[target/specific[geneldelivery in
vivo.

Dendriticl $ystems! that[ can/bind [DNA 'and[tespond/toexternall stimuliltol controllor
release[DNA [includelazobenzene and phthalocyanine dendrimers. [t[was found![that[the
azobenzeneldendrimer(couldrespond(to WV lightlandchangelits (zeta[potential [and [size. [Tt
was [further[demonstratedthat/the [DNA [binding/ability [6f the[dendron(wasdependent/on
its[Surfacecharge = dendrimer With higher(surface [chargedlsohad higher affinity towards
DNA.'"""[This[is anlimportant[ result sincel it  shows[ that DNA [binding[ affinity[of a
dendrimer(canldirectly Ibe[controlled[/by[Jexternal Istimulus. JThellfirst[Jsuccessful
photochemicallinternalization mediated [gene [delivery in[VivolWwas[published by Kataoka
and¢o workers.''*"'* [ Theyhaveldeveloped(alphototriggered( system for[in[Vivo DNA
delivery, [in[which thevectorlis[composed oflthree components:[alphotosensitive dnionic
phthalocyanineldendrimer (Figure(12a), whichlprovides photosensitizingdction, and[DNA
packaged(with[cationicpeptideswhich[drives/thethird [IDNA [payload [fowards [themucleus
of’aldellafter(ithasbeen released. Peptide [DNA polyplex (canbe released from(the ternary
complex by laser(irradiationlat[the[Visible[wavelength, (because(laserlirradiation on/the
phthalocyanineldendrimer(daninduce [photodamage [to the(éndosomal hembrane(and ‘thus
enhanceléndosomallescape (Figure[12b). Indeed, the in[vitroltransgene expression[was
enhanced morel than[100fold[ by photochemicalltreatment[and in[vivo subconjuctival
injection(ofltheternary [domplex inlananimal modellshowed [transgeneéxpressiononlyin
the[laser(irradiated/site.[ This[system[Jpresents( theIstate[oflthelart[in[ jphotochemical
enhancement(0fltransgene [@xpression by/dendritic[compounds.

a) [ b)

{ F'{
Terary complex a. o

Q.e

Selective photodamage
to endosomal membrane

Endosomal
escape

Figure[12. a)[Structure ofl thelanionicl phthalocyaninel dendrimer. b) A schematic
presentation ofl the[ photochemical [internalisation mediated gene  delivery.[ Ternary
complesis[designed(tolenter[thelcell byl endocytosis. Phthalocyaninel dendrimer ¢an
induce selective [photochemical damageto/endosomal membrane.
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Other[tecent(studies, [although[notbasedon[dendritic[molecules, have looked[to the
development [ offunctional IDNA [ binding[Isystems, [ lwhich[linclude[ lquantum(dots,'"
photosensitators''®,[Inanoparticles''’ [ Jor[ /bioconjugates.''™ '"[1To  Jachievel sufficient
transfectionl ] efficiencies | and [ celllspecificl] targeting, | protein—polymer[] conjugates
containingla/cationic[polymer suchlas(polyethyleneimine[(PEI) orpoly(L lysine)land[an
immunoglobulin have [ been[ developed.'*” "*'  These! conjugates| tely[ on[ the[ ability [ of
cationic polymers[to[bindland[to[compact  DNA, [ with[thel antibodybeing[ selected[to
facilitate receptormediated [gene delivery linto Variouscell fypes.'** [ Thus, [it[is [possible[to
design[verylefficientl conjugatevectors thatpossess distinctlimechanisms tolaccomplish
DNA [binding(and/cellulartargeting.
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1.4. An[QutlinelofitheThesis

Theresults presented in this/thesis[demonstrate thatlow [molecularweight/dendrons/are
capableofl Jhigh[affinity[ [ DNA[Ibinding[ lin[Jalgeneration[]dependent[ imanner[ lunder
physiologicallsaltidonditions(article ) andlare capable ofhodest[gene delivery (articleIT).
Spatial “and[ temporal [ ‘control [ over[ the[[DNA[binding[ was[ achieved[ by synthesising
dendronsin[Wwhich(thelsurface groupslarelattached[Vialphotolabile o[mitrobenzyl linker
(articleTII). [Furthermore,lit(has [beenshown that/thesedendrons can belattachedon(larger
biomolecules(and(that(their [DNA [binding(abilitylis[fully[and[directly transferred toother
nanoscale [ objects[e.g. [ proteins/ (article[ TV and[ V). All[these[different[approachesare
presented schematically(in Figure(13.

Article(Ildescribes[progressinloptimising[IDNA [binding[and [developinglow molecular
massdendrons(with[veryhighlaffinities[for DNA [+-[Such[sSystems wouldbe[particularly
useful [ forLDNA [ encapsulationand[ protection. Wel studied Newkome!type[ polyamine
dendrons,whichhave multivalent/sperminelarrayson/their Surfaces/to increasethe Binding
efficiency. Suchl‘monodisperse[ systems enable an  understanding[ of! structureactivity
relationships, andladditionally, havelal greater chancelof being[licensed[for[therapeutic
applications(in/thelonger term. (In(article Il we[studied the gene[fransfection [properties [0f
theseldendrons and found[out that/the dendrons(transfectr DNA [only[in[thepresencelof
chloroquine, which[promotes endosomall escape. The DNAbinding[ affinity [ ofl these
dendrons [ might[lactuallybe[ too[strong[for Cefficient[ transfection[ land[we[ therefore
developed[systemswhere[DNA [¢an[belteleased by external [stimulus. [Inlarticle 1[I we
describe how (light[¢anbe [used(to telease [DNA [from(dendrons by [degradingland/¢harge
switchingmultivalency. DNA [binding[¢ompounds/that/¢anbe manipulatedby(lightlare
especiallylinterestinglinleye targeted mon(virallgene therapy. Article TV[andVdescribe N[
maleimido! coredl dendrons!that[ can[bel attached[ onto[ protein[ surfaceslinl site[specific
manner to [yieldexactly [defined [oneto[onelprotein polymer(donjugates, where [the Humber
ofldendrons and[their[ attachment[ site[ on[the[ protein[surfacelis[ precisely known. As
suspected, [the tesulting[proteindendron/donjugates/bind IDNA [with (high [affinity. Further
studieslin[gene! transfection, | cytotoxicity [and[self assembly[establish relevancelinl gene
therapy(as/well as/surface adhesion(andpatterning.
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Figure(13.Schematics(offthedifferent’dendriticderivatives ised(in(thisThesiso Bind DNA.




18

2. HIGH'AFFINITY MULTIVALENT DNAIBINDINGBY
USINGPOLYAMINEIDENDRONS

DNA [ constitutes[ alparticularlyinteresting[ target[ for[hanotechnological [exploitation.
Highlaffinity binding[of TDNA [is[useful [for[ protectingl DNA [and [ultimately[delivering
geneticl] information[] intol] cells.[] Nonl¢ovalent!| interactions!| betweenl| dendritic
macromoleculesandIDNA [are(thereforeloficonsiderable (current/interest. In(general, higher
generation, or [structurally [fractured, Systems(dre usually more(effective [for[DNA [binding
and[ delivery. However, [ litl would[ bel Jadvantageous! tol[Idevicel lowmolecular weight
compounds| capablelofThighlaffinity [DNA [binding. Most dendrimersand dendrons[are
utilised to bind [ IDNA by [ using/ protonated[ ‘aminel surfacel igroups! thatl form[fionic
interactions with[the[anionic phosphatel backbone 0f DNA.[Thelinteraction between a
singleprotonatedamineland(aphosphatelis(relatively (weak, and ‘must/¢ompete[with[salt
binding[under Biological [donditions. Biology therefore ises {tetraamines, [such/as/spermine,
tolenhanceland/dchieve IDNA Binding. [Synthetic[spermine [derivatives|arelalsoWwidely ised
forlapplicationsin[DNA [bindingand [delivery. [However, [dlthough [spermine/is (better [than
anllisolated [ Jamine[ for[lbinding [ IDNA,Jthe[interaction[is[still[relatively[ weak, [ land
consequently, [Spermine struggles to[compete with IDNA (bound inorganic cations(andloses
itsIDNA [binding ability [for €xample(athigher(salt/doncentrations.

Inlthefollowing[chapter(it/is[demonstrated [thatthe Wholeis (more[than(the [simple [sum
offits[parts. The synergistic hultivalency [effect 0fhaving[multiple @mine [groups(organised
onto(singlelsubunit/¢anlinduce abinding affinity that(is three(orders(of magnitude(larger
when[ compared[tolindividual [binding[units.[However,[even[thoughlthe dendrons/bind
DNA [withlextremelyhighlaffinity,the in[vitrolgeneltransfection(studies/showonly [weak
transfection/efficiency.

2.1.[Low[Molecular[WeightDendrons for DNA Binding(ArticleT)

This[study [presents multivalent(dendritic[Spermine [constructs with [éxtremely high, [Salt
independentbinding[affinities [for'DNA. [Synthesis[of the [farget'molecules/Wwas achieved
using [ divergent/route, Which[Wwasbasedonlanlefficientl method to[ form[orthogonally
protectedsecond [generation [ dendrons, [tecentlyintroduced by Cardona and[Gawley.'*
Theldendriticmoiety [(for(allfarget molecules was[¢hosen fobeld biologically compatible
trifurcated Newkometypel ether [ dendrimer, [based [iipon!tris(hydroxymethyl)amine. This
frameworkl[is[easy[tol synthesise and[itlallows minimisation[ ofl stericlhindrancelin[the
second(generation’ dendrimer.[Thelbrancheslare alsolvery[flexibleland[therefore should
encouragel complexation with[DNA.[This[very[same[structure[forms/the basis[oflall[the
dendrons! presented [ inl this Thesis. Focal  point[ of! thel dendronl was[ protected with[a
benzyloxycarbonyl[ (Cbz)[ group, whichlis[ easy[to temovel enabling[the attachmentlof
different/functional groups. Thesynthetic(flexibility [provided by [this(latentreactive sitelat
thefocal (point/is(anlinherent/advantage ofithe/dendronlandprovides vast(potential [for the
developmentofidifferent [DNA binding systems.

Itiwas!first(necessary, however, toselectively [protect(theSpermine tolenablelits[clean
coupling(tolthelperiphery ofithe/growing/dendron. One oflthe [primary/amines of(spermine
was[regioselectively [protected(using the hethodology of(Blagbroughand (Geall togivethe
protected amine, [ Which[was[ subsequently [ teacted with[ anl excess of ¢[butoxycarbonyl
(BOC)(anhydride toprotect the temaining[amines.'** [ Treatment (with[¢onc. [aq. [ammonia



19

yielded/the 'asymmetrically(BOC [protected/spermine 1 (seelthelattachmentlat(theléndlof
thethesis for(graphical [illustration, [bold mumbers [refer [to[this [Scheme).

FirstlJand[second! /generation[ |Cbz—protected[ dendrimers G1, G2 and GOl model
compound (Figure[14)werelefficiently [dnd [conveniently [Synthesised using ¢arbodiimide
hydroxybenzotriazole [ J(DCC/HOBt)lcoupling[ Ichemistry Jand[Jorthogonal Jprotections.
Synthesis[ ofl thel] dendriticl] backbonel] began(] with[] 1,4[Michaell] addition[] of
tris(hydroxymethyl)aminomethane[/(Tris)[lto tert[butylllacrylate, JproducingItheIcore
structure(with(the[free[amine 4. Thelprimary amine(was/then[reacted in/goodlyield Wwith
benzylchloroformate tolafford Cbz[protected [focal ‘(point[(compound 5).Hydrolysis(of ¢
butyl protected(acid(groupsoficompound 4 with formiclacidgaveltheltrilacid 6. Trilacid 6
and[protected spermine 1[Wwere thenl[coupledusinglstandard [ DCClLand HOBt[peptide
couplingunder(basicl ¢onditions(to[providel fully[protected first[generation dendrimer 7.
Thelcrude mixture (was [first(purified withsilicalcolumn[in[0rder(to [€liminate[the [excess[0f
DCClandHOBL.Thetesidue [was[then¢oncentrated [and (further[purified [(with [preparative
GPCltoltemove(thelsideproduct/dendron(withonlyonelortwo Branches. Deprotection of
thel$permine [ BOC [ groups [ with[HCl gaslin[methanollafforded(targetcompound G1lin
quantitativel yield. GO model  compoundandlitsl precursor 3 werel constructed from
polyether 2[land[Jprotected spermine 1[with[similar[[DCC/HOBt[ coupling/land[HCl
treatment. ' Thelapproachfollowed [for thesynthesis/of'Second [generation target[compound
G2lwas[basedon'thepeptide¢coupling[of 4(and 6 with[DCCland[HOBt. Deprotection[of
theldendron(periphery,(thefollowing functionalisation with [Spermineand/its 'deprotection
were carried[Outlas/described for G1.
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Figure14.Spermineand farget/sperminelderivatives G0, G1and G2.

Ethidiumbromide/displacementassay was itilised [to study [the (binding[ofithe[spermine
derivativesto[DNA. This[assay measures(the ¢competition between [the ligands [and [EthBr
for[binding/to[DNA+[as[EthBrlisldisplaced by![thelligands,lits[fluorescence, whichlis
enhancedwhen bound(toIDNA, [decreasesinlintensity. Theldatalobtained(dre[presentedin
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terms[0f Csoland[CEsplvalues[(Table1). Cso/valuesireport/theconcentrationofpolyamine
causinglal 50%/[ decreasel in! fluorescencel intensity. CEs[ valuesl tepresent(thelfcharge
excess’.[ Chargelexcesslisldefined[as/the[hominal [¥numberofl positive charges” ofl the
polyamineldivided by [the“number 0finegative charges” [presenton the DNA.

At[9.4'mM NaCllconcentration/spermine binds[to DNA [with moderate strength [(Cso =
1.33 uM,[CEs[=(5.3), butlds[the[NaCl[concentrations!isincreased [to[a[physiological [150
mM (level, [spermine(virtually Toses/itsIDNA binding/[ability [(Cso/=[390 uMm, CEs¢=1560).
Compound GO[showed![similar, [if(slightly[weaker,[DNA binding. This[wasexpected, as
onel ofl the[primary[ amines[ ofl sperminehas been! converted[intol anl amide, Whichlis
incapableofiprotonation,/and GOI[should/thereforeleéxhibitlweaker(electrostaticinteraction
with/polyanionic DNA.

Largeridendrons G1land G2[with(threeand nine spermine units(tespectivelyshowed
significantly enhanced [ DNA [binding. G1[couldlefficiently bind[DNA [under[low[$alt
conditions[(Cso=[76 1M, [CEs( =0.68). Notably, the [affinity [for [DNA fis [considerably [more
than[three[times higher[than[thatlof GO. Thislindicates[that[thelorganisationloflthree
spermine unitson the dendritic framework [énables IDNA [binding activity [that(is hore than
the(simple[sum (oflits(individual (parts +the multivalency [principle")[in ‘operation. [When
the WaCllsalt/concentration(is lincreased to[150mM the binding affinity 0f G1[is[Somewhat
affectedbutlstill[shows[teasonable binding linder(these[donditions [(Cs, =300 M, [CE5 =
2.70).

G2lhassimilar[DNA[binding[affinitylas G1latllow[salt concentration (Cso[30nM,
CEso[=[0.81),[however(the[binding[affinity [of G2 is[notlaltered by[thelincreaselinlsalt
concentrationand[the[binding[temains justlas[strong (Cso[=[28 1M, CEs([+=[0.76).[ The
binding[is[therefore[saltlindependent+-a prolactivedendritic effect.[The multivalent
system[¢an thereforel compete[Wwith Na ' [cations/for[binding[sites on the surface of the
DNA [helix.Indeed, this[provesthat(the [strategy [0f lorganising [Spermine [units(intoawell [
definedmultivalent(drray has[considerable power (Figure(15).

Figure15.Fluorescence! titration profilesfor[the
additionCofTspermine, GO0, G1Cor G2tolalDNA
solution inlBuffered Wwater(pH[7.2)in the Presenceof
150mM MNaCl.
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Table.Resultsfor(spermine, GO, G1, G2, HFBI, HFBIG1/and HFBIG2 from/anféthidium
bromide displacement assay."!
Molecular Nominal CEsy/9.4 CEs¢/150

Compound weight charge mMMNaCl mMMNaCl
spermine 202.3 4+ 53 >400
GO0 363.3 3+ 60 >400
G1 1024.4 9+ 0.7 2.7
G2 3088.3 27+ 0.8 0.8

[a]Totalladdedpolyaminesolution(did not exceed 5%/[offthefotal Wolume; Thereforedorrections
were Motmadefor sampledilution. ResultsTdre@nlaveragelof three fitrations.

DNA [binding adffinities[were [Verified (by[gel fetardation[assay. Both[spermineland(the
GO0/modellcompound failedtobind[DNA [and retardits (migration, éven datmass tatios [0f
1:100(DNA:polyamine) (Figure16). In[¢ontrast,[dendritic[Spermine derivatives G1[and
G2 bothleffectivelyretarded themigration 0f DN A [atiassratios [0f(1: 1 (DNA:polyamine)
andlabove.[Thislhighlights(the[cooperativity[ ofl the[ DNA [bindingafforded [by[usingla
dendriticlscaffold for the[placement ofmultiple(spermine groups, and alsol¢onfirms(the
resultsfrom(the [€thidium Bromideldisplacement(dssay.
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Figure[] 16.00 Agarose[] gel(] electrophoresis”] ofl] polyamine/DNA] complexes.[] (A) GO
(polyamine:DNA,Ww:w): Jane(1,[0:1; dane2,[6:1;dane(3,7:1;Tane(4,[8:1; Tane[5,[9:1;Tane(6,
10:1;Ianel7,20:1;0ane(8,30:1;1ane(9,/40:1;0ane(10,(50:1;Tane11,60:1;0ane12,70:1;lane13,
80:1;Tane14,M90:1;Tane15,100:1.(Band ) G1and G2 respectively(polyamine:DNA,W:w):
lane,[0:1;Tane(2,[0.1:1;dane(3, 0.2:1;0ane(4,[0.3:1;dane(3,[0.4:1;Ianel6,[0.5:1;dane(7,[0.6:1;
lane 8, 0.7:1;1ane[9,[0.8:1;Iane10,[0.9:1;Tane11,1:1;Tane(12,2:1;dane(13,3:1;dane[14,[4:1;
lane15,(5:1.

Transmissionelectron thicroscopy [((TEM)wasised [fo[visualise the[dssembly [0f [DNA [
dendrimer[lcomplexes[J(Figure[117).[]With spermine[DNA[complexesJ(CE=1.8)[Jlarge
unsymmetrical Caggregates! ica.[ 250 nm[lin[ diameter[ were[ observed. Compound GO,
however, led[toTittle (ornolcompaction [0f IDNA [under(the 'samel¢onditions. On theother
hand, G1/and G2[(CE2.7)bothicondensedplasmidDNA linto well 'defined [approximately
spherical(nanoscalel¢complexes[(G1[¢a.[100nm, G2[¢a. 400 nm)[with[no[free plasmid
being/detected. [Thelsizelrange [0flthe [aggregates formed was[relativelylarge. Nonetheless,
these[ observations[indicate[ thatl compounds G1[land G2[efficiently[ bind DNA[and
condenselitlintospherical [dcomplexes.
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Figure17.[TEMlimages0fTDNA lin[thepresencelof (A) spermine (CE 1.8), (B) G1 (CER.7),
(C) G2 (CER.7)ZSamplesdeposited frombuffered Water (pH[7.1).

Inlconclusion, [ welhavepresented[ first and[second! generation[ spermine functionalised
dendrons! thatl bind DNA [ with[temarkablyhigh[affinities.[ Notably, G2[showed![salt[]
independent DN A [bindingand/itwas[considerably more [éfficient/than(the G1 underhigh![’
salt[conditions, [Whilst G1[was, in[furn,[significantly moreléffective than GO0 analogue. It
can be [furtherconcluded/that/organised [arrays(oflsingle(binding lunits exhibit(acleareffect
of imultivalencywhen[prearranged/onlaldendritic(surfaceand yield alhigh affinity (DNA
binding(affinity(that/ismore(thanthesimple sum(ofitheindividual parts.

2.2. Potential/asNonviral Vectors in/Gene [Therapy [(ArticlelI)

Inlthellast[ ten[jyears, there has been[anl explosion[ ofl interest in[using[ synthetic
molecules[as[vectors_for gene delivery.* '’ A [range of ‘materials suchas( cationic
liposomes,*®"** Cpolymers'*> '*°and _dendrimers'*’ [have_been Lutilized _for[ this  task.
However,[they [fend [fobe relativelylinefficientlin fransfection[and [often lack [cell [specific
targeting.[ Thel transfection[ efficiency( ofl dendrimers and[ dendrons[is[ comparable[ to
polymers and[eationic(lipids.*”'** [ Inladdition many[of{them areleasy[to[modify with
various[ fuctional [ groups, [ forexample[ with[ PEG[ groups!tolteduceltoxicity. Spherical
PAMAM [dendrimers[ have beenlJstudied! the most becausel ofl their[‘efficiency land
commercial @vailability.” (Other dendritic [polyamine scaffolds have also been investigated
as_geneldelivery[systems, suchlas[those based onla poly(propyleneimine)'®* [ (PPI)Lor

dendritic L lysine'®.

Inlarticle(Ilweldescribed how spermine functionalised(dendrons/bind IDNA. This[paper
elucidates(the telationshipofithese dendrons (between inlvitrotransfectionlefficiency [and
toxicity.'Welinvestigated/the(ability [of the [dendrons(to [fransfect[DNA linto[c¢ells[(human
breast/carcinomaldells, MDA [MB231,and murine myoblast(cells, [C2C12)as[determined
bythe(luciferaselassay[(Figure[18).Both(cell dines were transfected inWitrowith[1[jiglof
plasmid DNA [per(100,000( ¢ells. In[eachlcase, the[DNA[Wwas[complexed with[varying
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amounts/of'different/polyamines. Genetransfection efficiency was/measured(as lTuciferase
enzyme! activity[Jand[ normalised[ ito[ totall icell [jprotein. [ Initially, [ the[ dendrons[ were
investigated(in(theirlown[righttoldetermine(their(ability [foltfransfect(DNA [into[cellsland

allowlexpression/oflluciferase. However, no theasurabletransfection/could (belobserved(in
any|dase.
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Figure18. Transfection efficiency oflspermine,the[non’dendriticCmodel(G0)Jand the
asymmetricl[dendrons[displaying[Sperminelon[thelsurface (G1land G2)[inla)[C2C12Mandb)
MDA MMBI231¢cells.Luciferase expression wasmormalised by total cellular protein. (N=6,
error [Bars Tepresent [standard [deviation).

Chloroquine, [ Jaliwidely[used[‘helper molecule’,‘was[therefore[ladded (at‘al ifinal
concentration[of 100 uM)[tolaidthelgeneltransfection. In[thepresencelofl chloroquine,
measurablelgene transfectionWwasobserved with [Some[oflthe spermine derivatives[(Figure
18).[Atlow [polyamine:DNA [massratios(1:1[and4:1),the[Second/generation/dendron/was
significantly [better(at/transfection(than [the first[generationanalogue.(However, at higher
polyamine:DNA 'mass[tatios(10:1[and[20:1) theltransfectionlefficiency oflthe second
generation/dendron(was/observed(toldecreaselsharply.[Underlequivalent/conditions, the
transfection/efficiencyoflthefirst'generation(analogue G1lincreased(dramatically. Indeed,
G1becamemoreleffective(at/transfection/than G2[at/high[polyamine:DNA mass/ratios. A
similartrend was[observed for[both[ cell[lines,  although[theltransfectionlinto murine
myoblasts[C2C12[washigher/than(that[for [the human breast/carcinomaldells (MDA MB[]
231).[Themnonldendriticmolecules((i.e.,[spermineland GO)linduced[nolimeasurablelgene
expression/over the range of[polyamine:DNA [massratios(ihvestigated((1:1and(4:1).

Oneloflthe(major/drawbacks ofladministrating[polycationic moleculesfolivingcellslis
that[theyhave beenteported toldamage ¢celllmembranesaslalresultofl thelelectrostatic
attraction [of polycations [fotheplasmalmembrane, whereas meutral [and[anionic[polymers
cause[minimal damage(to ¢ellular[mmembranes. ' Welthereforelassayed[the¢ytotoxicity[of
ourdendrons[using[an[assay[ based on[thel cleavage of 2,3[Bis(2[methoxy4nitro[5[]
sulfophenyl) 2H [tetrazolium[5 [carboxanilide [(XTT)[in[metabolicallyactivel cells. The
samel(celllines[dsuised [fortransfection(studies, human breast/carcinoma/cells (MDA IMB ]
231)land[murinemyoblasts((C2C12), Wwere exposed [fo various conditions [(i.e.,[polyamine,
polyamine+DNA, [ polyamine+DNA+chloroquine) for(4[h, and[imetaboliclactivity[ was
assayed20hlater. The results/ofithese studies/are/collected inTable 2.

Noteductionlin[metaboliclactivity [ was[observed when [the[dendriticderivatives[dlone
werelJadded[lat[lal concentration[]ofl 1 117 pglper( 110000 cells.[1Only[Jthe[125[1kDa
poly(ethyleneimine)[(PEI)(standard reduced(the metaboliclactivity by 30% for(the (C2C12
cells, [ indicating[ that our[ dendrons  are[less! cytotoxic[ than PEI [ Similarly, when[a
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combination of polyamineand[DNA[Wwasladded(to[thelcells[(0.2[ug DNAland 1 g
polyamine[per1000(¢ells), ourldendrons (G1[and G2)hadholobservable!¢ytotoxicity.
However,[oncelagain,[the[25kDalPEI ¢control [teduced metabolicactivity = [this[time [by
20% [forthe[C2C12 cells.

Table 2. Cytotoxicity [of $permine, [The mon[dendriticodel (G0),landTirst[(G1)[andSecond
(G2)generation[dendrons,aswellCas " PEICinCmurine Cmyoblast[C2C12and Thumanbreast
carcinoma MDAMB 23 1¢ells. [Cytotoxicity[isteported [astheeffective metabolic Tactivity,
usinglan[XTTassay.[InCeachlcase, theletaboliclactivity lofCalblank sampleloflcells (i.e.
untreated By [polyamine, DN A [dr(chloroquine)ias [fakenas1.000.

metabolicldctivity[(relative(to[1.000)

cellline conditions spermine GO G1 G2 PEI CQ
C2C12 no(polyamine 0.512
C2C12 polyaminelalone 0.980 1.000 1.070 1.006 0.705
C2C12 polyamine+ DNA 1.659  1.032 1.032 1.015 0.808
C2C12 polyamine #[DNA [+[chloroquinel] 0.758  0.968 1.238 0.305
MDA MBI[231 no(polyamine 0.678
MDAMBI231 polyaminelalone 1.022  1.070 1.003 0.997 0.878
MDAMBI231 polyamine #[DNA 1.099 1.063 1.011 1.034 0.954

MDA MBI(231 polyamine+DNA #[chloroquinel] 0.886 0.979 0.988 0.398
a:[CQFIchloroquine

Significant[ cytotoxicities, however, werel observedlin[the[presencel ofl chloroquine,
under experimental (conditions/identical tothoselin[which [transfectionhad Been performed
(i.e.,[0.01pg DNAland[ 0.1 pglpolyamine  per 1000[ ¢cells, and[ chloroquinel atl al final
concentration[lof 1100 Jum).[Under[ these ‘conditions, [ ichloroquineland DNA [‘reduced
metaboliclactivity [ by 50%/[ (evenlin[thel absencel ofl polyamines). In[thel presencel of
chloroquine, [ DNA and[¢ither[$permine, GOlor G1, thelcellslactuallylexhibitedl greater
metabolic/activitiesthan(theydidlinthe[absenceloflthe [polyamine. Indeed, inlthepresence
of GOlor G1,[thelmetaboliclactivity [ofthelcellswas(effectively mormal.[However, lising
chloroquinelandIDNA [in[the presence0f G2[gavelrise(toldmarked deduction(inmetabolic
activity[(ca.[70%for[(C2C12[cells). In(all[cases, the MDAIMBI[231 ells[werefound[tobe
more[tobust,and[the polyaminesand c¢hloroquine werefound(tohavelsmaller effectson
thehetaboliclactivity than they(do for[C2C12cells.

InlSummary, this paperlinvestigated the ability [oflournew(simple dendron structures,
functionalised 'on[the [$urface[Wwith[iultiple [spermine[groups,tolactlas[Vectorsin[gene
therapy. [TheldendronsWwereinabletoldeliver[DNA inWitrolonltheirlown [fight,however,
they Were[dapable0fltransfecting[DNA whenladministered with chloroquine, which assists
withlescape from endocytic[vesicles.[ Evenlinlthe presencelofl chloroquinethe overall
transfection(éfficiency [is[very low when/dompared/to .commerciallfransfectiondgents, [and
doesmotlallow(teal [dpplications. OnelofthepossibleMeasons [forlow [efficiencyisthat/the
DNA [binding [@ffinity[of'the [dendrons/is(in[facttoo [strong(and IDNA [is tiotteleased in [the
extend[needed for efficientfransfection. Theldendrons Wweremon foxic éither[alone, [or[in
the[presence [ 0fTDNA.[Conversely, whenladministered 'with[DNAand[¢chloroquine, [the
mostrhighly branched[dendron(did[exhibitvarying cytotoxicity [effects.Tt[is[¢lear thatin
future! studies! thel structure[ of! thel dendrons[ must[ bel modified in[suchlwaytol allow
efficient( ] transfection | withoutl[chloroquine. |However, | the | current! results' | provide
encouragement|(that(this/type ofbuilding [blocks, (whichhave!a(telatively high [affinityfor
DNA, (willprovidelaluseful (starting[point[for[the further(synthetic/development ofimore
effectivelgenetransfectionlagents.
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2.3.[Optically[Switchable IDNA Binding (Article(TII)

Inlthis(study 'wehavemodified our[cationic/multivalent/dendrons presented(in paper I,
bylintroducingan olnitrobenzyl link'*’ between!thelspermine surfacel groups and!the
dendron(framework. Optical itradiationdanbe ised [to [cleave [the €ster functionality [0fTthis
groupl from[the dendriticl scaffold, tesultinglin[tapid[telease of thel covalently bound
surfacelgroups/and(non(dovalently (bound[DNA, due(to’dendron/degradation’and[¢harge
switchingultivalency.

Controlling[thelselflassembly[or[functionlofnanoscalelobjects usingexternal stimuli,
suchlas[ pH,[ temperature, [ light,[ electricl potential, or[magnetic[ field, is[ an[ important
requirement ! for[thepreparation oflfunctional ‘andtesponsivelimolecular machines forla
wide (range [of potential ‘applications. > %1% 131 [§pecial focus has been on medicinal
applications +forléxample, [controlled [drugand DNA (delivery(systems,' > '**reactivation
of ¢aged(eénzymes, > [and[switchable membrane [proteins.'** (Light s an éxternal [stimulus
enjoys!amumberlofladvantages, suchlas[sharplydefined(spatiotemporal (controlover[the
responsive éffect, biocompatibility (and(easy usage. ''> '’ [IDNA (binding ¢compounds that
can bemanipulated by [light(are éspecially linteresting [in[DNA [based [computing, > * ¢
chip’ INA [storage’ and mon[viral [gene therapy,' > because [spatial and temporal (control
over(thelreleaseleéventican belgained. Most oflthe[¢ompounds/usedlin[genetherapy bind
DNA, however[unpackaginglofthe complexesland[teleasel oflthe '(DNA lis[difficult[to
achieveliflthe binding[is[Very[strong. This[might[beltesponsiblel for[low transfection
efficiency,Suchlas(those(tesults presentedin/publication 1. [DNA [telease is [therefore [of
direct/importance.

Recent[studies on[photocleavabledendrimersand/dendrons, [include for(éxampleselfl]
immolative[] dendrimers'*” (] porphyrin(] derivatives' (] and[] dendrimers[’ based(] on
photocleavable core'** " [or[photoactive[surface.***° [Given ourlinterestin (multivalent
DNA recognitionland [transfection, weldecided [to (@xplore whether lour [polyamine/dendrons
could/beldevelopedlin/suchlalway[ds[tolachieve[photoresponsivity. 'Weltherefore hodified
our[ previously teported dendrons[ byl attaching[thel sperminel surface groups/vialan ol
nitrobenzyl link [(Figure[19a). The o[nitrobenzyl groupundergoesphotolytic/degradation
(Figure[19b)using[long[wavelength[ UV [light (A=350nm), thus[allowing spatially[and
temporallydontrolledtelease[oflthe[covalently(attached [Spermine[surface groups[and(the
non!c¢ovalently [bound IDNA. [Once(thelspermine groups are/cleaved from(thesurfaceoflthe
dendron,thel¢ationicmultivalency!leffectlis[destroyed, leaving(justlindividual [Spermine
groups, [ iwith[only weak[ affinity [ for[ DNA.In[this[ way,  DNA[ will[be[leffectively
decomplexedlon[photolysis. Importantly,as[thelSurfacel groupslarel ¢leaved,they leave
behind(an(anioniclcarboxyliclacid[surfacelthatwill further [tepel IDNA [and [thus[promote
releasel(Figure([19c).

Polyamine[ldendronsIwith o[nitrobenzyl[Jlinked[ 'sperminelIsurfacel /groups(jand[a
benzyloxycarbonyl [ (Cbz)[protected core[Wwerel synthesised land[characterised uising[ the
samel methods/ thatl were[used tolpreparel dendrons(reported[in[ publication I.[The
photolabile omitrobenzyllinking[group (pll) wasfirst[¢onnected 'with(apeptide bond fo
spermine 1,[whichhad(beenlappropriately [protected (with Boc[protecting groups. The(pll[]
spermine( lconjugate( Iwas[Isubsequentlylcoupled [ Jwith[the trifurcated Newkometype
branching [ scaffold 6 byl simplel esterification[ reaction. Standard[catalystl agents and
refluxing/solvent/wereneeded fo form[the product 18. Crudematerials/werepurified by
using [preparative (GPClandIsilicalcolumn. [Deprotection [0f(the [Sperminegroups ising HCl
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yielded highlywater(Soluble(target'dendrons plllG1[and plllG2.[Thelsecondgeneration
dendron(was[synthesisedin[alanalogousmanner by ![esterification ofIpll'spermine 17 to
G2lacid 9.[Modell¢ompound pllIGO was[obtained!directly from[pllispermine’conjugate
17.
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Figure19.Sperminelderivatives.[a)[Targetphotolabile 'dendrons pll[GO0, pll [G1land pll[G2.Db)
Photolysisfof plllG1and plliG2 liberates Sperminelsurface andlexposes/carboxylicacids.[¢)
Schematiclillustration(ofTthe[selfTassembly[ofmultivalent/dendrons land DN A, Followed By [the
optically triggered degradation(dflcationic(surface @andrelease[0fDNA.Thereleaselis therefore
due tolfwo [factors: [optically [friggered (cleavage[ofTthe Spermine chainsland [¢ationic [folanionic
charge reverse. Blue spheres:[photoléleavagelsites, ted $pheres:[cationic $perminelamines,
yellowspheres: @nionicdarboxyliclacidgroupsiexposed after photolysis.
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DNA [ binding[ affinities[ 0f’ sperminel derivatives/ werel evaluated usinglan[ethidium
bromide(displacementassay.'*’ The[strengths ofl the resulting[DNA [dendron[ ¢omplexes
wereldlsolstudied By IDNA [relaxation isingchondroitinsulfate B((csB), whichlislalsulfated
polyanionicl ] glycosaminoglycan| known[] tol| effectively[] relax[| weak[] DNA[¢ation
complexes.'*' [These tesults are [ presentedas alfunction of sulfonic acid[/protonatable
dendron(amine (S/N)ratio.

Twoldifferent($altl concentrations[ (9.4 mM[and[ 150 mM[NaCl)lat alphysiologically
relevant pH[valuelof(7.2 werelagain[studied. Underlow [salticonditions (9.4 mM NaCl) the
non!dendritic[¢ompounds spermineland plllGOlbind(to/DNA, although[notlparticularly
effectively [((CEso=[6[and[32 respectively, Figure20a, [Table[3). Theldendritic[systems pllL]
G1land pllIG2, however, (bind[DNA [verystrongly [with[Similar[strength (CEs,=[0.5and
0.4respectively, [Figure20a, Table3).[Athigh[salt[concentration (150 mMNaCl)[spermine
and pllIGO0lalmosticompletely lose(their [IDNA [binding[ability [((CEsy values >200, Figure
20b,[Table(3).[Conversely, plllG1land pll[G2[arelonly!littlelaffected by[thelincreaselof
competitive Na' [ions, duefo the multivalent mature (0flthese dendritic Systems. Larger pll[]
G2 bindsslightlystronger(than pllIG1 (CEs,=[0.7[and1.0[respectively, Figure20b, Table
3).[These[ CEsy  valueslarelin[goodlaccordance[Wwith, although(slightlylower[than, the
values [forspermine(derivatives without pll linker presented in publication 1.'**

Complex relaxationwith¢sB(at[9.4imMNaCllsalt'concentration(shows(that pll[G0/and
spermine[pack [DNA [into weak [ complexes, whichlareleasily[opened by [telatively small
amountJofllcsB(Figure[ 20c).[However, plllG1and pll[G2[form[extremely[strong
complexeswith[[DNA [andcanmnotbeopenedleven with[veryhigh[S/N ratios[(Figure[20c).
Whenlthelsalt[¢oncentrationlislincreased fo[150mM, the[¢omplexes arelslightly [Wweaker,
and/itlispossible(toopen(them. The plliG1 —DNA ¢omplex[can(be(fully telaxed/withan
approximatelyten(fold[excess[ofl ¢sB,[Whereas pll[G2[complexeslarel strongerlandlare
relaxed(at/50(fold excess[(Figure20d).
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Figure[20. Titration[curvesfor[spermine, pllIGO0, plliG1or pll’G2.CEthBrfluorescence
quenchinginthepresencea)[ 9.4 mMandb)[150 mMINaClL.DNApolycationcomplex
relaxation With[¢sBlinthepresence(0fd)[9.4 mMIand(d)[150 mM[NaCl. Release[0f IDNA from
complexes byUVirradiationlin[thepresence(6f7¢)9.4 mMandd)[150 mMNaCl.[Totalladded
polyamine solution didmotlexceed5% [0fThebtal Wolume; ThereforelCorrections Were motmade
for[Sample(dilution. Results [are thelaverage [offriplicates,error bars E[standard [deviation.

Table3.Results JforCspermine plIfGO0, plliG1Tand pllIIG2 from[an[ethidiumJbromide
displacement/dssay.

CEso/9.4 CEsl/1150

Compound Nominallcharge mMNaCl mMNaCl

spermine 4+ 6 >400
pIIIGO 3+ 32 >200
plIiG1 9+ 0.5 1.0
plIIG2 27+ 0.4 0.7

The photolytic[ degradation[ ofl thel spermine! derivatives! was! first/ studied[ asl such,
withoutlany IDNA [present. [Degradation [Was|attained by lirradiating an[dqueous [solution[of
plllG2 (Figure[121)[Jand[ following[the[Jtime[¢oursel lofl ithe[ Ireaction Iwith[TUV[Vis
spectroscopy. Trradiation[of plllG2compoundswith[UV [light[dt[350 mm(led [fo [Significant
changeslin(the[UV [Vis[spectra.[Aldecrease oflabsorbanceat[245 mm/was(observed along
with[alclearlincrease at[ 268 nml[and 349 nhm —[changes[Wwhichltypically indicatelthe
photolytic reactionproposed/in Figure[19b.'** *®Similar(changes Wwereobserved dlso [for
pllIGO0and pll[G1.Figure21blshowsthat/degradationloflthe(dendritic[Systems(teaches(a
plateau/afterica.200/sland pll[G2releases/approximately(three/times torelsurface groups
than plllG1, whichlinturn[teleases three times more surfacel groups/than pll[GO.[This
9:3:11atiolis consistent [ withthe mumber of surface(groupsiin pll[G2, pll[G1land pll[GO
respectively. ILonger(itradiation/times (lead [to[further .changes [in[the [@bsorption spectra, for
example decrease oflabsorption at330(400 mm.'**
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Figure21.MPhotolysis[of $perminelderivatives.[a)[UV [Vis[$pectralof pllIG2afterdifferent
irradiation [fimes(0[260(s)Wwith MV dight.[6) Molar absorption coefficient of pllIG0, pll[G1and
pIIIG2 at 390 nm plottedlagainstU'V firradiationfimelindicate [thatthe photochemical Teaction
takesplaceland pllG2 releases/@pproximately Three fimes moresurface/groupsthan plliG1.

DendronDNA [complex[disassembly (was[then[directly (monitored(as/afunction of UV
irradiation [fime [by (using the[¢thidium [bromide displacementlassay. [DNA [was!first[fully
complexed with[ the[dendritic[ polycation[ (CE=2)[and[ the resulting complexes were
irradiated under[ UV [light.[ EthBr[ fluorescence was[ then[tecorded after[ differenttime
periods +lifldendron(disassembly [occurs, the [EthBr(should (belable(to ¢ompeteeffectively
for[DNA [binding [withtheresultingindividual [Spermine units, [@and (hencethe fluorescence
intensity [ of EthBr[shouldlincrease. At[9.4 mM[NaCllconcentration EthBrfluorescence
increases, [indicating(thatboth[pll dendrons(release[DNA [after[90[s[(Figure[20e).[At[150
mM [ saltlconcentration plliG1iteleases' DNA [tapidlylafter[40[s and pll[G2[after[55(s
(Figure20f).This[more(rapid(telease mightbeeéxpected(asa resultloflthelslightly (weaker
complexation(between the [dendron/and ([DNA [under (the Thigh salt[¢onditions [(particularly
for plllG1).[ Dendron G1[(pll/G1iwithout[thel photolabile omitrobenzyll linker, [ see
publication[T) [was[usedlas[alreference iinder[both[salt ¢concentrations and markedly[no
release of [ DNA[ from!these complexes was[ observed aslaltresultof[ UV [irradiation.
Importantly, the 'sametrend, that(dt[9.4 M NaClconcentration plllG1and pllIG2behave
similarly(whileat150mM NaCl¢oncentration pll[G2[bindsDNA [thore(strongly/than pll[]
G1,lis[consistent(acrossallthree fluorescence titrationmethods.

DNA [binding[and(telease[by[pll'dendrons wasconfirmed/by[gel electrophoresisiin’a
direct/plasmid[DNA[(pDNA)binding(assay. Thephotolabile dendritic ‘¢onstructs plllG1
and pll[G2[tetarded(thel¢electrophoretic mobility [of IDNA,[whilst plliG0lwas ineffective
(Figure(22).[After[UV lirradiation, plllG1[and pll[G2[¢learly teleased DNA, allowing/its
freelelectrophoretic mobility. Importantly, UV [irradiation[induced (pDNA [fragmentation
was notlobserved,indicatingthat/the(structure/and functionality [0fithe[pDNA [is ‘preserved
under(these conditions.
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Figure22.[Gell@lectrophoresis 0f pPDNA(250mg perTane).Lane[d: pPDNA. TLane2: pPDNAF pll[]
GO(CE30)noUV.Lane3: pDNA plliG1[(CE2)noWV.Lanel4:[pDNA [+ pllIG2(CE 2)no
UV.Lane5:[pDNA [+ pllIG1(CE2) 1minWV.Lane(6:[pDNA [ pll[G2[(CE2)1minUV.Lane
7:pDNA T minUV.

Light[scattering(and ([potential (measurements studies/wereused tofurtherlinvestigate
the[DNA [bindingand [releasingproperties [0fthe dendritic[moleculesinladdition/to[the
surfacelchargelofltheformed DNA [complexes. [DNA [was[¢omplexed with pll[G2[or pll[]
G1 with[CE[2[andthe[particle countrate dand ([potential were[teasured before dndlafter
one[minute[0of UV lirradiation. Before UV [freatment,[the [ 0bserved ¢count(rate for pllIG2 —
DNA [complex[was[420.9 kilo[¢ounts per[secondl(kcps) and [potential(14.7+3.4[mV,
indicating[ the [ formation[ofl allarge humber ofl positively charged[particles. After[ UV
irradiation, (however, [the [particle [dount [rate[was found[to [drop[offlto [Only (8.8 kcpsland the
Clpotential 'to —27.8+7[mV. This[confirms/the[complexbreakdown and[the formation of
species [ with[alhighlanionic[¢harge. Theldecreaselin!the ¢ount(tate is attributed(to[the
changein therefractiveindex (oflthe/dendron DNA [domplexes [asthey indergoaltransition
from[¢ondensed[globulesfolloose ¢oils, [ whichhavelalower tefractive index[than[dense
globules.[ Similarbehaviour[ wasl[ observed[also bylusing plllG1 as/the[bindinglagent.
Summary 0flthe Tight/scattering/and [the C[potential[resultsis presented/in Table 4.

Table4. Light/scatteringand the C[potential measurement/results.

before UV lirradiation after[Imin WUV lirradiation
compound  countiratel(kcps)  ([potential countlratel(kcps)  C[potential
plllG1 380.7 18+5.8 7.9 —(19.1£4.5)
pll'G2 420.9 14.7+3 .4 8.8 ~(27.8+7)

Inl¢onclusion, [ ournovellphotolabile multivalent’dendrons ¢an(beused for(teversible
DNA binding. [DNA [teleaseis[made[possible by Tong [wavelength UV lirradiation (A=350
nm), which[cleaves| thel surfacel jgroups! from! the  dendron’ framework[ and! therefore
degrades/and[c¢chargelreverses[dendron’smultivalency.In particular, pll[G1land pll[G2
bind DNA [efficiently [ through[ complementary[ electrostaticl interactions,[ but/ canl also
release(their(target(Very [fapidly. Effectively, the high[affinity (multivalent(interactions(are
‘switched[off” (by [(UV [irradiation. Tt[is[therefore[possible[to gain[$patiotemporal [¢ontrol
over DNA['binding[ and[telease, making[ these dendrons[ very promising for[ detailed
applications/in manobiotechnology.
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3.l HIGHAFFINITYADHESION/OFPROTEINSITODNA

Nature has/evolved(d[vastrepository lofproteins [and [énzymes [tocarry [out(awide range
ofsophisticated | tasks, Wwhich[have[ been[ extensively[ exploited[ by biotechnologyand
medicine.'* [Suchproperties_are, however, onlyas[ good as conferred by hature, and
efforts/tolimprovelor(tolalter the[biologicall propertiesl of proteinshavel beenmadelin
various ways.'**[One of these[imethods!is to modify the[protein by attaching[a polymer
chain(covalently[ontolits[surface.'**[Examples of such modifications havelyielded high!]
affinity (binding[to (biomolecules, [tissuelorintracellular [targeting by multivalentbinding [to
cell surfacelreceptors, * [prolonged circulation lifetime,'** ' thermal switching 6flenzyme
activity,”' [and[ size/dependentbinding.'>* However,  approaches that[Wwould [ mimic  the
DNA (binding [properties (ofinatural (proteins'> Have previously received little attention.

DNA [ bindingJand[transfection[Jability [lofl jpolyamine dendrons[wasstudied Jand
demonstrated(in(drticles ITII. In(this[chapter, (the(dataof(the last[two [publications(IV[and
V)lis[presented, Wwherel wel describe how! the dendrons[canlbel attached onto[ protein
surfaceslandhow[they[function. [It[is[demonstratedthatthe [DNA [binding[ability [of the
dendrons(c¢an(change(the (biological [propertiesof(proteins, énabling them [foSelflassemble
with[DNA.

3.1.[Synthesis/ofProtein [DendronConjugates for DN A [Binding
(ArticlesTVand[V)

Methods[toprepare [well [defined Cprotein (polymer[_conjugates' **~ ¢~ 1>*15¢ "can [ be
divided(intotwo different classes: “graftinglto™’ " ®' and Sgrafting from' " **:The former
way [utilises[alprotein [reactive polymer, [ whichl[canbelattached[onto[teactive groups on
protein[ surfacel and[ thelatterinitiation[ sites[ attached "on![ thel protein[ surface where
polymerisationcan(take[placeldirectly. Alternatively ‘modification¢anlbelachieved by
cofactor reconstitution.' '’ Most(studies [concentrate (on linear[polymers, butd [drawback
toltheir(uselis/that/theyinducela degreeof heterogeneity [in/the form ofboththe attached
polymer[andloften(the [proteinlattachment sites. Dendrons, however, [are not[afflicted by
these[problems.[ Conversely, only[telatively few[studies on[protein[dendron!¢conjugates
exist, [ including [ ffor[ lexample, [ protein[ with(dendritic| bisphosphonicacid,'®®[Janionic
myoglobin(derivatives,”” °*"" [dendrons with[multiple proteins on[surface, *’ [synthetic
glycoproteins'"’, linsulinmodified with sialic dcid' "' land PAMAM [biotin/donjugates.' >

Welchoselto uselthelmaleimidolchemistry[to(target(alsinglefree[cysteine tesiduelon
protein(surface. Nimaleimidolgrouplisielllknownltolteact! verylselectively with[free
sulthydryl| groupslin[heutral[aqueous!solutions' andambient[temperature. Nlmaleimido
cored firstlandsecond/generation/dendronswere prepared from [the [Synthesis [intermediates
7Cand 10, usedlinl thel preparation of polyaminel dendrons( presentedinl publication!1.
Deprotection[o0flthe [Cbz[protected [amino[¢ore using/catalyticlhydrogenationyielded[the
freelamines!at[the focalpoint[(compounds 11 and 14),[whichlweresubsequently teacted
with/anlexcess[0f 3 maleimidopropionic acid(tolafford[cysteinelreactive dendrons 12(and
15.[Deprotection( oflthel sperminel groups/ using[HCl then[yieldedhighly[water(soluble
target/dendrons 13[and 16 with[anlintact Nlmaleimidolgrouplat/thel¢ore. Howeverlit(is
noteworthythat[While[the[synthesis/ofdendrons/might/seem to [beasimpleprocess, itlis
still [felatively[difficult(to[produce(bulk [quantities ofhigh[generation(dendrimers, because
oflthemultiple(synthesis and [purification steps.
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Ideal [ proteins[ for[ precisel conjugation[ should[ contain[ onlyonelteactivel sulthydryl
group, [ although[imethods! to[ modify native disulfide(bridged[ cysteines! usinglalthiol[
specific, ] cross functionalised (] monosulfone[ have [ also ] been[ studied.'”>" > (1 Precise
conjugation/is/essential [if the [protein[functionality[is[to[preserved; conjugation/ofla large
moleculel tool closel tol proteins!lactive part[icouldJalter lor[ hamper[its[ functionality
dramatically. [Freel cysteines/that[are(teactive becauselthey do[not/take partlin[disulfide
bridge[ formationlarelrarelin[proteins: [ for examplelal globular/Bovine Serum[Albumin
(BSA)(containsmaturally [Onlyone reactive[cysteine((Cys34). Furthermore, [@pproximately
50%!of thesel cysteinel tesidues| arel oxidised and[ thus tnavailable! for[ conjugation.'”
Nonetheless, BSA[Wwas[¢hosenlaslour(large[(66.4kDa,[607 aminolacids)model [protein.
Serum(albumin(is the mostlabundant(plasmalprotein in[mammals and[functions(asnon]
specificl carrier for[ several "hydrophobicl compounds [ suchl[ as[fatty[acids[ and[steroid
hormones, [ carrier for[ unconjugatedbilirubin"and[ calcium[ion[binder. It also[ partly
maintains! the ‘osmoticl pressurel in[ blood[ plasmalby[ preventing water! from[ crossing
capillarywallslinto[fissue. BSA[structure ¢onsists oflthreehomologous/looping[domains
heldtogether(by[17 disulphide bonds[(Figure(23).[Domain(structures are highlyalphal]
helicallandlack betalsheets. BSAlis(teadilylavailablelcommerciallyland[exhibits other
potentiallddvantages,suchaslong/¢irculation fimelandlow [foxicity. Indeed, d [dommercial
drugformulation/Abraxanelincorporates/albumin(fo improve the(solubility [and [reduce the
toxicity ofipaclitaxel.'”’

Class 1l hydrophobin (HFBI) from Trichodermalreesei'”® '** [was[chosenlas another
protein for(the (protein[dendronconjugation(reactions.'® In[common(globular proteins the
hydrophobic[residuesare buried[linside[ the[protein, butl HFBI[has alvery[unusual
amphiphilicstructure Wwhere @pproximately (half/oflits (hydrophobic[dminolacidi(side(chains
form(ahydrophobic(patchexposed to the protein/surface. [HFBI(can therefore be regarded
as al imesoscalel surfactant! protein.  Mesoscalel lsurfactants( arel thought[ to[ have very
interesting[properties in hydrophobic dssembly.'*> '* [ The HFBI fold forms two {harpins
linked by alshortlalphahelix resultinglinan(antiparallel B(barrel/structure (Figure23).The
Blbarrellis[ further[stabilised byl fourlcross(linking[ disulfide[bridges, Whichl[are[buried
inside theprotein(dnd/make(thefold very [compact/and relatively (hardto/denaturate. Due
tolits[Surfacelactivity, HFBIis(known [to form Warious structures [through[spontaneous [self! |
assemby. [Indeed/hydrophobinfilms[with[a[selflassembled hexagonallylorderedstructure
arenow [well ¢haracterised.'®”"® The matural Structure lof lHFBI does ot (provide d[single
freelcysteine(residue, [therefore(site directed 'mutagenesis/wasused fo[¢onstructla protein
variant of THFBI[Wwith[alfree sulthydryl[groupfor[site[specific[¢conjugation. Thelprotein
variant,[]termed[ ] NCysHFBI, [ was[ | producedJin[Jits[]homologous ] production]host
Trichodermalreeseiland [purified from[the fermentationbiomass lyielding partially loxidised
covalent/dimer of NCys HFBI.'”’[After purification, disulfide (bridged NCys HFBI dimers
were[reduced(to honomers((HFBI) with[dithiothreitol.
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Figure23. Structure[of T HFBI{(left)Cand BSA (right).[Thetonservedkide thains bflthe
hydrophobicpatch Gf[HFBIareshownlinred.

Thelteduced HFBIwas! conjugated(tolthe[first and/ second generation dendronslin
buffered"aqueous(solutionat/ neutral [ pH[using[anllexcess oflldendron[ (Figure 24).
Conjugationto BSA Wwas(doneWwith similar[procedure, however BSA wasmotreactedwith
dithiothreitol prior(tolconjugation. Tolavoid confusion, ithustbe moted that BSA [contains
al24[aminolacidlsignal [andpropeptide[sequencenot/observedlinthefinal translatedand
transported (protein But ispresent(in the(gene. Therefore the free Cysteine is[the 38" @mino
acidlinthe(sequencesfound[from(databases. The[l,4[¢onjugateladdition Heactionbetween
Nlmaleimidogrouplandfreel¢cysteinelsulfthydryl groupwaslallowed[to[proceedlatleast
overnight[to eénsure haximal donversion.
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Figure24. Target[dendrons forproteinmodification {13[and16)and [preparation [of [protein
dendronldonjugates (BSAG1, BSAIG2, HFBIG1land HFBIG2).Reactiondonditions: [(H,0,
pH.

Analyticaldatalfor BSA, HFBI[and[the protein dendron ¢onjugateslis(presented in
Figure[25(and[Table(5.Purification by semilpreparative [HPLClallowed the separation of
free[protein form[theprotein[dendron/donjugates. [Separation [éfficiency [Wwas(less[effective
for BSA[¢conjugates/than[for HFBI[¢onjugates, [ probably[becauselthelattacheddendron
doesnotlalter(the retention[of'a(large hydrophilic[protein(ds much(as/alsmall lamphiphilic
one.[Even(so, thelseparation(efficiencywaslenough to[recoverpurelmateriallinallcases.
Peaks[werel fractionated, pooledland[ finally[lyophilised[to yield the[productslas[Wwhite
solids. (High [purity(after[poolingwas[confirmed By analytical HPLC,whichIshowsalsingle
symmetric peak[forlall ‘purifiedcompounds. Thelelution[times within[the[protein[series
gradually [ decreasel as/ thel growing[ size[of theldendronlincreases water[$olubility and
thereforehinders [retention. [For bothproteins(smaller(retention volume was observed Wwith
dendron(attachment/andlincreasing/dendritic[generation(as would [be [éxpected because [of
the"high"hydrophilicity “ofl the['dendrons. IOveralllarger  retention[ volumel of HFBI
conjugates( is[ consistent[ with[ their higher[ hydrophobicity'when[ icomparedto BSA
conjugates. [ |Analysis[ by matrix [assisted[ laser[ desorption[ionisation+[time of[ flight
(MALDIITOF)[mass[ spectrometry shows[ clear[signalswithgood[‘accordancel to[the
calculated [ 'mass [ lofl the[conjugates, [ confirming[the[covalent[structureofl the[ target
molecules((Table(5, Figure25b).[CD measurements/were [used to[¢onfirm(that/theprotein
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structurelisnot detectably [¢hanged by the [attached 'dendron[(Figure25c).[CDIspectralfor
BSA [based compounds [are/consistentwith [the high[cdontent/ofThelical [secondary [structure.
Thelspectralfor HFBIlandits'¢onjugates/indicate [rich[tandom[¢oil’and [[sheet ¢ontent,
also/cdonsistentwith(the [protein mative structure. Details 0f thelanalytical[datalare[presented
in[Table[5.Theltesults[showthat[this[is/alconvenient[method fo prepare(exact/one(toone
protein/dendron/conjugates(in(goodlyield [(~80% for[HFBIland [+50% for BSA)!and(could
alsobelapplicabletootherfunctionalised [dendrons.

a) b) ©)
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Figure25. Analytical data for[proteinl[dendronlconjugates.d)[Analytical HPLCchromatogram
oflTthepurified BSA, BSAG1and BSAIG2 showinglaldecreasing retentionVolumewith
increasing[dendritic[generation, [see[Table[5 forValues. b)IMALDIITOF$pectraloflpurified
BSA, BSAG1iand BSAIG2showinglincreasingmass Withincreasing/dendritic generation, see
Table 5 [for[values.©)[ICDSpectralfor[all[studied proteinsCandtheirCdendronconjugates
confirming that the protein structurelismotldetectably changedbylthe attached dendron.[A
schematicl¢omputergenerated Mmodel[6fTd) BSAG1landlé) BSAIG2.[Cys34andthelattached
dendronfare/shownlinred.

Table[S.[Analytical [datafor [proteindendron Conjugates.

Calc.hass 7 MALDI[ Retention Elol}lme /) Conjugation Retention E/Ol}lme /)
Compound ol TOF /im 2 mL[(semil] ield (%) mL [(analytical
£ preparative[HPLC) Y ’ HPLC)

BSA 66143031 6614443 76.96 0 20.33
BSAG1 67471.7 671404.1 75.70 53 20.00
BSAG2 69(535.6 69(552.5 72.71 48 19.82

HFBI 81676.7 81676.5 107.45 O 23.86
HFBIG1 91718.1 91722 .4 98.49 79 22.87
HFBIG2 117782.0 117782.8 91.97 83 21.13

[a] Approximated from[peak heights(semipreparative [HPLC).

Inlsummary, welhaveldescribed N/maleimidolcored/dendrons/that/selectivelyreact/via
1,4conjugateladdition/with[alsinglefree thiol[grouplon(theprotein surface+Cys 34 of
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Bovinel Serum[Albumin[ (BSA)lor[ geneticallyl engineered[ cysteine mutant[ ofl Class[1I
hydrophobin[ (HFBI).[ Becausel thelocation[ of! thel thiol[ group(is[ known[exactly,[the
resulting(one(to[one[protein[polymer(donjugatesdreéxtremely (well[defined = the mumber
ofldendronsland[theirlattachment'site[onlthelproteinlsurfacelis precisely known. The
conjugation(reaction(can/be/conducted/in mildaqueousisolutions (pH7.2[7.4) land lambient
temperature [esulting [in [BSA [and[HFBI[dendron[conjugates(inyields 0fTatleast(48% and
79% [respectively.

3.2.[Functionality [0f[Protein Dendron(conjugates((Articles IV [and[V)

After[establishing[ robust[ synthetic "and [ purification[ imethods to prepare sufficient
amounts (oflprotein[dendron (onjugates, [a[series of different methods were utilised[in lorder
to asses/the various functional properties ofithe [proteindendronconjugates.

3.2.1. DNABinding

Inthe[EthBrldisplacement! assay[ both inmodified! proteins, BSAland HFBI, wvere
unableltobind[DNA.[This was[éxpectedas[¢commonly proteins/that[do[notlhave[DNA
binding[motifs[or[significant[surface[positivel chargedomot bind[DNA.[No[interaction
with[DNA [was observed/evenwith highprotein concentrations[(Figure26a,d, Table[6).
However, [the[protein[dendron¢onjugates/ showed[significantly énhanced DNA [binding.
UnderlowIsalt[ conditions[ (9.4 mM[NaCl) HFBI/G1[and HFBIIG2[bind(DNA [very
stronglyland[with[$imilar[affinity [(CEs,=0.6,Figure(26d, Table[6). BSA[G2[also[binds
strongly, however[with[slightly Tower [affinity [(CEso=1.0,Figure(26a,[Table[6). BSAIG1
exhibitsTower (bindingaffinity [((CEso=[3.5,Figure(26a,Table[6) when[compared(tolother
protein’dendron(conjugates. The Tower (binding [affinity [for this[dendron¢onjugated BSA
might/belexpected bBecauselthe rather smallldendron(ca. 1 kDa)must/adherelamuch/larger
BSA [protein|(ca. 66 kDa)(to IDNA.[At/physiological salt/concentration(150mM) BSAIG1
and HFBI[G1[both(éxhibit/weaker binding(than(atlow [saltconcentration (CEsy=6.3[and
0.9(tespectively, [Figure[26b,e, [ Table[6). Thebinding affinity[of BSA[G1lis[affectedthe
most. Ttlalsolinterestingto moticethat BSA[G1binds(DNA [with(noticeably lower affinity
than G1 (seelpublication(I)[alone = [thislis[presumablyd/consequencelofithe éntropic(cost
of binding thehigh[molecular(mass BSA [protein to/the[DNA. Nonetheless, the[measured
binding[Valuelis[surprisingly[strong.[Onlthe[¢ontrary BSA[G2land HFBI G2 arellittle
affected by thelincreaselin(salt¢oncentration/andthey bind DN A [with[extremely[strong
affinities [(CEs,=0.6[and (0.5 [fespectively, [Figure26b,e, Table6)[as(d[consequence(of their
multivalentnature.
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Figure26. Ethidiumbromideldisplacementlassay¢urves(forSpermine, BSA, BSAG1, BSAT

G2, HFBI, HFBI[G1or HFBI[G2Gn aSolution0fl1 pMIDNATand[1.26 pMiethidiumbromide

inbuffered water ((pH[7.2).[EthBrfluorescencelquenchingfin fthepresenceld,d) 9.4 mMland(b,e)

150 mMNaCl.[DNA polycation[¢omplex TelaxationWith[ésBlinlthe presence of c,f) 150 mM

NaCl. Resultslarethelaverage offriplicates, €rrorbars E(standard [deviation.

Complex strengthlévaluationusing[¢sBlas(telaxinglagentshows that BSAIG2[packs
DNA lintoalstrong[complex, which[can[be [fully opened [only withanlexcess of¢sB(S/N
ratio[>25,[Figure(26¢). [Complexes[formed(with BSA[G1arelsignificantly [weaker(and/can
belopenedwith(telatively[small[S/N [tatio [(S/N[ratiol¢a.[5, Figure[26c). [SmallerlHFBI[
dendron!conjugateslarelable[topack[DNA [¢ven[morelstrongly[whenlcomparedto BSA
conjugates. Both HFBIG1(and HFBI'G2 packIDNA [into strong/domplexes(with[similar
strength. ‘Both[¢omplexes[¢canlonly[bel fully[telaxed at[S/N(ratiosoflapproximately >30
(Figure[26f).



38

Tablel6. Results forlspermine BSA, BSAIG1, BSAG2, HFBI, HFBI'G1and HFBIIG2 [from
anlethidiumBromidedisplacement@ssay."!

Nominal Calculated CEsl/[9.4 CEs, /150

Compound charge FWg/mol] mMNaCl mMMNaCl
spermine 4+ 362.5 6.0 >400
BSA (9+)™ 661430.3'° >400 >400
BSA[G1 9+ 67471.7 3.5 6.3
BSA[G2 27+ 6915335.6 1.0 0.6
HFBI (4+)l 8676.7 >200 >200
HFBIG1 9+ 9718.1 0.6 0.9
HFBIG2 27+ 11782.0 0.6 0.5

[a]Total'@dded Polyamine(solutiondid motiéxceed 5% [0fthe fotal Wolume; ThereforelGorrections
weremotmade [for[Sampleldilution.Resultslare[an averageldfthreefitrations. [b] BSA hasan
overallThegativelsurface charge[(pl<6)atTheutral (pH, Thoweverninepositive charges were
assumed for[¢omparison. [Jc][Accordingfoprotein aminoacidSequenceland the humberlfof
protonablelsidelchains, fourpositive charges Weredssumed.

Taken[the tesults[together, (they [demonstrate[that/alfunctional DNA [binding/dendron
canlimpartlits [properties onto ‘the [protein [to whichlit/is[attached. Thisthethod énables|us [to
convey DNA [affinity [fo[proteins(that[do[nothavela natural DNA[binding affinity. The
binding[ values[imeasured! for[ the protein/dendron( conjugates| are,[ especially for BSA
conjugates, [ surprisingly [ strongland[in[ general ‘agreement with[ those[ measured!for[the
dendrons(alonel(seelpublicationT).[ The binding[affinitylof BSA[G1isrelatively[strong
and[shows(thatleéven(a[rather(small((ca. 1 kDa) G1/dendron/dan(convey reasonable binding
affinityleéven(folamucharger protein((ca.(66 kDa). Thiskind[ofbehaviormuchresembles
the binding(ofinatural [proteins that(rely ‘on IDNA [binding [domains.'> Dendrons attached to
the [protein(surfacedan [therefore be described [@ssynthetic DNA binding(domains.

3.2.2. Surface(Self[Assembly

Thelamphiphilicity (oflthe(HFBldendron[conjugates(was [first/studied (on[solid [Surface.
Considering[Ithel[possible[Japplications[ loflItheselconjugates[in[]genel Itherapy, Ithe
hydrophobicityof'thelcarrier(is (known[to strongly linfluencethe[DNA [tfransportthrough
cellularmembranes (into(cells'"’ [and is[therefore important fo characterise. (Quartz crystal
microbalance (QCM)[was[used[tol[study the surfaceadhesionand/binding properties [of
HFBIdendron(conjugates.[QCMI[¢an/measure/small[¢changes[in[mass on/alquartz[crystal
resonator[ inl teal[fime. During/ imeasurementtwol types ofl informationlare[given. The
changelin(drystal’sresonance frequency[(Af)[is[directly [proportional [fo the [dbsorbed mass
on/thel¢rystal,[and(the dissipation (D) ¢hangelgives/informationlabout/the decayloflthe
resonance(signal, [(Which'is/dependent on(the structure[oflthedbsorbed layer. Usually Thigh
dissipation/energyindicates flexible 0r loose structure.

Onel ofl thel remarkable properties[ ofl hydrophobins[ s/ their[ ability[ tol form[selfl]
assembled filmson hydrophobic surfaces or @ir[waterinterface.'” ! [These featureshave
been demonstrated [previously for Various different (fypes 0f hydrophobins,"”' however we
wanted[to’demonstrate(thesameleffect/alsowith[protein/dendron(¢onjugates.[The HFBI
and HFBI[G2[were immobilised [on hydrophobic[polystyrene coated[crystals. Figure[27
showsl(theadsorbtion[ofboth[¢compounds/ati¢oncentration[0f150 pg/mL.Both(compounds
adsorbrapidly(in(alsimilarmanner, reachingthe maximum 1evel @lmost/instantly, [@s would
belexpected [ for[ amphiphilic proteins. However, HFBI'G2induces[ larger[ dissipation
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compared(to HFBIalone andlis(attributedfo(the fact(that/the flexible secondgeneration
dendronlattached!tolthe[proteinlinduces! flexibility alsoltol[thel conjugate[ (Figure 27).
Washing/with[buffered water did (not[reducethe amountlofl surfacebound/ compounds.
After[immobilisation[and 'washing[ofTthe [functionalised[sensor[crystals, [their[interaction
with [ DNAWwas[ examined. DNA [Wwaslinjected in[ thel same[ buffer[system[at[0.2[imm
nucleotide[¢oncentration.[As[éxpected, HFBIldoes[notshowlanylinteraction/with [ DNA
seeing(thatnolshiftlin frequency/or(dissipation/eénergy Wwasobserved. HFBIG2, however,
showed[al¢lear[shiftlinfrequency, indicating[ DNA [binding.[Also[the¢lear[teduction in
dissipationlenergylindicates[that/the dendron becomes moreltigidaslaltesultlof[DNA
binding/along(thelsurface.

HFBI / HFBI-G2
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Figure27. Surfacelddhesionland MNA Binding Properties[of HFBIland HFBIG2[asmeasured
bythel¢hangelintesonance frequency(a)land dissipationénergy(b). HFBIlor HFBIIG2 was
addedafter(3 thin, IDNA [was @dded @fter 16 min.

Thelsurfacelactivitieslof HFBIIG1land HFBIIG2 on!air(water interface(were(studied
by compressing Langmuir(films[(Figure[28a).[ The[unmodified HFBI isotherm[shows(a
steep [liquid[¢ondensedbehaviourlanda/collapseldtica. 35 mN/m. HFBI[G1[shows(d[rapid
rise[of the surface pressure 4t mean molecular(area/(Mma)(ca. 60 A*(and a[collapse point
at[60 mN/m, Whereas measured Mma value 'of HFBIIG2isshifted éven Towerl(to/ca. 10[A?
andlalc¢ollapse[pointlat[ 56 mN/m.[These tesults further[Vverifythe amphiphilicity[of the
HFBIllc¢onjugates and[ agreeably show[ dendritic[effectl to[ thel film formation, where
increasing/thel dendritic[generation[on/theprotein/surface makes it[morelsolublelin the
subphaseand therefore siftsthe Mma [fo Tower(A® values because anincreasing amount 0f
thematerialis Tost/into[the[Subphase.

Atomicforcemicroscope ((AFM)was [used to directly image and assessthelcrystallinity
oftheprotein dendron(conjugate(films. Thefilms[were [prepared ising(dLLangmuir [trough
compression/andthendepositedonto a(graphite[substrate, [after Wwhichthey [were(dried [and
imaged with[AFM. The[AFM limages [revealthat/dendron imodified liydrophobins [can [form
stable( films[on[ air'water[interfacel andthat[thel films[havelaltregularhexagonalllike
structure[ Wwith[the[ dimension[ oflal few hanometers (Figure 28b,c).[ Thel samelkindof
structure(was[observed for(both HFBI[G1[and HFBI[G2[films.[Analysing[the structured
parts[oflthe[surfaces[using Fourier fransform yielded[2D ¢rystal unitl¢ells[of[a=5.9 nm,
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b=5.4lnm, y=119°for HFBIIG1and[a=5.3,[b=4.9, y=115°for HFBI[G2, indicating[a
closeltohexagonal (packing/inboth(dases(Figure28b,clinset).
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Figure28. a) Surface pressurellarealisotherms/obtained By compressing HFBI'G1or HFBI[
G2Langmuir[films.[The HFBI[sothermis[plottedas alteference. [b,c) Correlationlaveraged

AFM fopographylimageloflb) HFBIIG1[and¢) HFBIIG2[Langmuirfilm(showingla tegular

orderedhexagonal [patterns[ofTbbjects. [Imagelsize[is[19mmx[19 nm. Insets: Fast Fourier

transformsoflsingle drystalline@reas6f HFBI[G1[or HFBI[G2 film.

In[summary,[these(tesults'demonstrate that HFBI[dendron[¢onjugates(¢anladherelon
hydrophobic(surfaces/and(bind [ DNA. Behaviourloflthe ¢conjugates onlair[Wwater [interface
show [ how![thel surfacelactivity[ ofl the HFBI[dendronlconjugatesisl dependentlon'the
attached(dendron. In'addition,[AFM images/confirm[thatthe(conjugates(can(selflassemble
into(dlsimilar hexagonal [array las HFBIlalone.

3.2.3. Cytotoxicity and/gene transfection

Cytotoxicitylis[an[importantfeaturein (non Viral (gene therapy, aslideal [vectors[should
exhibitlow[or monexistentfoxicity. Proteins haveldiverse effects onlc¢ellularmetabolism,
however! forlexample HFBI and BSA[lin[particularlare[well known[for[their safety.
Polycationic[compounds, however, [are[known[to[damage[¢ell [membranes(as(altesult[of
their(electrostatic interactions with the [plasma membrane.'**(With this [potential [drawback
inlmind, [cytotoxicity [oflour [protein dendron conjugates(towardsfibroblasts(cells ((CV1[P)
was[Jassessed [lusing[ the[ 3((4,5Dimethylthiazol(2yl)(2,5 [diphenyltetrazolium [ bromide
(MTT)lassay. Noneloflthestudied [compounds showedlany(toxicityat/CE ratios[0.125[4.
However, HFBIG1land HFBIIG2Wwerelobserved(tol[belslightly[cytotoxic atlhighlCE
ratios, where [relative (cell viability [decreased markedly [(Figure 29a). HFBI didnotreduce
celllviability[atlany[CE [1atio.'/At[CE[16 HFBI[G1[decreased telative cell [Viability[toca.
62%land HFBIIG2[to ¢al50%[(Figure[29a). BSAland[its[dendron[¢tonjugates(didnot
indicateany [toxicity.

Recent(studies/in [protein[polymer(cdonjugateshave shown(that/they(dan(beisedasmon [
viral [vectors(in'genetherapy. Forléxample conjugates/dontaining/d(cationic polymer(such
aspolyethyleneimine " /(PEI)or[poly(Lysine)[Jand [Jan[Jimmunoglobulin, Thave[ been
developed.''™® 2! (In these donjugates ‘the[cationicpolymer (is used fo (bind [and [compact
DNA and[thelantibody[being[selected tolfacilitate ‘teceptor mediated[ geneldeliverylinto
various(cell types.'**[Ourlapproachis similar; the ¢ationic [dendron is [used fo bind [DNA
and[the[proteinfunctionality(is used(to/increasepenetrationthroughlc¢ellularimembranes.
Welinvestigated [the protein[dendronl¢onjugate mediated/geneldeliverylinto[CV1[P ¢cells
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with[Vvarying[CE fatios[of[(Figure[29b).Gene transfectionefficiency [(Was measured(as Sl
galactosidaselexpression. PEI[25k[and[plain[(pDNA [were[used(aspositiveland [hegative
controls(tespectively.[Welobserved ¢learly[enhanced [transfectiononly (for HFBIG2 with
highlchargelexcess(tatio(>4), whilelall [the [other [protein[dendron[conjugates wereiinable
tomediatelefficient/transfection. Optimalltransfection éfficiency wasachieved/at/(CE 4 and
notably,no cytotoxicity (was/observedwith[this[CE[ratio.[We suspect(that(this(increaselin
thel transfection[ efficiencyl is[ duel to[ the[ protein amphiphilicity,[ becausel thel results
presented[in[Publication/ 1l indicated that[the[ dendronsalonelareltelativelylineffective
transfection/ agents and BSAland its[dendron[¢onjugates/didnotlinducelmeasurable Sl
galactosidasel activity.[ Clearly! this[is[not[ duel to[ alweak[ or[ differentl DNA [ binding
mechanismlof BSA[G2, because both HFBIG2and BSA[G2[bind[DNA [inlalsimilar
manner. However, [higher[surfacelactivity[ does hotlalonelincrease[transfectionbecause
HFBIIG1 5 hotefficient evenlthoughlitis orelsurfacelactivelthan HFBIIG2. Therehave
been nol previous[ studies[ on[ thel interactions[ between[ hydrophobins[and[ biological
membranes, [ but[the current[results_lindicate that[ these[interactions would_make[an
interesting [future study.

Taken![the tesults[together, welhaveldemonstrated thatl HFBIiodified [with[a T DNA
binding[ dendron, [ functionslaslalcationicl surfactant[ capablelofldelivering[ DNA [across
biological membranelandlis motmarkedly(cytotoxicldtTowCEratios. It ustbe Motedthat
theloverall [fransfection [eéfficiency [0f HFBIIG2 [is[low[when/compared [to[PEI25k, which
inducedlover20(foldhigher £ galactosidaselactivity. However, this(is[significantlybetter
than thepreviouslyteported (behavior ofisimple G2[dendronlas(altransfectionlagent((see
PublicationI).
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Figure29.73)[Cytotoxicity[of HFBI, HFBI'G1, HFBI'G2andPEI25kinkidney [fibroblast
cells (CV1[P) reportedlasitelativelcelllViability[{%).[b) Transfection efficiency of HFBI,
HFBI'G1lor HFBITG2GnCV1P(cellsigivenlasmUIof Slgalactosidaseldctivity. Resultslarelthe
averagelofTiriplicates, €rrorBars fepresent(thestandard(deviation.
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4. CONCLUSION

This Thesis presents novel dendritic derivatives for high-affinity DNA binding. The
dendrons consist of Newkome-type polyether framework and multiple spermine units,
nature’'s own DNA binder, on the surface of a dendritic scaffold. The dendrons interact
with DNA in generation dependent (G2>G1>G0) manner with the more highly branched
dendrons being the strongest DNA binders probably due to the chelate and statistical
effect of multivalency (Figure 5, page 8). Importantly, the linear GO analogue was unable
to bind DNA at physiological salt concentration.

Gene transfection efficiency of these dendrons remained very poor, even when
administrated with chlorogquine, which assists escape from endocytic vesicles. One
possible reason for low transfection efficiency is that the interaction between the dendron
and the DNA is in fact too strong and therefore DNA is not released. The dendrons,
however, were not markedly toxic either alone or in the presence of DNA.

In order to address the DNA release problem, optically triggered release of DNA from
the dendrons was made possible by attaching the surface spermine groups by o-
nitrobenzyl to dendron frame. Upon photolysis the surface groups are cleaved leaving
behind an anionic carboxylic acid surface and only individual spermine groups, which
were previously found not to be able to bind DNA. Due to this degradation and charge
switching of multivalency, the DNA israpidly released.

DNA binding dendrons can aso be attached onto protein surfaces by employing
maleimido chemistry to yield precisely defined protein-polymer conjugates where the
number of dendrons and their attachment site are precisely known. It is therefore possible
to convey DNA affinity to proteins that do not have natural DNA binding ability.
Importantly the DNA binding ability of the second generation dendron is not affected even
when it is bound on the surface of a large biomolecule. The protein part in the conjugate
can also play an active role by for example promoting surface adhesion or transfection
efficiency.

We expect that the functional dendrons and the union between proteins and multivalent
synthetic compounds open aroute to novel applicationsin gene protection and delivery. It
is further possible to ‘fine-tune’ the functionality of the dendron periphery by means of
organic synthesis and to further control the interactions between molecules and the self-
assembly of nanoscale bioconjugates in more general way.
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ABSTRACTSIOF PUBLICATIONS IV

[.[JHighlaffinity (binding[between[nanoscalelobjectslis[an[essential [prerequisitel for
“bottom up” [ fabrication.[ In[ recentl years, interest has! focused on[the usel of
dendriticl macromolecules[ as supramolecular’ nanoscalel building[ blocks. The
branched [Superstructure[of’ dendrons’and [dendrimers[offers(specific[advantages,
for[example, [ enhancement ofl weak binding[ by using[ multivalent[ arrays[ of
recognitionunits[on(the dendritic[Surface. This[multivalencyprinciple,[in [Which
organized [arrays amplify[thel strengthl ofTal weak[binding[ process, suchlas[the
bindingloflsaccharidesto[proteins on(cell[surfaces, [is[mow[well éstablished. (We
arelinterested in[ optimising[ DNA[binding[and[developing[low[molecularmass
dendrons(withvery (high [affinities for [DNA—such(systems(areparticularly iseful
for[DNA [encapsulation(and [protection. Herein, We [reportion multivalent/dendritic
spermineconstructs[with well[defined [molecular(structuresand[eéxtremely [high,
saltlindependentbinding(affinities for[DNA.[Thesemonodisperselsystems énable
an[understanding [ ofl structure—activity[ relationshipsand, in[addition, havela
greaterchancelofbeing licensed [fortherapeuticapplicationsin/the Tonger [term.

II.0Thispaperinvestigates [a[series[ of dendrons/based on[the Newkomeldendritic
scaffold(that(displays(dmaturally [0ccurring polyamine((spermine) onltheir(surface.
Theseldendrons havepreviously beenshown(to interactwith IDNA [in[a/generation
dependent manner(with[the more highlybranched/dendrons éxhibiting[a strong
multivalencyeffect(for(the Spermine surfacegroups. Inthispaper, Wwelinvestigate
theldbility (0flthese dendronsto fransfect IDNA linto [cells((human [Breast[Carcinoma
cells, IMDAMB[231,[and[murinemyoblast¢ells,[C2C12)[as[determined by the
luciferaseldssay.[Althoughthe/dendronsaretinable(to transfect [DNA lin[theirlown
right,[ theyl arel capablel ofl delivering! DNA [in[ vitro[ when[ administered with
chloroquine, 'whichlassists/with[escapefroméndocytic vesicles.  The dytotoxicity
oflthedendrons/was determined using the X TT [assay, dnd(it[was/shown [that[the
dendrons were montoxic(either/alonelorlin/thepresence of[IDNA. However, when
administered (with DNA[and[¢hloroquine, (the most highly [(branched 'dendron(did
exhibit/some(cytotoxicity. This[paper(elucidates/therelationship between/in [Vitro
transfectionl efficiencyand(toxicity. Whiletransfectionlefficiencies are modest,
thellow [foxicity [of'the[dendrons, (bothlintheir[own [tight, [and[inthe[presence [of
DNA, provides! encouragement! that[ this[ type[ ofl building[ block, which[hasla
relatively [ high[affinity[ forl DNA, [ will providel aluseful starting[ point! for[the
further(synthetic/development/ofimore éffective [gene transfectionlagents.

III. []Multivalent binding (between manoscaleldbjects has/recently iemerged [as lone oflthe
most[ powerful [ methodologies! for[ thel assembly[ of! functional supramolecular
materialswith applications/in/nanotechnology. Controllingthe(selflassemblyof
nanoscalelobjects usingléxternal [stimuli, such[aspH, temperature, [light, electric
potential, [or magnetic(field, is[an[important(requirement(for thelpreparation[of
functional "and! tesponsive [ imolecular imachines! for[ al widel range ofl potential
applications. Here[Wwelteport| cationic multivalent/ dendrons, [ With olnitrobenzyl
linked [sperminesurface groups/thatselflassemble with DNA [vialmultivalentlionic
interactions.[Cleavage [ of olnitrobenzylgroups from(the dendron!framework by
optical irradiation(tesults(inrapid felease oflthe[covalently (bound(surface(groups
and[non(c¢ovalently [ lbound IDNA,'duelto[ /dendron[degradation Jand[ Icharge
switching[] multivalency.[ | Thesel | results' | encourage!] further(] developments,
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particularly[in[controlled[ genel deliveryl or[ spatially land[temporally[controlled
DNA [storage/release(systems, whichhave[been[proposed/to/belofltelevancelin
molecular(domputing.

IV.[JMultivalent'dendrons(that havean Nlmaleimido[group(at(the(focalpointicanbe
used[to[donstruct/monodisperselone tolone [protein[dendron¢onjugates. Here we
demonstrate[ thel successfull synthesis[ of’ series ofl multivalent( proteindendron
conjugates/inwhich/the'dendronlimparts/its[properties ontothe [protein [to whichlit
islattached:i.e.[highlaffinity[DNA[binding/(as[determined by ethidium bromide
fluorescencelquenching assay). Itlis/therefore [possible(to/convey IDNA [affinity fo
proteins[ thatl do[hot[have[ natural [ DNA[bindingability.[ Notably, using!this
approach, [ HFBI G2 [is[one[0fTthe [Strongest[DNA [binding[proteins [éver[teported.
Iths further (possiblelto [fineltune’ [the[functionality [oflthe [dendron periphery (by
means[ ofl organicl synthesisand[ to[ further[ controll thelinteractions[ between
moleculeslandthelselflassemblyofnanoscalebioconjugates.

V.[Nature[ haslJevolvedproteins[ land[ lenzymes[ to[Icarry[out lal‘wide[ range lof
sophisticatedtasks. Proteins[ modified [ Wwith functional ‘polymers[possess many
desirable[] physicalll and[] chemical ] properties[] and[ havel] applications[| in
nanobiotechnology. Herel wel describe multivalentl Newkometype[ polyamine
dendrons that[function[Jas[synthetic[IDNA [binding[Jdomains, [ 'which[Jcanbe
conjugated/withproteins. [ Thesepolyaminedendrons/émploy maturally[occurring
sperminelsurface groups/to bind DNA [withlhighlaffinity[andlarelattached onto
protein[surfacesin[al site[specific[ Imanner([ to[yield[‘well defined[onelto [one
protein[polymer[¢onjugates, wherethe mumber[ofldendronsand theirattachment
site [on(the[protein [surface(is [precisely (known. This [precise[structurelis[dachieved
bylusing Nlmaleimido(c¢ored dendrons(that!selectively teact[viall,4[conjugate
addition(with(alsingle[free(thiol [group on thelprotein/surfacel=+ either(Cys[34[of
Bovinel Serum[ Albumin[(BSA), oralgeneticallyleéngineered[¢cysteine mutantof
Class[Ilhydrophobin[(HFBI).[This[teaction[¢an[be ¢conducted in[mild aqueous
solutions[ (pH[7.2[7.4)[and[ ambient! temperaturel resulting in BSAland 'HFBI[
dendron( Iconjugates.[ | The[ Iprotein(dendron[ \conjugates| Iconstitute( 'al Ispecific
biosyntheticl diblock¢opolymerand [bind[DNA [with[highlaffinity[as[shown[by
ethidium[ bromide! displacement/ assay.[ Importantly, even[ thel low/molecular(
weight!(first[generationpolyamineldendron((1kDa)[¢an(bind(a(large[BSA [protein
(66.4(kDa)(to[DNA [with[relatively[goodaffinity. Preliminary[geneltransfection,
cytotoxicity(and[selflassembly [studies/establish/the(relevance 0flthismethodology
for inlvitrolapplications, [ suchl asl genel therapyl and[ surfacel patterning.[ These
results/éncourage further/developments in(protein/dendron(block [¢opolymer [like
conjugates and[will(allow[ the[ ‘advance ofl functional biomimetic[ hanoscale
materials.
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