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���Š�ƒ�’�–�‡�”���s��
Supramolecular��chemical��biology��–��controlling��proteins��
with��supramolecular��chemistry��

Supramolecular��chemistry��has��primarily��found��its��inspiration��in��biological��molecules,��
such��as��proteins��and��lipids,��and��their��interactions.��Currently��the��supramolecular��
assembly��of��designed��compounds��can��be��controlled��to��a��great��extent.��This��provides��
the�� opportunity�� to�� combine�� these�� synthetic�� supramolecular�� elements�� with��
biomolecules��for��the��study��of��biological��phenomena.��In��this��chapter��requirements��for��
the��application��of��supramolecular��elements��to��proteins��are��discussed��using��examples��
from�� the�� recent�� literature.�� Applications�� of�� supramolecular�� structures�� for�� the��
inhibition��of��protein�rprotein��interactions��and��the��use��of��host�rguest��chemistry��for��
controlled��protein��assembly��are��described.��The��combination��of��bionanotechnology��
with��synthetic��supramolecular��chemistry,��for��example��the��immobilization��of��proteins��
on��surfaces,��is��briefly��discussed��as��well.��This��framework��of��supramolecular��chemistry��
applied��to��biology,��directed��the��formulation��of��this��thesis��‘supramolecular��control��
over��protein��assembly’.����
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The��main��part��of��this��chapter��has��been��published:��D.��A.��Uhlenheuer,��K.��Petkau,��L.��Brunsveld,��
Combining��supramolecular��chemistry��with��biology,��Chem.��Soc.��Rev.��2010,��39,��2817�r2826.��
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1 Introduction��
Supramolecular��chemistry��is��the��study��of��non�rcovalent��interactions��in��and��between��
molecules,��and��the��resulting��multimolecular��complexes.��Supramolecular��chemistry��is��
referred��to��as��the��chemistry��that��goes��beyond��the��covalent��bond,��beyond��the��
individual��molecule1.��Natural��molecules,��such��as��proteins,��oligonucleotides,��lipids��and��
their��multimolecular��complexes,��have��been��the��major��source��of��inspiration��for��
supramolecular�� chemists.�� Design�� and�� synthesis�� of�� novel�� multimolecular��
supramolecular��architectures��of��similar��complexity��and��functionality��is��the��dream��of��
many��supramolecular��scientists.��Evidently,��synthetic��supramolecular��systems��were��
initially��rather��small��and��composed��of��relatively��simple��building��blocks2.��However,��the��
increased��knowledge��over��intermolecular��interactions��and��molecular��recognition��has��
culminated��in��an��impressive��control��over��molecular��self�rassembly3.��Supramolecular��
synthesis��of��multimolecular��architectures��with��diverse��shapes,��compositions,��and��
functionalities��is��now��possible��in��a��wide�rrange��of��conditions��in��solution��and��the��solid��
state.����

Even��though��the��initial��inspiration��for��supramolecular��chemistry��came��from��biology,��
most��of��the��current��applications��of��supramolecular��chemistry��can��be��found��in��the��
materials��sciences.��Supramolecular��concepts��have��enabled��unprecedented��control��
over�� materials�� organization�� and�� properties.�� This�� has�� yielded�� for�� example��
supramolecular��switches,��electronics,��and��polymers4.��Remarkably,��most��of��these��
supramolecular��materials��display��their��specific��properties��in��the��solid��or��gel��state��or��
in��organic��solvents.��This��is��in��contrast��with��the��biological��systems��from��which��their��
design��initially��was��derived.��Proteins,��lipids,��and��sugars��assemble��and��unfold��their��
specific��properties��in��water.��The��application��of��supramolecular��chemistry��to��study��
biology,��supramolecular��chemical��biology,��thus��requires��synthetic��systems��that��
assemble��in��water��or��biological��media.��

The��physical�rchemical��characteristics��of��water��are��completely��different��from��those��of��
organic��solvents.��In��water,��isolated��polar��secondary��interactions,��such��as��hydrogen��
bonds,�� are�� interfered�� with�� the�� solvent�� and�� require�� a�� shielding�� hydrophobic��
environment,��such��as��in��the��interior��of��a��protein,��to��become��fully��functional.��
However,��hydrogen��bonds��do��not��require��shielding��to��enhance��the��properties��of��
synthetic��polymers��in��organic��solvents��or��in��the��solid��state4.��Water��thus��imposes��
specific�� design�� criteria�� on�� the�� application�� of�� polar�� secondary�� interactions�� in��
supramolecular�� systems5.�� Many�� different�� supramolecular�� architectures�� that��
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assemble��under��dilute��conditions��in��water��or��buffered��media��have��been��designed��and��
synthesised��in��recent��years5.��As��a��result,��supramolecular��chemistry��has��become��an��
attractive��approach��to��address��self�rassembly��in��biological��systems��and��has��returned��
to��its��alma��mater,��biology.��

Interactions�� between�� molecules�� in�� biological�� systems�� are�� supramolecular��
interactions.��The��localization,��interactions,��and��functions��of��biomolecules��such��as��
proteins��and��lipids��are��modulated��in��an��environment��where��supramolecular��assembly��
determines��the��biological��processes.��Gaining��control��over��these��supramolecular��
interactions��is��the��key��for��understanding��and��targeting��(misregulated)��biological��
processes��in��diseases.��The��most��successful��approach��to��obtain��control��over��these��
processes��is��the��modulation��of��specific��biomolecules��with��small��molecules.��So�rcalled��
target�rbased��drug��discovery��is��in��essence��supramolecular��chemistry.��Drugs��bind��to��
proteins��via��supramolecular��host�rguest��interactions��and��therewith��influence��the��
functioning��or��conformation��of��the��protein.��

Apart��from��individual��host�rguest��interactions,��as��addressed��in��medicinal��chemistry,��
biological��systems��also�� feature��more��complex��supramolecular�� interactions,�� for��
example��when��cells��interact.��Such��recognition��events��are��characterized��by��multiple��
interactions�� acting�� simultaneously,�� the�� so�rcalled�� phenomenon�� of�� polyvalency6.��
Synthetic��polymers��displaying��multiple��bio�ractive��ligands��have��found��applications��as��
synthetic��scaffolds��for��inhibition��of��biological��polyvalency��events7.��Small��molecule��
drugs��and��polyvalent��polymers��have��shown��the��power��of��designing��novel��synthetic��
systems��for��studying��and��manipulating��biology.��Nevertheless,��when��considering��the��
size��and��well�rdefined��superstructure��of��biological��systems��such��as��protein��complexes��
and��cell��membranes,��synthetic��systems��featuring��equal��complexity��are��still��missing.��
Both��for��the��small��molecules��and��for��the��polymers��a��significant��gap��exists��between��
the��synthetic��compounds��on��the��one��hand��and��the��biological��targets��on��the��other��
hand.��The��synthetic��compounds��used��to��date��lack��the��specific��supramolecular��
characteristics,��such��as��adaptivity��to��the��environment��and��formation��of��well�rdefined��
superstructures,��of��the��biological��molecules��they��are��targeting.��Self�rassembling��
synthetic��molecules,��supramolecular��architectures,��could��bridge��this��gap��(Figure��1).��
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Figure��1:��Bridging��the��gap.��Synthetic��supramolecular��architectures��feature��sizes,��environment��adaptivity,��
and��higher��order��superstructures��analogous��to��biological��systems��such��as��proteins��and��membranes��and��
therefore��could��bridge��the��molecular��gap��between��synthetic��molecules��and��polymers��on��the��one��hand��
and��biological��structures��on��the��other��hand.��

Until��recently,��well�rdefined��synthetic��supramolecular��systems��have��found�� little��
application��for��the��investigation��and��modulation��of��biological��systems.��This��is��highly��
intriguing,��as��synthetic��supramolecular��systems��are��capable��of��self�rorganization��into��
multi�rmolecular��assemblies��that��resemble,��in��both��size��and��function,��biomolecules��
and��assemblies��such��as��proteins��and��membranes8,9.��Supramolecular��assemblies��and��
biomolecules��feature��similar��characteristics,��such��as��dynamics,��reversibility,��topology,��
and��polyvalency.��The��combination��of��supramolecular��chemistry��with��biology��thus��
offers��a��wealth��of��new��possibilities��to��study��and��influence��biological��processes.��In��this��
introduction��examples��from��recent��literature��will��be��discussed��which��illustrate��this��
principle.��First��the��design��criteria��for��the��application��of��supramolecular��molecules��to��
biological�� systems�� in�� aqueous�� media�� will�� be�� discussed.�� Subsequently,�� the��
combination��of��synthetic��supramolecular��systems��with��biology��is��discussed.��Host�r
guest��systems��are��highlighted��as��discrete,��well�rdefined��interactions��to��control��protein��
folding,��dimerization,��and��immobilisation��(Figure��2).����
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Figure��2:��Conceptual��application��of��synthetic��supramolecular��chemistry��to��biology.��Discrete��small��host�r
guest��assemblies��allow��recognizing��and��modulating��interactions��between��specific��biomolecules.��

2 Supramolecular��chemistry��for��biology��in��water��
The�� concepts�� of�� molecular�� recognition�� and�� self�� organization�� in�� synthetic��
supramolecular�� architectures�� rely�� on�� inspiration�� from�� natural�� systems.��
Concomitantly,��the��design,��synthesis,��and��study��of��supramolecular��assemblies��in��
water��are��intriguing��goals5,10.��Synthetic��systems��featuring��similar��levels��of��ingenuity��
and�� complexity�� as�� encountered�� in�� natural�� systems�� are�� a�� far�rstanding�� aim.��
Nevertheless,��significant��progress��has��been��made��in��the��field��of��supramolecular��
chemistry��in��water��starting��from��the��earlier��highly��innovative��work��on��micelles��and��
vesicles11��to��recently��developed��receptors��and��self�rassembling��systems5,10.��The��main��
driving��force��for��self�rassembly��in��water��of��most��supramolecular��architectures,��either��
biological��or��synthetic,��is��the��hydrophobic��effect.��Additionally,��strengthening��and��
directing��polar�� interactions��such��as��hydrogen��bonding,�� ion�rion,��and�� ion�rdipole��
interactions��can��be��applied.��It��is��important��to��note��that��self�rassembly��processes��in��
aqueous��solutions��depend��on��the��concentration��and��type��of��salts12.��Salt��effects��are��
not��only��important��for��self�rassembly��systems��based��on��ion�rion��interactions,��but��also��
of�� influence�� on�� self�rassembly�� processes�� driven�� by�� hydrophobic�� interactions��
depending��on��the��type��of��salt13.��Most��of��the��supramolecular��systems��applied��to��
biological��targets��feature��a��strong��hydrophobic��assembly��component,��combined��with��
structuring��polar��interactions.��Overall,��for��the��application��of��synthetic��supramolecular��
chemistry��to��biology��three��important��requirements��can��be��defined:��

A)��Supramolecular��systems��have��to��assemble��in��buffered��biological��media��with��
interaction��strengths��in��the��regime��of��biomolecules;��

Supramolecular��interactions��in��biological��systems��typically��occur��in��the���PM��to��pM��
regime.��Analogously,��synthetic��supramolecular��building��blocks��should��feature��similar��
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interaction��strengths��in��biological��media.��In��the��end,��the��actual��required��affinity��is��
determined��by��the��biological��interaction��that��is��to��be��studied��and��depends��for��
example�� on�� the�� concentration�� of�� the�� biomolecules�� to�� be�� targeted�� and�� the��
applicability��of��polyvalency.��In��case��a��supramolecular��assembly��displays��multiple��
epitopes,�� the�� size�� and�� epitope�� density�� of�� the�� supramolecular�� aggregate�� will��
determine��affinity.��

B)��Supramolecular��systems��have��to��assemble��in��a��bio�rorthogonal��and��selective��
manner;��

Unselective��interactions��of��synthetic��supramolecular��elements��with��biological��matter��
should��be��avoided.��Assembly��processes��based��purely��on��a��single��type��of��interaction,��
such��as��ionic��or��hydrophobic��interactions,��will��feature��high��tendency��for��unselective��
interactions��with��biological��matter.��In��order��to��achieve��both��a��strong��supramolecular��
assembly��and��sufficient��selectivity,��supramolecular��recognition��motifs��are��preferably��
based��on��two��or��more��different��secondary��interactions.��Typically,��a��combination��of��
hydrophobic��interactions,��accounting��for��sufficient��assembly��affinity,��with��polar��
structuring��elements��such��as��ion�rdipole��or��hydrogen��bonding��interactions��is��required.��

C)��Supramolecular��systems��have��to��feature��the��possibility��for��bioconjugation;��

Conjugation��of��biological��ligands��to��synthetic��supramolecular��elements��is��typically��
required��for��applications��to��biological��systems.��The��supramolecular��building��blocks��
thus��require��molecular��handles��that��can��be��modified��with��biomarkers.��Additionally,��
the��conjugation��of��biological��ligands��to��the��supramolecular��system��should��not��disturb��
the��self�rassembly��process.��

Supramolecular��systems��operative��in��water��can��roughly��be��divided��into��two��types��of��
architectures,��based��on��their��structural��characteristics.��There��are��supramolecular��
building��blocks��that��aggregate��in��water��in��multi�rmolecular��micellar��or��vesicular��
assemblies8,11.��Environmental��changes��can��typically��result��in��changes��in��size��and��
composition��of��these��assemblies.��These��multimolecular��architectures��feature��great��
potential��as��polyvalent��scaffolds��for��the��interaction��with��biological��surfaces,��like��cells,��
and��will��not��be��discussed��here.��Here,��the��focus��is��on��small��supramolecular��host�rguest��
systems��(Figure��2).��These��well�rdefined��molecular��systems��provide��ideal��platforms��for��
the��recognition��and��assembly��of��specific��protein��complexes.��
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3 Controlling��proteins��with��host�rguest��chemistry��
Of��all��biomolecules,��proteins��are��probably��the��most��captivating,��especially��from��a��
molecular��and��structural��perspective.��Proteins��are��involved��in��virtually��all��biological��
processes��and��their��supramolecular��modulation,��for��example��with��small��molecules,��is��
the��basis��for��most��drugs.��Typically,��proteins��work��in��concert��via��so�rcalled��protein�r
protein��interactions.��Controlling��protein�rprotein��interactions��is��currently��one��of��the��
biggest��challenges��in��the��life��sciences��as��this��would��allow��for��detailed��investigations��
of��their��functioning��and��for��new��types��of��drugs14.��However,��most��proteins��and��their��
interactions��are��difficult��to��regulate��with��a��small��molecule.��On��top��of��that,��for��many��
proteins��and��protein�rprotein��interactions��structural��information��is��absent��and��their��
regulation��by��post�rtranslational��modifications��is��frequently��unknown.��Also,��many��
protein��interactions��are��transient,��not��allowing��clear��cut��on�roff��regulation.��New��and��
diverse��molecular��strategies��are��therefore��required��to��selectively��control��proteins��
and��their��interactions.��Supramolecular��host�rguest��systems��can��constitute��such��a��new��
molecular��strategy��for��the��selective��and��reversible��control��of��proteins��and��their��
interactions.��

Synthetic��host�rguest��assemblies��are��typically��well�rdefined��in��size��and��assembled��from��
a��limited��number��of��molecular��components.��The��assembly��characteristics��of��host�r
guest��systems,��such��as��affinity,��can��typically��be��tuned��via��chemical��modifications��of��
the��individual��components.��Examples��of��host�rguest��systems��featuring��high��affinity,��
the��possibility��for��bioconjugation��and��bioorthogonal��assembly,��in��line��with��the��three��
important��design��requirements��formulated��in��the��previous��section,��are��given��in��
Figure��3.��

��

Figure��3:��Supramolecular��host�rguest��interactions��and��recognition��motifs,��which��are��functional��in��water��
and��their��respective��association��constants:��a)��and��b)��strong��host�rguest�� interactions��of��different��
synthetically��attractive��guest��molecules��with��cucurbiturils��of��different��sizes15,16;��c)��strong��binding��via��
optimal��hydrophobic��recognition��of��lithocholic��acid��by���E�rcyclodextrin17;��d)��inclusion��of��a��specific��peptide��
motif��in��a��self�rassembled��supramolecular��host18.����
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Cucurbiturils,��for��example,��are��donut�rshaped,��symmetric��host��molecules��of��different��
ring��sizes.��They��are��highly��attractive��supramolecular��host��systems��for��biological��
applications,��because��of��their��high��affinity��to��a��wide��range��of��synthetic��recognition��
motifs�� in�� water�� (Figure�� 3a�rb).�� Cucurbit[7]uril�� typically�� recognizes�� hydrophobic��
elements��with��a��quaternary��amine��with��high��affinity��in��the��nano�r��to��picomolar��
regime.��The��high��affinity��is��caused��by��hydrophobic��interactions��combined��with��
optimal��fit,��and��the��interaction��of��the��quaternary��ion��with��the��electronegative��
carbonyl��rim��(Figure��3a)��15.��Cucurbit[8]uril��is��a��somewhat��larger��donut�rshaped��family��
member��that��can��host��two��guest��molecules��simultaneously��(Figure��3b).��Interestingly,��
cucurbit[8]uril��can��for��example��simultaneously��bind��two��N�rterminal��peptide��motifs,16��
which��opens��up��the��possibility��to��recognize��and��bind��two��proteins��simultaneously.��
Cyclodextrins��are��sugar�rbased��non�rsymmetrical��cone�rshaped��host��molecules��that��
also��recognize��a��variety��of��hydrophobic��guests��in��water.��The��recognition��of��lithocholic��

acid��by���E�rcyclodextrin��(Figure��3c)��arises��around��1���PM��concentrations��in��water��and��is��
accounted��for��by��the��optimal��geometry��of��the��steroid��for��the��cyclodextrin��cavity,��
providing��a��high��selectivity��over��other��steroid��scaffolds17.��The��design��and��synthesis��of��
larger��self�rassembled��supramolecular��host��molecules��opens��up��the��possibility��to��
engineer��molecular��receptors��that��recognize��specific��peptide��motifs��(Figure��3d)��and��
possibly��complete��proteins18.��Synthetic��supramolecular��host��systems��can��also��be��
designed��that��recognize��specific��amino��acids,��peptides,��protein��motifs��or��protein��
patches��with��significant��affinity��(Figure��4a)��19.��Such��supramolecular��protein��element��
binders��provide��entries��for��controlling��protein��functioning��and��for��inhibition��of��
protein�rprotein��interactions.��Examples��include��the��selective��recognition��of��amino��
acids��by��donut�rshaped��molecules��such��as��cyclodextrins20��and��cucurbiturils21��and��the��
recognition��of��specific��protein��elements��by��synthetic��receptors22.��Such��small��host�r
guest��systems��have��found��for��example��application��for��the��purification��of��chemically��
modified��proteins��via��affinity��chromatography��over��an��immobilized��cyclodextrin��
matrix23.��The��recognition��of��specifically��charged��protein��patches��or��cofactors��by��
synthetic��supramolecular��receptors��offers��new��concepts��for��the��modulation��and��
study��of��protein��activity.��The��recognition��of��proteins��by��small��synthetic��receptors��will��
be��illustrated��in��the��following��with��a��few��examples.��

3.1 Protein��surface��recognition����
Calix[n]arenes��are��a��class��of��macrocyclic��organic��host��molecules��which��can��complex��a��
large��variety��of��different��molecules��depending��on��ring��size��and��substitution.��In��their��
function��as��host��molecules��they��have��been��used��to��complex��biologically��relevant��
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small��molecules��such��as��amino��acids��and��small��peptides24.� � � �A��different��application��
uses��calix[n]arenes��as��multivalent��scaffolds.��Functionalization��with��sugar��ligands��for��
example,��yields��glycocalixarenes��which��bind��to��lectines��with��high��affinities25.��Here��the��
emphasis��is��on��calixarenes��which��have��been��designed��to��bind��to��specific��parts��on��
protein��surfaces.��Mendoza��et��al.��have��used��a��calixarene��scaffold��decorated��with��
cationic��ligands��to��target��the��tetramerization��domain��of��p53��and��of��mutant��p53�r
R337H.��The��tumor��suppressor��protein��p53��is��a��transcription��factor��that��is��involved��in��
the��control��of��the��cell��cycle��and��an��important��target��protein��in��cancer��therapy.��Active��
p53��is��a��homotetramer��consisting��of��four��monomers��with��393��residues��each26.��The��
tetramerization��domain��consists��of��four��chains��which��fold��into��two��dimers��that��
dimerize�� to�� form�� the�� tetramerization�� domain.�� In�� the��mutant�� p53�rR337H�� the��
saltbridge��between��Arg337��and��Asp352��is��lost��which��leads��to��destabilization��of��the��
tetramer.��Based��on��their��work��with��a��tetraguanidinium��oligomer��as��binder��of��the��p53��
tetramerization��domain27��the��group��of��Mendoza��designed��a��calix[4]arene��with��four��
guanidiniomethylresidues��at��the��upper��rim��and��hydrophobic��loops��at��the��lower��rim��
(Figure��4a).��The��cationic��residues��on��the��upper��rim��interact��with��negatively��charged��
glutamates��on��p53��tetramer��and��the��hydrophobic��loops��fit ��into��the��hydrophobic��
pocket��of��the��tetramer��thereby��stabilizing��the��mutated��p53.��DSC��analysis��proved��that��
the��calixarene��depicted��in��Figure��4a��stabilizes��the��mutant��p53�rR337H��and��ESI�rMS��
showed��the��noncovalent��formation��of��a��2��to��1��ligand/protein��complex��(Kd��as��
estimated��by��NMR�rexperiments��10�r4��M)��19.����

The��group��of��Hamilton��also��used��calix[4]arenes��to��build��receptors��to��target��protein��
surfaces��and��inhibit��protein�rprotein��interactions.��They��started��with��a��calix[4]arene��
carrying�� four�� negatively�� charged�� cyclopeptides�� GDGD�� arranged�� around�� the��
hydrophobic��cavity��of��the��calixarene.��The��peptide��loops��were��introduced��to��interact��
with��lysine��residues��on��the��protein��surface.��Activity��tests��showed��that��the��synthetic��
receptor��was��indeed��able��to��inhibit��the��activity��of��cytochrome��c28.��A��similar��design��
but��with��a��different��cyclopeptide��proved��to��be��an��efficient��inhibitor��of��the��interaction��
of��the��platelet��derived��growth��factor��PDGF��and��the��tyrosine��receptor��kinase��PDGFR29.��
PDGF��plays��an��important��role��in��various��cellular��processes��such��as��cell��proliferation,��
apoptosis�� and�� angiogenesis.�� An�� antagonist�� of�� PDGF�� is�� therefore�� a�� potential��
antiangiogenic��and��anticancer��agent.��Based��on��structure��activity��relationship��studies,��
the��four��cyclopeptides��on��the��calixarene��scaffold��were��replaced��by��simple��acid��
functionalized�� isophthalate�� groups.�� These�� receptors�� were�� still�� effective�� PDGF��
antagonists.��To��gain��deeper��insight��into��the��interaction��of��the��synthetic��receptor��a��
library��of��differently��substituted��calixarenes��was��synthesized��varying��the��number��of��
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isophthalates,��the��linker��and��alkylation��of��the��lower��rim��hydroxygroups.��They��found��
that�� three�� isophthalate�� groups�� were�� enough�� to�� keep�� high�� binding�� affinity��
(Kd(tris(isophthalate))=��21��nM)��and��activity��in��cellular��assays30.��A��similar��approach��
starting��from��a��calix[4]arene��scaffold��varying��alkylation��on��the��lower��rim��and��
changing��substituents��on��the��upper��rim��lead��to��a��tetrabutoxy�rcalix[4]arene��that��
showed��activity��against��both��human��immunodeficiency��virus��(HIV)��and��hepatitis��C��
virus��(HCV)31.��This��shows��that��binding��of��a��calixarene��receptor��to��a��protein��can��
effectively��inhibit��protein��function��in��a��cellular��assay.����

��

Figure��4:��Supramolecular��scaffolds��that��recognize��proteins.��a)��recognition��of��negatively��charged��protein��
patches��by��a��synthetic��calix[4]arene��ligand19;��b),��c)��porphyrin��receptors��that��bind��to��the��surface��of��
cytochrome�� c�� with�� a�� high�� affinity�� (b)33�� and�� induce�� unfolding�� of�� the�� protein�� (c)34;�� d)�� Two��
Ru(II)tris(bipyridine)��complexes��that��differ��in��the��geometric��arrangement��of��the��ligands��and��therefore��
bind��to��cytochrome��c��with��different��affinity43.����

Apart��from��calixarenes,��also��other��scaffolds��were��studied��as��synthetic��protein��
receptors.�� Hamilton�� and�� others�� have�� been�� using�� porphyrins�� for�� the�� surface��
recognition��of��proteins��such��as��cytochrome��c��and��VEGF32.��Porphyrins��have��a��fourfold��
symmetry��as��the��calix[4]arenes��described��before.��The��core��can��be��functionalized��with��
different��ligands��to��give��a��family��of��different��binders��which��can��be��screened��for��their��
affinity��to��the��target.��Substituted��tetracarboxyphenyl��porphyrins��have��been��studied��
in��the��group��of��Hamilton��as��binders��of��cytochrome��c��taking��advantage��of��the��intrinsic��
fluorescence��of��the��scaffold.��The��surface��of��cytochrome��c��consists��of��hydrophobic��
regions��as��well��as��an��array��of��basic��amino��acids.��Therefore��the��design��of��the��best��
binder��with��a��Kd��of��20��nM��was��based��on��hydrophobic��and��acidic��modifications��(Figure��
4b)33.��Using��CD�rspectroscopy��they��showed��that��a��nonfluorescent��Cu��porphyrin��dimer��
(Figure��4c)��can��induce��the��unfolding��of��cytochrome��c��under��physiologically��relevant��
conditions��and��facilitate��enzymatic��proteolysis34.��Later��they��found��that��catalytic��
amounts��of��porphyrin��are��enough��to��achieve��accelerated,��effective��proteolytic��
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digestion35.��Substituted��porphyrins��are��a��suitable��structure��if��the��protein��surface��
consists��of��hydrophobic��and��charged��regions��which��is��the��case��for��cytochrome��c��but��
has��also��been��used��to��disrupt��protein�rprotein��interaction.��Hamilton��et��al��chose��the��
interaction��of��the��receptor��tyrosine��kinase��KIT��and��its��ligand,��stem��cell��factor��(SCF),��as��
a��target��for��a��small��library��of��modified��meso�rtetrakis��(4�rcarboxyphenyl)porphyrin36.��
The��inhibitors��were��first��screened��in��an��ELISA��assay��using��the��extracellular��KIT��
receptor��and��labelled��SCF.��The��best��inhibitors��were��carrying��four��negative��groups��
which��were��essential��for��binding.��These��were��further��used��in��a��cell��based��assay��to��
investigate��their��ability��to��inhibit��KIT��phosphorylation.��For��one��of��the��inhibitors��no��KIT��
phosphorylation��was��observed��showing��that��this��class��of��supramolecular��scaffolds��
allows��for��designing��efficient��protein��binding��agents.��Following��up��on��their��work��on��
the�� tetraphenylporphyrins�� Hamilton�� and�� coworkers�� used�� selfassembling�� G�r
quadruplexes��as��recognition��element��for��cytochrome��c37��and��developed��this��further��
as��a��fluorescence��detection��system��for��proteins38.��Other��scaffolds��have��been��used��for��
the��recognition��of��protein��surfaces��based��on��the��recognition��of��hydrophobic��and��
charged��areas��such��as��anthracene��derived��receptors39,��host�rguest��complexes40��and��
metal�� bipyridine�� complexes41.�� Wilson�� and�� coworkers�� studied�� the�� selective��
recognition��of��cytochrome��c��by��a��fluorescent��Ru(II)tris(bipyridine)��complex.��This��
scaffold��allows��for��easy��detection��of��binding��using��fluorescence��quenching��or��changes��
in��fluorescence��anisotropy.��They��could��show��that��their��receptor��had��a��higher��affinity��
for��cytochrome��c��(Kd=��2��nM)��over��lysozyme��(Kd=��270��nM)��with��similar��charge��state��
and��surface��composition42.��Further��work��revealed��that��the��recognition��of��cytochrome��
c��depends��on��the��geometric��arrangement��of��the��ligands��around��the��metal��core��
(Figure��4d)��showing��that��the��scaffolds��are��binding��specifically��to��cytochrome��c��by��
interacting�� with�� surface�� exposed�� lysines43.�� These�� examples�� demonstrate�� that��
synthetic��supramolecular��protein��receptors��might��become��a��new��study��tool��to��inhibit��
and��control��protein�rprotein��interactions.��Important��challenges��that��need��to��be��
addressed��in��this��respect��include,��showing��that��these��concepts��can��be��transferred��to��
different��proteins��with��high��selectivity��in��biologically��relevant��media.����

3.2 Controlling��protein��assembly��in��solution��with��synthetic��elements��
In��the��following,��the��usage��of��two��or��more��synthetic��supramolecular��elements��for��the��
control��over��protein��assembly��and��function��will��be��discussed.��A��beautiful��first��
example��deals��with��the��assembly��of��two��peptides��for��functional��DNA��binding,��
mediated��by��a��supramolecular��host�rguest��system44.��Recognition��events��between��
biomolecules��are��critically��dependent��on��the��proper��structural��arrangement��of��the��
interacting��partners.��Recognition��of��specific��DNA��elements��by��proteins��frequently��
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occurs��via��protein��dimerization��processes.��Natural��DNA��recognizing��proteins��first��
dimerize��via��noncovalent��interactions.��It��is��therefore��important��to��generate��synthetic��
systems��that��equally��assemble��via��noncovalent��interactions��to��allow��the��equilibrium��
of��dimer��formation��to��be��a��regulating��tool��for��obtaining��DNA��specificity.��Synthetic��

oligopeptides��were��therefore��modified��with��either���E�rcyclodextrin��or��an��adamantyl��
group��to��form��a��supramolecular��heterodimer��that��recognizes��DNA��(Figure��5a).��Only��
the��complex��of��the��two��supramolecular��functionalized��peptides��is��capable��of��strongly��
binding�� the�� DNA�� and�� this�� recognition�� can�� be�� inhibited�� by�� disrupting�� the��

supramolecular��interaction��with��either��free���E�rcyclodextrin��or��adamantane,��proving��
the��necessity��for��a��heterodimer44.��The��cooperative��formation��of��the��peptide��dimer��
and��subsequent��DNA��recognition��can��be��critically��tuned��by��the��interaction��affinity��of��
the��applied��host�rguest��system��with��typical��Kd’s��of��1�r3�|10�r6��M45.��The��prestabilization��of��
the��peptide��dimer��leads��to��strong��dimer�rDNA��affinities��of��up��to��Kd��=��7�|10�r13��M.��
Application��of��the��supramolecular��peptide��dimer��additionally��allows��DNA��recognition��
with��high��sequence��selectivity��and��over��narrower��ranges��of��peptide��concentrations��
than��an��analogous��covalent��peptide��dimer46.��Oligomerisation��of��the��peptides��via��

incorporation��of��a��host���E�rcyclodextrin��at��one��end��of��the��peptide��and��a��guest��
adamantyl��at��the��other��end��further��enhances��the��sequence��selective��DNA��binding.��
This��is��explained��with��the��low��affinity��for��nonspecific��DNA��sequences��of��the��monomer��
peptide��which��is��in��equilibrium��with��an��intramolecular��inclusion��complex45.��These��
supramolecular��peptides��bind��multiple��direct�rrepeat��DNA��sequences��with��positive��
cooperativity��and��pave��the��way��to��artificial��transcription��factors.��

��Attachment��of��supramolecular��host�rguest��elements��to��complete��proteins��can��be��
used��to��effectively��induce��protein��heterodimerisation��(Figure��5b)47.��Fluorescent��

proteins��can��be��site�rselectively��modified��with��the��lithocholic��acid–�E�rcyclodextrin��
host�rguest��system,17��which�� features��about��a�� ten�rfold��higher��affinity�� than�� the��

previously��mentioned��adamantane–�E�rcyclodextrin��system.��The��host�rguest��system��
directs��the��formation��of��fluorescent��protein��heterodimers��via��the��selective��hetero�r
assembly��of��the��host�rguest��system.��Addition��of��an��excess��of��either��the��lithocholic��acid��

guest��molecule��or��the���E�rcyclodextrin��host��molecule��in��their��free��form��dismantles��the��
protein��dimer,��via��competition��with��the��supramolecular��protein��elements.��This��
supramolecular��modulation��of��protein��dimerization��can��not��only��be��performed��in��
buffered��solution,��but��is��also��operative��in��cells.��The��application��of��an��appropriately��
strong��and�� selective�� supramolecular�� interaction�� thus��allows�� for�� bioorthogonal��
protein��assembly��in��a��diverse��set��of��biological��media.����
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Figure��5:��Supramolecular��control��over��protein��properties��and��function��via��attached��host�rguest��elements.��
a)��Supramolecular��dimerization��of��two��peptides��enables��strong��and��selective��DNA��recognition44;��b)��site�r
selective��incorporation��of��host�rguest��elements��in��two��fluorescent��proteins��allows��inducing��selective��
protein�� heterodimerisation47;�� c)�� host�rmolecule�� induced�� homodimerization�� of�� two�� proteins�� with��
genetically��encoded��N�rterminal��peptide��tags48;��d)��an��intramolecular��supramolecular��interaction��inhibits��
the��reconstitution��of��a��split��protein;��supramolecular��blockage��of��this��interaction��unfolds��the��peptide��and��
enables��GFP��reconstitution51.��

Another�� system�� based�� on�� host�rguest�� chemistry�� can�� be�� used�� to�� induce��
homodimerization��of��genetically��engineered��proteins.��Urbach��et��al�� found��that��
cucurbit[8]uril��can��simultaneously��bind��to��two��N�rterminal��FGG��peptides��forming��an��
inclusion��complex��(Kter��about��2��x��1011��M�r2)��16.��Based��on��that��finding��Dung��Dang��in��our��
group��expressed��two��fluorescent��proteins��with��an��N�rterminal��FGG��peptide��motif��
(Figure��5c)48.��Upon��addition��of��the��host��cucurbit[8]uril��the��proteins��formed��stable��
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homodimers��that��could��be��separated��by��size��exclusion��chromatography.��After��
addition��of��a��different��guest��molecule��for��CB[8],��methylviologen,��the��protein��dimer��
was��disrupted��which��could��be��studied��following��FRET��between��the��fluorescent��
proteins.��Control��proteins��expressed��with��an��MGG��motif��did��not��show��any��unspecific��
dimerization��showing��that��this��strategy��is��selective��for��FGG��tagged��proteins.��It��is��
therefore��a��promising��tool��to��be��used��in��biological��environment��as��for��example��for��
the��dimerization��of��membrane��receptors.����

Scherman��et��al.��used��a��ternary��cucurbit[8]uril��complex��for��the��formation��of��a��
supramolecular��protein�rPEG��conjugate49.��They��modified��both��BSA��and��poly(ethylene��
glycol)��with��the��guest��molecules��viologen��or��naphthalene.��Formation��of��a��ternary��
host�rguest��complex��could��be��observed��after��adding��the��naphthalene��carrying��BSA��to��
the��mixture��of��viologen��and��CB[8]��by��NMR��and��ITC.��Using��different��combinations��of��
the��guest��molecules��on��the��protein��or��the��PEG��proved��that��the��complex��forms��
specifically��only��in��presence��of��all��three��components��of��the��ternary��complex.��This��
modular�� approach�� might�� give�� easy�� access�� to�� a�� variety�� of�� different�� polymer��
bioconjugates��starting��from��relatively��simple��building��blocks.��Taking��cucurbituril��
chemistry��one��step��further��from��buffered��solution��towards��cellular��applications,��Kim��
et��al��recently��reported��on��the��use��of��host�rguest��chemistry��to��isolate��ferrocene�r
labeled��membrane��proteins��from��cell��lysates50.��In��analogy��to��pull��down��experiments��
for��the��isolation��of��biotinylated��proteins��from��cell��lysates��with��streptavidin��coated��
beads,��they��modified��sepharose��beads��with��cucurbit[7]uril��and��showed��that��proteins��
which��were��functionalized��with��a��ferrocene��derivative��selectively��bind��to��these��
beads.��They��further��labelled��cells��with��reactive��ferrocene��derivatives��and��could��then��
isolate��proteins��from��the��membrane��by��incubating��the��cell��lysates��with��the��beads.��
This��is��an��example��for��a��synthetic��host�rguest��system��that��has��comparable��selectivity��
and��affinity��to��the��often��used��streptavidin�rbiotin��pair��and��therefore��might��find��
various��applications��in��biochemistry.��

Supramolecular��host�rguest��systems��appended��to��protein��elements��can��also��be��used��
to��control��the��functional��reassembly��of��a��protein.��So�rcalled��split��proteins��can��be��
divided��into��two��halves,��whose��reassembly��reinstates��a��functional��protein.��This��
feature��makes��split��proteins��excellent��tools��for��biological��studies.��In��analogy��with��the��

previously�� discussed�� peptide�� and�� protein�� heterodimerisation�� systems,�� a�� �E�r
cyclodextrin��based��host�rguest��system��has��been��used��to��control��the��functional��

reassembly��of��two��split�rGreen��Fluorescent��Protein��(GFP)��fragments��(Figure��5d)��51.��A���E�r
cyclodextrin��and��a��coumarin��unit��were��individually��attached��at��each��side��of��the��small��
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fragment��of��a��split��GFP.��This��peptide��formed��an��intramolecular��inclusion��complex,��
generating��a��self�rassembled��cyclic��peptide.��This��conformation��of��the��peptide��does��
not��permit��reconstitution��with��the��large��fragment��of��the��GFP.��Addition��of��1�r

adamantanol��as��external��guest��molecule��displaces�� the��coumarin�� from�� the�� �E�r
cyclodextrin��with��a��Kd��of��2�|10�r4��M.��This��event��results��in��the��unfolding��of��the��peptide,��
enabling��the��reassembly��of��the��protein��fragments��and��fluorescence��recovery��of��the��
GFP.��The��switchable��supramolecular��host�rguest��system��thus��allows��temporal��control��
over��protein��structure��and��function��and��could��prove��a��powerful��new��entry��to��protein��
activation.����

3.3 Supramolecular��protein��immobilization��
Another��field��where��supramolecular��chemical��biology��starts��to��be��applied��is��the��field��
of��protein��immobilization.��Different��strategies��have��been��developed��to��immobilize��
functional��proteins��in��a��defined��orientation��to��form��structured��surfaces��that��can��be��
applied��in��the��fields��of��bioanalytics��and��biomedicine52.��Surfaces��modified��with��
different��proteins��or��peptides��are��further��of��interest��for��the��study��of��cell��growth��and��
cell��differentiation.��The��interaction��of��cells��with��synthetic��surfaces��is��an��important��
research��area��as��it��affects��many��applications��such��as��tissue��engineering,��medical��
implanted��materials��and��cellular��assays53.��It��is��therefore��of��great��interest��to��build��
surfaces��where��different��biological��ligands��can��be��immobilized��allowing��control��over��
distribution,��density��and��orientation��while��preventing��unspecific��binding��of��ligands.��
Supramolecular��chemistry��can��be��an��excellent��tool��that��meets��these��requirements��
and��offers��the��advantage��of��being��reversible��and��often��switchable��giving��access��to��
dynamic��surfaces��that��can��mimic��the��natural��environment��in��a��better��way��than��
covalent��chemistry��does.��There��are��already��examples��in��the��literature��for��protein��
immobilization��based��on��recognition��motifs��such��as��NiNTA�rHis�rtagged��proteins54,��
biotin�rstreptavidin55��and��DNA�rtagged��proteins56.��Here��the��focus��is��on��proteins��that��
have��been��modified��with��a��synthetic��supramolecular��element��and��then��immobilized��
via�� specific�� host�rguest�� interactions.�� The�� very�� strong�� ferrocene�rcucurbit[7]uril��
interaction��(Figure��3a),��for��example,��has��been��used��to��immobilize��the��enzyme��glucose��
oxidase��on��gold��substrates��(Figure��6a��right)57.��The��cucurbit[7]uril��was��functionalized��
with��alkanethiolate��spacers��and��immobilized��on��gold��surfaces.��The��glucose��oxidase��
enzyme��was��randomly��labelled��(approximately��19��times��on��average)��with��ferrocene�r
methylammonium.��The��supramolecular��protein��immobilisation��allows��the��protein��to��
retain�� its�� correct�� fold�� and�� catalytic�� function.�� These�� protein�� monolayers�� can��
subsequently��be��used��as��glucose��sensors.����
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Orientation��controlled��supramolecular��protein��immobilisation��was��shown��using��large��
protein��complexes��(Figure��6a��left)��58.��The��light��harvesting��LH2��antenna��complex��was��
genetically��engineered��to��contain��cysteine��residues��at��the��end��of��the��C�rterminus��of��

the���D��polypeptide��chain��to��enable��a��topological��controlled��modification.��These��
cysteines��were��reacted��with��an��iodoacetyl��modified��adamantyl��derivative,��to��yield��an��
average��modification��degree��of��three��adamantyl��guest��molecules.��The��polyvalency��of��

the��adamantyl��LH2��proteins��significantly��increases��the��affinity��for���E�rcyclodextrin��
coated��glass��substrates.��The��proteins��can��be��supramolecularly��immobilized��via��simple��
incubation��with��the��protein��solution,��or��via��nanoimprint��lithography��to��achieve��high��

spatial��control��over��the��protein��immobilisation.��In��the��same��group���E�rcyclodextrin��
monolayers��have��been��investigated��as��platforms��for��antibody��recognition��and��in��the��
next��step��for��cell��immobilization59.��They��used��a��bivalent��adamantane��with��a��biotin��
functionality��to��immobilize��streptavidin��on��the��surface.��Biotinylated��protein��G��bound��
to��the��streptavidin��surface��and��was��recognized��by��a��monoclonal��antibody.��On��these��
surfaces��lymphocytes��were��seeded��and��due��to��the��immobilization��of��the��monoclonal��
antibody��via��the��biotinylated��protein��G,��the��specificity��of��the��cell��adhesion��was��
increased��compared��to��nonspecifically��immobilized��antibody.��This��example��shows��
that�� supramolecularly�� immobilized�� proteins�� can�� form�� a�� platform�� for�� cell��
immobilization.����

��

Figure��6:��a)��Site�rspecific58��or��random57��modification��of��proteins��with��supramolecular��ligands��allows��
supramolecular��protein��immobilisation;��b)��Attachment��of��multiple��adamantanes��induces��assembly��of��
enzymes��on��supramolecular��cyclodextrin��polymersomes61.��

Finally,��it��is��even��possible��to��immobilize��proteins��on��a��surface��in��a��controlled��fashion��
utilizing��a��single��host�rguest��interaction.��A��single��ferrocene�rcucurbit[7]uril��recognition��
motif��is��sufficiently��strong��to��generate��stable��homogenous��protein��monolayers60.��C�r
terminal��incorporation��of��the��ferrocene��in��a��fluorescent��protein��allows��for��printing��of��
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the��protein��on��cucurbit[7]uril��monolayers.��The��combination��of��supramolecular��
chemistry��with��protein��immobilisation��opens��up��the��possibility��to��generate��complex��
protein��monolayers��whose��arrangement��is��dictated��by��the��host�rguest��motifs��present��
in��the��proteins��and��on��the��surface.��

Analogous�� to�� the��supramolecular�� immobilisation��of��proteins��on��surfaces,��self�r
assembled��vesicles��can��also��be��decorated��with��proteins��via��host�rguest��chemistry��
(Figure�� 6b)61.�� Giant�� amphiphiles�� consisting�� of�� polystyrene�� end�rcapped�� with��

permethylated���E�rcyclodextrin��form��vesicular��structures��(polymersomes)��on��which��the��
enzyme�� horseradish�� peroxidase,�� modified�� with�� adamantane�� groups,�� can�� be��
immobilized��via��the��host�rguest��interaction.��The��adamantane��groups��were��attached��to��
the��protein��via��long��poly(ethylene��glycol)��spacers��to��facilitate��polyvalent��binding��to��
the��polymersome��surface.��The��guest��conjugated��protein��binds��strongly��to��the��
polymersomes��and��is��still��catalytically��active.��The��polymersomes��can��be��washed��and��
filtered��whereby��they��retain��binding��to��the��protein.��

3.4 Conclusion��
Synthetic�� supramolecular�� host�rguest�� systems�� are�� thus�� very�� well�� suited�� as��
bioorthogonal��elements��to��control��protein��assembly��and��dimerization��as��well��as��to��
immobilise�� proteins�� on�� surfaces�� in�� a�� controlled�� and�� reversible�� manner.�� The��
attachment��of��synthetic��supramolecular��elements��to��proteins��or��the��recognition��of��
specific��peptide��motifs��by��supramolecular��host��molecules��offers��a��platform��to��
manipulate��the��properties��of��these��proteins.��Additionally,��the��reversible��character��of��
the��supramolecular��elements��allows��switching��the��protein��assembly��and��function.��
Depending��on��the��protein��characteristics��(such��as��valency��of��the��assembly)��and��the��
specific��requirements��of��the��biological��system��(such��as��concentration��regime��of��
interest�� and�� extra�r��or�� intracellular�� environment),�� the�� characteristics�� of�� a��
supramolecular��system��can��be��chosen��to��allow��an��optimal��interplay��with��the��
biological��system.��Control��over��membrane��protein��dimerization,��transcription��factor��
assembly,��and��enzyme��complexes��are��only��a��few��interesting��protein��complexes��for��
which��molecular��control��via��novel��chemical��approaches��is��required.��Another��fruitful ��
application��of��the��combination��of��host�rguest��chemistry��with��proteins��lies��in��the��field��
of��bionanotechnology.��The��generation��of��reversible,��patterned��protein��surfaces��could��
find��applications��in��biosensors��and��tissue��engineering.��

�� ��
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4 Aim��and��outline��of��this��thesis��
The��aim��of��this��thesis��is��the��application��of��host�rguest��chemistry��for��the��assembly��of��
proteins,��both��in��solution��and��on��surfaces.��This��includes��the��functionalization��of��
different��host�rguest��molecules,��the��subsequent��modification��of��proteins��with��these��
molecules��and��finally��the��study��of��the��protein��assembly��in��solution��and��on��surfaces.��
In��chapters��2,��3,��and��4��proteins��were��modified��using��expressed��protein��ligation��which��
required��expression��of��fluorescent��proteins��as��thioesters��and��their�� ligation��to��
supramolecular��ligands��functionalized��with��an��N�rterminal��cysteine.��The��controlled��
heterodimerization��of��these��supramolecular��modified��proteins��was��then��investigated��
in��solution��using��fluorescence��spectroscopy��studies.��In��these��three��chapters,��different��
host�rguest�� complexes�� were�� investigated�� for�� controlled�� protein�� assembly.�� The��
formation��of��A�rB��complexes��was��used��in��chapter��2��and��3��for��the��dimerization��of��two��
proteins.�� Upon�� mixing�� of�� the�� host�r��and�� guest�rmodified�� proteins,�� a�� protein��
heterodimer��is��formed��which��can��be��disrupted��by��addition��of��a��competitor��(Figure��

7a).��The��host�rguest��complex��between���E�rcyclodextrin��and��lithocholic��acid��was��applied��
in��chapter��2��to��study��the��interplay��between��the��intrinsic��protein��affinity��and��the��
supramolecular��host�rguest��interaction��using��two��different��variants��of��fluorescent��
proteins.��The��introduction��of��a��cysteine��for��expressed��protein��ligation��allows��for��
covalent��locking��of��supramolecular��protein��dimers��by��forming��disulfide��bridges��in��an��
oxidizing��environment.����

��

Figure��7:��Two��different��strategies��to��induce��supramolecular��protein��heterodimers;��a)��A�rB��host�rguest��
complex��which��can��be��reversed��by��addition��of��a��competitor,��b)��A�rB�rC��ternary��host�rguest��complex��which��
can��be��induced��by��addition��of��guest��C.����
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Chapter��3��deals��with��the��application��of��an��improved��host�rguest��complex��between��a��
modified��cyclodextrin��and��lithocholic��acid��for��the��dimerization��of��two��fluorescent��
proteins.��In��chapter��4,��the��formation��of��a��ternary��complex��consisting��of��A,��B��and��C��is��
applied,��where��A��and��B��are��attached��to��the��proteins��of��interest��and��C��is��the��host�r
molecule��which��complexes��A��and��B��(Figure��7b).��This��system��allows��the��controlled��
formation��of��a��protein��dimer��in��solution��upon��addition��of��an��external��ligand.� � � �Two��
fluorescent�� proteins�� were�� functionalized�� with�� the�� two�� host�� molecules��
methoxynaphthalene�� and�� methylviologen�� which�� allows�� for�� controlled�� protein��
assembly��after��addition��of��cucurbit[8]uril��that��forms��a��ternary��complex��with��these��
two��host�rmolecules.����

For��the��modification��of��the��proteins��in��chapters��2��to��4,��expressed��protein��ligation��was��
used.��This��technique��allows��for��site��selective��modification��of��purified��proteins��at��the��
C�rterminus.��However,��it��is��not��compatible��with��intracellular��labelling��or��labelling��of��
proteins��in��cell��lysates.��To��take��the��concept��of��supramolecular��host�rguest��chemistry��
for��protein��assembly��a��step��further��than��working��with��purified��proteins,��an��enzymatic��
labelling��technique,��the��SNAP�rtag��labelling��was��introduced��in��chapter��5.��SNAP�rtag��
labelling��requires��expression��of��the��protein��of��interest��as��alkylguaninetransferase��
fusion�� protein�� and�� functionalization�� of�� the�� supramolecular�� element�� with�� a��
benzylguanine�� moiety.�� Different�� supramolecular�� elements,�� including�� a��
supramolecular��polymer��were��attached��to��fluorescent��proteins��studying��the��SNAP�r
tag��as��an��alternative��to��expressed��protein��ligation.��In��chapter��6��fluorescent��proteins��
were��labelled��via��the��SNAP�rtag��with��ferrocene��and��adamantane��and��these��proteins��
were��then��immobilized��on��cyclodextrin��surfaces��and��vesicles.����
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Modulation��of��protein��dimerization��by��a��supramolecular��
host�æguest��system 

��

Two��sets��of��cyan��(CFP)��and��yellow��(YFP)��fluorescent��proteins,��monomeric��analogues��
and��analogues��with��a��weak��affinity��for��dimerization,��were��functionalized��with��
supramolecular��host�rguest��molecules��via��expressed��protein��ligation.��The��host�rguest��
elements��induce��selective��assembly��of��the��monomeric��variants��in��a��supramolecular��
heterodimer.��For��the��second��set��of��analogues,��the��supramolecular��host�rguest��system��
acts��in��cooperation��with��the��intrinsic��affinity��between��the��two��proteins,��resulting��in��
the�� induction�� of�� selective�� protein�rprotein�� hetero�rdimerization�� at�� more�� dilute��
concentration.��Additionally,��the��supramolecular��host�rguest��system��allows��locking��of��
the��two��proteins��in��a��covalent��heterodimer��via��the��facilitated��and��selective��formation��
of��a��reversible��disulfide��linkage.��For��the��monomeric��analogues��this��results��in��a��strong��
increase�� of�� the�� energy�� transfer�� between�� the�� proteins.�� The�� protein�� hetero��
dimerization��can��be��reversed��in��a��stepwise��fashion.��The��trajectory��of��the��disassembly��
process��differs��for��the��monomeric��and��dimerizing��set��of��proteins.��The��results��
highlight��that��supramolecular��elements��connected��to��proteins��can��both��be��used��to��
facilitate��the��interaction��between��two��proteins��without��intrinsic��affinity,��and��to��
stabilize�� weak�� protein�rprotein�� interactions�� at�� concentrations�� below�� those��
determined��by��the��actual��affinity��of��the��proteins��alone.��The��subsequent��covalent��
linkage��between��the��proteins��generates��a��stable��protein��dimer��as��a��single��species.��
The��action��of��the��supramolecular��elements��in��concert��with��the��proteins��thus��allows��
the��generation��of��protein��architectures��with��specific��properties��and��composition.��

��

��
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1 Introduction��
Protein�rdimerization�� and�� aggregation�� are�� intensively�� studied�� phenomena.��
Understanding��and��modulating��protein�rprotein��interactions��provides��entries��to��study��
their��associated��diseases��on��the��molecular�� level1.�� Signal��transduction,2��protein��
aggregation,3�� receptor�� clustering,4�� and�� transcription�� factor�� assembly5�� are�� all��
processes��in��which��protein�rprotein��interactions��and��controlled��assembly��to��higher��
order��aggregates��play��a��decisive��role.��Detailed��molecular��understanding��and��control��
of��these��interactions��is��hampered,��for��example,��because��structural��information��is��
absent,��or��because��these��interactions��are��regulated��by��unknown��mechanisms��and��are��
latent��under��normal��conditions6.��Chemical��biology��approaches��have��been��developed��
to��selectively�� induce��or�� inhibit��specific��protein�rprotein�� interactions��with��small��
molecules7.��Chemical��inducers��of��dimerization��have,��for��example,��provided��versatile��
tools��to��modulate��protein��assembly��and��dimerization��under��the��control��of��a��small��
molecule8.��Nevertheless,��new��and��diverse��synthetic��strategies��are��required�� to��
selectively��modulate��protein�rprotein��interactions��and��to��assemble��multi�rprotein��
complexes��in��a��controlled,��hierarchical��fashion.��

Supramolecular��chemistry��approaches��have��generated��a��vast��variety��of��multi�r
component��architectures��by��virtue��of��non�rcovalent��interactions9.��Examples��such��as��
supramolecular��switches,10��electronics,11��and��polymers12��have��shown��that��synthetic��
self�rassembling��systems��allow��control��of��material��properties��and��functions��and��are��a��
valuable�� contribution�� to�� the�� field�� of�� materials�� engineering.�� Many�� of�� the��
supramolecular��examples��in��the��materials��field��have��been��inspired��by��biological��
structures.��Biological��assemblies��and��molecules,��such��as��cell�rmembranes,��proteins,��
and�� polynucleotides,�� have�� been�� an�� important�� source�� of�� inspiration�� for��
supramolecular��chemists��to��generate��synthetic��systems��with��analogous��shape,��size,��
or��function13.��The��biological��structures��from��which��inspiration��is��derived��all��assemble��
under��aqueous��conditions.��Water,��however,��is��different��from��all��other��solvents��and��
imposes�� specific�� requirements�� on�� self�rassembling�� systems.�� Isolated�� secondary��
interactions��of��the��polar��type,��such��as��for��example��hydrogen��bonding,��might��drive��
self�rassembly�� in��organic��solvents,��but�� typically��are��not��operative�� in��water.�� In��
combination��with��a��hydrophobic��environment��such��polar��interactions��can��be��used��to��
generate�� complex�� multicomponent�� assemblies�� with�� a�� well�rdefined�� and�� stable��
architecture��in��water14.��As��a��result,��supramolecular��chemistry��in��water��has��come��full��
circle��and��has��become��an��attractive��approach��to��apply��to��biological��systems15�r18.��

Nevertheless,��only��a��limited��set��of��initial��examples��can��be��found��in��the��recent��
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literature,��in��which��synthetic��supramolecular��systems��have��been��used��to��modulate��

interactions��between��proteins.��Vesicles��were��decorated��with�� �E�rcyclodextrin�� to��

immobilize��adamantane�rmodified��enzymes��via��the��host�rguest��interaction16.��A���E�r
cyclodextrin��based��host�rguest��system��has��been��used��to��control��the��reassembly��of��two��
split�rGreen��Fluorescent��Protein��(GFP)��fragments��and��reinstate��its��function17.��We��have��

used��the��interaction��between���E�rcyclodextrin��and��lithocholic��acid��to��induce��the��
assembly��of��two��fluorescent��proteins��in��solution��and��in��the��cell18.��Here��we��show��in��
detail��how��the��introduction��of��a��supramolecular��host�rguest��system��in��two��sets��of��
fluorescent��protein��variants,��differing��in��their��intrinsic��affinity��for��dimerization,��
enables��and��modulates��the��selective��formation��of��protein��heterodimers��(Figure��1).����

��

Figure��1:��Schematic��representation��of��supramolecular��induced��protein��heterodimerization��and��covalent��
locking��of��two��sets��of��fluorescent��protein��variants.��Monomeric��fluorescent��proteins��are��induced��to��
heterodimerize��by��the��host�rguest��systems,��resulting��in��the��occurrence��of��energy��transfer��between��the��
two��proteins.��Covalent��locking��of��the��complex��through��a��selective��disulfide��bridge��enhances��the��amount��
of��energy��transfer.��Dimerizing��fluorescent��protein��variants��show��a��significantly��stronger��affinity��for��
dimerization��because��of��the��additional��interactions��of��the��proteins��in��the��heterodimer.��

The��host�rguest��system��attached��to��the��C�rtermini��of��two��so�rcalled��monomeric��
fluorescent��proteins,��which��have��no��intrinsic��affinity��for��dimerization,��induces��a��
selective��assembly��of��a��protein��heterodimer.��When��the��same��host�rguest��elements��
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are��combined��with�� two��proteins�� that�� feature��a��weak��affinity�� for��unselective��
dimerization,�� the�� supramolecular�� system�� induces�� a�� selective�� protein�rprotein��
heterodimerization,�� at�� concentrations�� below�� those�� determined�� by�� the�� latent��
interaction��of��the��proteins.��Furthermore,��we��show��that��the��supramolecular��induced��
protein��dimers��can��be��selectively��locked��in��a��covalent��heterodimer,��by��virtue��of��a��
cysteine��residue��introduced��by��the��supramolecular��element��in��each��protein.��The��
supramolecular��elements��thus��provide��control��over��protein��dimerization��in��interplay��
with��the��protein��characteristics.��

2 Protein��design��and��synthesis��
Fluorescent��proteins��are��highly��valuable��tools��to��study��the��function��of��other��proteins,��
both��in��vitro��and��in��vivo19.��A��large��spectrum��of��different��variants��is��available��to��the��
scientific��community,��and��their��spectral��characteristics��make��them��perfect��model��
proteins��in��biology.��Classical��fluorescent��proteins��are��known��to��feature��a��weak��
affinity��towards��dimerization��at��elevated��concentrations20.��This��intrinsic��affinity��could��
lead��to��artefacts��in��the��study��of��protein�rprotein��interactions��and��therefore��variants��
have��been��developed��that��exhibit��differing��dimerization��affinities,��due��to��specific��
point�rmutations��at�� the��periphery��of�� the��protein.��So�rcalled��monomeric��Yellow��
Fluorescent��Protein��and��Cyan��Fluorescent��Protein��(mYFP��and��mCFP)��variants��carry��
the�� mutation�� A206K�� preventing�� their�� dimerization21.�� Furthermore,�� fluorescent��
proteins��with��an��increased��tendency��to��dimerize��were��developed��for��enhanced��
properties��in��Förster��Resonance��Energy��Transfer��(FRET)�rbased��sensors22.��These��so�r
called��dimerizing��variants��(dYFP��and��dCFP)��contain��two��mutations��(S208F��and��V224L),��
which�� increase�� their�� tendency�� to�� dimerize.�� These�� monomeric�� and�� dimerizing��
fluorescent��proteins��thus��differ��in��their��intrinsic��affinity,��which��makes��them��ideal��
models��to��study��protein��dimerization.��Based��on��these��two��variants��we��therefore��
generated��two��sets��of��CFP��and��YFP��proteins��conjugated��to��supramolecular��host�rguest��
elements.��The��monomeric��fluorescent��proteins��were��envisioned��to��be��model��proteins��
for��dimerization��completely��under��control��of��external��supramolecular��elements.��The��
dimerizing��fluorescent��proteins��represent��a��model��system��for��proteins��featuring��a��
weak,��non�rselective��affinity��for��dimerization.��This��protein��dimerization��is��stabilized��
and��made��selective��for��heterodimerization��by��the��external��supramolecular��elements.����

We��selected��lithocholic��acid��and���E�rcyclodextrin��as��the��supramolecular��elements��to��be��
connected��to��the��fluorescent��proteins��for��the��manipulation��of��their��assembly.��This��
host�rguest��system��undergoes��a��strong,��uni�rdirectional��heterodimerization��in��water��
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with��a��dissociation��constant,��Kd,��in��the��submicromolar��range23,��and��has��proven��
effective��for��the��assembly��of��proteins��in��solution��and��in��a��cellular��context18.��The��
dimerization��affinity��of��this��supramolecular��system��is��significantly��higher��than��the��
dimerization��affinity��of��any��of��the��fluorescent��proteins��under��study.��This��ensures��that��
for��the��study��of��the��protein��dimerization��with��these��supramolecular��elements,��
experimental��conditions��can��be��chosen��at��which��the��intrinsic��dimerization��of��the��bare��
proteins��is��negligible��in��comparison��with��that��of��the��host�rguest��pair��(see��below).��This��
is��especially��relevant��for��the��dimerizing��proteins��dYFP��and��dCFP��as��it��ensures��that��any��
protein�rprotein��dimerization��event��is��not��due��solely��to��the��intrinsic��affinity��of��the��

proteins��toward��each��other.���E�rCyclodextrin��and��lithocholic��acid��were��each��connected��
via��a��small��linker��to��a��cysteine��to��enable��C�rterminal��ligation��to��the��fluorescent��
proteins��(Figure��2).��The��thus��introduced��cysteines,��close��to��the��supramolecular��host�r
guest��pair,��were��envisioned��to��be��used��for��the��selective��covalent��locking��of��a��
supramolecular��induced��protein��heterodimer,��by��tuning��their��oxidation��state.��

��

Figure��2:��Design��and��synthesis��of��two��sets��of��fluorescent��protein��variants��(mCFP�rmYFP��and��dCFP�rdYFP)��
with��no��or��a��weak��intrinsic��affinity.��The��proteins��are��modified��with��supramolecular��host�rguest��elements��
(lithocholic��acid��and���E�rcyclodextrin)��via��expressed��protein��ligation.��The��synthetic��approach��additionally��
introduces��a��cysteine��directly��after��the��supramolecular��element��at��the��site��of��ligation,��which��can��be��used��
for��the��formation��of��a��disulfide��bridge��in��the��supramolecular��induced��protein��dimer.��

We��used��expressed��protein��ligation��(EPL)24��for��the��site�rselective��incorporation��of��the��
supramolecular��elements��at��the��C�rterminus��of��the��proteins.��The��monomeric��or��
dimerizing��CFP��and��YFP��were��each��fused��with��an��intein��domain,��followed��by��a��chitin��
binding��domain.��To��enhance��the��protein��expression��levels��in��E.��coli��and��to��facilitate��
the��purification��of��the��proteins,��an��additional��His�rtag��was��N�rterminally��fused��with��the��
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CFP��derivatives��and��a��Strep�rtag��was��N�rterminally��fused��with��the��YFP��derivatives.��In��
the��CFP�rconstructs��an��additional��tobacco��etch��virus��(TEV)��protease��cleavage��site��was��
introduced��close��to��the��C�rterminus��of��the��protein��to��allow��enzymatic��cleavage��of��the��
inserted��supramolecular��element.��The��resulting��fusion��proteins��were��expressed��in��E.��
coli,��purified��using��chitin��agarose��beads��and��cleaved��from��the��intein��by��sodium��2�r
sulfanyl��ethane��sulfonate��(MESNA)��to��generate��C�rterminal��thioesters��(Figure��2).��
These��protein��thioesters��were��stored��in��phosphate��buffer��and��expression��yields��
typically��ranged��from��about��40��mg��(CFPs)��to��about��15��mg��(YFPs)��of��fluorescent��
protein��thioester��per��litre��of��bacterial��culture.��

The��protein��thioesters��were��connected��to��the��above��mentioned��cysteine��modified���E�r
cyclodextrin��and��lithocholic��acid��via��a��native��chemical��ligation��reaction��(Figure��2).��The��

different��physicochemical��nature��of��the���E�rcyclodextrin��and��lithocholic��acid��elements��

required��two��different��ligation��and��purification��strategies.��For��the��conjugation��of���E�r
cyclodextrin��to��the��YFP��thioesters,��the��protein��and��cyclodextrin��were��mixed��in��a��
phosphate��buffer��containing��20��mM��TCEP��in��a��1:20��ratio.��After��overnight��incubation��
on��a��rotating��wheel��at��room��temperature,��the��reactions��were��typically��complete��and��

the��excess��of���E�rcyclodextrin��and��reducing��agent��were��removed,��resulting��in��the��pure��
mYCD��and��dYCD��constructs.��Due��to��the��limited��solubility��of��the��lithocholic��acid�r
cysteine��conjugate��in��water,��the��ligation��of��this��supramolecular��element��to��the��CFP��
constructs��was��performed��in��the��presence��of��20��%��methanol.��The��lithocholic��acid��and��
CFP��thioester��were��mixed��to��yield��a��protein:lithocholic��acid��ratio��of��about��1:4��and��
incubated��on��a��rotating��wheel��overnight��at��room��temperature.��Unligated��CFP��
thioester��could��be��separated��from��the��ligated��protein��by��an��extraction��with��the��
detergent��Triton��X�r114.��After��warming��the��reaction��mixture��with��the��detergent��to��
37°C,��a��separation��of��the��detergent�rrich��phase��containing��the��ligated��protein��and��the��
water��phase��occurred,��enabling��the��isolation��of��the��pure��conjugated��proteins��mCLA��
and��dCLA��by��separation��of��the��two��phases.��The��purity��and��integrity��of��all��proteins��was��
established��by��mass��spectrometry��and��SDS�rPAGE.��

3 Supramolecular��induced��protein��dimerization��
The��dimerization��of��the��two��sets��of��supramolecular��conjugated��fluorescent��protein��
pairs��was��investigated��using��fluorescence��spectroscopy.��All��fluorescence��spectra,��
including��studies��on��YFP��proteins��alone,��were��recorded��by��using��an��excitation��
wavelength��of��410��nm,��which��was��optimized��for��CFP��excitation��with��very��limited��YFP��
excitation.��The��non�rconjugated��protein��thioesters��mY,��dY,��mC,��and��dC��(Figure��2)��were��
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used��as��controls��when��appropriate.��Fluorescence��spectra��were��recorded��of��the��
individual�� proteins�� or�� their�� mixtures�� in�� a�� buffered�� solution�� that�� contained��
dithiothreitol��(DTT)��to��ensure��a��reducing��medium.��To��observe��a��possible��interaction��
between��the��protein��pairs,��resulting��in��FRET,��emission��spectra��of��1:1��mixtures��of��the��
YFP��and��CFP��proteins��were��recorded.��In��the��case��of��the��occurrence��of��energy��transfer��
between��the��two��proteins,��a��decrease��of��the��fluorescence��maximum��of��CFP��(donor)��
at��475��nm��and��an��increase��of��the��fluorescence��maximum��of��the��YFP��(acceptor)��at��
527��nm,��compared�� to�� the��single��proteins,��are��expected�� to��be��observed.��The��
fluorescence��spectra��of��all��proteins��individually��and��1:1��mixtures��of��the��YFP��and��CFP��
variants�� are�� shown�� in�� Figure�� 3�� for�� the�� monomeric�� and�� dimerizing�� proteins��
respectively.��The��fluorescence��spectra��of��the��individual��proteins��mCLA��and��dCLA,��as��
well��as��mYCD��and��dYCD��are��similar��for��the��monomeric��and��dimerizing��variants.��Also��
the��mixtures��of��mC�rmYCD��and��dC�rdYCD��are��similar��for��both��variants��and��are��a��mere��
summation��of��the��individual��components.��Mixtures��of��mCLA�rmYCD��and��of��dCLA�r
dYCD,��however��show��the��occurrence��of��energy��transfer.��For��the��monomeric��pair,��a��
small��decrease��in��intensity��of��the��mCFP��maximum��at��475��nm��and��the��increase��of��the��
mYFP��maximum��at��527��nm��occurs,��compared��to��the��mC�rmYCD��mixture,��which��lacks��
one��supramolecular��element.��In��case��of��the��dimerizing��proteins��a��very��strong��
decrease��of��the��dCFP��fluorescence��and��a��strong��increase��of��the��dYFP��fluorescence��
could��be��observed,��compared��to��the��dC�rdYCD��mixture.��The��ratio��of��the��intensities��of��
the��YFP��and��CFP��maxima��(Y/C��ratio)��was��determined��for��all��possible��mixtures��of��
monomeric��and��dimerizing��proteins��(Table��1).��For��all��control��experiments��in��which��
either��one��or��two��of��the��fluorescent��proteins��were��lacking��a��supramolecular��element,��
the��ratios��feature��the��same��value��of��0.51��for��the��monomeric��proteins��and��around��
0.56��for��the��dimerizing��proteins.��The��modification��of��only��one��of��the��proteins��with��a��
supramolecular��element��clearly��does��not��result��in��an��increase��of��the��Y/C��ratio.��This��
proves�� that�� a�� supramolecular�� element�� alone�� does�� not�� induce�� (non�rspecific)��
interactions.��The��Y/C��ratio��determined��for��the��mCLA�rmYCD��complex��(0.63)��is��higher��
than��that��of��the��corresponding��monomeric��controls��(0.51).��The��dCLA�rdYCD��complex��
has��a��very��high��value��for��the��same��ratio��(2.32).��
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Figure��3:��Fluorescence��spectra��corrected��for��concentration��of��the��set��of��monomeric��fluorescent��proteins��
(top)��and��dimeric��fluorescent��proteins��(bottom):��1��µM��mCLA��or��dCLA��(blue);��1��µM��mYCD��or��dYCD��(black)��
and��1��:��1��mixtures��of����mC�rmYCD��or��dC�rdYCD��(red);��mCLA�rmYCD��or��dCLA�rdYCD��(green)��(concentration��of��
the��single��components��=��0.5��µM);��spectra��recorded��using��an��excitation��wavelength��of��410��nm,��measured��
in��phosphate��buffer��(pH��7.5,��4��mM��DTT).��

For��both��sets��of��proteins��energy��transfer��is��only��observed��when��both��CFP��and��YFP��
feature��a��supramolecular��element.��Energy��transfer��between��CFP��and��YFP��can��only��
occur��when��they��are��in��molecular��proximity.��The��supramolecular��elements��therefore��
must��be��inducing��the��proximity��of��the��two��proteins��via��their��host�rguest��dimerization.��
The��amount��of��energy��transferred��for��the��dimerizing��proteins��is��significantly��more��
than��for��the��monomeric��proteins.��It��can��therefore��be��concluded��that��either��more��of��
the��dCLA�rdYCD��complex��is��formed��compared��to��the��mCLA�rmYCD��complex,��or��that��the��
energy��transfer��is��stronger��in��the��dCLA�rdYCD��complex��than��in��the��mCLA�rmYCD��
complex.��In��general��it��is��clear��that��there��is��an��interplay��between��the��protein��pairs��and��
the��supramolecular��elements,��resulting��in��a��different��amount��of��transferred��energy��
between��the��monomeric��and��dimerizing��variants.��



�� Modulation��of��protein��dimerization��by��a��supramolecular��host�rguest��system��

31��

Table��1:��Y/C��Ratios��(I527nm/I475nm)��measured��for��mixtures��of��monomeric��and��dimerizing��CFP��and��YFP��
proteins��after��incubation��for��1h��at��20°C��(concentration��of��each��protein��=��0.5��µM);��spectra��recorded��using��
an��excitation��wavelength��of��410��nm,��measured��in��phosphate��buffer��(pH��7.5,��4��mM��DTT).��

Proteins�� Y/C��Ratio Proteins�� Y/C��Ratio

mY�rmC�� 0.51�� dY�rdC�� 0.56��

mCLA�rmY�� 0.51�� dY�rdCLA�� 0.54��

mC�rmYCD�� 0.51�� dYCD�rdC�� 0.57��

mCLA�rmYCD 0.63�� dYCD�rdCLA 2.32��

��
To��quantitatively��assess��and��gain��deeper��insight��into��the��supramolecular��induced��
protein�� dimerization,�� fluorescence�� lifetime�� measurements�� were�� performed.��
Fluorescence��decay��curves��were��recorded��of��both��monomeric��and��dimerizing��sets��of��
CFP��analogues,��pure��as��well��as��mixed��with��their��respective��YFP��analogues,��all��at��a��
final��concentration��of��1� � � …M.��The��samples��were��excited��at��364��nm��to��ensure��the��
exclusive��excitation��of��CFP��and��the��decay��of��the��fluorescence��intensity��of��CFP��was��
monitored��at��475��nm.��All��samples��for��which��at��least��one��component��lacked��the��
supramolecular��binding��motif��(nonbinding��pairs),��exhibited��the��double��exponential��
decay��characteristic��for��unmodified��CFP25.��Fitting��the��recorded��decay��curves��yielded��

lifetime��components��of���W�����C��1.5��ns��and���W2���C��3.8��ns��for��both��the��dimerizing��as��well��as��
the��monomeric��set��of��samples��(Table��2).��The��absence��of��any��further,��faster��decay��
component��provides��evidence��that��for��CFP��and��YFP��lacking��the��host�rguest��pair��no��
energy��transfer��is��taking��place.��

The��picture��drastically��changes��for��pairs��of��CFP��and��YFP��both��containing��their��
respective��supramolecular��element.��A��third,��much��shorter��decay��component��(�•Q)��
appears��for��the��dimerizing��pair��and,��to��a��lesser��extent,��for��the��monomeric��pair,��
unseen��in��all��other��samples.��Energy��transfer��from��a��FRET��donor��to��a��FRET��acceptor��
acts��as��an��additional��decay��channel��for��the��FRET��donor,��resulting��in��the��observed��
shorter��lifetime.��Thus,��clearly,��the��host�rguest��interaction��results��in��the��dimerization��
of��the��CFP��and��YFP��and��therefore��in��energy��transfer��from��CFP��to��YFP.��The� � � •Q��
component��is��very��short��and��approaches��the��limit��of��time��resolution��of��the��setup,��
indicative��of��very��high��energy��transfer��efficiency.��The��coexistence��of��the��three��

lifetime��components��of���W��,���W��,��and���•Q��indicates��the��parallel��presence��of��CFP�rYFP��pairs��
and��free��CFP��in��the��solution.��Since��we��have��determined��the��decay��characteristics��for��
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uncoupled��CFP��before��(Table��2),��we��fitted��the��decay��curves��of��the��binding��pairs��using��
3��exponentials,��keeping��two��components��fixed��at��the��values��for� � � •1��and� � � •2��of��the��
respective��mCLA��and��dCLA.��The��fast,��quenched��decay��component� � � •Q��could��thus��be��
determined��for��both��sets��of��proteins��(Table��2).��The� � � •Q��of��the��dimerizing��set��of��
proteins��(dCLA�rdYCD)��was��determined��as��~300��ps��contributing��with��12%��relative��
amplitude,��while��the� � � •Q��of��the��monomeric��set��(mCLA�rmYCD)��contributed��with��only��
5%��relative��amplitude��and��was��even��shorter,��<��200��ps,��and��approached��the��time��
resolution��limit��of��the��setup.��The��different��relative��contributions��of���•Q��to��the��overall��
signal��for��the��monomeric��and��the��dimerizing��protein��pairs��show��that��the��affinity��to��
heterodimerize��is��much��larger��for��the��dimerizing��set��of��proteins��than��for��the��
monomeric��set.��The��data��also��show��that��the��monomeric��set��of��proteins��yields��a��decay��
component� � � •Q��with��a��much��shorter��lifetime��than��for��the��dimerizing��set.��This��
potentially��indicates��that,��whereas��the��amount��of��protein��dimer��is��higher��for��the��
dimerizing��variants,��a��more��efficient��energy��transfer��is��occurring��in��the��monomeric��
set��of��proteins.��In��contrast��to��the��dimerizing��variants,��the��orientation��between��the��
monomeric��proteins��is��not��fixed.��This��flexibility��of��the��monomeric��proteins��may��
account��for��the��formation��of��a��supramolecular��protein��dimer��with��an��overall��
orientation��that��features��more��efficient��energy��transfer��than��for��the��dimerizing��
proteins.��

Table��2:��Fluorescence��lifetimes,���•1,���•2��and���•Q��in��ns��of��monomeric��and��dimerizing��CFP��analogues��in��1��µM��
solutions��of��pure��CFPs��and��mixtures��with��YFPs.���•Q��was��obtained��by��fitting��the��decay��curve��of��the��donor��
fluorescence��to��three��exponentials��while��fixing���•1��and���•2��to��the��respective��values��of��the��reference��(CLA),��
see��text��for��details.��

Sample�� �•Q��(ns)�� �•1��(ns)�� �•2��(ns)�� Sample�� �•Q��(ns)�� �•1��(ns)�� �•2��(ns)��

mC� � � r� �1.4�� 3.9�� dC� � � r� �1.6�� 3.9��

mCLA�� �r�� 1.4�� 3.8�� dCLA�� �r�� 1.5�� 3.7��

mC�rmY� � � r� �1.3�� 3.8�� dC�rdY� � � r� �1.5�� 4.0��

mC�rmYCD� � � r� �1.5�� 3.9�� dC�rdYCD� � � r� �1.6�� 3.9��

mCLA�rmY� � � r� �1.3�� 3.8�� dCLA�rdY� � � r� �1.6�� 3.9��

mCLA�rmYCD�� <0.2�� 1.4�� 3.8�� dCLA�rdYCD�� 0.3�� 1.5�� 3.7��

In��order��to��compare��the��dimerization��affinities��of��both��the��monomeric��and��the��
dimerizing��variants,��titration��studies��were��performed��to��determine��the��dissociation��
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constants��(Kd)��of��the��complexes.��This��was��done��by��titrating��mYCD��and��dYCD��to��0.2��µM��
solutions��of��mCLA��and��dCLA,��respectively.��Upon��addition��of��increasing��amounts��of��
YFP,��increasing��amounts��of��complex��are��formed.��At��any��point��during��the��titration��the��
solutions��will��contain��differing��amounts��of��free��CFP��and��YFP��components��as��well��as��
formed��CFP�rYFP��complexes.��As��can��be��seen��for��the��monomeric��set��(Figure��4a)��and��for��
the��dimerizing��set��(Figure��4b),��the��intensity��of��CFP��fluorescence��decreases��upon��
addition��of��YFP,��while��YFP��fluorescence��increases.��It��can��be��concluded��that��as��more��
YFP��is��added,��the��population��of��CFP��molecules��for��which��transfer��of��energy��is��
occurring�� is�� increasing,�� indicative�� of�� increasing�� concentrations�� of�� heterodimer��
forming��in��the��mixture.��

��

Figure��4:��a)��Titration��of��mYCD��to��a��0.2���PM��solution��mCLA;��b)��Titration��of��dYCD��to��a��0.2���PM��solution��of��
dCLA;��c)��plot��and��fitting��(red)��of��energy��transfer��efficiency��of��mCLA��and��mYCD��as��a��function��of��mYCD��
concentration,��measured��data��points��(blue);��d)��idem��for��dCLA��and��dYCD.��

The��change��in��donor��intensity,���' I,��was��calculated��for��each��YFP/CFP��mixture��according��
to��the��following��equation��

(1),��

using��the��fluorescence��intensity��of��the��donor��CFP��in��the��absence��(I0)��and��presence��of��
acceptor��YFP��(I)��(Figures��4c��and��4d).��In��order��to��determine��the��Kd��for��each��set��of��
proteins,��equation��(1)��was��used��to��fit ��the��titration��curves��assuming��first��order��
kinetics.��This��yields��a��Kd��for��the��dCLA�rdYCD��complex��of��0.4��±��0.1� � � …M��and��for��the��
mCLA�rmYCD��of��4.3��±��0.2�� �…M.��The��dissociation��constant��of��the��dimerizing��variants��is��
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nearly��ten��times��smaller��than��that��of��the��monomeric��variants.��The��two��dimerizing��
proteins��thus��exhibit��a��significantly��stronger��binding��affinity,��even��though��the��
supramolecular��elements��attached��to��the��two��sets��of��proteins��are��the��same.��The��

interaction��of��lithocholic��acid��with���E�rcyclodextrin��in��water,��as��measured��by��ITC,��is��
reported��to��have��a��dissociation��constant��of��1.2��µM23.��The��Kd�rvalue��of��the��monomeric��
proteins��modified��by��the��host�rguest��system��(4.3��µM)��thus��shows��that��the��interaction��
of��these��two��proteins��is��governed��by��the��supramolecular��elements��attached��to��the��
proteins.��The��higher��affinity��observed��for��the��dimerizing��set��(0.4��µM)��shows��that��
there��is��an��effect��additional��to��the��supramolecular��interaction��contributing��to��an��
increased��binding��affinity.��This��is��most��probably��due��to��a��binding��event��of��the��
supramolecular��host�rguest��pair��in��conjunction��with��the��intrinsic��dimerization��affinity��
of��the��proteins.������

Since��the��dimerization��of��the��proteins��in��both��hetero�rcomplexes��is��governed��by��a��
supramolecular��recognition��motif,��dissociation��should��be��inducible��by��inhibition��of��

the��supramolecular���E�rcyclodextrin�rlithocholic��acid��host�rguest��interaction.��In��order��to��

test��this,��unfunctionalized���E�rcyclodextrin��was��added��to��the��mCLA�rmYCD��and��dCLA�r

dYCD��complexes.��The��free���E�rcyclodextrin��host��acts��as��competitive��binder��for��the��
lithocholic��acid��conjugated��to��the��CFP��(Figure��5).��For��both��protein��complexes��the��

addition��of���E�rcyclodextrin��results��in��a��decrease��of��the��YFP��fluorescence,��which,��
together��with��the��recovery��of��the��CFP��fluorescence,��shows��that��the��interaction��
between��the��proteins��is��indeed��of��a��reversible��nature��and��can��be��modulated��with��
small��supramolecular��moieties.��

��

Figure��5:��Fluorescence��spectra��of��0.5��µM��solutions��of��a��supramolecular��protein��complex��before��and��after��
addition��of��2��mM���E�rcyclodextrin;��mCLA�rmYCD��before��(blue),��mCLA�rmYCD��after��(black),��dCLA�rdYCD��before��
(green),��dCLA�rdYCD��after��(red)��(concentration��of��both��proteins=��0.5��µM);��spectra��recorded��at��an��
excitation��wavelength��of��410��nm,��measured��in��phosphate��buffer,��(pH��7.5,��4��mM��DTT).��
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A��TEV�rcleavage��site��incorporated��in��the��C�rterminus��of��the��CFPs��makes��it��possible��to��
disassemble��the��protein��heterodimers��via��an��enzymatic��peptide��cleavage��reaction.��
Treatment��of��the��assembled��protein��complexes��mCLA�rmYCD��and��dCLA�rdYCD��with��
TEV��protease��results��in��the��cleavage��of��a��short��C�rterminal��peptide��sequence��with��the��
lithocholic��acid��from��the��CFPs,��thereby��releasing��the��CFPs��from��the��complex.��For��this,��
the��mCLA�rmYCD��and��dCLA�rdYCD��complexes��were��incubated��for��1h��at��20°C��with��TEV�r
protease.��This��resulted��in��a��decrease��of��the��energy��transfer��in��the��samples��(Figure��6).��
This��proves��that��the��TEV��cleavage��sites��within��the��protein��dimers��are��accessible��for��
the��enzyme��and��that��cleavage��of��this��site��dismantles��the��protein��complex.��The��
observed��lowering��of��the��energy��transfer��is��especially��relevant��for��the��dimerizing��
proteins,��as��it��shows��that��the��enhanced��energy��transfer��observed��for��the��dCLA�rdYCD��
complex��compared��to��the��mCLA�rmYCD��complex��is��indeed��due��to��the��supramolecular��
interaction,��and��not��to��unspecific��interactions��of��the��proteins.��The��observed��energy��
transfer��has��almost��completely��disappeared��for��mCLA�rmYCD��mixture,��but��has��only��
partly��been��lowered��for��the��dCLA�rdYCD��mixture��during��the��same��amount��of��time.��
Apparently,��the��stronger��dimerization��interaction��between��the��dimerizing��proteins��
makes��the��complex��less��accessible��and��reactive��towards��the��TEV��protease.��

��

Figure��6:��Fluorescence��spectra��of��solutions��of��1��µM��protein��complex��before��and��after��1h��incubation��with��
AcTEVTM�rprotease��(10��U��TEV��per��10��µg��CFP);��mCLA�rmYCD��before��(blue),��mCLA�rmYCD��after��(black),��
dCLAd�rdYCD��before��(green),��dCLA�rdYCD��after��(red);��(concentration��of��both��proteins=��1��µM);��spectra��
recorded��using��an��excitation��wavelength��of��410��nm,��measured��in��phosphate��buffer��(pH��7.5,��4��mM��DTT).��

��
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4 Selective�� covalent�� locking�� of�� supramolecularly�� induced��
protein��heterodimers��

Our��strategy��for��generation��of��the��supramolecularly��tagged��fluorescent��proteins��via��
EPL��resulted��in��the��introduction��of��a��cysteine��with��a��free��thiol��side�rchain��in��each��
protein,��close��to��the��host�rguest��interaction��site.��These��thiol��functionalities��were��
planned��for��the��subsequent��covalent��capture��of��the��generated��protein��heterodimers��
via��selective��oxidation��to��a��disulfide.��The��supramolecular��assembly��would��thus��
guarantee��the��selective��formation��of��CFP�rYFP��disulfide��bridged��protein��heterodimers.��
We��first��investigated��whether��it��was��possible��to��covalently��capture��the��complex��

between��lithocholic��acid��and���E�rcyclodextrin��without��protein��(Scheme��1).��A��mixture��of��

the��cysteine��conjugated���E�rcyclodextrin��and��the��cysteine��conjugated��lithocholic��acid��in��
phosphate�rbuffer��was��incubated��for��4��hours��under��oxidizing��conditions.��The��resulting��
reaction��product��was��analyzed��by��MALDI�rTOF��mass��spectrometry��(Figure��7).��The��
mass��spectrum�� features�� three��strong��signals��corresponding�� to��both�� individual��
compounds��and��the��selectively��formed��disulfide�rbridged��hetero�rcomplex.��Addition��of��
DTT��to��the��covalent��captured��dimer��resulted��in��the��disappearance��of��the��signal��of��the��

hetero�rcomplex�� in�� the�� spectra.��The�� cysteine��modified�� lithocholic��acid�� and�� �E�r
cyclodextrin��can��thus��form��an��inclusion��complex��and��lock��this��complex��into��a��covalent��
dimer��under��oxidizing��conditions.��By��changing��the��redox��state��of��the��buffer,��the��
covalent��locking��can��again��be��removed.��

��

Scheme��1:��Formation��of��a��covalent��heterodimer��between��lithocholic��acid��and���E�rcyclodextrin��via��
reversible��oxidation��of��the��specifically��introduced��cysteines.��
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Figure��7:��MALDI�rTOF�rspectra��of��disulfide��cross�rlinked��lithocholic��acid/�E�rcyclodextrin��heterodimer��before��
(a)��and��after��treatment��with��DTT��(b).��

The��covalent��locking��was��also��studied��for��the��proteins.��First��covalently��locked��protein��
heterodimers��were��generated��for��both��the��mCLA�rmYCD��and��the��dCLA�rdYCD��protein��
pairs��by��equilibrating��the��mixtures��under��ambient��atmosphere,��enabling��oxidation��of��
the��introduced��cysteines��to��a��disulfide.��Both��protein��pairs��showed��strong��energy��

transfer��(Figure��8).��When��these��locked��protein��pairs��were��treated��with���E�rcyclodextrin��
no��decrease��of��the��energy��transfer��could��be��observed��in��the��fluorescence��spectra.��
When��subsequently��DTT��was��added��to��reduce��the��disulfide��bridge��and��unlock��the��
covalent��complex,��a��strong��decrease��of��the��energy��transfer��could��be��observed��in��both��
samples.��These��results��show��that��covalent��locking��of��the��proteins��into��a��stable��
disulfide�� bridged�� heterodimer�� indeed�� occurs.�� After�� covalent�� locking,�� the��
supramolecular�� host�rguest�� interaction�� is�� not�� required�� anymore�� for�� protein��
dimerization.��
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Figure��8:��Fluorescence��spectra��of��0.5��µM��preformed��covalently��locked��oxidized��protein��complex��before��
(blue)��and��after��adding���E�rcyclodextrin��(2��mM;��red),��followed��by��DTT��(4��mM;��green)��for��a)��mCLA�rmYCD��
and��b)��dCLA�rdYCD.��The��solutions��were��prepared��in��phosphate��buffer,��pH��7.5��and��incubated��at��4°C��for��2��
days��before��measurement.��Spectra��were��recorded��using��an��excitation��wavelength��of��410��nm.��

To��further��investigate��the��interplay��of��the��proteins��and��the��supramolecular��host�r
guest��system,��the��stepwise��disassembly��of��the��covalently��locked��protein��dimers��with��

�E�rcyclodextrin��and��DTT��was��carried��out��in��reverse��order.��First��the��covalently��trapped��
complexes�� were�� reduced�� with�� DTT,�� and�� then�� the�� supramolecular�� host�rguest��

interaction��was��inhibited��with���E�rcyclodextrin��(Figure��9).��In��this��experiment��a��clear��
distinction��in��the��disassembly��process��between��the��mCLA�rmYCD��and��the��dCLA�rdYCD��
protein��pairs��could��be��observed.��After��reduction��of��the��disulfide��bridge,��no��change��
was��observed��for��the��dimerizing��proteins,��whereas��for��the��monomeric��proteins,��the��

energy��transfer��decreased��significantly.��Subsequent��treatment��with���E�rcyclodextrin��
then�� further�� decreased�� energy�� transfer�� of�� the�� monomeric�� variants�� and�� also��
perturbed��the��energy��transfer��of��the��dimerizing��variants.����

��

Figure��9:��Fluorescence��spectra��of��0.5��µM��preformed��covalently��locked��oxidized��protein��complex��before��
(blue)��and��after��adding��DTT��(4��mM;��red),��followed��by���E�rcyclodextrin��(2��mM,��green)��for��a)��mCLA�rmYCD��
and��b)��dCLA�rdYCD.��The��solutions��were��prepared��in��phosphate��buffer,��pH��7.5��and��incubated��at��4°C��for��2��
days��before��measurement.��Spectra��were��recorded��using��an��excitation��wavelength��of��410��nm.��
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These��results��clearly��show��that��for��the��monomeric��proteins��the��supramolecular��
elements�� induce��the��assembly��of��a��heterodimer,��but��a��significant��amount��of��
transferred��energy��only��occurs,��when��the��complex��subsequently��gets��covalently��
locked.�� The�� dimerizing�� proteins�� are�� already�� strongly�� associated�� via�� the��
supramolecular��host�rguest��pair,��in��conjunction��with��the��interaction��of��the��protein��
domains.��Covalent��locking��of��the��dCLA�rdYCD��complex��does��not��increase��the��energy��
transfer��further.����

A��covalent��complex��generated��via��disulfide��formation��should��still��be��amendable��for��
inhibition��of��energy��transfer��by��enzymatic��cleavage��of��the��TEV�rcleavage��site.��After��
incubating��1:1��mixtures��of��both��the��mCLA�rmYCD��and��dCLA�rdYCD��covalently��locked��
complexes��with��TEV�rprotease�� for��4��hours,��a��decrease�� in��energy�� transfer��was��
observed��for��both��pairs��of��proteins��(Figure��10).��This��experiment��also��proves��that��the��
covalent��complex��indeed��resulted��from��the��selectively��introduced��disulfide��and��that��
no��other��covalent��bonds��between��the��proteins��were��formed.��The��observed��energy��
transfer��has��almost��completely��disappeared��for��the��mCLA�rmYCD��pair,��but��has��only��
partly��been��lowered��for��the��dCLA�rdYCD��pair��during��the��same��amount��of��time,��
consistent��with��studies��on��the��non�rcovalently��locked��dimers��(Figure��7).��Apparently,��
also��in��the��covalently��locked��form,��the��dimerizing��proteins��are��more��tightly��packed��
than��their��monomeric��counterparts,��making��the��heterodimer��less��accessible��for��the��
protease.��

��

Figure��10:��a)��Fluorescence��spectra��of��solutions��of��0.5��µM��disulfide��oxidized��protein��complex��before��and��
after��4h��incubation��with��TEV�rprotease��(20��U��TEV��per��5��µg��CFP);��mCLA�rmYCD��before��(blue),��mCLA�rmYCD��
after��(black),��dCLAd�rYCD��before��(green),��dCLA�rdYCD��after��(red)��;��(phosphate��buffer,��pH��7.5;��excitation��
wavelenght��410��nm).��b)��Model��of��the��covalent��complex��and��its��cleavage��with��TEV��protease,��illustrated��
for��the��dimerizing��variants��dCLA��and��dYCD.��

Based��on��the��above��results��the��assembly��process��of��the��monomeric��and��dimerizing��
fluorescent��proteins��into��selective��heterodimers��by��virtue��of��the��supramolecular��
host�rguest�� interaction�� becomes�� clear�� (Figure�� 11).�� Supramolecular�� host�rguest��
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elements��attached��to��the��monomeric��proteins��selectively��dimerize��mCFP��with��mYFP��
proteins.��The��proteins��are��brought��to��dimerize��via��the��supramolecular��host�rguest��
interaction,��but��a��specific��protein�rprotein��interaction��is��not��induced.��A��subsequent��
covalent��locking��of��the��complex��by��oxidation��of��the��synthetically��introduced��cysteines��
stabilizes��the��dimer��and��probably��brings��the��proteins��in��somewhat��closer��proximity.��
The�� dimerizing�� proteins�� are�� brought�� into�� proximity�� via�� the�� same�� host�rguest��
interaction,��which��allows��the��intrinsic��affinity��between��these��proteins��to��come��into��
play��and��additionally��stabilize��the��heterodimer.��This��results��in��a��10��fold��lower��Kd��of��
the��dCLA�rdYCD��pair��versus��the��mCLA�rmYCD��pair.��The��bivalent��interaction��of��the��host�r
guest��system��together��with��the��intrinsic��protein��dimerization��affinity��results��in��a��
strong��and�� selective�� formation��of��a��heterodimeric��protein�rprotein�� interaction.��
Covalent��locking��of��this��complex��is��possible,��however,��does��not��result��in��changes��in��
the��energy��transfer.��

��

Figure��11:��Schematic��model��for��the��hierarchical��assembly��/ ��disassembly��process��of��the��mCLA�rmYCD��and��
the��dCLA�rdYCD��protein��pairs.��Depending��on�� the��dimerization��characteristics��of�� the��protein,�� the��
supramolecular�� host�rguest�� pair�� either�� induces�� selective�� assembly�� of�� a�� protein�� dimer�� via�� the��
supramolecular��elements��alone,��or��induces��the��formation��of��a��more��stable��protein��heterodimer��by��virtue��
of��the��interplay��with��the��protein��dimerization��surface.��

5 Conclusions��
The��dimerization��of��proteins��in��biological��systems��can��be��the��result��of��diverse��
processes2,6.�� Gaining�� control�� over�� such�� protein�� interactions�� would�� allow�� the��
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controlled��formation��of��multi�rcomponent��protein��complexes��at��specific��locations��in��
or��outside�� the��cell��and�� represents��a��great��challenge.��We��have��developed��a��
supramolecular��host�rguest��system��that��provides��a��novel��supramolecular��approach��to��
controlling�� these�� processes.�� Two�� sets�� of�� fluorescent�� CFP�� and�� YFP�� variants,��
monomeric��and��weakly��dimerizing��analogues,��were��used��as��model��systems��for��
protein��dimerization.��These��proteins��were��functionalised��with��the��supramolecular��

lithocholic��acid���r���E�rcyclodextrin��host�rguest��system,��via��expressed��protein��ligation.��The��
supramolecular��elements��induce��a��selective��assembly��of��the��monomeric��variants��in��a��
protein��heterodimer.��When��attached��to��the��dimerizing��variants,��the��supramolecular��
host�rguest��system��acts��in��cooperation��with��the��intrinsic��affinity��between��the��two��
proteins�� and�� enables�� the�� selective�� formation�� of�� protein�� heterodimers�� at��
concentrations��much��lower��than��those��determined��by��the��actual��affinity��of��the��
proteins��alone.��This��bivalent��interaction��results��in��the��induction��of��a��selective��protein��
hetero�rdimerization��featuring��very��strong��energy��transfer.��Both��the��monomeric��and��
dimerizing�� supramolecular�� induced�� protein�� heterodimers�� subsequently�� can�� be��
covalently��locked��in��a��stable��heterodimer��via��a��selectively��introduced��and��reversible��
disulfide��linkage.��This��results��in��an��increase��of��the��energy��transfer��between��the��
monomeric��proteins.��The��two��sets��of��proteins��undergo��two��distinct��hierarchical��
assembly��processes,��which��are��the��result��of��the��interplay��of��the��supramolecular��host�r
guest��systems��with��the��proteins’��affinity��for��dimerization.��

The��attachment��of��synthetic��supramolecular��elements��to��two��different��proteins��
allows��controlling��the��interactions��between��these��two��proteins.��For��proteins��that��do��
not��feature��an��intrinsic��interaction,��the��host�rguest��system��can��be��used��to��facilitate��a��
hetero�rspecific�� molecular�� level�� dimerization�� of�� these�� proteins.�� This�� type�� of��
interaction��mode��opens��up��the��possibility��to��generate��designed��protein��assemblies��
under��control��of��supramolecular��interactions��and��could��for��example��prove��valuable��
for��the��specific��colocalization��of��proteins��at��specific��compartments��in�r��or��outside��of��
the�� cell.�� For�� proteins�� that�� feature�� a�� weak�� intrinsic�� dimerization�� affinity,��
supramolecular��host�rguest��elements��can��induce��the��selective��stabilization��of��the��
latent��protein�rprotein��interaction.��The��host�rguest��system��acts��in��cooperation��with��
the�� intrinsic�� protein�� affinity�� and�� can�� be�� used�� to�� induce�� the�� protein�rprotein��
interactions��at��concentrations��well��below��the��normal��dimerization��affinity.��This��
interaction��mode��provides��a��tool��to��selectively��induce��and��control��weak��protein�r
protein��interactions.��The��host�rguest��system��thus��could��allow��studying��of��for��example��
protein�rprotein��interactions��for��which��the��biological��regulation��mechanisms��are��
unknown.��The��combination��of��supramolecular��chemistry��with��proteins��provides��a��
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novel��strategy��for��the��control��over��protein��dimerization��and��in��our��view��offers��
significant��potential��to��assemble��protein��complexes��in��a��controlled��hierarchical��
fashion.��

6 Experimental��part��
Plasmids�� were�� constructed�� by�� Dr.�� Hoang�� Nguyen.�� Fluorescence�� lifetime��
measurements��were��done��together��with��Dr.��Christian��Blum��and��Dr.��Dorothee��
Wasserberg.����

6.1.1 Synthesis��
Synthesis�� of�� cysteine�rconjugated�� lithocholic�� acid�� and�� cysteine�rconjugated�� �E�r
cyclodextrin��was��performed��as��described18.��

6.1.2 MALDI�rspectrometry��
A��4��mM��solution��of��cysteine�rconjugated��lithocholic��acid��(LA�rCys)��and��cysteine�r

conjugated���E�rcyclodextrin��(CD�rCys)��was��prepared��in��buffer��(50��mM��Na�rPi,��30��mM��
NaCl,��pH��7.5)��and��incubated��at��room��temperature��for��4��h.��The��sample��was��desalted��
and��analyzed��by��MALDI�rTOF:��m/z:��LA�rCys��calculated:��797.5��[M+H+],��found:��797.4��
[M+H+],��819.4��[M+Na+];��CD�rCys��calculated:��1280.4��[M+H+],��found:��1280.0��[M+H+],��
1302.0�� [M+Na+];�� LA�rCys�rS�rS�rCD�rCys�� calculated:�� 2096.9�� [M+Na+],�� found:�� 2096.7��
[M+Na+].��DTT��was��then��added��to��a��final��concentration��of��5��mM��and��after��30��min��the��
mixture��was��analyzed��again��by��MALDI�rTOF:��m/z:��LA�rCys:��797.5�� [M+H+],��819.6��
[M+Na+];��CD�rCys:��1302.2��[M+Na+].��

6.1.3 Spectroscopy��
Samples�� for�� spectrophotometric��measurements��were��prepared��under�� ambient��
conditions��in��quartz��cuvettes��of��0.5��cm��pathlength��and��300��µL��minimal��volume.��
Samples��for��experiments��performed��under��oxidizing��conditions��were��prepared��in��
phosphate�� buffer�� (50�� mM�� Na�rPi,�� 30�� mM�� NaCl,�� pH�� 7.5)�� according�� to�� the��
concentrations��given��in��the��text.��If��the��experiment��was��done��under��reducing��
conditions,��DTT��(4��mM)��was��added��to��the��buffer.��The��concentration��of��the��proteins��
was��measured��and��adjusted��by��UV/Vis�rspectroscopy��using��the��absorbance��at��435��nm��
(A435)��and��a��molar��extinction��coefficient��of��32��500��M�r1cm�r1��for��cyan��fluorescent��
proteins��(CFP)26��and��using��A515��and��a��molar��extinction��coefficient��of��84��000��M�r1cm�r1��
for��yellow��fluorescent��proteins��(YFP)27.��UV/Vis��spectra��were��recorded��on��a��JASCO,��V�r
550��spectrophotometer,��fluorescence��data��were��recorded��on��a��JASCO��FP�r6500��
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fluorimeter��equipped��with��a��water�rcooled��Peltier��thermostatted��cell��holder.��UV/Vis��
data��were��recorded��under��ambient��conditions��and��at��room��temperature.��All��steady�r
state��fluorescence��data��were��recorded��using��an��excitation��wavelength��of��410��nm��and��
at��20°C��but��otherwise��under��ambient��conditions.��All��experiments��were��repeated��at��
least��once.��Measurement��parameters��and��sample��concentrations��were��kept��constant��
(unless�� indicated�� otherwise)�� to�� make�� the�� data�� comparable.�� Time�rresolved��
fluorescence��data��were��obtained��at��an��emission��wavelength��of��475��nm��and��a��time��
range��of��50��ns��using��a��HORIBA��Jobin��Yvon��FluoroMax�r4��equipped��with��a��pulsed��

NanoLED��excitation��source��from��IBH��(FWHM��=��1.3��ns,���O��=��364��nm)��and��a��TC�rSPC��(time��
correlated��–��single��photon��counting)��detections��system��(FluoroHub,��HORIBA��Jobin��
Yvon)��based��on��time��to��amplitude��conversion��(TAC).��The��fluorescence��time�rresolved��
data��were��fitted��using��the��DAS6��Decay��Analysis��Software��package��from��HORIBA��Jobin��
Yvon.��A��machine��response��function��was��recorded��on��strongly��scattering��silica��oxide��
particles��in��water��using��identical��settings��as��for��the��samples;��only��the��emission��
wavelength��was��adjusted.��Deconvolution��analysis��was��carried��out��with��2��or��3��
exponentials.��Fluorescence��lifetime��data��were��recorded��under��ambient��conditions��
and��at��room��temperature.��Fluorescence��lifetime��measurements��were��repeated��at��
least�� twice.�� Measurement�� parameters�� and�� sample�� concentrations�� were�� kept��
constant��(unless��indicated��otherwise)��to��make��the��data��comparable.��

6.1.4 Construction��of��plasmids��
To��enhance��protein��expression��levels��of��ECFP��and��EYFP��in��E.��coli��and��to��facilitate��the��
purification��steps,��a��His�rtag��was��fused��N�rterminal��to��the��ECFP��derivatives��and��a��strep�r
tag��was��fused��N�rterminally��to��the��EYFP��derivatives.��The��hybridized�rforms��of��the��two��
complementary��oligonucleotides��ON031,��5 �́r��tatggaagcgagccaccatcaccatcaccatcaccat�r
tc�r3´and��ON032,��5 �́r��tagaatggtgatggtgatggtgatggtggctcgcttcca�r3´encoding��for��His�rtag��
and�� ON047,�� 5 �́r�� tatggcaagctggagccacccgcagttcgaaaagtctgc�r3 �́� and�� ON048,�� 5 �́r
tagcagacttttcgaactgcgggtggctccagcttgcca�r3´encoding��for��Strep�rtag��were��introduced��
into��pTWIN1�rECFP��and��pTWIN�rEYFP18��at��the��NdeI��restriction��site,��resulting��in��plasmids��
pHT477��and��pHT482��respectively.��In��order��to��generate��the��monomeric��constructs,21��
plasmids�� pHT477�� and�� pHT482�� were�� amplified�� using�� primers�� ON097,�� 5 �́r��
gagcacccagtccaagctgagcaaagaccccaac�r3 �́�and��ON098,��5 �́r��ggggtctttgctcagcttggactggg�r
tgctcagg�r3´,��by��which��the��mutation��A206K��was��introduced,��resulting��in��plasmids��
pHT476��(His�rmCFP)��and��pHT486��(Strep�rmYFP).��Similarly,��plasmids��pHT483��(His�rdCFP)��
and��pHT484��(Strep�rdYFP)��carrying��the��S208F��and��V224L��mutations,��as��dimerizing��
variants22��were��constructed��using��primers��ON099,��5 �́r��caacgagaagcgcgatcacatggtcct�r
gctggagttcctgaccgccgccggga�� and�� ON100,�� 5 �́rgaccatgtgatcgcgcttctcgttggggtctttg�r
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aacagggcggactgggtgc�r3 �́�with��pHT477��as�� template;��and��ON099��and��ON102,��5 �́r��
gaccatgtgatcgcgcttctcgttggggtctttgaacagggcggactggtagc�r5 �́�with��pHT482��as��template,��
respectively.��

6.1.5 Protein��expression��and��purification��
The��resulting��plasmids��were��transformed��into��E.��coli��Rosetta��2��(DE3)��cells,��and��
transformants��were��selected��on��ampicillin��(125��mg��L�r1)��and��chloramphenicol��(34��mg����
L�r1)��agar��plates.��A��single��colony��was��inoculated��into��LB��medium��(5��mL)��containing��
ampicillin��(125��mg��L�r1)��and��chloramphenicol��(34��mg��L�r1),��and��the��culture��was��grown��
overnight��at��37��°C.��This��preculture��was��used��to��seed��fresh��LB��medium��(1��L)��containing��
antibiotics,��and��the��culture��was��incubated��at��37��°C��until��the��absorbance��at��600��nm��
(OD600)�� reached�� 0.7�r0.9.�� After�� cooling�� down,�� IPTG�� was�� added�� to�� a�� final��
concentration��of��0.5��mM,��and��overnight��(or��6��h)��induction��was��performed��at��20��°C.��
Cells��were��harvested��by��centrifugation��(5000��g,��20��min,��4��°C).��The��pellet��was��frozen��at��
�r80°C.��After��defreezing��it��was��resuspended��in��lysis��buffer��(25��mM��Na�rphosphate,��
pH��7.5,��0.5��M��NaCl,��1��mM��PMSF,��0.5��mM��EDTA),��and��cells��were��lysed��by��sonication.��
Triton��X�r100��was��added��to��a��final��concentration��of��1%.��The��lysate��was��cleared��by��
centrifugation��(20000��rpm,��30��min,��4��°C).��Columns��(EconoPac,��Biorad,��20��mL)��
containing��10��mL��of��chitin��beads��(New��England��Biolabs)��were��equilibrated��with��
washing��buffer��(25��mM��Na�rPhosphate,��0.5��M��NaCl,��0.5��mM��EDTA).��The��supernatant��
was��applied��to��the��columns��at��room��temperature��(22��°C).��The��beads��were��washed��
with��10�r15��column��volumes��of��washing��buffer.��Cleavage��of��the��fusion��proteins��was��
induced��by��suspending��the��beads��in��cleavage��buffer��(25��mM��Na�rPhosphate,��500��mM��
NaCl,��0.5��mM��EDTA,��0.5��M��MESNA)��and��overnight�� incubation��at��18��°C.��The��
supernatant��was��collected��and��passed��over��a��small��column��to��separate��from��the��non��
cleaved��fusion��proteins.��The��pooled��fractions��were��concentrated��and��the��buffer��
exchanged��three��times��to��storage��buffer��(25��mM��Na�rPhosphate,��50��mM��NaCl,��
0.1��mM��EDTA,��20��mM��MESNA)��and��concentrated��to��10��mg��mL�r1.��The��protein��was��
shock��frozen��in��multiple��aliquots��using��liquid��nitrogen��and��stored��at� � � r80��°C.��Yields��
typically��ranged��from��about��40��mg��(CFPs)��to��about��15��mg��(YFPs)��of��fluorescent��
protein��thioester��per��liter��of��bacterial��culture.��

6.1.6 Protein��ligations��
YFP�rthioesters��+��CD�rCys:��A��solution��of��CD�rCys��(8��mM)��in��ligation��buffer��(30��mM��Na�r
Phosphate��pH��7.5,��50��mM��NaCl��degassed��by��bubbling��Argon��through��the��buffer)��was��
prepared.��TCEP��(400��mM��pH��7��in��H2O)��was��added��in��order��to��reduce��all��the��cysteines.��
To��the��protein�rsolution��that��was��stored��at���r80°C,��a��solution��of��MESNA��(2.5��M��stock��in��
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ligation��buffer)��was��added��to��a��final��concentration��of��0.5��M.��After��30��min��the��two��
solutions��were��mixed��in��a��1��to��1��ratio��and��then��incubated��on��a��rotating��wheel��over��
night��at��room��temperature.��The��mixture��was��analysed��by��SDS�rPAGE��or��MALDI�rTOF��
spectrometry.��If��the��ligation��had��not��gone��to��completion��additional��CD�rCys��was��
added��to��the��solution��and��then��incubated��for��additional��5��h.��The��reaction��mixture��
was��centrifuged��(1��min,��13000��rpm)��to��remove��any��precipitate.��The��excess��of��CD�rCys��
and��MESNA��could��be��removed��by��exchanging��the��buffer��several��times��using��small��
centrifugal��filters��(Millipore)��with��a��nominal��molecular��weight��limit��of��10��kDa.��The��
pure��cyclodextrin��ligated��YFP��was��stored��in��Na�rPhosphate��buffer��at���r80°C.��

CFP�rthioesters��+��LA�rCys:��A��suspension��of��LA�rCys��(2.5��mM)��in��MeOH��was��prepared��
and��a��solution��of��TCEP��(400��mM��in��H2O��or��ligation��buffer,��pH��7)��was��added��to��a��final��
concentration��of��75��mM,��resulting��in��dissolving��of��the��LA�rCys.��To��the��protein��solution��
that��was��stored��at���r80°C,��a��solution��of��MESNA��(2.5��M��in��ligation��buffer)��was��added��to��
a��concentration��of��0.25��M��MESNA.��The��LA�rCys��solution��and��the��protein��solution��were��
mixed��to��about��3�r4��eq��LA�rCys��for��1��eq��of��CFP��thioester.��The��solution��was��incubated��
on��a��rotating��wheel��overnight��at��room��temperature.��The��reaction��was��controlled��by��
SDS�rPAGE��or��MALDI.��If��the��ligation��had��gone��to��completion,��the��reaction��mixture��was��
centrifuged��(1��min,��13000��rpm)��to��remove��any��precipitate.��Then��the��excess��LA�rCys��
and��MESNA��could��be��removed��by��exchanging��the��buffer��several��times��using��small��
centrifugal��filters��(Millipore)��with��a��nominal��molecular��weight��limit��of��10��kDa.��The��LA�r
ligated��CFP��was��stored��in��Na�rPhosphate��buffer��at�� �r80°C.��If��the��ligation��did��not��go��to��
completion,��it��was��possible��to��separate��ligated��and��unligated��protein��by��a��Triton�r
extraction��as��described��previously18.��
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An�� improved�� host�æguest�� system�� for�� supramolecular��
protein��dimerization��

��

The��supramolecular��host�rguest��complex��between��lithocholic��acid��and��heptakis�r[6�r

deoxy�r6�r(2�raminoethylsufanyl)]�r�E�rcyclodextrin��(cysteamine�rcyclodextrin)��was��applied��
for��the��dimerization��of��two��fluorescent��proteins.��A��yellow��fluorescent��protein��was��
ligated�� via�� expressed�� protein�� ligation�� to�� a�� cysteine�rfunctionalized�� cysteamine�r
cyclodextrin.�� First,�� the�� synthesis�� and�� purification�� of�� the�� mono�rfunctionalized��
cysteamine�rcyclodextrin��are��described.��The��second��part��deals��with��the��ligation��of��the��
host�rmolecule�� to��monomeric��yellow�� fluorescent��protein�� (YFP)��and��subsequent��
purification��of��the��ligation��product.��The��efficiency��of��the��new��host�rmolecule��for��the��
formation��of��a��supramolecular��protein��dimer��was��investigated��using��fluorescence��
spectroscopy.��The��complexes��of��monomeric��cyan��fluorescent��protein��(CFP)��ligated��to��
lithocholic��acid��with��both,��cysteamine�rcyclodextrin�rYFP��and��� t�rcyclodextrin�rYFP��were��
compared.��A��higher��FRET�reffect��was��observed��in��the��case��of��the��cysteamine�r
cyclodextrin,��and��first��Kd�rmeasurements��suggested��that��the��affinity��of��this��complex��is��
higher��than��that��based��on��the��bare���t�rcyclodextrin.����
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1 Introduction��
The��application��of��supramolecular��host�rguest��chemistry��for��the��controlled��assembly��
of��proteins��has��recently��drawn��the��attention��of��different��research��groups��and��areas1.��
The��choice��of��host�rguest��systems��for��controlling��proteins��is��dictated��by��the��molecular��
properties��of�� the��supramolecular��system.��First,�� the��supramolecular��complexes��
typically�� should�� have�� interaction�� strengths�� that�� allow�� formation�� at�� low��
concentrations��(i.��e.��µM��–��nM)��in��aqueous��media.��Secondly,��it��should��be��possible��to��
functionalize��the��host��and��guest��molecules��with��a��reactive��group��for��attachment��to��
the��protein��of��interest.��There��are��only��a��few��systems��known��that��meet��both��criteria.��
Certain��complexes��based��on��cucurbituril��host�rguest��complexes,��for��example,��show��
very�� high�� affinities�� in�� water2.�� The�� interaction�� between�� positively�rcharged��
adamantane��derivatives��and��cucurbit[7]uril��displays��an��affinity��constant,��Ka,�� in��
buffered��solution��of��1012��M�r1.2��The��binding��of��the��larger��derivative,��cucurbit[8]uril,��to��
these��adamantane��derivatives��is��weaker��(Ka=��108� � � r� �1010��M�r1)��but��the��Kd��is��still��in��the��
nanomolar�� range.��Because��of�� these��properties��and�� their��experience��with�� the��
functionalization��of��cucurbiturils3,��the��group��of��Kim��has��already��used��cucurbituril��
complexes��with��ferrocene��derivatives��for��protein��immobilization4��and��to��capture��
labeled��membrane��proteins��from��cell��lysates5.��However,��methods��for��selective��mono�r
functionalization��of��cucurbiturils��are��not��yet��reliable��compared��to��cyclodextrins��and��
the��purification��of��cucurbituril��mixtures��presents��many��challenges.��Given��that��the��
mono�rfunctionalization��of��the��host��molecule��is��an��important��requirement��for��the��use��
in��expressed��protein��ligation,��cyclodextrins��constitute��a��highly��attractive��class��of��host�r
molecules��because��they��are��watersoluble��and��can��be��readily��mono�rfunctionalized.��
Dissociation��constants��of��complexes��of��cyclodextrins��with��organic��guest��molecules��
are��in��the��millimolar��to��micromolar��range��for��non�rfunctionalized��cyclodextrins6.��The��
synthesis��of��cyclodextrin��dimers��results��in��receptors��with��even��higher��affinities��in��the��
submicromolar��range7,8.��The��affinity��for��cholesterol,��for��example,��increased��200�r300��
times��when��a��cyclodextrin��dimer��was��applied9.��The��introduction��of��a��functional��linker��
that�� is,�� for��example,��photocleavable��allows�� for�� the��“on/off” ��switching��of�� the��
interaction10.��In��general��the��synthesis��of��cyclodextrin��dimers��is��straightforward;��
however��the��attachment��of��a��cysteine��for��ligation��to��a��protein��is��more��difficult��and��
requires��the��design��and��optimization��of��linker��molecules.��Another��possibility��to��
increase��the��affinity��of��cyclodextrins��to��specific��guests��is��via��modified��cyclodextrins��

with��extended��lipophilic��cavities.��A���J�rcyclodextrin��derivative��–��per�rsubstituted��at��the��
6�rposition��with��thioethers��–��forms��an��extremely��stable��complex��with��the��steroidal��
neuromuscular��blocker��rocuronium��bromide��(Ka��=��107M�r1)��11.��However,��in��this��case��
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the��guest��molecule��is��difficult��to��synthesize��and��therefore��not��very��attractive��for��
protein��ligation.����

In��the��previous��chapter,��the��host�rguest��complex��between��lithocholic��acid��and���E�r
cyclodextrin��has��been��investigated��for��the��formation��of��both,��covalent��and��reversible,��
protein�� heterodimers�� in�� buffered�� solution.�� The�� host�rguest�� complex�� between��

lithocholic��acid��and���E�rcyclodextrin��meets��all��the��requirements��for��the��application��in��
protein��assembly��displaying��a��Kd��in��the��range��of��1��µM12.��Recently,��Nitz��et��al.��have��
published��the��formation��of��an��inclusion��complex��between��lithocholic��acid��and��

heptakis�r[6�rdeoxy�r6�r(2�raminoethylsufanyl)]�r�E�rcyclodextrin��(cysteamine�rcyclodextrin)��
that��exhibits��a��Ka��of��5.5��x��107��M�r1��(Kd��=��0.02��µM)��in��buffered��solution��at��pH��7.513��
(Figure��1).����

��

Figure��1:��Supramolecular��protein��dimerization��utilizing��a��complex��of��lithocholic��acid��and��cysteamine�r
modified���E�rcyclodextrin.����

The��increase��in��affinity��is��thought��to��be��caused��by��the��enlarged��hydrophobic��cavity��of��

the��cyclodextrin��derivative��2��compared��to���E�rcyclodextrin.��In��NMR�rexperiments,��Nitz��
et��al.��found��the��thiol��ethers��to��be��oriented��over��the��hydrophobic��cavity��of��the��
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cyclodextrin��cavity13.��This��would��allow��them��to��interact��with��hydrophobic��guests��like��
lithocholic��acid.��Additionally,��the��thiol��ethers��of��2��are��more��hydrophobic��than��the��
primary��hydroxyl��groups��of��normal��cyclodextrin.��Therefore��the��hydrophobic��cavity��of��

2��is��larger��than��that��of��unmodified���E�rcyclodextrin��allowing��the��formation��of��more��
stable��inclusion��complexes��with��hydrophobic��guest��molecules.��Applying��this��strong��
complex��for��protein��assembly��would��in��principle��allow��the��dimerization��of��proteins��at��

lower��concentrations��(Figure��1)��than��with��the���E�rcyclodextrin�rbased��system.����

As��the��lithocholic��acid��has��already��been��conjugated��to��fluorescent��proteins��(chapter��
2),��a��method��for��the��conjugation��of��the��cysteamine�rcyclodextrin��to��the��protein��had��to��
be��developed.��The��cysteamine�rcyclodextrin��has��been��studied��as��an��inhibitor��of��the��
anthrax��toxin14,��as��a��scaffold��for��glycoclusters19,��as��a��camptothecin��receptor15��and��for��
the��formation��of��a��self�rassembling��fluorescent��receptor16.��However,��in��all��these��
examples��symmetric��derivatives��of��2��have��been��used.��For��the��ligation��of��the��yellow��
fluorescent��protein��to��the��new��cyclodextrin��variant��via��expressed��protein��ligation,��the��
cysteamine�rcyclodextrin��has��to��be��mono�rfunctionalized��with��a��cysteine,��which��is��
described��in��the��first��part��of��this��chapter.��Subsequently,��the��ligation��of��the��cysteine�r
cyclodextrin��conjugate��to��the��protein��and��the��purification��of��the��ligation��product��
based��on��charge��differences��between��the��ligated��protein��and��unligated��protein��are��
discussed.��Then,��the��new��host�rguest��complex��is��applied��to��the��dimerization��of��CFP��
and��YFP��which��can��be��followed��by��measuring��Förster��resonance��energy��transfer��
(FRET)��between��the��two��fluorescent��proteins.��Complexes��of��proteins��functionalized��

with��either���E�rcyclodextrin��or��cysteamine�rcyclodextrin��are��studied��in��parallel��to��
investigate��whether��the��expected��increase��in��affinity��can��be��observed��for��the��new��
supramolecular��protein��dimer.����

2 Synthesis��of��a��mono�rfunctionalized��cysteamine�rcyclodextrin��
For��the��ligation��to��protein��thioesters��via��expressed��protein��ligation,��heptakis�r[6�r

deoxy�r6�r(2�raminoethylsufanyl)]�r�E�rcyclodextrin��2��had��to��be��mono�rfunctionalized��with��
an��N�rterminal��cysteine.��The��known��hydrochloride��salt��of��2��can��be��prepared��in��two��
steps��starting��from��commercially��available��313,15,17,19.��Therefore,��3��was��first��converted��
at��the��C6��position��into��a��bromide��in��accordance��with��a��literature��procedure18.��The��

obtained�� per�r6�rbromo�r�E�rcyclodextrin�� was�� then�� treated�� with�� cysteamine��
hydrochloride��under��basic��conditions��to��yield��pure��419��as��is��shown��in��Scheme��1.��In��the��
next��step,��4��was��reacted��with��N�rBoc�r��and��S�rStBu�r��protected��cysteine.��The��StBu��
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protective��group��allows��for��the��in��situ��deprotection��immediately��prior��to��the��protein��
ligation��reaction.��
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Scheme�� 1:�� Synthesis�� of�� mono�rfunctionalized�� aminoethylsulfanyl�r�E�rCD�� in�� 4�� steps;�� a)�� N�rbromo�r
succinimide,��PPh3,��DMF,��75��°C,��4h,��91%��18,��b)��2�raminoethanethiol��hydrochloride,��Et3N��in��DMF,��48��h,��rt,��
89%��19,��c)��BocCysStBu�rOSu20,��Et3N,��DMSO,��18��h,��rt,��13%,��d)��95��%��TFA/H2O,��quantitative.����

Unlike�� the�� mono�rfunctionalization�� of�� �E�rcyclodextrin,�� which�� is�� a�� well�� studied��
reaction21,��the��mono�rfunctionalization��of��derivatives��of��4��has��not��been��reported��in��
the��literature.��It��was��envisaged��that��the��selective��modification��of��only��one��of��the��
amine��groups��with��a��pre�ractivated��cysteine��derivative��would��be��difficult,��but��that��the��
slow��addition��of��only��one��equivalent��in��dilute��solution��would��mainly��yield��the��desired��
product.��The��cysteine��was��therefore��pre�ractivated��as��the��hydroxysuccinimide��ester20��
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of��which��one��equivalent��was��slowly��added��drop�rwise��to��a��DMSO��solution��of��4��in��the��
presence��of��excess��triethylamine.��As��expected,��the��formation��of��mono�rsubstituted��
product��5��could��be��observed��by��LC/MS,��along��with��unreacted��2��and��di�r��and��tri �r
substituted��cyclodextrin.��Therefore,��a��purification��method��had��to��be��developed��to��
isolate��the� � � t� rcyclodextrin��bearing��only��one��cysteine��functionality.��The��purification��
took��advantage��of��the��difference��in��polarity��of��the��various��components.��Using��an��
optimized��gradient��on��an��analytical��reversed��phase��HPLC��system,��it��was��possible��to��
separate��the��desired��mono�rsubstituted��product��from��the��other��components��present,��
as��depicted��in��Figure��2.��The��same��method��was��applied��for��a��preparative��purification��
using��an��HPLC��with��a��mass�rtriggered��detector��set��on��the��charged��species��[M+3H]3+,��
[M+2H]2+��and��[M+TFA+H]2+;��the��most��abundant��ions��(Figure��2).��

��

Figure��2:��LC/MS��chromatogram��before��purification,��TIC,��masses��corresponding��to��mono�rfunctionalized��5��
(MONO),��di�r��and��tri ��functionalized��cysteamine�rcyclodextrin��and��the��starting��material��(SM);��below��mass��
trace��of��the��product��peak��at��9.7��min.��
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After��successful��isolation��of��mono�rfunctionalized��5,��deprotection��of��the��Boc�rgroup��
was�� performed�� in�� a�� quantitative�� manner�� using�� 95�� %�� TFA/H2O.�� The�� pure��
trifluoroacetate��salt��6��could��then��be��used��for��ligation��studies��with��the��YFP�rthioester.��

3 Ligation��of��cysteamine�rcyclodextrin��to��mYFP��
The�� cysteamine�rcyclodextrin�� derivative�� 6�� (CDNH2)�� was�� to�� be�� ligated�� to�� the��
monomeric��variant��of��YFP��(mYFP)��that��had��been��used��in��the��previous��chapter��
(Scheme��2).��The��monomeric��variant��was��chosen��to��allow��for��easy��comparison��of��the��

new�� cyclodextrin�� variant�� with�� �E�rcyclodextrin�� (CD)�� as�� the�� affinity�� of�� this��
supramolecular��protein��dimer��is��determined��mainly��by��the��supramolecular��host�r
guest��interaction��and��not��by��an��intrinsic��protein�rprotein��interaction22.��������

��

Scheme��2:��Ligation��of��modified��cyclodextrin��6��to��mYFP�rthioester:��Phosphate��buffer��pH��7.5,��TCEP,��MPAA,��
rt,��overnight,��60%.����

The��mYFP�rthioester��was��isolated��as��described��in��chapter��2.��Cyclodextrin�rcystein��6��
was��first��thiol�rdeprotected��using��an��excess��of��TCEP��in��phosphate��buffer��and��then��
added��directly��to��the��protein��thioester.��Ligation��of��the��protein��was��performed��
overnight��at��room��temperature��using��18��equivalents��of��the��cysteine��compound��6.��To��
remove��the��excess��of��ligand,��the��buffer��was��exchanged��after��the��ligation��to��TrisHCl��
buffer,��pH��8,��containing��50��mM��NaCl.��This��was��the��lowest��salt��concentration��that��did��
not��lead��to��protein��aggregation.��In��the��LC/MS,��small��amounts��of��nonfunctionalized��
protein�� could�� be�� detected.�� For�� purification�� of�� the�� desired�� protein�rconjugate,��
therefore,��ion��exchange��chromatography��was��chosen.��It��was��reasoned��that��the��
presence��of��the��highly�rcharged��cyclodextrin�rcysteamine��modification��would��facilitate��
sequestration��from��the��starting��protein��thioester��based��on��a��difference��in��charge.��
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Assuming��the��protein��modification��with��6��to��be��equal��to��the��introduction��of��6��lysine��
side��chains,��a��difference��in��isoelectric��point��(pI)��of��1��between��the��modified��(pI=��6.8)��
and��unmodified��protein��(pI=��5.7)��was��calculated.����

��

Figure��3:��SDS�rPAGE,��fractions��of��ion�rexchange��chromatography��of��YFPCDNH2,��pooled��fractions��44�r51.����

A��strong��anion��exchange��resin��was��chosen��for��purification,��eluting��the��protein��with��
increasing��concentrations��of��NaCl.��As��can��be��seen��in��Figure��3,��the��first��fractions��44�r51��
contained��only��the��modified��protein��which��runs��slightly��higher��on��the��gel��than��the��
unmodified��protein��thioester��(mY).��From��fraction��53��on,��the��unmodified��protein��is��
coeluting��as��is��evident��from��a��second��band��which��runs��at��the��same��height��as��the��
reference��mY.��In��fractions��62�r64��an��impurity��is��co�reluting,��which��was��already��present��
in��the��starting��thioester��protein.����The��mass��of��this��protein��is��between��50��kDa��and��64��
kDa��which��is��most��probably��uncleaved��intein�rfusion��protein.��In��Figure��4��the��LC/MS��
spectra��of�� the��modified��protein��mYCDNH2��before��and��after�� the�� ion�rexchange��
chromatography��are��shown.��After��the��purification��step��only��one��sharp��peak��is��
detected��corresponding��to��the��expected��mass��of��the��ligated��protein,��proving��that��the��
purification��strategy��was��successful.��The��fact��that��separation��of��the��cysteamine�r
cyclodextrin��ligated��protein��from��the��unmodified��starting��material��is��possible,��is��an��

advantage��over��the��previously��used���E�rcyclodextrin��system��for��which��purification��via��
chromatography��was��not��possible.����

��
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��

Figure��4:��LC/MS��spectra��of��mYCDNH2��before��and��after��ion��exchange��chromatography��(Total��Ion��Current��
signal).��MS��spectrum��of��the��purified��protein��after��ion��exchange��with��its��deconvoluted��mass.����

4 FRET�rstudies����
Protein��assembly��was��investigated��using��fluorescence��spectroscopy.��Fluorescence��
spectra��were��recorded��using��an��excitation��wavelength��of��410��nm��which��is��optimized��
for��CFP��excitation.��To��study��the��applicability��of��the��new��modified��cyclodextrin��2��for��
supramolecular��protein��dimerization,��the��ligated��protein��mYCDNH2��was��mixed��with��
monomeric��CFP��ligated��to��lithocholic��acid��(mCLA).��The��same��protein��had��been��used��in��
earlier��studies��applying��the��normal��cyclodextrin��(Chapter��2).��This��thus��allows��for��a��
direct��comparison��of��the��two��cyclodextrin��derivatives.����

The��FRET��experiments��were��performed��in��phosphate��buffer��containing��1��mM��TCEP.��
The��TCEP��was��added��to��ensure��that��no��disulfide��bridges��were��formed��between��the��
free��cysteines,��which��had��been��introduced��into��the��protein��construct��during��the��
ligation��of��the��supramolecules.��The��two��functionalized��proteins��were��mixed��in��a��1��to��
1��ratio��and��fluorescence��emission��spectra��were��recorded��over��one��hour��(Figure��5).��In��
case��a��protein��heterodimer��was��formed,��FRET��would��occur,��which��is��visible��as��an��
increase��in��YFP��emission��at��527��nm��and��a��decrease��in��CFP��emission��at��475��nm.��Indeed��
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a��strong��FRET��signal��can��be��observed��for��the��mixture��containing��both��of��the��
functionalized��proteins:��mCLA��and��mYCDNH2.��This��strong��FRET��signal��shows��that��a��
supramolecular��protein��hetero�rdimer��is��formed��by��virtue��of��the��host�rguest��elements.��
In��the��control��experiment,��mYCDNH2��was��mixed��with��nonfunctionalized��monomeric��
CFP��thioester��protein.��In��this��control��experiment,��no��increase��in��FRET��could��be��
detected��(Figure��5),��showing��that��the��cysteamine�rcyclodextrin��does��not��induce��
unspecific��protein��assembly.����

��

Figure��5:��Fluorescence��emission��spectra��of��mixtures��of��mCLA��and��mYCDNH2��(top)��and��mCFP��and��
mYCDNH2��(bottom)��with��protein��concentrations��of��0.5��µM��in��phosphate��buffer��containing��1��mM��TCEP.��
Time��course��experiments��over��1��h,��one��spectrum��recorded��every��6��min;��red��graph��corresponds��to��the��last��
measurement.����

During��the��time�rcourse��experiment��shown��in��Figure��5,��the��signal��at��527��nm��was��
found��to��decrease��slightly,��while��the��emission��of��the��control��mixture��remained��

constant.��In��the��case��of��the��previously��studied��system��based��on��the���E�rcyclodextrin��
the��signal��has��been��stable��over��time.��For��those��experiments,��dithiothreitol��(DTT)��was��
used��as��a��reducing��agent��(Chapter��2).��To��investigate��whether��the��decrease��of��the��
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signal��might��be��caused��by��the��modification��of��the��cysteamine�rcyclodextrin��or��due��to��
the��addition��of��TCEP��to��the��solution,��the��supramolecular��protein��complex��with��the��
normal��cyclodextrin��was��investigated��in��the��same��buffer��containing��TCEP��(Figure��6).��
As��expected,��a��small��FRET�reffect��was��observed��for��the��mCLA�rmYCD��complex.��In��
contrast��to��the��mYCDNH2��system,��however,��the��FRET�reffect��was��stable��over��the��1��h��
time�rcourse��of��the��measurement.��These��experiments��were��performed��in��small��
volume��cuvettes.��When��the��experiments��were��repeated��in��larger��volume��cuvettes,��
the��spectra��were��more��stable��over��time.��During��binding��studies��in��capillaries��using��
the��modified��cyclodextrin��binding��of��the��protein��to��the��glass��was��observed.��These��
findings��suggested��that��the��cysteamine�rcyclodextrin��increases��the��probability��of��the��
protein��interacting��with��the��glass��surface��leading��to��denaturation��and��a��decrease��in��
the��fluorescence��signal.��Therefore,��all��later��studies��were��performed��in��large��volume��
cuvettes.��Interestingly,��the��direct��comparison��of��the��two��supramolecular��protein��
dimers��reveals��a��significantly��higher��FRET��for��the��complex��with��mYCDNH2��(Figure��5)��
compared��to��mYCD��(Figure��6).��This��finding��is��in��agreement��with��the��design��of��the��host��
molecule��6��which��is��expected��to��show��significantly��higher��binding��affinity��for��

lithocholic��acid��compared��with���E�rcyclodextrin.��FRET��is��not��only��dependent��on��the��
distance��of��the��chromophores,��but��also��on��their��orientation.��It��is��therefore��possible��
that��part��of��the��observed��high��FRET��is��caused��by��a��better��orientation��of��the��two��
proteins��for��energy��transfer��in��the��complex��with��mYCDNH2.��A��different��orientation��
could��be��caused��by��an��additional�� interaction��between�� the��positively��charged��
cysteamine�rcyclodextrin��and��charges��on��the��surface��of��the��protein.��

��

Figure��6:��Fluorescence��emission��spectra��of��0.5��µM��mCLA��and��0.5��µM��mYCD��in��buffer��containing��1��mM��
TCEP.��Time��course��experiment��over��1��h,��one��spectrum��recorded��every��6��min;��red��graph��corresponds��to��
the��last��measurement.��
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Titration��experiments��were��perfomed��to��compare��the��affinity��of��the��modified��
proteins��by��measuring��the��Kd��with��both��YFP�rconjugates,��featuring��either��the��normal��
cyclodextrin��or��the��cysteamine�rcyclodextrin.��A��defined��quantity��of��mCLA��was��titrated��
with��increasing��amounts��of��the��YFP�rconjugate.��Upon��addition��of��the��cyclodextrin�r
tagged��YFP,��protein��heterodimerization��occurs��leading��to��energy��transfer,��which��
results��in��a��decrease��in��the��CFP��emission��and��an��increase��in��the��YFP��emission.��The��
decrease��of��the��donor��emission��at��475��nm��was��monitored��during��this��experiment,��

while��the��change��in��donor��intensity,���' I,��was��plotted��versus��the��concentration��of��the��
YFP��component��(Figure��7).��The��following��formula��was��used��to��fit ��the��data��points,��

obtaining��a��Kd��for��both��systems��in��TCEP��buffer:�����¿�+ L �+�4  F � +  L � �
�¿�Â�Ø�Ì�ã����̃Ö�:�Ô�Ö�Ö�Ø�ã�ç�â�å�;

�Ä�Ï �>�Ö�:�Ô�Ö�Ö�Ø�ã�ç�â�å�;
��

��

Figure��7:��Titration��of��0.05��µM��mCLA��with��mYCDNH2��(triangle)��and��mYCD��(square)��in��phosphate��buffer��
with��1��mM��TCEP��and��the��corresponding��Kd��values��with��error��of��the��fit.����

Comparison��between��the��two��complexes��identifies��an��at��least��3�rfold��lower��Kd��for��the��
modified�� cysteamine�rcyclodextrin�� compared�� with�� the�� normal�� cyclodextrin.�� By��
comparison,��the��published��data��for��the��two��complexes��reports��a��greater��than��10�rfold��
increase��in��affinity��for��lithocholic��acid��in��favour��of��the��cysteamine�rcyclodextrin12,13.��
However,��there��is��no��data��available��on��mono�rfunctionalized��cysteamine�rcyclodextrins��
especially��concerning��their��binding��affinity��towards��hydrophobic��guests.��It��is��possible,��
therefore,�� that�� through�� desymmetrization�� of�� the�� cysteamine�rcyclodextrin,�� the��
conformation��is��changed��so��that��the��lithocholic��acid��can��no��longer��fit ��as��optimally��as��
in��the��case��of��the��symmetrical��molecule.��Alternatively,��even��though��the��lithocholic��
acid��–��cysteamine�rcyclodextrin��interaction��is��significantly��stronger,��the��positively��
charged��periphery��of��the��cyclodextrin��might��lead��to��a��repulsion��of��the��protein��
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lithocholic��acid�rCFP��construct.��Also,��the��experimental��set�rup,��requiring��a��specific��
concentration�� of�� fluorescent�� protein�� for�� sufficient�� signal,�� might�� limit�� the��
determination��of��high��Kd’s.��Finally,��the��performed��Kd��experiments��still��have��to��be��
repeated��in��detail.��It��turned��out��that��the��results��are��influenced��by��the��type��of��
reducing��agent��used��in��the��buffer.��For��example,��the��Kd��measured��for��the��mYCD��–��
mCLA��complex��in��the��TCEP��buffer��was��found��to��be��lower��than��the��Kd��measured��
before��in��buffer��containing��DTT.��This��is��in��line��with��the��observed��FRET��effect��for��the��
1:1��protein��mixture��(Figure��6)��which��is��slightly��higher��than��has��been��previously��

observed��(Chapter��2).��It��seems��that��DTT��is��binding��with��a��low��affinity��to���E�r
cyclodextrin.��Nevertheless,��both��a��significantly��stronger��FRET��effect��and��a��decrease��in��
the��Kd��was��observed��for��the��lithocholic��acid� � � r� �cysteamine�rcyclodextrin��system.��This��
strongly��indicates��that��the��supramolecular��host�rguest��complex��of��lithocholic��acid��and��
cysteamine�rcyclodextrin��is��more��efficient��for��the��dimerization��of��two��proteins.����

5 Conclusions��and��outlook��
In��this��chapter,��the��supramolecular��host�rguest��complex��between��lithocholic��acid��and��
cysteamine�rcyclodextrin�� was�� applied�� for�� the�� dimerization�� of�� two�� fluorescent��
proteins.��First,��the��synthesis��and��isolation��of��a��mono�rfunctionalized��cysteamine�r
cyclodextrin��was��described.��Even��though��a��selective��mono�rfunctionalization��of��the��
cysteamine�rcyclodextrin��with��cysteine��turned��out��not��to��be��feasible,��the��purification��
strategy��using��reversed��phase��HPLC��permitted��the��successful��isolation��of��the��mono�r
cysteine��conjugate.��The��pure��cysteine�rcompound��could��be��used��for��protein��ligation.��
Due��to��the��introduction��of��the��cysteamine�rcyclodextrin,��the��pI��of��the��ligated��protein��
differed�� from�� that�� of�� the�� non�rfunctionalized�� protein�� which�� allowed�� for�� the��
purification��of��the��ligation��mixture��via��anion�rexchange��chromatography.��This��is��a��

significant��advantage��over��the��standard���E�rcyclodextrin�rsystem,��described��in��the��
previous��chapter��where��it��was��not��possible��to��sequester��non�rfunctionalized��protein��
(for��example,��due��to��thioester��hydrolysis)��in��the��case��of��incomplete��ligation.��The��
option��to��purify��the��ligation��mixture��allows��for��applying��this��modification��to��different��
proteins��obtaining��pure,��well�rdefined��compounds��for��biochemical��characterization.����

In��the��final��part,��the��first��results��of��subsequent��protein��dimerization��studies��were��
discussed.��The��new��cyclodextrin��variant��seemed��to��be��more��prone��to��aggregate��or��to��

interact��with��the��glass��of��the��cuvettes��used��than��the���E�rcyclodextrin.��However,��studies��
of��1:1��mixtures��of��host�r��and��guest�rfunctionalized��proteins��showed��a��higher��FRET��in��
the��case��of��the��cysteamine�rcyclodextrin��functionalization��compared��to��the��normal��
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cyclodextrin.��Preliminary��Kd��measurements��suggest��that��the��affinity��of��the��complex��
bearing��the��cysteamine�rcyclodextrin��modification��is��indeed��higher.��However,��the��
increase��in��affinity��compared��with��the��normal��cyclodextrin��was��significantly��lower��
than��expected,��if��one��compares��these��values��to��the��published��Kd��values��of��the��small��
molecules.��Here,��more��studies��must��be��performed,��e.g.��to��investigate��the��influence��
of��mono�rfunctionalization��on�� the��binding�� capability�� of�� cysteamine�rcyclodextrin��
toward��lithocholic��acid��and��other��guest��molecules.��A��first��attempt��in��that��direction��
was��performed��measuring��thermophoresis23��with��the��small��molecules��and��the��
lithocholic��acid��functionalized��protein.��Microscale��thermophoresis��is��a��technique��that��
determines��binding��affinities��by��measuring��the��movement��of��molecules��along��a��
temperature��gradient24.��These��measurements��did��not��lead��to��conclusive��results��
mainly��due��to��binding��to��the��glass��capillaries��at��high��concentrations��of��cysteamine�r
cyclodextrin.��The��next��attempt��could��focus��on��isothermal��calorimetry��studies��of��the��
protein��complex,��which��would��yield��a��more��reliable��Kd��of��the��system.��This��would��
support��our��hypothesis��that��the��cysteamine�rcyclodextrin�rlithocholic��acid��complex��can��
function��as��a��system��for��supramolecular��protein��dimerization��at��sub�rmicromolar��
concentrations.����

6 Experimental��part��

6.1.1 Synthesis��
Cyclodextrin��compounds��5��and��6��were��synthesized��by��Dr.��Lech�rGustav��Milroy.����

For��analytical��LC/MS��of��proteins,��reversed��phase��chromatography��was��performed��
using��a��C4�rcolumn��150x2.00��mm��(Jupiter).��A��linear��gradient��was��applied��starting��from��
5��%��CH3CN/H2O��to��70��%��CH3CN��over��10��min,��followed��by��2��min��at��70��%��CH3CN��and��a��
final��equilibration��step��to��5��%��CH3CN/H2O��until��15��min.��Both��solvents��contained��0.1��%��
formic��acid.��

Mono�rcysteine(Boc,StBu)�rcysteamine�rcyclodextrin��5��

The��cyclodextrin��salt��419��(430��mg,��0.238��mmol)��was��pre�rweighed��in��an��oven�rdried��
100��mL��round�rbottomed��flask��fitted��with��a��magnetic��stirrer��(overnight��at��130��°C)��and��
dissolved��in��dry��DMSO��(8.5��mL)��to��form��a��colorless��solution.��With��stirring,��dry��
triethylamine��(1.25��mL,��8.97��mmol,��38��eq��with��respect��to��cyclodextrin��salt)��was��next��
added��via��plastic��syringe��and��the��reaction��left��to��stir��for��5��min��(solution��remains��
colorless).��BocCysStBu�rOSu25,��(96.7��mg,��0.238��mmol,��1.0��eq.),��was��pre�rweighed��in��a��
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separate��dry��25��mL��round�rbottomed��flask��(overnight��at��130��°C)��and��dissolved��in��
8.5��mL��of��dry��DMSO��with��manual��swirling.��The��amino��acid��solution��was��then��added��
drop�rwise��at��room��temperature��to��the��stirred��cyclodextrin��solution��using��a��motorized��
syringe��pump��over��4��h��while��maintaining��a��positive��argon��pressure.��On��completion��of��
the��drop�rwise��addition,��the��reaction��was��stirred��at��room��temperature��for��21��h��30��min��
under��a��positive��argon��pressure.��The��DMSO��was��then��removed��by��heating��at��45��°C��
(water��bath)��under��high��vacuum��(oil��pump,��1�r2��mbar)��over��6��h��to��form��a��clear��faint�r
orange��foam/viscous��oil.��Absolute��EtOH��was��added��(20��mL)��and��the��crude��material��
scratched��from��the��wall��of��the��flask��to��produce��a��pale�rcolored��suspension,��which��was��
agitated��further��for��1��h��using��magnetic��stirring,��then��carefully��filtered��via��suction��
filtration��and��washed��thoroughly��with��absolute��EtOH��(6��x��5��mL).��The��resulting��crude��
skin�rcolored��solid��was��transferred��via��spatula��to��a��100��mL��round�rbottomed��flask,��
dissolved��in��10��mL��millipore��water��and��lyophilized��overnight��to��afford��396��mg��of��a��
crude��off�rwhite��fluffy��lyophilate.��

The��crude��mono�rfunctionalized��cyclodextrin��(253.4��mg;��the��remainder��was��lost��
during��optimization��of��purification��conditions)��was��purified��by��reverse�rphase��HPLC.��A��
fresh��100��mL��stock��solution��of��2%��CH3CN��/ ��0.1%��TFA��/ ��98��%��Millipore��H2O��was��first��
prepared��and��left��to��stir��for��1��h.��The��crude��material��was��then��divided��into��12��x��20��mg��
and��1��x��13.4��mg��sub�rsamples,��which��were��weighed��in��glass��vials.��Each��sub�rsample��
was��dissolved��in��the��CH3CN/TFA/H2O��stock��solution��and��filtered��(first��dissolve��solid��in��
0.5��mL��solvent,��filter��and��then��wash��sample��vessel��and��filter��with��a��further��0.5��mL��
affording��approx.��0.8��mL��filtered��volume;��make��up��to��1��mL��by��adding��a��further��
0.2��mL)��to��make��a��1��mL��volume��ready��for��manual��injection��onto��the��RP�rcolumn.��The��
samples��were��then��purified��according��to��the��following��method:��Mass�rtriggered��RP�r
HPLC,��Alltima��C18��column,��5��mL��fractions;��Elution��conditions��(CH3CN/H2O/0.1%��TFA):��
0�r1��min,��isocratic��2%��CH3CN;��1�r10��min,��linear��gradient,��2�r10%��CH3CN;��10�r11��min,��
linear��gradient,��10�r70%��CH3CN;��11�r13��min,��isocratic,��70%��CH3CN;��13�r14��min,��linear��
gradient,��70�r2%��CH3CN;��Collect��mass��peaks:��613.7��[M+3H]3+,��920.6��[M+2H]2+��&��976.7��
[M+TFA+H]2+.��Mass�rtriggered��collection��between��9.5��and��10.5��min��(see��Figure��2).��The��
procedure��was��repeated��for��all��13��samples��(253.4��mg��crude��in��total,��see��above)��and��
the��collected��fractions��combined��and��lyophilized��to��afford��the��mono�rfunctionalized��
cyclodextrin,��5��(50.1��mg,��13%,��white��powder).��MALDI�rTOF��C68H126N8O31S9��calculated��

1838.6,��found��[M+H]+��1839.2.��1H�rNMR��(400��MHz,��D2O)���G=��5.20�r5.11��(m,��CD),��4.38�r
4.32��(m,��Cys),��4.20�r2.80��(m),��1.53�r1.40��(Boc,��tBu).��NMR��trace��is��shown��in��Figure��8.����

��
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Mono�rcysteine(StBu)�rcysteamine�rcyclodextrin��6��

Cyclodextrin��5��was��pre�rweighed��in��a��10��mL��round�rbottomed��flask��fitted��with��a��
magnetic��stirrer.��50���…L��Millipore��grade��H2O��was��added,��followed��by��950���…L��TFA.��The��
reaction��mixture��was��stirred��at��rt��for��2��h��30��min��then��diluted��with��2��mL��toluene��and��
evaporated��at��35��°C.��The��co�revaporation��was��repeated��twice��more��followed��by��
continuous��drying��for��2��h��at��rt,��<1��mbar.� � � �The��resulting��solid��white��paste��was��re�r
dissolved��in��2��mL��Millipore��grade��H2O��and��lyophilized��overnight��to��deliver��the��crude��
cyclodextrin�rderived��TFA��salt,��6��(10.3��mg,��quantitative,��white��lyophiliate),��in��sufficient��
purity��(1H�rNMR,��Figure��8)��for��use��in��subsequent��protein��ligation��experiments.��MALDI�r
TOF��C63H118N8O29S9��calculated��1738.6��found��[M+H]+��1739.6,��[M+Na]+��1761.5.��1H�rNMR��

(400��MHz,��D2O)���G=��5.18�r5.09��(m,��CD),��4.28�r4.23��(m,��Cys),��4.02�r2.85��(m),��1.48�r1.37����
(tBu).��

��

Figure��8:��1H�rNMR��spectra��of��cyclodextrin��compounds��5��and��6��compared��to��the��spectrum��of��the��
symmetric��cysteamine�rCD.����
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6.1.2 Ligation��to��mYFP��
An��8��mM��solution��of��6��in��ligation��buffer��(25��mM��Na�rPi,��pH��7.5,��50��mM��NaCl,��degassed��
by��bubbling��Ar��through��the��buffer)��with��40��mM��TCEP��was��prepared��and��incubated��for��
30��min��at��room��temperature��to��remove��the��StBu��protection��group��of��6.��This��solution��
was��added��to��the��protein��thioester��(final��concentration��210��µM)��together��with��4�r
mercapto�rphenylacetic��acid��(30��mM)��obtaining��a��final��concentration��of��2.7��mM��of��6.��
After��incubation��overnight��at��room��temperature��approximately��60��%��(estimation��
from��LC/MS)��of��the��protein��had��reacted��with��the��compound��6��and��the��remaining��
40��%��were��still��present��in��the��thioester��form.��To��completely��modify��the��protein,��
another��5��equivalents��of��deprotected��cyclodextrin��compound��were��added��to��the��
protein��and��incubated��for��5��hours.��The��excess��of��ligand,��TCEP��and��MPAA��were��then��
removed��by��exchanging��the��buffer��(20��mM��TrisHCl��pH��8,��50��mM��NaCl)��several��times��
using��centrifugal��filters��with��a��nominal��molecular��weight��cutoff��of��10��kDa.��The��protein��
solution��was��loaded��manually��onto��a��1��mL��HiTrap��Q��HP��column��(Q�rsepharose��–
CH2N

+(CH3)3)��and��then��inserted��into��a��Aekta��Prime��FPLC��system.��After��washing��with��
20��column��volumes��of��buffer��A��(20��mM��TrisHCl��pH��8,��50��mM��NaCl),��a��linear��gradient��
with��a��maximal��concentration��of��50��%��of��buffer��B��(20��mM��TrisHCl��pH��8,��1��M��NaCl)��
was��applied��(flow��rate��1��mL/min,��fraction��size��0.2��mL).��Elution��of��the��protein��started��
at��a��concentration��of��approximately��20��%��B.��The��fractions��were��analysed��by��SDS�r
PAGE��and��LC/MS.��The��pure��fractions��were��pooled��and��after��buffer��exchange��to��
buffer��A,��the��protein��was��stored��in��aliquots��at��a��concentration��of��6��mg/mL��at���r80��°C.��
In��total��1.5��mg��(60��%)��of��mYCDNH2��were��isolated.��LC/MS��rt=��7.8,��C1352H2080N346O415S17��
calculated��M=��30366,��found��30369.��

6.1.3 Fluorescence��spectroscopy��
All��samples��for��fluorescence��spectroscopy��measurements��were��prepared��under��
ambient��conditions��in��quartz��cuvettes.��Samples��were��prepared��in��sodium��phosphate��
buffer��(25��mM��sodium��phosphate,��50��mM��NaCl,��pH��7.5)��with��1��mM��TCEP��or��4��mM��
DTT.��The��concentration��of��the��proteins��was��determined��by��UV/Vis��spectroscopy��on��a��

NanoDrop��ND�r1000��spectrophotometer��using��the��absorbance��at��435��nm��and���H435=��

32500��M�r1cm�r1��for��CFP��and��the��absorbance��at��515��nm��and���H515=��84000��M�r1cm�r1��for��
YFP.��Fluorescence��data��were��recorded��on��a��Varian��Cary��Eclipse��photoluminescence��
spectrometer.�� Fluorescence�� emission�� spectra�� were�� recorded�� at�� an�� excitation��
wavelength��of��410��nm.��Samples��of��1:1��mixtures��of��proteins��were��measured��in��small��
cuvettes��using��400��µL��solution��and��samples��for��titration��were��measured��in��bigger��
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cuvettes��with��2��mL��volume.��Titrations��were��performed��by��adding��small��volumes��of��
YFP�r��component��to��the��solution��with��mCLA��diluting��it��by��maximal��1.5��%.����
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CB[8]��induced��heterodimerization��of��methylviologen��and��
naphthalene��functionalized��proteins��

��

The��formation��of��a��ternary��host�rguest��complex��between��cucurbit[8]uril��as��host,��and��
methylviologen��and��methoxynaphthalene��as��guest��elements�� is��applied��for��the��
controlled��supramolecular��dimerization��of��two��sets��of��fluorescent��proteins.��Enhanced��
variants,��eCFP��and��eYFP,��as��well��as��dimerizing��variants��of��these��proteins,��dCFP��and��
dYFP,��have��been��modified��via��expressed��protein��ligation��with��the��supramolecular��
guest�� molecules.�� For�� these�� functionalized�� proteins,�� cucurbit[8]uril�� acts�� as�� a��
supramolecular��inducer��of��protein��heterodimerization.��The��protein��assembly��can��be��
followed��by��measuring��Förster��resonance��energy��transfer��from��the��CFP��to��the��YFP.��
This��supramolecular��protein��system��with��intrinsic��fluorescence��properties��allows��for��
molecular��elucidation��of��the��protein��assembly��process.��Specifically,��the��detection��of��
nonspecific�� protein�� aggregation�� versus�� specific�� supramolecular�� protein��
heterodimerization��can��be��visualized,��in��contrast��to��techniques��that��only��observe��the��
formation��of��the��ternary��host�rguest��complex.��The��study��of��the��dimerizing��protein��
variants��shows��that��the��modification��with��methylviologen��can��lead��to��nonspecific��
protein��aggregation��in��the��presence��of��hydrophobic��hot��spots��on��the��protein��surface.��
However,��cucurbit[8]uril��shields��the��methylviologen��and��inhibits��these��unspecific��
interactions,��subsequently��allowing��specific��heterodimerization��of��different��proteins.������
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1 Introduction��
The�� application�� of�� synthetic�� supramolecular�� host�rguest�� systems�� to�� biomacro�r
molecules��is��very��attractive��for��the��generation��of��for��example��small,��well�rdefined��
protein��assemblies��such��as��protein��homo�r��and��heterodimers1.��In��the��previous��
chapter,��the��use��of��host�rguest��chemistry��to��control��the��heterodimerization��of��two��

proteins��has��been��demonstrated��using��the��complex��formed��between��a���E�rcyclodextrin��
and��a��lithocholic��acid��element,��appended��to��two��different��proteins2.��To��take��the��
concept��of��supramolecular��control��over��protein��assembly��via��host�rguest��chemistry��a��
step��further,��cucurbituril,��as��alternative��host��molecule,��is��being��investigated��in��this��
chapter.����

The��cucurbiturils��(CBs)��are��a��series��of��synthetic,��pumpkin�rshaped��molecules��made��
from��glycoluril��monomers.��These��molecules��recognize��small��guest��molecules��with��
high��affinity��(up��to��1012��M�r1)��and��selectivity��over��other��members��of��their��own��family��
due��to��their��varying��cavity��and��portal��sizes3,4.��For��a��strong��interaction��with��a��CB��host,��
the��guest��molecule(s)��should��contain��a��hydrophobic��segment��to��fit ��inside��the��CB��
cavity��and��a��positively��chargeable��group��to��interact��with��the��carbonyl��oxygens��on��the��
rim��of��the��CB.��The��most��commonly��studied��cucurbiturils��are��CB[6],��CB[7]��and��CB[8],��
numbered��as��per��number��of��glycoluril��monomers��the��CB��consists��of.��Whilst��CB[6]��and��
CB[7]��typically��complex��a��single��guest��molecule,��the��wider��cavity��of��CB[8]��allows��it��to��
strongly��bind��either��one��large��or��two��smaller��guest��molecules��which��allows��for��
example��for��applications��based��on��self�rsorting5,6.��The��two�rmolecule��binding��system��
has��been��a��focus��of��investigation��in��recent��years7,8,9.��CB[8]��is��known��to��form��stable��
1:1:1��ternary��complexes��with��an��electron��deficient��supramolecular��guest��molecule��
such��as��methylviologen��(MV)��and��an��appropriate��corresponding��electron��rich��guest��
such��as��alkoxynaphthalene��(Np)��via��a��charge��transfer��complex��of��the��guests��inside��the��
CB[8]��cavity10,11.��One��reason��for��the��high��interest��in��these��systems��is��the��potential��
redox��switchability��of��the��interaction��between��CB[8]��and��MV.��CB[8]��binds��one��MV��
dication��and��a��second��electron��rich��guest��such��as��dihydroxynaphthalene.��Upon��
reduction��of��the��viologen��to��the��radical��cation,��the��stoichiometry��changes��and��it��
binds��to��two��MV��molecules,��releasing��the��electron��rich��guest.��This��concept��has��been��
applied��for��building��molecular��machines12,��reversible��complexation��on��surfaces13,��the��
formation�� of�� redox�rcontrollable�� vesicles14,�� and�� the�� functionalization�� of�� gold��
nanoparticles15.��Complexes��of��CB[8]��and��MV��have��also��been��applied��for��recognition��
of��small��biological��molecules��such��as��amino��acids16��and��peptides17��and��have��recently��
been��used��for��the��reversible��conjugation��of��polyethylene��glycol��to��modified��BSA18.��
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CB[8]��also��forms��stable��1��:��2��complexes��with��small��molecules��such��as��the��aromatic��
amino�� acids�� tryptophan�� and�� phenylalanine.�� Urbach�� et�� al.�� have�� studied�� the��
recognition��of��two��N�rterminal��aromatic��peptides��inside��the��CB[8]��cavity.��These��
complexes��have��a��remarkably��high��affinity��with��a��Kter��of��up��to��1011��M�r2��for��the��
complex��with��two��FGG��peptides19.��Expanding��on��this��example,��Dung��Dang��in��our��
group��has��incorporated��N�rterminal��FGG��motifs��into��fluorescent��proteins.��For��these��
genetically��modified��proteins,��CB[8]��acts��as��a��supramolecular��inducer��of��protein��
homodimerization20.��However,��for��the��controlled��formation��of��protein��heterodimers,��
alternative��approaches��are��required.��Here��the��use��of��the��ternary��complex��between��
two��different��guest,��methylviologen��and��methoxynaphthalene��(Np),��and��CB[8]��is��
applied��for��the��selective��heterodimerization��of��two��differently��colored��fluorescent��
proteins.��Furthermore,��the��interplay��of��the��supramolecular��host�rguest��system��with��
the��proteins��is��investigated.��Two��sets��of��fluorescent��protein��FRET��pairs��allowed��
establishing��the��specific��characteristics��of��the��CB[8]�rMV�rNp��system��with��respect��to��
protein��assembly��and��unspecific��protein��aggregation.��

2 Design��and��synthesis��

��

Scheme��1:��Supramolecular��induced��protein��dimerization��by��formation��of��a��ternary��complex��between��
methoxy�rnaphthol��and��methylviologen��appended��proteins��and��CB[8].��
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Methoxynaphthol�� (Np)�� and�� methylviologen�� (MV)�� were�� selected�� as�� the��
supramolecular��guest��pair��to��form��a��ternary��complex��with��CB[8]��(Scheme��1).��These��
two��guest��molecules��were��chosen��as��it��was��known��that��MV��forms��strong��charge��
transfer�� complexes�� with�� naphthalene�� derivatives�� inside�� the�� CB[8]�� cavity�� with��
association��constants��up��to��Ka=��1012��M�r2.11,21��Rauwald��et��al.��compared��the��binding��of��
different��electron��rich��compounds��to��the��complex��of��CB[8]��and��MV11.��They��found��that��
the��affinities��for��different��naphthalene��derivatives��such��as��2�rhydroxynaphthalene,��
2,6�rdihydroxynaphthalene��and��6�rmethoxy�rnaphthalene�r2�rol��are��comparable,��varying��
from��6.1��x��105��M�r1��for��naphthol��to��5.0��x��105��M�r1��for��methoxynaphthol.��For��the��site�r
selective��ligation��of��the��small��molecule��to��the��protein��via��expressed��protein��ligation,��
the��compound��has��to��be��monofunctionalized��with��a��cysteine��and��to��be��soluble��in��
buffered�� solution.��Therefore�� the��methoxynaphthol�� (Np)��was�� chosen��over�� the��
naphthol��as��it��was��envisaged��to��have��better��solubility��under��the��protein��ligation��
conditions.��Compared��to��the��dihydroxynaphthalene,��the��methoxyderivative��was��
easier��to��selectively��functionalize��with��one��cysteine��group��and��was��therefore��selected��
for��the��ligation��to��the��protein��and��supramolecular��protein��assembly.����

Two��sets��of��cyan��and��yellow��fluorescent��protein��(CFP��and��YFP)��FRET��pairs��were��
selected��as��the��model��system��for��the��dimerization��experiments.��These��protein��
variants��differ��in��their��intrinsic��tendency��to��dimerize��due��to��hydrophobic��mutations.��
The��normal��enhanced��variants��of��CFP��and��YFP��(eCFP��and��eYFP)��only��exhibit��a��very��
weak��intrinsic��affinity��whereas��the��dimerizing��variants��(dCFP��and��dYFP)��carry��point��
mutations��which��increase��their��intrinsic��affinity��for��dimerization22.��In��a��previous��
study,��these��protein��pairs��have��already��proven��to��be��good��model��systems��for��
studying�� the�� interplay�� of�� supramolecular�rinduced�� dimerization�� and�� protein��
assembly2.�� The�� protein�� assembly�� process�� was�� studied�� using�� fluorescence��
spectroscopy��monitoring��Förster��resonance��energy��transfer��(FRET)��from��CFP��to��YFP.��
FRET��only��occurs��when��the��two��different��proteins��are��in��close��proximity,��typically��via��
the��formation��of��a��supramolecular��heterodimer,��and��therefore��allows��the��assembly��
to��be��followed��on��the��protein��level,��in��contrast��to,��for��example,��optical��techniques��
that��visualize��the��host�rguest��assembly��in��the��CB[8]��cavity18.��This��specific��feature��of��
the��design��allows��the��interplay��of��the��supramolecular��elements��with��the��protein��
assembly��process�� to��be�� studied��as��well�� as�� screening��of��potential,�� unspecific��
interactions��of��the��host�rguest��system��with��the��proteins.����

The�� conjugation�� of�� the�� proteins�� to�� the�� supramolecular�� guest�� elements�� was��
performed��via��expressed��protein��ligation.��For��this,��the��proteins��were��expressed��and��
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purified��using��the��intein��based��pTWIN��system��from��NEB,��which��allows��isolation��of��the��
proteins��as��C�rterminal��thioesters23.��The��proteins��were��additionally��equipped��with��His�r��
or��Strep�rtags��for��further��purification��steps,��either��before��or��after��the��ligation��
reaction.��For��the��ligation��to��the��protein��thioesters,��the��small��molecules��must��first��be��
functionalized��with��an��N�rterminal��cysteine.��The��synthesis��of��the��cysteine�rmodified��
viologen��derivative��2��(Scheme��2,��left)��is��based��on��the��synthesis��of��the��unsymmetric��
aminoethylviologen��salt��which��was��reported��in��literature24.��This��is��synthesized��by��
slow��addition��of��methyliodide��to��commercially��available��4,4’�rbipyridine��to��give��the��
methylviologen,��which��is��further��reacted��with��3�rbromopropylamine��hydrobromide��to��
obtain��the��desired��starting��material.��This��was��then��coupled��to��a��Boc�r��and��StBu��
protected��cysteine�rsuccinimide��ester25��in��acetonitrile.��Coupling��of��the��succinimide��
ester��was��preferred��over��direct��coupling��to��the��unactivated��cysteine��using��HBTU��or��
comparable��coupling��reagents,��because��of��the��very��low��solubility��of��the��starting��
material��in��DMF26.��Coupling��in��DMF��is��possible,��but��requires��prior��ion��exchange��as��
described��in��the��literature24.��The��cysteine��conjugate��was��purified��by��preparative��HPLC��
and��subsequently��the��Boc��group��was��removed��with��TFA/DCM��to��yield��2.��

��

Scheme��2:��Synthesis��of��cysteine�rmodified��methylviologen��(left)��and��methoxynaphthalene��(right).��
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The��naphthalene�rbased��host��molecule��was��synthesized��in��a��short,��3�rstep��synthesis��
from��commercially��available��6�rmethoxy�rnaphthalen�r2�rol.��First,��an��alcohol��spacer��was��
attached��to��the��phenolic��functionality��of��the��naphthalene��using��6�rbromo�rhexan�r1�rol��
and��subsequently��the��thus��introduced��primary��alcohol��group��was��coupled��to��a��
protected��cysteine��derivative.��After��purification��via��preparative��HPLC��the��resulting��
compound��was��Boc�rdeprotected��to��give��5.��

��

Scheme�� 3:�� Ligations�� of�� methylviologen�� (2)�� to�� dYFP�r��and�� eYFP�rthioester�� (upper�� part)�� and��
methoxynaphthalene��(5)��to��dCFP�r��and��eCFP�rthioester.����

Deprotection��of��the��cysteine��thiol��functionalities��of��2��and��5,��protected��as��StBu��
disulfide,��was��performed��immediately��prior��to��protein��ligation��by��treatment��of��the��
compounds��with��TCEP.��The��as��such��deprotected��compounds��were��then��directly��
ligated��to��the��purified��thioesters��of��eCFP,��eYFP,��dCFP��and��dYFP��(Scheme��3).��For��the��
ligation��of��the��viologen,��complete��conversion��of��the��protein��thioester��needed��to��be��
achieved,��as��separation��of��the��non�rligated��protein��from��the��ligation��product��turned��
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out��to��be��problematic.��The��conversion��was��checked��by��LC/MS.��After��optimization��of��
the��reaction��conditions��by��varying��the��thiol��additive��in��the��ligation��reaction��(MESNA,��
mercaptophenylacetic��acid,��thiophenol)��the��YFP�rthioester��variants��were��reacted��with��
an��excess��of��2��in��the��presence��of��thiophenol��for��12��hours��to��give��complete��
conversion.��The��naphthalene�rbased��host��molecule��5��showed��limited��solubility��in��the��
ligation��buffer.��The��ligations��of��5��to��the��CFP��variants��were��therefore��performed��in��the��
presence��of��detergent��(TritonX�r114)��to��enhance��the��solubility��and��reaction��speed.��
This��reaction��could��not��be��driven��to��full��completion��and��non�rreacted��protein�r
thioester��was��subsequently��removed��via��a��Triton��extraction,��a��technique��which��
allows��separation��of��proteins��with��a��hydrophobic��tag��from��unmodified��proteins27.��All��
proteins��were��analysed��by��mass��spectrometry��and��SDS�rPAGE,��confirming��integrity��
and��purity.��

3 CB[8]�rinduced��protein��heterodimerization��
The��CB[8]�rcontrolled��protein��assembly��of��the��two��protein��FRET��pairs��was��studied��
using��fluorescence��spectroscopy.��Fluorescence��spectra��were��recorded��using��an��
excitation��wavelength��of��410��nm,��which��is��optimized��for��selective��CFP��excitation.��The��
supramolecular�rinduced��protein��heterodimers��were��prepared��by��addition��of��CB[8]��to��
the�� specific�� methylviologen�� modified�� YFP,�� followed�� by�� the�� addition�� of�� the��
naphthalene�rmodified��CFP.��A��complete��set��of��experiments,��including��all��possible��
reference��samples,��was��thus��made��for��both��protein��pairs��(Figure��1��to��3).��

��
Figure��1:��Fluorescence��spectra��of��normal��enhanced��fluorescent��protein��pairs,��normalized��at��the��CFP��
emission��maximum.��Protein��concentration��1��µM��each,��CB[8]��concentration��10��µM.��
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The��normal��variants��of��the��fluorescent��proteins��were��first��investigated��(Figure��1).��As��
envisioned�� in�� the��design��of�� the��system,��CB[8]�� indeed��selectively�� induces�� the��
heterodimerization��of��MV�reYFP��with��Np�reCFP.��This��becomes��clearly��apparent��from��
the��increase��in��the��YFP��emission��at��527��nm��(blue��line)��which��indicates��the��occurrence��
of�� FRET,�� upon�� the�� addition�� of�� CB[8].�� This�� results�� in�� a�� YFP/CFP�� ratio��
(I(527��nm)/I(475��nm))��of��0.79,��in��contrast��to��a��ratio��of��0.51��for��the��non�rassembled��
proteins.��This��CB[8]�rinduced��energy��transfer��between��the��proteins��is��only��observed��in��
the��presence��of��all��three��supramolecular��components,��allowing��the��formation��of��the��
ternary��complex.��In��all��other��cases,��such��as��for��protein��pairs��lacking��either��one��or��two��
of��the��supramolecular��units,��or��in��the��absence��of��CB[8],��no��FRET��can��be��observed��
(Figure��2,��left).��This��demonstrates��that��the��chosen��supramolecular��host�rguest��system��
is��specific��and��selectively��induces��supramolecular��heteroassembly��of��two��proteins.����

� � � �

Figure��2:��Fluorescence��spectra��of��normal��enhanced��fluorescent��protein��pairs��(left)��and��dimerizing��
fluorescent��proteins��(right),��normalized��at��the��CFP��emission��maximum.��Protein��concentration��1��µM��each,��
CB[8]��concentration��10��µM.��

In��order��to��exclude��that��CB[8]��acts��as��a��inducer��of��homodimerization��for��the��modified��
fluorescent��proteins,��homo�rFRET��measurements��were��performed��with��eCFPNp��and��
eYFPMV.��Homodimerization��of��two��fluorescent��proteins��leads��to��a��decrease��of��
fluorescence��anisotropy��due��to��intermolecular��energy��transfer20.��This��technique��has��
been��used��before��to��study��the��cucurbit[8]uril�rinduced��homodimerization��of��FGG�r
mYFP28.��In��the��case��of��FGG�rmodified��proteins,��the��anisotropy��value��decreases��from��
0.32��without��CB[8]��down��to��0.27��depending��on��the��concentration��of��CB[8].��Here,��no��
changes��in��anisotropy��upon��addition��of��CB[8]��were��detected��for��the��fluorescent��
proteins��modified��with��naphthalene��(Np�reCFP:��0.31��and��Np�reCFP��CB[8]:��0.32)and��
methyl�rviologen��(MV�reYFP:��0.32��and��MV�reYFP��CB[8]:��0.33).��This��shows��that��no��
homodimerization��upon��addition��of��CB[8]��occurs.��
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The��other��pair��of��proteins��under��study,��MV�rdYFP��and��Np�rdCFP,��carries��specific��point��
mutations22��which��increase��their��intrinsic��affinity��for��dimerization��(both��homo�r��and��
heterodimerization)��due��to��increased��hydrophobic��interactions.��In��general,��protein�r
protein��interactions��are��frequently��mediated��to��a��significant��extent��by��hydrophobic��
and��charged��regions��on��their��surfaces29,��also��allowing��for��recognition��with��designed��
supramolecular�� receptors30.�� As�� such,�� knowledge�� on�� the�� interplay�� of�� the��
supramolecular��elements��with��these��protein��motifs��is��highly��important.��The��weakly��
dimerizing��fluorescent��model��proteins��MV�rdYFP��and��Np�rdCFP��are��an��ideal��system��to��
study��this.��Control��experiments��performed��on��the��Np�rdCFP��with��unfunctionalized��
dYFP��and��CB[8]��showed��that��these��supramolecular��elements��do��not��lead��to��unspecific��
binding��or��protein��interactions��(Figure��2,��right).��In��contrast,��experiments��with��MV�r
dYFP��showed��that��the��methylviologen��can��lead��to��unspecific��protein��assembly��of��the��
weakly��dimerizing��proteins��(Figure��3,��green��and��black��lines).��Protein��mixtures��of��MV�r
dYFP��with��either��Np�rdCFP��or��unmodified��dCFP��feature��an��increase��of��the��YFP��
emission��in��the��absence��of��CB[8].��Interestingly,��however,��upon��the��addition��of��CB[8]��
the��unspecific��protein��assembly��induced��by��the��methylviologen��is��inhibited,��as��
becomes��apparent��from��the��absence��of��YFP��emission��(Figure��3��red��line).��The��CB[8]��
thus�� shields�� the�� methylviologen�� from�� making�� unspecific�� interactions�� with��
hydrophobic��protein��surfaces.��As��a��result,��in��the��dYFP�rMV���r��Np�rdCFP��mixture��(Figure��
3��blue��line),��a��specific��CB[8]��mediated��energy��transfer��is��observed,��resulting��from��the��
supramolecular��protein��dimer.��A��comparison��of��the��FRET��ratio��I(527nm)/I(475nm)��of��
the��supramolecular��complex��consisting��of��the��dimerizing��variants��(0.69)��to��the��one��of��
the��enhanced��variants��(0.79)��shows��a��higher��FRET��for��the��proteins��with��a��weaker��
intrinsic��dimerizing��affinity.��This��finding��is��opposite��to��what��was��observed��before��with��

the��supramolecular��host�rguest��complex��between���E�rcyclodextrin��and��lithocholic��acid��
where��a��significantly��higher��FRET��ratio��was��observed��for��the��dimerizing��variants2.��One��
possible��explanation��for��this��finding��might��be��the��affinity��of��the��complex��between��
CB[8]��and��MV��for��phenylalanine��(Ka=��5��x��103��M�r1)��16.��The��dimerizing��variants��of��the��
fluorescent��proteins��contain��the��mutation��S208F.��It��would��therefore��be��possible��that��
an��intramolecular��complex��between��the��MV��x��CB[8]��x��phenylalanine��prevents��CFPNp��
binding��to��a��certain��extent.��Also��an��intermolecular��complex��between��two��proteins��via��
this��mechanism��could��be��envisioned��but��the��affinity��to��phenylalanine��in��that��case��is��
significantly�� lower�� than�� the�� affinity�� to�� the�� naphthalene�� derivative.�� Another��
explanation��might��be��that��the��proteins��have��a��different��orientation��in��the��complex��
consisting��of��the��dimerizing��proteins��which��can��lead��to��less��efficient��energy��transfer.����



Chapter��4��

74��

��

Figure��3:��Fluorescence��spectra��of��dimerizing��fluorescent��protein��pairs,��normalized��at��the��CFP��emission��
maximum.��Protein��concentration��1��µM��each,��CB[8]��concentration��10��µM.��

The��results��described��above��show��that��the��formation��of��a��ternary��supramolecular��
protein�� dimerization�� complex�� involves�� different�� molecular�� processes�� than�� the��

formation��of��the���E�rcyclodextrin��and��lithocholic��acid��host�rguest��complex,��which��leaves��
room��for��further��studies.��However,��it��was��shown��that��the��ternary��system��of��CB[8]��
with��MV��and��Np��can��definitely��be��successfully��used��for��the��formation��of��selective��
protein��heterodimers��of��more��hydrophobic��proteins.��In��these��cases��the��presence��of��
CB[8]��as��host��molecule��is��required��to��prevent��MV�rinduced��unspecific��dimerization��
with��hydrophobic��protein��surfaces.��The��formation��of��intramolecular��complexes��must��
be��taken��into��account��when��studying��such��systems.����

4 Conclusions��and��outlook��
In��conclusion,��it��was��shown��that��CB[8]��constitutes��an��attractive��supramolecular��
inducer��of��protein��heterodimerization��using��MV��and��Np��as��protein�rappended��host��
elements.��The��model��system��of��fluorescent��protein��pairs��allows��specific��visualization��
of��the��protein��dimerization��event��instead��of��the��formation��of��the��supramolecular��
ternary��complex��only18.��This��in��turn��allows��for��detection��of��potential��unspecific��
interplay��of��the��supramolecular��elements��with��the��proteins��and��provides��molecular��
insights��not��attainable��using��experiments��solely��based��on��the��observation��of��the��
charge�rtransfer��complex.��This��is��especially��important��as��the��modification��with��MV��can��
lead��to��unspecific��interactions��in��the��absence��of��CB[8]��and��in��the��presence��of��the��host��
molecule,��potentially��bind��to��aromatic��amino��acids��on��the��surface��of��the��protein.��A��
variation��of��the��linker��length��on��the��protein��could��modulate��such��intramolecular��
binding��events.��Keeping��these��findings��in��mind,��this��novel��system��for��controlled��
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protein��heteroassembly��can��be��applied,��for��example,��for��targeting��of��N�rterminal��
tryptophan��motifs��in��proteins19.��N�rterminal��tryptophan��has��an��affinity��for��the��CB[8]��x��
MV��complex��and��would��therefore��be��a��good��genetically��introducible��tag��for��protein��
heterodimerization.��Furthermore��this��system��is��attractive��for��application��in��the��area��
of��bionanotechnology,��for��example,��for��the��controlled��immobilization��of��proteins��on��
surfaces,��as��it��potentially��allows��for��obtaining��electrochemically��switchable��protein��
platforms.��In��line��with��this,��Jonkheijm��and��colleagues��have��recently��shown��that��
naphthol�rmodified�� fluorescent�� proteins�� can�� be�� immobilized�� on�� a�� surface��
functionalized��with��methylviologen��by��formation��of��a��ternary��complex��with��CB[8]31.��
CB[8]�� controlled�� protein�� assembly�� thus�� constitutes�� an�� attractive�� platform�� for��
applications��both��in��solution��and��on��surfaces.��

5 Experimental��part��

5.1.1 Construction��of��plasmids,��protein��expression��and��purification��
Plasmids��were��constructed��by��Dr.��Hoang��Nguyen.��To��construct��plasmids,��pHT477��
(His�rECFP�rIntein�rCBD�rStrep)��and��pHT482��(Strep�rEYFP�rIntein�rCBD�rHis),��DNA��encoding��
for��Strep�rtag��and��His�rtag��were��introduced��to��the��fusion��protein��at��the��C�rterminus��by��
applying��a��point��mutagenesis��method��using��two��pairs��of��oligonucleotides��for��Strep�r
tag,�� ON061,�� 5 �́rgcaagctggagccacccgcagttcgaaaagtgactgcaggaaggggatccgg�r3 �́� and��
ON062,��5 �́rcttttcgaactgcgggtggctccagcttgcttgaagctgccacaaggcaggaac�r3 �́�and��for��His�r
tag,�� ON059,�� 5 �́rgaagcgagccaccatcaccatcaccatcaccattgactgcaggaaggggatccgg�r3 �́� and��
ON060,�� 5 �́ratggtgatggtgatggtgatggtggctcgcttcttgaagctgccacaaggcaggaac�r3 �́� with��
pHT409��and��pHT423��as��templates,��respectively.��Plasmids,��pHT409��(His�rECFP�rIntein�r
CBD)��and��pHT423��(Strep�rEYFP�rIntein�rCBD)��were��constructed��by��inserting��two��pairs��of��
complementary��oligonucleotides��for��His�rtag,��ON031,��5 �́rtatggaagcgagccaccatcacc�r
atcaccatcaccattc�r3 �́�and��ON032,��5 �́rtagaatggtgatggtgatggtgatggtggctcgcttcca�r3 �́�and��
for��Strep�rtag,��ON047,��5 �́rtatggcaagctggagccacccgcagttcgaaaagtctgc�r3 �́�and��ON048,����
5 �́rtagcagacttttcgaactgcgggtggctccagcttgcca�r3 �́� into�� plasmids,�� pTWIN1�rECFP�� and��
pTWIN1�rEYFP��27��at��NdeI.��Plasmids��pHT477��and��pHT482��were��transformed��into��E.coli��
Rosetta��2��(DE3)��cells��and��transformants��were��selected��on��Chloramphenicol��(34��mg/L)��
and��Ampicillin��(125��mg/L)��containing��Agar��plates.��Protein��expression��and��purification��
were��performed��as��described��in��chapter��2,��leading��to��MESNA�rprotein��thioesters��of��
eCFP��(from��pHT477)��and��eYFP��(from��pHT482).��LCMS:��eYFP��calculated:��28538,��found:��
28539;��eCFP��calculated:��29898,��found:��29896.��Expression��and��purification��of��the��
dimerizing��variants,��dYFP��and��dCFP��has��been��described��in��chapter��2.����
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5.1.2 Chemical��synthesis��of��cysteine�rmodified��guest��molecules��
Synthesis��and��characterization��of��naphthalene��derivatives��3,��4��and��5��has��been��carried��
out��by��Dr.��Jacqui��Young.����

4�r(1�r{3�r[2�ramino�r3�r(tert�rbutyldisulfanyl)propanamido]propyl}pyridin�r1�rium�r4�ryl)�r1�r
methylpyridin�r1�rium��1��

��

In��a��round��bottom��flask,��a��solution��of��1�r(3�raminopropyl)�r1'�rmethyl�r[4,4'�rbipyridine]�r
1,1'�rdiium24��(200��mg,��0.46��mmol)��in��50��mL��acetonitrile��was��prepared��and��DIPEA��
(90��mg,��0.69��mmol)��was��added.��The��hydroxysuccinimide��ester��of��the��Boc��and��StBu�r
protected��cysteine20��(214��mg,��0.55��mmol)��was��added��to��the��mixture��and��stirred��for��
two��hours��at��40��°C.��The��solvent��was��evaporated��and��100��mg��of��the��crude��mixture��was��
dissolved��in��H2O��and��purified��via��preparative��HPLC��to��isolate��15��mg��(estimated��yield:��
25%)��of��compound��1.��1H�rNMR��(400��MHz,��CD3OD)���w��(ppm):��1.34��(s,��9H,��SC(CH3)3),��1.47��
(s,��9H,��OC(CH3)3),��2.31��(m,��2H,��H2),��2.88�r3.16��(m,��2H,��CH2S),��3.31�r3.29��(m,��2H,��H3),��
4.24��(m,��1H,��CH),��4.53��(s,��3H,��CH3),��4.77��(m,��2H,��H1),��8.49�r8.72��(m,��4H,��ArCH),��9.23��(m,��
4H,��ArCH);��LC/MS��calculated��for��C26H40N4O3S2:��520.25��(M)+,��found��519.3,��520.3��(M)+.��

4�r{1�r[3�r(2�ramino�r3�rsulfanylpropanamido)propyl]pyridin�r1�rium�r4�ryl}�r1�r
methylpyridin�r1�rium��2��

NN
H
N

TFA TFA O

NH2

S

S

1

2

3

��

Compound��1��(3��mg,��5��µmol)��was��dissolved��in��1��mL��of��30��%��TFA��in��dichloromethane��
(v/v).��The��mixture��was��stirred��for��three��hours.��After��co�revaporation��with��toluene,��
compound��2��was��obtained��as��an��orange��solid��in��quantitative��yield.��1H��NMR��(400��MHz,��
CD3OD)���w��=��1.37��(s,��9H,��SC(CH3)3),��2.42��–��2.24��(m,��2H,��H2),��3.29���r��3.09��(m,��2H,��CH2S),��
3.35���r��3.50��(m,��2H,��H3),��4.14��(m,��1H,��CH),��4.53��(s,��3H,��CH3),��4.81��(m,��2H,��H1),��8.55��–��
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8.78��(m,��4H,��ArCH),��9.11��–��9.39��(m,��4H,��ArCH).��13C��NMR��(100��MHz,��CD3OD)���w��=��30.08,��
SC(CH3)3;��32.32,��C2;��37.08,��C3;��42.12,��CH2S;��54.01,��CH;��60.67,��C1;��127.85,��128.23,��
147.36,��148.02,��ArCH.��LC/MS��calculated��for��C21H32N4OS2:��420.20��(M)+,��found��420.1��
(M)+.��

6�r[(6�rmethoxy�r2�rnaphthyl)oxy]hexan�r1�rol��3��

��

NaH��(110��mg,��2.8��mmol)��was��added��to��a��cold��(0��°C)��solution��of��6�rmethoxy�r
naphthalen�r2�rol��(400��mg,��2.3��mmol)��in��DMF��(6��mL)��and��stirred��at��0��°C��for��30��min��then��
at��room��temperature��for��a��further��30��min.��A��solution��of��6�rbromo�rhexan�r1�rol��(250��µL,��
1.9��mmol)��in��DMF��(6��mL)��was��slowly��added��to��the��solution��(over��15��min).��The��
solution��was��stirred��at��room��temperature��under��an��argon��atmosphere��for��5��h��then��
solvent��removed��in��vacuo��to��give��the��crude��product��as��a��green��solid.��This��was��
purified��by��column��chromatography��(SiO2,��ethyl��acetate:��cyclohexane��1:1)��to��give��the��
pure��product��as��a��white��solid��(481��mg,��92��%).��1H��NMR��(CDCl3,��400��MHz):��1.43�r1.58��
(m,��4H,��H3,��H4);��1.62��(m,��2H,��H2);��1.85��(m,��2H,��H5);��3.66��(t,��J��=��6.6��Hz,��2H,��H1);��3.89��(s,��
3H,��OCH3);��4.05��(t,��J��=��6.5��Hz,��2H,��H6);��7.10��(m,��2H,��H1',��H5');��7.13��(dt,��J��=��8.8,��2.4��Hz,��
2H,��H3',��H7');��7.63��(dd,��J��=��8.9,��5.2��Hz,��2H,��H4',��H8').��13C��NMR��(CDCl3,��100��MHz):��25.75,��
26.14,��C3,��C4;��29.45,��C5;��32.86��C2;��55.47,��OCH3;��63.03,��C1;��68.09,��C6;��106.27,��107.19,��
C1',��C5';��119.01,��119.38,��C3',��C7';��128.25,��128.28,��C4',��C8';��129.84,��129.97,��C9',��C10';��
155.73,��156.22,��C2',��C6'.��LC/MS:��m/z:��275.07��(M��+��H)+.��

6[(6�rmethoxy�r2�rnaphthyl)oxy]hexyl��N�rBoc�r3�r(t�rbutyl�rdisulfanyl)alaninate��4��

��

Boc�rCys(StBu)�rCOOH��(113��mg,��0.37��mmol)��and��EDC.HCl��(70��mg,��0.37��mmol)��were��
dissolved��in��DMF��(4��mL)��and��stirred��at��room��temperature��for��15��min.��This��solution��
was��then��added��to��a��stirring��solution��of��3��(25��mg,��0.09��mmol)��in��DMF��(1��mL).��DMAP��
(4.5��mg,��0.04��mmol)��was��added��to��the��solution��and��the��resulting��solution��was��stirred��
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at��room��temperature��under��an��argon��balloon��for��6.5��h.��The��solvent��was��removed��in��
vacuo��to��give��a��yellow��oil,��which��was��redissolved��in��CH2Cl2.��Water��was��added��to��the��
solution��and��the��product��was��extracted��twice��with��fresh��CH2Cl2.��The��organic��layers��
were��combined,��dried��over��Na2SO4,��filtered��and��dried��in��vacuo��to��give��the��crude��
product��as��an��orange��oil.��Following��column��chromatography��(SiO2,��ethyl��acetate:��
cyclohexane��1:4),��the��desired��product��4��was��obtained��as��a��clear��oil��(31��mg,��60��%).��1H��
NMR��(CDCl3,��400��MHz):��1.31��(s,��9H,��StBu);��1.45��(s,��9H,��C(CH3)3);��1.46�r1.58��(m,��4H,��H3,��
H4);��1.72��(m,��2H,��H2��or��H5);��1.85��(m,��2H,��H2��or��H5);��3.16��(m,��2H,��CH2S);��3.89��(s,��3H,��
OCH3);��4.05��(t,��J��=��6.4��Hz,��2H,��H1��or��H6);��4.19��(t,��J��=��6.7��Hz,��2H,��H1��or��H6);��4.57��(m,��1H,��
CH);��5.38��(t,��J��=��7.9��Hz,��1H,��NH);��7.09�r7.13��(m,��4H,��H1',��H3',��H5',��H7');��7.63��(dd,��J��=��8.9,��
5.4��Hz,��2H,��H4',��H8').��13C��NMR��(CDCl3,��100��MHz):��25.95,��26.02,��C3,��C4;��28.54,��C(CH3)3;��
28.67,��29.39,��C2,��C5;��29.97,��C(CH3)3;��43.18,��CH2S;��48.33,��SC(CH3)3;��55.61,��CH,��55.51,��
OCH3;��65.92,��68.02,��C1,��C6;��80.26,��OC(CH3)3;��106.29,��107.21,��C1',��C5';��119.05,��119.40,��
C3',��C7';��128.28,��128.31,��C4',��C8';��129.88,��129.99,��C9',��C10';��155.23,��HNCOO;��155.73,��
156.26,��C2',��C6';��170.99,��CH2COO.��LC/MS:��calculated��for��C29H43NO6S2Na:��588.2424��
(M+Na)+;��found:��588.13��(M��+��Na)+.����

6�r[(6�rmethoxy�r2�rnaphthyl)oxy]hexyl��3�r(t�rbutyl�rdisulfanyl)alaninate��5��

��

4��(14.8��mg,��26.2��µmol)��was��dissolved��in��a��mixture��of��TFA:CH2Cl2��(1:4,��500��µL)��and��the��
solution��stirred��at��room��temperature��for��3��h.��The��solvent��was��removed��in��vacuo��to��
give��the��product��as��a��brown��oil��(17.6��mg,��quantitative).��1H��NMR��(CDCl3,��500��MHz):��
1.32��(s,��9H,��tBu);��1.43��(m,��2H,��H3��or��H4);��1.53��(m,��2H,��H3��or��H4);��1.72��(m,��2H,��H2��or��
H5);��1.83��(m,��2H,��H2��or��H5);��3.20��(dd,��J��=��14.7,��7.2��Hz,��1H,��CH2S);��3.30��(dd,��J��=��14.6,��3.5��
Hz,��1H,��CH2S);��3.89��(s,��3H,��OCH3);��4.03��(t,��J��=��6.3��Hz,��2H,��H1��or��H6);��4.25��(t,��J��=��6.6��Hz,��
2H,��H1��or��H6);��4.42��(m,��1H,��CH);��7.08�r7.12��(m,��4H,��H1',��H3',��H5',��H7');��7.62��(t,��J��=��8.4��
Hz,��2H,��H4',��H8');��7.70��(br,��3H,��NH3

+).��13C��NMR��(CDCl3,��125��MHz):��25.75,��25.95,��C3,��C4;��
28.38,��29.33,��C2,��C5;��29.89,��C(CH3)3;��39.10,��CH2S;��49.34,��SC(CH3)3;��52.96,��CH,��55.53,��
OCH3;��67.67,��67.97,��C1,��C6;��106.35,��107.28,��C1',��C5';��119.09,��119.37,��C3',��C7';��128.33,��
C4',��C8';��129.94,��130.01,��C9',��C10';��155.71,��156.30,��C2',��C6';��168.16,��C=O.��LC/MS:��calcd��
for��C24H36NO4S2:��466.2080��(M+H)+;��found:��466.20��(M��+��H)+.����



��CB[8]��induced��heterodimerization��of��methylviologen��and��naphthalene��functionalized��proteins��

79��

5.1.3 Expressed��protein��ligation��
Ligation��of��the��naphthalene��compound��has��been��carried��out��by��Dr.��Jacqui��Young��and��
Dr.��Hoang��Nguyen.��

Np�reCFP��and��Np�rdCFP:��Compound��5��(5��mg,��11��µmol)��was��dissolved��in��methanol��
(200��µL)��and��StBu�rdeprotected��with��tris(2�rcarboxyethyl)phosphine��(TCEP)��at��mole��
ratios��of��1:1.1��for��1��h��at��room��temperature.��TritonX�r114��(100��µL��of��a��10%��solution)��
and��Tris.HCl��buffer��(pH��=��8.5,��50��µL)��were��slowly��added��and��the��mixture��allowed��to��sit��
at��ambient��temperature��for��1.5��h.��After��this��time,��the��mixture��was��slowly��added��to��
the��CFP��thioester��(from��above,��580��µL,��425��µM,��ie.��at��a��mole��ratio��of��1:45��(CFP:��5)).��
NaCl��and��MESNA��were��added��to��final��concentrations��of��500��mM��and��200��mM��
respectively.��The��ligation��mixture��was��kept��at��room��temperature��away��from��light��
overnight.�� Excess�� 5�� was�� removed�� by�� size�rexclusion�� chromatography�� and�� the��
remaining��mixture��of��proteins��was��purified��by��triton��exchange27.��The��triton��was��
removed��using��a��Ni�rNTA�rcolumn��and��ligated��protein��eluted��using��imidazole.��The��
buffer��was��exchanged��to��storage��buffer��(25��mM��Sodium�rPhosphate��pH��7.5,��100��mM��
NaCl)��and��the��protein��was��stored��in��small��aliquots��at��low��(25�r40��µM)��concentration��at��
�r80°C.��The��ligated��protein��was��analysed��by��SDS�rPAGE��and��LC/MS:��Calculated��for��Np�r
dCFP:��30208,��found:��30208;��calculated��for��Np�reCFP:��30133,��found��30131.��

MV�reYFP��and��MV�rdYFP:��Compound��2��(10��mg,��15��µmol)��was��dissolved��in��a��mixture��of��
60��µL��methanol��and��240��µL��ligation��buffer��(sodium��
phosphate��25��mM,��NaCl��50��mM,��pH7.5).��For��StBu��
deprotection,��60��µL��of��a��0.5��M��solution��of��TCEP��was��
added��and��the��mixture��was��incubated��for��30��min��at��
room��temperature.��The��mixture��was��then��added��to��
the��YFP��thioester��(200��µM)��at��a��molar��ratio��of��1:20��
(YFP��:��2)��and��thiophenol��was��added��to��a��final��
concentration��of��300��mM.��The��ligation��mixture��was��
incubated��on��a��rotating��wheel��in��the��dark��at��room��
temperature�� overnight.�� The�� mixture�� was�� then��
centrifuged��to��remove��any��precipitate.��To��remove��
excess��2��and��thiophenol,��the��buffer��was��exchanged��

to��ligation��buffer��using��centrifugal��filters��with��a��
molecular��weight��cutoff��of��10��kDa.��LC/MS:��MV�reYFP��

calculated:��28745,��found:��28751;��MV�rdYFP��calculated:��28828,��found:��28822.��

Figure��4:��SDS�rPAGE��of��ligated��MV�r
eYFP��and��MV�rdYFP.
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Figure��5:��LC/MS��spectrum��of��MV�rdYFP��after��purification.��

5.1.4 Fluorescence��spectroscopy��
All��samples��for��fluorescence��spectroscopy��measurements��were��prepared��under��
ambient��conditions��in��quartz��cuvettes.��Samples��were��prepared��in��sodium��phosphate��
buffer��(25��mM��sodium��phosphate,��50��mM��NaCl,��pH��7.5)��with��10��µM��TCEP.��The��
concentration�� of�� the�� proteins�� was�� determined�� by�� UV/Vis�� spectroscopy�� on�� a��

NanoDrop��ND�r1000��spectrophotometer��using��the��absorbance��at��435��nm� � � �and���H������� ��

32500��M�r1cm�r1��for��CFP��and��the��absorbance��at��515��nm��and���H������� ��84000��M�r1cm�r1��for��
YFP.��Fluorescence��data��were��recorded��on��a��Varian��Cary��Eclipse��photoluminescence��
spectrometer.�� Fluorescence�� emission�� spectra�� were�� recorded�� at�� an�� excitation��
wavelength��of��410��nm.��Samples��were��prepared��by��premixing��the��YFP��compound��with��
a��stock��solution��of��CB[8]��in��water��(50��µM)��to��a��final��concentration��of��2��µM��YFP��and��
20��µM��CB[8].��This��solution��was��mixed��with��a��2��µM��solution��of��CFP��compound��to��yield��
final��protein��concentrations��of��1��µM��each��and��after��a��short��incubation��time,��the��
fluorescence��spectrum��was��recorded.��To��ensure��the��data��were��comparable,��all��
samples��were��prepared��in��the��same��way.����

5.1.5 Fluorescence��anisotropy��measurements��
Fluorescence�� anisotropy�� data�� were�� recorded�� on�� a�� Varian�� Cary�� Eclipse��
photoluminescence��spectrometer.��YFP��was��excited��at��500��nm��and��emission��was��
recorded��from��524��nm��to��532��nm.��CFP��was��excited��at��435��nm��and��emission��was��
recorded��from��472��nm��to��478��nm.��Anisotropy��values��were��averaged��over��each��
wavelenght.����

RT: 0.00 - 14.99

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Time (min)

20

40

60

80

100

R
e

la
tiv

e
 A

b
u

n
d

a
n

ce

7.84
930.1

8.33
881.1

8.67
939.8

9.65
421.2

11.72
937.1

11.35
391.1

9.99
1107.0

14.66
390.9

13.91
800.0

12.16
964.3

0.31
1257.9

12.58
390.9

13.04
391.0

7.63
391.0

0.68
869.4

1.56
1392.5

7.11
390.9

2.06
391.1

3.73
390.9

4.08
390.9

6.36
390.9

3.47
390.8

5.62
390.8

5.32
390.8

NL:
2.53E5

TIC  MS 
ms010prote
inligation-
25112010

ms010proteinligation-25112010 #477-502 RT: 7.7-8.0 AV: 26 NL: 6.26E2
T: ITMS + p ESI Full ms [300.00-2000.00]

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

m/z

0

20

40

60

80

100

R
e

la
tiv

e
 A

b
u

n
d

a
n

ce

930.0

901.2

960.8

874.1

993.8
848.5

824.4
1029.3

801.8 1067.3
1309.5 1371.71108.3780.1 1252.6 1440.2

759.9 1515.9
1600.0703.9 1694.1 1799.8656.5 1919.9 1967.6483.1 529.3379.5



��CB[8]��induced��heterodimerization��of��methylviologen��and��naphthalene��functionalized��proteins��

81��

6 References
��
1��D.��A.��Uhlenheuer,��K.��Petkau,��L.��Brunsveld,��Chem.��Soc.��Rev.,��2010,��39,��2817.��
2��D.��A.��Uhlenheuer,��D.��Wasserberg,��H.��Nguyen,��L.��Zhang,��C.��Blum,��V.��Subramaniam,��L.��

Brunsveld,��Chem.��Eur.��J.��2009��15,��8779�r8790.��
3��S.��Liu,��C.��Ruspic,��P.��Mukhopadhyay,��S.��Chakrabarti,��P.��Y.��Zavalij,��L.��Isaacs,��J.��Am.��Chem.��Soc.,��

2005,��127,��15959–15967.��
4��K.��Kim,��N.��Selvapalam,��Y.��H.��Ko,��K.��M.��Park,��D.��Kim,��J.��Kim,��Chem.��Soc.��Rev.,��2007,��36,��267�r

279.��
5��W.��Jiang,��Q.��Wang,��I.��Linder,��F.��Klautzsch,��C.��A.��Schalley,��Chem.��Eur.��J.��2011,��17,��2344��–��2348.��
6��P.��Mukhopadhyay,��P.��Y.��Zavalij,��L.��Isaacs,��J.��Am.��Chem.��Soc.,��2006,��128,��14093–14102.��
7��S.��Sun,��W.��Gao,��F.��Liu,��F.��Li,��J.��Fana,��Xiaojun��Peng,��Phys.��Chem.��Chem.��Phys.,��2011,��13,��570–

575.��
8��E.��A.��Appel,��F.��Biedermann,��U.��Rauwald,��S.��T.��Jones,��J.��M.��Zayed,��O.��A.��Scherman,��J.��Am.��

Chem.��Soc.,��2010,��132,��14251–14260.��
9��J.��Mohanty,��S.��D.��Choudhury,��H.��P.��Upadhyaya,��A.��C.��Bhasikuttan,��H.��Pal,��Chem.��Eur.��J.��2009,��

15,��5215��–��5219.��
10��Y.H.��Ko,��E.��Kim,��I.��Hwang��and��K.��Kim,��Chem.��Commun.,��2007,��1305–1315.��
11��U.��Rauwald,��F.��Biedermann,��S.��Deroo,��C.V.��Robinson��and��O.A.��Scherman,��J.��Phys.��Chem.��B,��

2010,��114,��8606–8615.��
12��W.��S.��Jeon,��E.��Kim,��Y.��H.��Ko,��I.��Hwang,��J.��W.��Lee,��S.�rY.��Kim,��H.�rJ.��Kim,��K.��Kim,��Angew.��Chem.��

Int.��Ed.��2005,��44,��87��–91.��
13��J.�rK.��Kang,��I.��Hwang,��Y.��H.��Ko,��W.��S.��Jeon,��H.�rJ.��Kim,��K.��Kim,��Supramol.��Chem.��2008,��20,��149��–��

155.������
14��Y.��J.��Jeon,��P.��K.��Bharadwaj,��S.��W.��Choi,��J.��W.��Lee,��K.��Kim,��Angew.��Chem.,��Int.��Ed.,��2002,��41,��

4474�r4476.��
15��R.��J.��Coulston,��S.��T.��Jones,��T.�rC.��Lee,��E.��A.��Appel,��O.A.��Scherman,��Chem.��Commun,��2011,��47,��

164�r166.��
16��P.��Rajgariah,��A.��R.��Urbach,��J.��Incl.��Phenom.��Macrocycl.��Chem.��2008,��62,��251–254.��
17��J.J.��Reczek,��A.A.��Kennedy,��B.T.��Halbert��and��A.R.��Urbach,��J.��Am.��Chem.��Soc.,��2009,��131,��2408–

2415.��
18��F.��Biedermann,��U.��Rauwald,��J.M.��Zayed��and��O.A.��Scherman,��Chem.��Sci.,��2011,��2,��279–286.��
19��L.M.��Heitmann,��A.B.��Taylor,��P.J.��Hart��and��A.R.��Urbach,��J.��Am.��Chem.��Soc.,��2006,��128,��12574–

12581.��
20��H.D.��Nguyen,��D.T.��Dang,��J.L.J.��van��Dongen��and��L.��Brunsveld,��Angew.��Chem.��Int.��Ed.,��2010,��49,��

895–898.��
21��H.�rJ.��Kim,��J.��Heo,��W.��S��Jeon,��E.��Lee,��J.��Kim,��S.��Sakamoto,��K.��Yamaguchi,��K.��Kim,��Angew.��Chem.��

Int.��Ed.,��2001,��40,��1526�r1529.��
22��J.L.��Vinkenborg,��T.H.��Evers,��S.W.A.��Reulen,��E.W.��Meijer��and��M.��Merkx,��ChemBioChem,��2007,��

8,��1119–1121.��
23��IMPACT™�rTWIN—purification,��ligation��and��cyclization��of��recombinant��proteins��using��self�r

cleavable��affinity��tags,��New��England��BioLabs.��
24��N.��Asakura,��T.��Hiraishi,��T.��Kamachi��and��I.��Okura,��J.��Mol.��Cat.��A��Chem.,��2001,��174,��1–5.��
25��R.��Jaouhari,��T.��Besheya,��J.H.��McKie,��K.T.��Douglas,��Amino��Acids��1995,��9,��327�r342.��
26��J.��J.��Reczek,��E.��Rebolini,��A.��R.��Urbach,��J.��Org.��Chem.,��2010,��75,��2111–2114.��



Chapter��4��

82��

��
27��L.��Zhang,��Y.W.��Wu,��L.��Brunsveld,��Angew.��Chem.��Int.��Ed.��2007,��46,��1798�r1802.��
28��H.��D.��Nguyen,��D.��T.��Dang,��J.��L.��J.��van��Dongen,��L.��Brunsveld,��Angew.��Chem.��Int.��Ed.��2010,��49,��

895��–898.��
29��O.��Keskin,��A.��Gursoy,��B.��Ma��and��R.��Nussinov,��Chem.��Rev.,��2008,��108,��1225–1244.��
30��A.��J.��Wilson,��Chem.��Soc.��Rev.,��2009,��38,��3289–3300.��
31��A.��González�rCampo,��M.��Brasch,��D.��A.��Uhlenheuer,��A.��Gomez�rCasado,��L.��Yang,��L.��Brunsveld,��J.��

Huskens,��P.��Jonkheijm��unpublished��results.��



�� Labeling��of��SNAP�rtag��fusion��proteins��with��supramolecular��ligands��

83��

���Š�ƒ�’�–�‡�”���w��
Labeling�� of�� SNAP�ætag�� fusion�� proteins�� with��
supramolecular��ligands��

��

Methods��to��selectively��and��efficiently��label��proteins��with��supramolecular��host�rguest��
molecules��are��crucial��to��establish��supramolecular��chemistry��as��a��tool��to��control��
protein��assembly.��In��the��previous��chapters��the��labeling��of��proteins��was��achieved��
using��expressed��protein�� ligation.�� In�� this�� chapter�� the��use��of�� the��SNAP�rtag�� is��
investigated��for��the��labeling��of��fluorescent��proteins��with��different��supramolecular��
ligands.��The��SNAP�rtag��technology��requires��fusion��of��the��protein��of��interest��with��the��
enzyme�� alkylguaninetransferase�� which�� reacts�� with�� molecules�� carrying�� an�� O6�r
benzylguanine��modification.��In��the��following,��the��conjugation��of��benzylguanine��to��

lithocholic��acid,���E�rcyclodextrin��and��a��bipyridine��discotic��and��their��subsequent��ligation��
to��fluorescent��proteins��will��be��discussed.��The��chemical��labeling��of��proteins��with��
supramolecular��elements��via��the��SNAP�rtag��approach��is��shown��to��be��rapid��and��
selective,��providing��new��chemical��approaches��to��generate��supramolecular��protein��
constructs.����

� � � �
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1 Introduction��
Methods��to��label��proteins��with��supramolecular��ligands��in��a��controlled��manner��are��of��
great��importance��as��can��be��seen��from��examples��in��the��recent��literature��where��
proteins��have��been��modified��with��supramolecular��elements1.��This��protein��labeling��is��
often��done��via��random��tagging��of��lysine��side��chains,��thus��not��providing��site��selective��
and��controlled��protein��modification2.��In��the��previous��chapters��the��functionalization��
of��proteins��with��different��host��or��guest��molecules��via��expressed��protein��ligation��was��
discussed.��This��approach��was��shown��to��allow��for��selective��modification��at��the��C�r
terminus��of��a��protein�rthioester��with��almost��any��supramolecular��element��that��is��
carrying��an��N�rterminal��cysteine.��However��there��are��certain��limitations��for��the��
application��of��expressed��protein��ligation.��For��example��the��frequent��need��for��thiol��
additives��to��the��ligation��mixtures��limits��its��use��to��proteins��that��are��stable��in��the��
presence��of��reducing��agents.��A��further��drawback��is��that��often��a��large��excess��of��
labeling��ligand��and��overnight��reaction��times��are��required��to��achieve��complete��
protein��functionalization.��In��this��chapter��the��use��of��the��SNAP�rtag��technology3��for��the��
labeling��with��different��supramolecular��structures��will��be��discussed��as��an��alternative��
approach��for��the��rapid,��easy��accessible��and��controllable��labeling��of��proteins��with��
supramolecular��elements.����

The��SNAP�rtag��is��a��commercially��available��genetically��encoded��protein��tag��that��has��
been��developed��in��the��lab��of��K.��Johnsson��for��the��labeling��of��proteins��with��different��
small��molecules,��both�� in��buffered�� solution��as��well��as�� in��bacteria,�� yeast��and��
mammalian��cells4.��The��21��kDa��SNAP�rtag��is��a��mutant��of��the��human��DNA��repair��enzyme��
alkylguaninetransferase5.�� It��has��been��engineered�� to�� react��specifically��with��O6�r
benzylguanine��(BG)��derivatives��carrying��a��ligand��of��interest��(see��Scheme��1,��top).��The��
benzyl��group��of��the��BG��derivative��is��transferred��to��a��cysteine��residue��in��the��active��site��
of��the��enzyme��to��covalently��label��the��protein��of��interest��with��the��ligand.��The��
enzymatic��labeling��reaction��has��an��efficiency��of��100��%��for��the��labeling��of��proteins��in��
buffer��and��proceeds��relatively��fast*,6��with��a��rate��of��3��x��104��M�r1��s�r1.��7��Over��the��last��
years,��the��SNAP�rtag��has��found��wide�rspread��application��in��different��research��labs.��The��
labeling��of��purified��SNAP�rtag��fusion��proteins��has��been��used��for��example��to��label��
antibody�� fragments8��and�� to��design��a�� fluorescent��sensor��protein��which��allows��
determining��changes��of��metabolite��concentration��by��measuring��FRET��efficiency9.��

������������������������������������������������������������������������������������������������������������������������

*��The��rate��constant��for��a��native��chemical��ligation��between��a��peptide�ralanyl�rthioester��and��a��
cysteine��peptide��in��the��presence��of��4�rmercapto��phenylacetic��acid��is��8.7��x��10�r2��M�r1��s�r1.��
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Purified��fusion��proteins��have��also��been��immobilized��on��different��BG��modified��
surfaces10,11.��These��applications��show��the��versatility��and��efficiency��of��the��tag��for��
labeling��purified��fusion��proteins.��However��a��great��advantage��of��the��SNAP�rtag��is��the��
possibility��to��use��it��also��for��intracellular��and��cell��surface��labeling12.��The��fusion��of��
targeting��sequences��allows��localization��of��the��SNAP�rtag��protein��in��the��cellular��
compartment��of��interest,��which��has��been��used��for��sensors��that��can��detect��varying��
concentrations��of��metal��ions��such��as��Zn2+��13��or��Ca2+��14.��The��addition��of��BG��dimers��to��
living��cells��leads��to��the��formation��of��covalent��protein��dimers��if��the��proteins��are��
located��in��the��same��cellular��compartment��and��can��as��such��be��used��to��probe��spatial��
proximity��of��proteins��in��the��cell15.��These��examples��show��that��the��labeling��of��proteins��
with��the��SNAP�rtag��allows��for��applications��in��buffered��solution,��on��surfaces��as��well��as��
potentially��in��the��cell.��It��is��therefore��an��attractive��method��to��use��for��the��labeling��of��
proteins��with��supramolecular��ligands.��

��

Scheme��1:��General��reaction��scheme��for��labeling��of��SNAP�rfusion��proteins��with��a��ligand��(top);��proteins��and��
ligands��to��be��conjugated��via��SNAP�rtag��labeling��(below).��

In��this��chapter��the��exploration��of��the��SNAP�rtag��technology��for��the��labeling��of��two��
fluorescent��model��proteins,��eCFP��and��eYFP��with��three��different��supramolecular��
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elements��(Scheme��1)��will��be��described.��These��molecules��have��been��chosen��because��
of�� their��different��properties��concerning��solubility��and��aggregation��behavior�� in��
buffered��solution��to��explore��the��compatibility��of��the��labeling��reaction��with��different��
supramolecular��structures.��First��the��synthesis��of��the��necessary��BG��conjugates��will��be��
shown��and��in��the��second��part��the��labeling��of��the��SNAP�rtag��fusion��proteins��with��the��
supramolecular��elements��will��be��discussed.����

2 Synthesis��of��benzylguanine��conjugates��

2.1 Synthesis��of��reactive��benzylguanines��
To��apply��the��SNAP�rtag��labeling��to��supramolecular��structures,��the��synthesis��of��O6�r
benzylguanine�r��conjugates��as��depicted��in��Scheme��2,��is��required.����

��

Scheme��2:��Synthetic��strategies��for��coupling��different��ligands��to��three��benzylguanine��building��blocks.��

For��the��conjugation��of��the��supramolecular��ligands��to��the��benzylguanine��moiety,��three��
different��approaches��were��chosen.��The��first��strategy��is��based��on��azide�ralkyne��click��
chemistry��and��starts��with��benzylguanine��4��that��can��react��with��an��azide��carrying��
supramolecular��ligand.��The��second��strategy��is��based��on��amide��coupling��of��O6�r(4�r
aminomethyl�rbenzyl)�rguanine��5��to��a��carboxylic��acid��on��the��supramolecular��ligand��
which��has��preferably��been��preactivated��as��NHS��ester.��The��last��method��is��based��on��
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amide��coupling��as��well��but��requires��an��amine��group��on��the��supramolecular��ligand��
which��can��then��be��reacted��with��benzylguanine��6��using��coupling��reagents��like��HBTU.��

The��synthesis��of��the��benzylguanine��building��blocks��416,��517,18��and��615��has��been��
described��in��literature��before.��The��synthesis��of��O6�rsubstituted��guanines��starts��from��6�r
chloro�rguanine��10��which��is��activated��as��quaternary��amine��to��have��a��better��leaving��
group��for��the��following��substitution��with��a��benzyl��alcohol��such��as��9��(Scheme��3).��The��
literature��procedure��for��compound��5��starts��with��activating��the��6�rchloro�rguanine��with��
1�rmethylpyrrolidine,��reporting��yields��between��66%18��and��79%10.��Here,��a��modified��
protocol��was��chosen��using��1,4�rdiazabicyclo[2.2.2]octane�� (DABCO)19��which��gave��
higher��yields��in��this��synthesis.��The��product��11��precipitates��from��solution��and��after��
washing��with��acetone��it��can��be��used��without��further��purification.��The��fluorescence��of��
the��DABCO�rpurine��allows��for��easy��detection��of��formation��and��conversion��of��11��by��
TLC,��which��was��another��reason��to��choose��this��activating��method.��For��the��synthesis��of��
alkyne��modified��benzylguanine��4��(Scheme��2)��the��literature��protocol16��could��be��
followed��using��the��DABCO��purine��instead��of��the��1�rmethylpyrrolidine��activated��
guanine.��For��the��synthesis��of��aminomethyl�rbenzylguanine��5��the��literature��route��was��
slightly��modified��to��the��route��depicted��in��Scheme��3.����

��

Scheme��3:��Synthesis��of��aminobenzylguanine��5.��

The�� aminomethyl�rbenzylalcohol�� 8�� was�� synthesized�� starting�� from�� 4�rcyano�r
benzaldehyde��via��reduction��with��1M��LiAlH4��solution��in��THF.��The��crude��product,��
containing��residual��salts,��was��used��without��further��purification��for��the��protection��of��
the��amine��as��trifluoroacetamide��following��a��protocol��from��Keppler��et��al.18��For��the��
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subsequent��coupling��of��9��to��an��activated�rguanine,��two��methods��were��described��in��
the��literature:��Either��deprotonation��of��the��alcohol��using��potassium��tert�rbutoxide4��or��
sodium��hydride��in��DMF18.��Here,��the��reaction��in��DMSO��using��sodium��hydride��and��
dimethylaminopyridine��(DMAP)��as��a��catalyst��worked��best.��The��reaction��was��then��
quenched��with��a��mixture��of��acetic��acid��in��water��which��prevented��hydrolysis��of��the��
trifluoroacetamide��during��the��workup.��The��product��12��could��be��purified��via��normal��
phase�� column�� chromatography�� and�� was�� deprotected�� in�� the�� next�� step�� using��
methylamine��yielding��pure��building��block��5.18��This��building��block��could��then��directly��
be��used��to��couple��to��NHS�ractivated��supramolecular��ligands��and��as��starting��material��
for��the��synthesis��of��carboxylic��acid��functionalized��benzylguanine��building��block��6.����
This��was��obtained��by��reacting��5��with��glutaric��anhydride15.��With��these��building��blocks��
in��hand,��different��supramolecular��ligands��could��now��be��coupled��via��amide��coupling��
or��azide�ralkyne��click��chemistry.����

2.2 Conjugation��of��lithocholic��acid��
The��first��supramolecular��element��that��was��conjugated��to��a��benzylguanine��was��
lithocholic��acid.��Lithocholic��acid��is��a��supramolecular��guest��that��forms��hydrophobic��

inclusion��complexes��with���E�rcyclodextrin��in��water.��Previously,��it��has��been��conjugated��
to��fluorescent��proteins��using��expressed��protein��ligation��(Chapter��2).��We��chose��it��
therefore��as��model��compound��for��a��hydrophobic��guest��molecule��that��would��allow��
the��properties��of��hydrophobic��benzylguanine��conjugates��to��be��studied��during��the��
synthesis��and��the��ligation��to��the��fluorescent��proteins.����

From��previous��work��it��was��known��that��modification��at��the��C3�rhydroxyl��group��does��

not�� affect�� the�� affinity�� to�� the�� host�� molecule�� �E��cyclodextrin20.�� Two�� different��
conjugates,��16��and��19,��varying��in��the��linker��length��between��the��steroid��and��the��
benzylguanine��were��synthesized��(Scheme��4).��In��both��cases��N�rhydroxysuccinimide��
ester��derivatives��of��1��were��coupled��to��amine�rbenzylguanine��5.��To��avoid��side��
reactions��of��the��free��carboxylic��acid��of��lithocholic��acid��1��during��the��synthesis,��the��
carboxylic��acid��was��protected��as��a��methyl��ester��first��(13).��Then��the��succinimide��ester��
of��the��C3�rhydroxyl��was��formed��using��disuccinimidylcarbonate��(DSC)��in��a��mixture��of��
triethylamine,��chloroform��and��acetonitrile��as��described��before21.��For��the��synthesis��of��
the��derivative��without��the��linker,��benzylguanine��5��was��directly��reacted��with��14��in��
DMSO��using��triethylamine��as��base.��The��crude��product��was��purified��via��column��
chromatography��and��in��the��last��step��deprotected��using��lithiumhydroxide��in��a��mixture��
of��water��and��methanol��yielding��lithocholic��acid��conjugate��16.����
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��

Scheme��4:��Synthesis��of��two��lithocholic��acid��conjugates��via��amide��coupling��using��building��block��5.��

Analogously,��the��second��lithocholic��acid��derivative��19��with��a��short��ethyleneglycol��
spacer��was��prepared.��Succinimide��ester��14��was��reacted��with��4,7,10�rtrioxatridecane�r
1,13�rdiamine��to��compound��17��which��was��again��activated��as��a��succinimide��ester��using��
DSC��and��directly��used��in��the��next��step.��Coupling��of��the��NHS�rester��to��aminomethyl�r
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benzylguanine��5��was��performed��in��DMF��in��the��presence��of��triethylamine��followed��by��
column��chromatography��to��yield��pure��18.��The��deprotection��of��the��methylester��was��
done��as��described��for��the��previous��lithocholic��acid��conjugate.��

The��successful��synthesis��and��purification��of��the��two��lithocholic��acid��derivatives��shows��
that��coupling��of��benzylguanine��5��to��activated��NHS��esters��in��DMSO��can��be��applied��for��
the��conjugation��of��hydrophobic��guest��molecules.��The��choice��of��the��high��boiling��
solvent��DMSO��is��required��to��dissolve��the��aminomethyl�rbenzylguanine��5��which��is��only��
poorly��soluble��in��most��organic��solvents.��Purification��of��the��conjugates��was��possible��
via��normal��phase��silica��chromatography��after��adsorbing��the��crude��products��on��silica��
gel��or��another��inert��carrier��substance.��This��method��should��be��adaptable��for��other��
hydrophobic��guest��molecules.��In��the��next��step,��the��behavior��of��the��two��different��
derivatives��in��the��labeling��of��the��proteins��is��to��be��investigated.����

2.3 Conjugation��to���E�rcyclodextrin��
The��second��supramolecular��element��that��was��conjugated��to��benzylguanine��was���E�r

cyclodextrin.���E�rcyclodextrin��is��a��supramolecular��host�rmolecule��that��forms��inclusion��
complexes��with��various��hydrophobic��small��molecules��in��aqueous��solution22.��The��
hydrophobic��inclusion��complex��with��lithocholic��acid��has��already��been��investigated��
(chapter��2).��Therefore��it��was��chosen��as��a��model��compound��for��a��water��soluble��host��
that��was��functionalized��via��azide�ralkyne��click��chemistry��with��building��block��4.����

The�� synthesis�� of�� monofunctionalized�� �E�rcyclodextrin�� (CD)�� started�� from�� mono�r
tosylated��CD��20��which��was��synthesized��from��CD��2��and��tosylimidazole23��(Scheme��5).��
The��mono�rtosylated��CD��was��then��reacted��with��an��excess��of��sodium��azide��to��yield��a��

mixture��of��CD��2��and��mono�razido�r�E�rcyclodextrin��21��following��a��literature��procedure24.��
The��separation��of��the��hydrolyzed��starting��material��2��and��the��product��21��was��not��
successful��and��the��mixture��was��directly��used��in��the��next��step.��For��the��click��reaction��
between��the��azide�rCD��and��the��alkyne�rbenzylguanine��4,��DMF��was��chosen��as��a��solvent��
to��dissolve��the��benzylguanine.��There��are��examples��in��the��literature��where��CuI�r
catalyzed��click�rchemistry��has��been��used��to��functionalize��cyclodextrins��in��DMF25.��
Copper��sulfate��was��used��here��in��stoichiometric��amounts��as��CuII��salts��are��known��to��
associate��with��the��secondary��face��of��CD.��After��reacting��for��two��weeks,��formation��of��
the��product��was��observed��in��the��MALDI�rToF��spectrum��and��the��reaction��was��stopped.��
Reasons��for��the��slow��conversion��might��be��the��low��solubility��of��the��reactants,��
complexation��of��the��copper��catalyst��and��the��benzylguanine��as��well��as��the��impure��
starting�� material�� containing�� CD�� 2.�� The�� crude�� product�� was�� then�� isolated�� by��
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precipitation�� in��acetone.��Purification��via��normal��phase��silica��column��was��not��
successful��but��the��product��could��be��isolated��in��pure��form��via��reversed��phase��HPLC.��
Even��though��the��reaction��conditions��and��especially��the��synthesis��of��the��starting��
material��can��still��be��optimized,��an��easy��way��of��purifying��BG�rmodified��CD��was��thus��
found.��Analysis��of��the��obtained��CD��product��by��NMR��turned��out��to��be��difficult,��which��
is��most��probably��due��to��partial��complexation��of��the��BG��in��the��cavity��of��the��CD.��It��
should��be��noted��that��such��supramolecular��shielding��of��the��BG��might��have��an��
influence��on��the��ligation��to��the��fluorescent��proteins��which��will��be��described��later.����

��

Scheme��5:��Synthesis��of��a��benzylguanine�rcyclodextrin��conjugate��via��click��chemistry.��

2.4 Conjugation��to��bipyridine�rdiscotic����
As��a��last��example��for��the��conjugation��of��BG��to��a��supramolecular��element,��the��discotic��
molecule��23,��depicted��in��Scheme��6,��was��selected.��The��discotic��monomers��3��are��
known�� to�� reversibly��assemble�� into��columnar��supramolecular��polymers��at�� low��
concentrations��in��water26.��The��attachment��of��ethylene��glycol��chains��makes��them��
suitable��for��biological��applications��as��they��ensure��water��solubility��and��reduce��
unspecific��interaction��with,��for��example,��proteins.��It��has��already��been��shown��that��
proteins��can��assemble��along��these��supramolecular��columns��in��buffered��solution27.��
Therefore��discotic��molecules��of��structure��3��were��chosen��as��a��model��system��for��a��
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supramolecular��polymer��that��was��to��be��labeled��with��proteins��via��the��SNAP�rtag��
technology.����

Previous��work��on��protein��assembly��was��done��with��a��C3�rsymmetric��discotic��molecule,��
where��each��discotic��carried�� three�� ligands�� for��protein��binding27.��Here,�� the��C2�r
symmetric��discotic��23��carrying��one��amine��group��for��functionalization��was��selected��
(Scheme��6).��Reducing��the��number��of��protein��ligation��sites��from��three��to��one��should��
facilitate��the��protein��ligation��and��prevent��formation��of��complex��mixtures.��

��

Scheme��6:��Synthesis��of��a��benzylguanine��discotic��conjugate.����

Discotic��23��was��synthesized��by��Katja��Petkau28��in��our��group��and��could��directly��be��
coupled��to��benzylguanine��building��block��6��in��dimethylacetamide��(DMA)��using��HBTU��
and��DIPEA��(Scheme��6).��The��high��boiling��solvent��DMA��was��necessary��to��dissolve��
compound��6.��For��a��complete��conversion��of��23,��an��excess��of��BG��6��was��used��which��
resulted��in��a��mixture��of��product��24��and��benzylguanine��builing��block��6.��Purification��of��
the��mixture��was��necessary��as��both��the��starting��material��and��the��product,��could��react��
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in��the��subsequent��labeling��reaction��with��the��protein.��Making��use��of��the��difference��in��
molecular��weight,��the��product��was��separated��from��the��BG��starting��material��via��size��
exclusion��chromatography��in��DMF.��This��material��could��then��be��used��for��reacting��
proteins��with��a��supramolecular��polymer.����

3 Labeling�� of�� AGT�r��fusion�� proteins�� with�� supramolecular��
elements��

3.1 Purification��of��AGT��fusion��proteins����
The��fluorescent��protein��FRET��pair��consisting��of��eCFP��and��eYFP��was��chosen��as��a��model��
system��to��study��the��applicability��of��the��SNAP�rtag��technology��for��labeling��proteins��
with��supramolecular��elements.��Previously��these��proteins��have��been��labeled��with��
supramolecular��host��molecules��and��guest��molecules��via��expressed��protein��ligation��
(Chapters��2�r4).��The��use��of��the��same��proteins��for��the��labeling��with��the��SNAP�rtag��will��
thus��allow��for��an��easy��comparison��of��the��two��labeling��techniques.��The��SNAP�rtag��was��
fused��to��the��C�rterminus��of��the��fluorescent��proteins.��Two��purification��tags,��the��Strep�r��
and��the��His�rtag��were��also��introduced��to��allow��for��purification��of��both��the��expressed��
protein��as��well��as��the��protein��after��the��labeling��reaction.��Both��constructs��were��
designed��and��cloned��by��Dr.��Hoang��Nguyen.��The��proteins��were��expressed��in��E��.coli��
BL21��and��purified��via��the��His�rtag��using��Ni�rNTA��affinity��chromatography��with��yields��of��
typically��20��mg��protein��per��liter��of��culture��medium.��Purity��and��integrity��were��
confirmed��by��SDS�rPAGE��(Figure��1)��and��LC/MS.����

3.2 Labeling��with��host�rguest��molecules��
For��the��labeling��of��purified��SNAP�rtag��fusion��proteins,��the��proteins��were��incubated��in��
phosphate��buffer��at��37��°C��for��30�r90��min��with��two��to��four��equivalents��of��the��BG�r
conjugate.��The��labeling��worked��at��dilute��protein��concentrations��of��1�r20��µM.��This��was��
especially��important��for��hydrophobic��guest��molecules,��as��labeling��was��possible��
despite��the��low��solubility��of��the��ligands.��In��Scheme��7��the��labeling��reaction��of��YFP�r
SNAP��with��lithocholic��acid�rBG��16��is��depicted.��The��lithocholic��acid��derivative��was��
dissolved��in��methanol��and��subsequently��added��to��the��protein��solution.��After��30��min��
incubation��time,��complete��labeling��of��the��proteins��was��observed��and��excess��ligand��16��
was��removed��by��exchanging��the��buffer��several��times.��The��second��lithocholic��acid��
conjugate��19��was��reacted��analogously��with��a��SNAP�rfusion��protein.��The��purity��of��the��
conjugates��was��confirmed��by��SDS�rPAGE��(Scheme��7)��and��LC/MS��(Figure��1).����
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��

Scheme��7:��Labeling��of��YFP�rSNAP��with��lithocholic��acid�rbenzylguanine��conjugate��16;��SDS�rPAGE��before��and��
after��ligation��of��CFP��and��YFP��to��16.����

However,��the��mass��of��the��observed��ligated��product��was��in��each��case��between��16��and��
32��Da��too��high.��The��same��mass��increase��was��observed��for��different��ligands��such��as��
cyclodextrin��22��and��other��ligands,��which��will��be��described��in��the��following��chapter.��
This��mass��increase��is��most��probably��caused��by��one�r��(16��Da)��or��twofold��(32��Da)��
oxidation��of��cysteine��or��methionine��residues��in��the��protein.��The��SNAP�rtag��contains��
several�� cysteines18�� including�� the�� catalytically�� active�� cysteine�� which�� forms�� the��
thioether��bond��to��the��benzyllinker��on��the��ligand��of��interest��(Scheme��7).��The��
concentration��of��DTT��in��the��mixture��was��increased��to��prevent��oxidation,��but��the��
higher��masses��were��still��observed��in��the��LC/MS.��Control��ligations��were��performed��
where��the��protein��was��kept��under��the��same��conditions��as��during��the��ligations��but��
without��the��BG��derivative.��The��results��showed��that��the��protein��itself��is��stable��under��
these��conditions.��The��difference��between��the��protein��before��and��after��the��ligation��is��
the��newly��formed��thioether��bond��that��links��the��cysteine��of��the��SNAP�rtag��to��the��
benzyllinker��of��the��label.��An��oxidation��of��this��benzylic��thioether��is��a��very��plausible��
explanation��for��the��mass��increase.��However��oxidation��of��this��thioether��should��not��
have�� a�� negative�� influence�� on�� the�� behavior�� of�� the�� conjugate�� in�� host�rguest��
experiments.����

Overall��it��has��been��shown��that��the��labeling��of��proteins��with��the��hydrophobic��guest��
molecule��lithocholic��acid��works��rapidly,��efficient��and��completely��in��buffered��solution.��
Compared��to��the��previously��used��expressed��protein��ligation,��this��is��an��important��
improvement,��as��with��the��SNAP�rtag��technology��the��protein��is��rapidly��and��completely��
labeled��and��no��detergent��is��necessary��for��dissolving��the��lithocholic��acid��reactant.��
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Labeling��with��the��host�rmolecule��cyclodextrin��has��also��been��performed��successfully��
and��complete��ligation��was��achieved��using��a��lower��excess��of��cyclodextrin��than��was��
required��for��expressed��protein��ligation��(see��experimental��section).��

��

Figure��1:��LC/MS��of��ligation��of��CFP�rSNAP��to��lithocholic��acid��benzylguanine��conjugate��19.����

3.3 Labeling��with��a��supramolecular��polymer��
To��study��the��labeling��of��a��supramolecular��polymer��with��proteins,��bipyridine��based��
discotic��molecules��3��and��24��were��chosen.��These��discotics��are��known��to��form��
columnar��supramolecular��polymers��at��low��concentrations��in��water29.��Previously,��the��
assembly��of��proteins��along��a��supramolecular��wire��of��discotic��molecules��such��as��3��was��
investigated��using��the��binding��of��fluorescently��labeled��streptavidin��to��biotinylated��
discotics27.��These��studies��showed��that��the��binding��of��proteins��to��the��supramolecular��
polymer��allows��proteins��to��interact,��i.e.��show��FRET.��However,��detailed��investigations��
concerning��the��dynamic��properties��of��the��supramolecular��polymer�r��protein��system��
and��the��influence��of��multivalent��binding��of��streptavidin��are��highly��desirable.��The��
monovalent��and��covalent��modification��of��the��discotics��with��one��protein��would��allow��
for��these��types��of��investigations.����

The��results��of��the��first��ligation��experiment��with��a��3�rfold��excess��of��BG�rdiscotic��24��
performed��for��1��h��at��37��°C��are��shown��in.Figure��2.��The��LC/MS��shows��that��more��than��
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50��%��of��the��protein��has��been��functionalized��but��that��the��labeling��did��not��go��to��
completion.��This�� is�� not�� surprising��and��actually�� anticipated�� since�� the�� stacking��
properties��of��the��discotics��lead��to��steric��hindrance��and��concomitant��to��problems��
during��the��labeling��reaction.��Considering��the��50��kDa��protein��mass��in��comparison��with��
the��3.5��kDa��supramolecular��scaffold,��the��50%��reaction��yield��indicates��a��highly��
protein�rdecorated��supramolecular��polymer.����

��

Figure��2:��TIC��MS��chromatogram��of��the��ligation��of��benzylguanine�rdiscotic��to��YFP�rSNAP.��

To��prevent��problems��due��to��steric��hindrance��and��increase��the��distance��between��the��
proteins��along��the��supramolecular��wire,��mixtures��of��reactive��discotic��24��and��inert��
discotic��3��were��prepared.��These��mixtures��should��form��self�rassembled��stacks��with��
inert��discotics��as��spacers��between��the��reactive��discotics.��The��concentration��of��24��was��
kept��constant��and��a��5��and��50��fold��excess��of��the��inert��discotic��were��used��in��the��
following��labeling��reaction.��Unfortunately,��this��did��not��lead��to��higher��conversion��of��
the��protein.��Therefore,��further��studies��were��performed��to��gain��insight��into��the��
labeling��of��the��supramolecular��polymer��using��fluorescence��spectroscopy.������

��

Scheme��8:��Labeling��of��YFP��with��mixtures��of��benzylguanine��discotic��24��and��inert��discotic��3.����
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