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S mmary of Contents

Supramolecules such adigarenes, cucurbiturilandfoldamers are rapidly emerging
astoolsfor protein assemblyThisthesis builds ompast successwith some ofthese
scaffolds.Previously, sulfonataalix[4]arenewas shown taecognize and assen®l
the lysinerich cytochromec (cytc).! Here, we tested calix[4]arenes with different
upper or lower rims. Aphosphonatomethylderivative demonstrated enhanced
selectivity for lysiné whereas a lower rimoxomethytarboxylate yielded a
honeycomb networkof cytc.> A cmmparisonof these structures highlighted how
different substituentsalter therecognitionandthe assemblyinducing behaviourin
related experiments a corystal structure revealed aurprising assembly of
sulfonatocalixB]areneanda cationic porphyrirf

Inspired by the interactions of calixarenes with @yt the sulfonate
calix[4]arene (n= 4, 6, 8) series wascegstallized with aother cationicprotein ¢ the
small antifungal protein fronPenicillium(PAF) It wasan exciting and aewarding
project to solve the crystastructure of PAF for the first timeX-ray and solution
state studies enabled us to compare the influence of increasing calixarene size and
charge on recognition and assembly.

Another interesting project was to elucidatrystallographicallyhe protein
binding of atether-free foldamer® The complex of a quinoline foldamer and @yt
yielded a remarkable biohybrid assembly with chiral resolution of the foldamer helix
handednessNMR and CD experiments suggektlifferences in the solution state

recognitian processes.
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Introduction

Proteirs areubiquitous andthe mostversatile building bloclkcross all life form?
Theirrole in modulating dynamic cellulgrocessesas well agnaintaining functional
and structural integrityis imperative forthe living celP* Nature employs a bottom
up approachto constitute proteins (transcription and translationin which usually
the primary structure determines the tertiary structure®>® and higher order
guaternary structure®ccurviahomo- (collagenpr hetero- (hemoglobin)pligomeric
assembly:® Non-covalent interactios between the monomes serveto stabilize
these structures:® Compared to a single protein unit, sasembled structures
exhibit improved stability, mechanical strengtmd better regulation of function/
biological activity’® Thus,strategies to achieve a similar level of complexity and
sophistication in fabricated protein nanostructures has been a major resdéaccis

of recent decades.

Owing to their biocompatibility andafety,proteinsare attractive candidates
for biomedical application!®*? Various proteirdbased materials have been designed
that rely on potein engineering fusions!*'® metaklcoordinatiort’ or coiled-coil
subunits® that yield unique architectures The us of sipramolecuér ligandsto
fabricate protein assembliess a rapidly emerging fieldThe ease of synthesis and
availability of a range of customizations offer vast possibilities in structural design
that can be explored with different proteingzor exanple, synthetic receptors
includingcalixarena,®29 cucurbiturils?! pillararenes’? and molecular tweeze?fdas
well as ligands such as foldam&rare useful builing blocks to direct different types

of proteinassembly

Protein struture determination

Advances in bioinformatics, biotechnology and analytical tool® lemhanced
the understanding of protein structures, folding and interactiéh® However,
protein structure determinatiorremains pivotal to elucidate how proteins mediate

their function>?7 X-ray crystallography®solution- and solidstate NMR2®° as well



Introduction

as cryeElectron Microscopithave significantly promoted structardetermination

of numerous proteins. Xay crystallography alone accounts feB0 % of the
structuresin the Proein Data Bank (PDBHowever,the stochasticityof obtaining
diffraction-quality crystal&’ rendersthe crystallization process major bottlereck to
structure determination?3® Numerous strategies have been developed to
overcome he crystallization bttleneck. Protein truncation’* lysine mutagenesis
methylation® protein fusion3® and chaperors®’ haveimproved crystallization of
variousrecalcitrantproteins. Highthroughput gene synthesand automated protein
purificationand crystallization (stictural genomicshasfacilitated the discoveryof
WONRBAGI Tt A&l of3&BpaddliRairs scrgensy@ryadelit Ndizsibie o ¢
screenhundreds ofcrystallization conditions within a short time sp&nClassic
seeding or microseed matrix scrdag (MMS) technique have also been used to
promote / optimize crystal growtt{>44 In parallel to these approaches, the use of
additives or small molecules & a A t @ SiNdhedcdgtalifiioa mikas had some

succesin protein crystallization>47

Wa 2 f Sgb diAS 14 K

Crystallization additives are typically smampounds beang multiple polar /
charged groupsvhichcaninteract(hydrogen lmnds/ salt bridgesyvith two or more
neighbouringproteins#>481n recent years, this approach was extied tosynthetic
receptors / ligandsthat are significantly larger than the original additivdsor
example calixarened?2%%857 cucurbiturils?258>° molecular tweezers6961 and
others have been investigate(Figure 1 Table ). Their structuralframework
(hydrophobic cavitynd polarsubstituents) allowshe receptorsto establish a wide
range of noncovalent interactiongprotein recognitior) and intermolecular contact
formation (assembly / crystallizationyith the protein Theseligandbound regions
on the protein surfaced SKI @S | & Wa Gférnd jnterfaded WithitkeS & Q G 2
surroundingproteinsand dictate assembly thusgiving rise to the namé&holecular
glue®?®4 ¢ KS &S w3t dzSaqQ OFy 68 SYLgesat SR {2
chemistries’14881 recognition mode,®® supramolecular assembli@$porous

3
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frameworks!® or to improveresolution®® Further, functionaliation of the scaffold
offers the benefit of tailoed interactionswith the protein of interestThese ligands
can beeasilysynthesied and/or are commercially availableT@ble Al; Appendjx
While the differences in structural framework, conformation, chargee, and
solubilitydiversify these compounds, their ability to promote protpiotein

interaction / crystal growth unifies thra.

Anionic OH Neutral Cationic

SO,

sclxn CD, CB» Th-Xo4
Figure 1.Representative molecular glues highlighting the diversity of chemical

structures.

Here, 15 categories of glues and their representative examplesdaeussed
briefly (Table ). Thefocusis on Xray crystal structuresn the Protein DataBank
(PDB) where the ligandvas cacrystallized with theprotein. Protein ¢ ligand

complexes obtained by soaking have been omitted.

Table 1:X-ray crystal structures of molecular glggrotein assemblies.

Ligand and MW (Da) Ligand Protein PDB Ref
code code
calixarenes
sulfonatocalix[4]areng745) T3Y cytc 3TYI 48
lysozyme 4PRQ 49
lysozymeKme 4NO0J 50
PAF 6HA4 55
bromo-sulfonato-calix[4]arene 6VB cytc 5LFT 52
(743)
phenytsulfonatocalix[4]arene 6VJ cytc 5KPF 52
(741)
phosphonatomethiscalix[4]arene  8TE cytc 5NCV 53
(800)
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Oxomethylcarboxylatsulfonato LVT cytc 6SWY 57
calix[4]areng(1076)
phosphonatecalix[6]arene {117) 7AZ cytc 5LYC 51
sulfonato-calix[6]arene 1117) FWQ PAF 6HAH 55
cytc 6RGI 56
sulfonato-calix[8]aren€1489) EVB cytc 6GD9 19
PAF 6HAJ 55
sulfonato-calix[4]Jarenenono- BAT cytc 6EGY 54
PEG (1508)
sulfonato-calix[4]arene dPEG B4X cytc 6EGZ 54
(1918)
18-crown-6 (264) 04B Pinl 3WHO 75
hemoglobin SWHM 75
DNA mimic protein DMP1! 3WUR 75
farnesyl difnosphate 5HXP 76
synthase
PI13kinase C2 domain 6BTZ 77
biofilm scaffolding protein  4BEI 78
RbmA
cryptophane A(1423) 1CR carbonic anhydrase Il 3CYU 82
cucurbituril
cucurbit[7]uril (1163) QQ7 insulin 3Q6E 58
lectin RSIKme 6F7W 21
cucurbif8]uril (1329) C8L adapter 143-3 and 5N10 59
peptide
cyclodextrins
h-cyclodextrin(973) ACX starch bindingSusE 4FEM 93
I -cyclodextrin(1135) BCD starch bindingSusD 3CK7 92
foldamers
quinoline oligoamidel337) Q4l carbonic anhydrase Il 41P6 100
5LVS 101
6Q9T 102
sulfonated quinoline oligoamide LOT cytc 6S8Y 24
(2060)
fullerene
C60 pyrrolidine trisacid 60C designed coiled caoill 5ET3 103
lanthanide complexes
Eudipicolinate PDC lysozyme 2PC2 104
thaumatin 2PE7 105
Th-crystallophore(556) T™MT bacteriophage tail protein  5MF2 108
pb9
diiron flavoprotein (FprA)  6FRN 66
Lysozyme 6F2I 66
protease 1 6F2F 66
molecular tweezerg727) 9sz adapter 143-3 50EG 60
adapter 143-3 and 5M36 61
peptide
naphthalene sulfmates
orange Q4098 ORA amyloidi LIS LJGi/; 30VJ 110
ponceau S (673) Qv7 pyruvate kinase 3QVv7 112
suramin (1297) SVR myotoxin I 1Y4L 113
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sirtuin homolog 5 2NYR 114
RNA polymerase (RdRp} 3URO 115
ecarpholin S 3BJW 116
chromodomain CBX7 4X3U 117
myotoxin | 6CE2 118
polyoxometalates
12-polytungstate (2848) E43 hydrolase NTPDasel 4BVO 123
Zr(IV)substituted Keggiii2769) ZKG lysozyme 4XYY 125
hexatungstotellurate (1615) TEW mushroom tyrosinase 40UA 129
aurone synthase 4712 130
HSP70 nucleotide binding 6G3R 131
domain
polyphosphates
inositokhexakisphosphates@0) IHP HI\A1 Gag protein 6BHR 134
PHTH module of Btk 4Y94 137
arrestin-3 5Tv1 138
DEADBbox ATPase 3RRN 139
porphyrins
tetrasulfonatophenylporphyin SFP concanavalin A 1IN2 142
(939)
jacalin 1PXD 143
peanut lectin 1RIR 144
uroporphyrinogen 11{831) UP3 uroporphyrinogen I 3D8N 145
synthase
pyrene derivatives
pyrenetetrasulfonic acid522) PTK pyruvate kinase 31S4 148
methoxypyrenetrisulfonic ~ acid 2M9 antibody (Fab) 4NJ9 159
(472)
pyrenylacetamide (273) JPY adenylate kinase 3X2S 150
rhodamine-sugar conjugates
rhodaminemannose conjugate R3M ConcanavalirA 4POW 151
(820)

Calix[n]arene§’ are weltestablished as supramolelew building block$§86° The
possibility of customing these moleculesnakes themexcellent candidates for
molecular recognitiod®’® In particulay the anionic water soluble
sulfonatocalix[n]arenes s€lx,)19:204850525456hgve  widely demonstrated #ir
potential to recognizelysine and arginines on thprotein surfaces and induce
assembly. The first complex sty with cytc highlighted the participation of the
ligand in numerous nowgovalent interactions at the proteig protein interface?®
Different calixarenefunctionalizationshave beenexploredsince thento determine

the effect of substituents on recognition and assembly. For example, replacement of

one sulfonate group with bromo or a phenyl group caused no significant changes in
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recognition®? On the other hand, a new binding site onewas identified when the
upper rim was functionalized with phosphonatomethyl gro@@gapter 3°3 or the
sclxlower rim wasPEGylated? Compared to these calix[4]arenes, an cat@onic
derivative of sch with oxomethylcarboxylates at the lower rim induced a
honeycomb network of cyt(~75 % solvent contentChapter2)®’ which resembled
that generated bysclx in complex with cyt (~65 % solvent content}® In the latter
case, the crystastructure reveald the ability ofsclx to stabilize gpartially unfolded
loop. Thideature suggesta role for calixarenes as a trap to capture unfolded or
intrinsically disordered protein. In contrast toscls, phosphonatecalix[6]arene
(pclxs) facilitated a2 symmetic dimer of cyt.>! Compared to these ligands the
conformationally flexiblesclx behaved quitedistinctly with cyt (Figure 2D and
3D)¥ It was able to auteegulate the assembly and disaasembly of a tetramer
without the requirement of a competitive guesholecule. Remarkablgclx was able

to induce a higkporosity crystalline framework 85 % solvent content).
Furthermore, floppiness of the ligand enablew®iimould to the protein surface and
form large interfaces+550 &) as a demonstration of (Ya2 Y5 Odzf I NJ I € dzS Q
Also, it was interestingp learnthat these porous cyt¢ sclx assemblies could be

modulated by tle presence of an effector ligarfd.

In addition to cyt, sclx mediated recognition and assembly of other cationic
proteins incliding lysozyme (tetramet) and dimethylated lysozyme (dime®.
Recently,sclx, sclx and sclx demonstrated their abilityto facilitate the crystal
packing in a small antifungal protein froRenicillium(PAF)for which no crystal
structure was reportedChapter 4).>° Pure PAF failed to yield ftédiction-quality
crystals. Thee crystal structures highlight the role stibstituents, charge, and ring

sizein influendng protein recognition and assembly.

Crown ethersare small cyclic polyethers used as alfdiive to enhance protein
rigidity, and stability. For exampl&8-crown-6 has been employed for promoting the

crystal growth of a wide range of proteis’8 Similar compounds such agclen’®
7
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(aza analogue of 1@rown-4) andcyclanf® havealso been tilized as crystallization

agents.

Cryptophaned: & W O a(fikéndnyioSiNdsed forbiosensing! The compleof
this ligandwith human carbonic anhydraq@iCAlllustrates its ability to target the
active site of the proteinAlso, its role in cryal packing was evidenby its

participation in establishing crystal conta@ét

Cucurbit[n]urils(CBn) are donutshapedmolecules composed of glycoluril units (n =
5 to 8) linked by methylene bridges (Figuré3Jhe cyclic urea (of the glycoluril) and
the methylene groupsform the hydrophobic cavitywhereasthe carbonyl groups
decorate both the portals. While the low aqueous solubilityC@&6restricts its broad
application,CB7and CB84%have been used extensivel§yConsidering molecular
recogniion, the small cavity o€B&avours entrapment of an alkyl chain (1:CB7s
able to host one aromatic group (1:1) wheré&z88can host up to 2 aromatic guests
(1:1:1 or 1:2¥%8" For exampleCB7encaged a Merminal phenylalanineof insulir?®
whereas the largerCB8in complex with 143-3 adapter protein facilitatd
dimerization. Moreover, with a larger cavity (relative @7 CB8accommodate
two N-terminal phenylalaninegroups®® In contrast, the complexation d€B7to a
dimethylated RSL illustratl CBbinding to a surfacexposedysinelocated on a loop
region (Figure 2B and 3B)ere,CB7facilitated a cagdike assembly similar to that
of ferretin. In these caseshape and charge complementarity between the host and
the guestplay an esseri role in protein binding® Perhaps, the entrapped waters
within the CBcavity also contribute towards proteig ligand interaction as the

release of waters (on guest complexation) yields complexes with higher affifities.
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Figure 2.Supramoleclar protein assemblies exemplified by crystal structureg)f

h -cyclodextrin and a starehinding protein (PDB 4FENF)(B)cucurbit[7]uril clusters
with a trimeric lectin (PDB 6F7\&)(C)suramin andsitruin homolog §PDB 2NYR)*

(D) sulfonatocalix[8]arene and cytochrome (PDB 6GD6Y (E) porphyrin dimers
with jacalin (PDB 1PXB?Y, (F) dimers of arhodaminemannose conjugate and
concanavalirA (PDB 4P9W5! (G)polyoxotungstatenith HSP70 nucleotide binding
domain (PDB 6G3F). (H) crystallophore dimer with a dion flavoprotein (PDB
6FRNY? Independentprotein chains in the asymmetric unit are rendered as grey,

dark grey, cyan, or pale cyan ribbons. Ligands are shown as spheres.

Cyclodextrins (CD, are donutd K LJSR Y2t SOdz S& Of-CiaAxFfFASR |
RSLISYRAY3I 2V (4,4 fnked dixcapBandse sEibuhits (Figuré&They

are simiarto CBs in their shape and size but structural features distinguish tPem.

For example, OH groups @Dmainly interactvia hydrogen bonds, whereas @B

the carbonyl groups participate in charggole interaction in addition to hydrogen

bonds. Furthermore, in contrast t63s, CBare symmetrical owing to thalentical

opening. Currently, cyclodextrins anet employed as nucleating agents. However,

thel aaSYofé& Tl OA-CDafithelirBeRacedad statch ®ildihgisystems
ddz33Sada G§KSANI Fdzi dzZNB  LI2 (0 S¥nithebetstruttdresA y G SNF I OS

hydrogen bond interactions are the apparent mode of recognition (Figure 3A).

Foldamersare supramolecules witla propensity to form staly-folded architectures

in solution®% ¢ KAa FSIFGdZNE O2Y0AYSR g-helixknakie K SA NJ NB &S
them attractive candidatesfor protein recognition?®® The helical aromatic

oligoamides haw become popular owing to thestability, fold predictability and

ease of synthesis / functionalizatioromatic foldamersbased on8-amino-2-

quinoline carboxylicacid have been customized with amino acid analogues to

enhance biocompatibility®® Also, atether functionality has been utilized to

accomplish protein recognitio’®°? Recently, binding of a tethdree quinoline

oligoamide to cyt was achievedChapter 5.2 Chargecharge interaction appeared
10



Introduction

to facilitate protein interactions. This corlgx betweenthe globular positively
charged protein and a helical anionic synthetic ligaugdgestd the potential of

quinolinebased foldamers to generataohybrid assembly

Fullerene(Gso) directs the assembly of @oiled coilpeptide to yield a hongcomb
architecture. Thalominant irteraction in the complex appeareld be mediated by
the fullerene wedged between twayrosine residus provided bythe adjacent

tetramers103

Lanthanide complexesAnionic organic chelates, rich in oxygen donomgsoare able to
entrap lanthanide cations (BH and rigidify the chelating ligand. A complex of
tris(dipicolinate) and europium lanthanide was demonstrated to interact with proteias
electrostatt interactions®41% Functionalization of the tris(dipolinate) with alkyl groups
resulted in stronger protein interactigrand in one case identified a new binding mdée.
Recent works have highlighted the use of the maadionic crystallaphore(Tb-Xa,) for
mediating protein recognition and assemB#°8This ligand comprisedl triazacyclononane
macrocyclicscaffold functionalized with dipicolinate groupsd coordinated to derbium
ion (Figure 1)Presence of the lanthanide ion make this compound a powerful phasing agent
for crystal structure detrminatin. TBXas; improved crystallization probability and/or
resolutionin complex withvariousproteinsincluding bacteriophage tail proteins (pb6, pb9),

lysozymemalate dehydrogenase, and a flavoenzyRmA(Figure 2G and 3G)

11
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Figure 3.Protein ¢ ligand molecular recognition details dfA-H) structures as per
Figure 2. Independent protein chains are rendered in different colours to highlight
the molecular glue effect.igands and keyde chains are shown as stick3) Sodium

and (H)terbiumions are represented as spheres.

Molecular tweezers comprising alternatively fused norbornadiene and benzene
rings hosts a bellke electronrich cavity (Figure 2$6961109 The central
hydroquinone ring of the molecule is functionalized with phospéte groups to
enable the otherwise hydrophobic molecule to participate in electrostatic
interactions. The lysine side chains (arginine to a lesser extent) can thread through
the tweezer cavity and interact with the phosphonates and the aromatic rings can
establish hydrophobic contacts. They are mainly known to modulate prpie@tein
interactions. For exampl&LR0Obinding eitherinhibited® the interaction of the 14

3-3 adapter protein with one partner proteior stabilized'the interaction with

another.

Naphthalene sulfonatefiave been utilized successfully to improve protein stability

and crysallization. For exampleéhe azebasedorangeGdye actsas a filler between

0KS | Y-&riSPR1Ppeptide sheetsidimproved the crystal qualiti£o1!! Also,
ponceauSdye has been observed to mediateystalpacking ofpyruvate kinasé??

An extensively investigatechaphthalene sulfonatefor its assembhmnducing
behaviourin protein issuramin It is an anionic, conformationally flexible linear
molecule.As observed witlscl, 220 KS WTf 2 LAYy SaaQ Syl of Sa
ligand interfaceqFigure 2C and 3&'318 The first crystal structure of a protein
suramincomplex reportedmore than adecade ago illustrated its potential tordct
assemby.'3In addition to Xray crystal structures, solutiestate ITC or NMR studies

also highlight their propensity tfacilitate protein dimerization!14116-118

Polyoxometalates (POMare octahedral anionic compounds comprising clusters of

transition metaloxides (MO) such as vanadium, molybdenum and tungsten in their
13
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high oxidation state!*!?! The versatility offered by their structure and chemistry
has led to broad spectrum of applicatiot81%%123 In particular they have been
widely employed aslpasing agents fok-ray structure determination owing to the
presence of heavy atoms which result in strong anomalous scatt&inghe
participation of different POMs for protein binding suggests their growing popularity
as facilitators of protein packiyf>'1%129For example, Keggii® WellsDawsori?6127

and AndersorEvans typeTEW.*?® While Keggin and WelBawson type have been
exclusively studied in complex with lysozyme, the recognition and assenthiging
properties of TEWhave been illustreed with variety of proteins. For example,
promoting heterogenous crystallization of an active and latent form of the enzyme
mushroom tyrosinasé?® Also, it improved the crystallization behaviour of aurone
synthasé3® and HSP7QFigure 2G and 333! An interesting feature that aids it in
recognition is its compact disshape which allows it to bind in the narrow protein

cleft or pass through narrow channels.

Polyphosphates such as the inositol phosphatesIP{32134 function as
phosphorylating agents iwarious signalling cascad¥8!3¢Particularly |Ps is known

to induce assembly to achieve enzyme activation. For exanipliacilitated a dimer
(PHTH modulg,®" trimer (arrestin}*® or a hexaner (Gag construct of H1)3* to
regulate enzyme actity. This ligand can also function as a tether between two
proteins (PDB 3RRN¥.Similarly, polysulfonates such as heparin and heparin mimics
(sucrose octasulfate) have also demonstrated their tendency to induce protein

assemblyt40.141

Porphyrins such as silfonatoporphyrinshave been mainly investigated for their
ability to facilitate assemblin lectins¢ concanvalinA }*?jacalin(Figure2E an8E)*3
and peanut** Interestingly, its complex with jacalin resulted in a high porous
structure(~65 %sdvent conteny. In all three porphyrin complexes the ligand formed
dimers interactingria ~-~ & U lin@fadtighshndthus mediated crystal contacts.

Other porphyrins highlighted in the PDB include uroporphyinogdfatilitating
14
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dimerization}*® and the cationic tetra N-methylpyridinium porphyrin TMPyP;

recognition oftelomeric“® or DNA quadraplexé4’).

Pyreneandits derivatives have been employed to facilitate crystal packiaghon-

covalent interactiof®'4°or covalent conjugatiof®®

Rhodaminesugar conjugategomprise of a monosaccharide (glucose or mannose)
tethered to hodamine dyevia an oligoethylene glycol (3 or 4 units) chéih.
Complexation with a lectin concanavakihgave rise to a highly porous crystalline
framework (Figure 2F and 3FJhe length of thdinker determined the extent of
porosity 1152 For exampe, triethylene glycol linker resulted ia more porous
framework 69 %solvent contenf compared to tetraethylene glycot40 %solvent
content).In this caseit is noteworthy how a 'simple’ structural modificatioresan be
used to modulate protein frameworks In a previous similar worla bivalent
bismannopyranoside was utilized tirect theconcanvalinA assembly into a pre

designed diamondike porous architecturg®3

15
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Scope of Thesis
X-ray crystallography is considered the techniepfechoice forprotein structure
determination® However, the prerequisite of obtaining diffractiomuality crystals
renders protein crystallization a serious bottleneck. Previously, protein modification
approaches were employed to overcome the iséh¥. An alternatestrategy to
promote crystallization of recalcitrant proteins is to use additives/small molecules in
the crystallization mi¥>*’ To this end, advancements in supramolecular chemistry
have availed numerous ligands / receptors (Table 1). In a pratdigand complex,
these compoundare able toact as &V 3  daSige@dNidterlink the neighbouring
proteins and drive crystal packingln many instances, such complexations have
resulted in noteworthy assemblies8:21,24.143,151

Thework presented in ttg thesis investigatethe proclivity of five different
calix[n]arenes and aulfonated quinolinefoldamer for protein recognition and
inducing @&sembly The phosphonatomethydalix[4]arene (Chapter ) and the
oxomethylcarboxhate-sulfonato-calix[4]arene Chapter 2) exemplifed the influence
of ligand customizations on protein recognition aadsembly.The complexation
between a calix[8]arene and porphymevealed an alternatingtackingassemblyand
the potential to generate other such hybrid architectur@hapter 3. Further work
evaluated thetendency of thesclhwd SNA Sa G2 +FOG Fa + wyz2f SOdzZ I N
crystal packing of th@enicilliumantifungal (PAR)rotein (Chapter 4. The success of
various sulfonatébearing compounds s¢hx; suramin) in promoting protein
assembly motivated usto test the crystallization propensity of &ether-free
sulfonated quinoline foldamer with cg{Chapter §. Thisprojectwas interesting as
the previous proteirg foldamer complexes relied on a tether functiditato achieve

protein assembly.

16
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Model Proteins

Cytochromec and Penicilliumantifungal proteinwere thetwo proteinsusedin the
research work. fie crystal structures enabled andepth analysis of the similarities
as well as differences in the maldar recognition of the two Lysch cationic

proteins.

Cytochromec (cytc)

The Saccharomyces cerevisiagitc is a highly water-soluble heme-containing
metalloprotein located in the mitochondrial intermembrane spa&ggure 4A¥>*
Here, itacts as aarier to transfer electrons from complex Il to complex IV, which
is a part ofelectronproton erergy transduction pathwa$® In this way cytc
contributes towards ATP synthes® Also, cyt has been illustrated to bind inositol
1,4,5triphosphate recepors, which amplifies calcium signalling in apoptdtd>®
Thus, it acts as an intermediate in the apoptotic procissnteractions wth anionic
partners is also well charcaterizel@20:48,5154.56155-1%8 |nterestingly, cyt is classifid

as a moalighting protein whose structure and function are determined by the

conditions / localizations within the cef?

Cytis a smalt13 kDa (108esidue$ cationic protein (gl 9.5 Figure 4L The
cycF2f R O2yaKAGAOET FNOSND2yySOGSR o6& SEGS
two-stranded antiLJ- NJ fslie&d(Figure 4A¥® The heme groupis covalently
attachedvia thio-ether linkages of G4 and Cysl17, and e®@mpletely buried into
the hydrgohobic pocketOnlythe heme edges partiallysolvent exposedFigure 4C)
Cyt has 34 protonatable residuesAsp (4), Glu (7), Ly$6], Arg (3), and His (4).
Majority of the cationic residues are located in the largégh surrounding the heme
edge, whth can establishcontacts with anionic ligandsn addition, the electron

transfer capabilities has led to its applicatiorfabricatingbiosensos.16.161
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B

\\ K86

A7~ C-Terminus

g/ K89
2 K30
| " K5

Figure 4 Two cationic proteins.Cartoon representatiosof (A) cytc and (B) PAF
displaying # 16 and 13Lys residuessticks) repsectively The disulfide bonds in PAF
are representedn yellow. The electrostatic potential surface (€)cytc and (D) PAF
showing the cationic (blue) and the anionic (red) patclt@BPS Electrostatics,

PyMOL)The heme edgeof cytc (C)is shown as grey spheres.
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Penicilliumantifungal protein (PAF

We were motivated to studyAF®? owing to its similarity with cytwith respect to
charge (cationic) and function (apoptosi§¥:154PAF is a6.2 kDa (55 residue)dhly
cationic(pl ~9.0; Figure 4B and @jd watersoluble protein.They aregpotent agent
againstAspergilluspecies and dermatophytes. Itpsstulated that PAF exhibits the
antifungal activityvia interaction with anionic partners on the cell membrane,
resulting in cell permeatigrand eventually cell deatt#*1% PAF has 2frotonatable
residues Asp (7), Glu (1), Lys (13he NMR structuré®16’ had revealed that PAF
consists of five -strands connected by three small loops involvirmirn motifs and
alarge loop. EadhsheetisO2 YLI2 8 SR 2 T F-tr@h8s ahdystbliseadt byl £ f S ¢
three disulfide bridge$C7¢ C36, C14 C43,C28¢ C54; Figure 4B)
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Protein¢ ligand cocrystdlization

In a eystallizationprocesst®® nucleation is the preequisite to crystal growti-171
However excess nucleation may lead to growthmfmerous smaltrystals, which
may not be of diffractionquality (FigurebA). Metastable zonas the optirmal region
for the growth ofbiggerdiffraction-quality crystalgFigure5Aand6A) and ro further
nudeation occurs in this region contrast, if the supersaturation is too high, then
the system proceeds towardthe precipitation zone resulting in formen of
disordered structuregFigure6D). Crystal growth will not occur when protein is

undersaturated.

Supersaturated
A1 B
Siliconized glass coverslip

Grease
Crystallization drop

Precipitation

Il

[P]

Reservoir solution
Metastable

Undersaturated

>
r 4

[Precipitant]
Figure5. (A) A crystallization phase diagram depicting the metastable (favourable for
crystal growth), nucleation (numerous small crystals) andecipitation
(unfavourable for crystal growth) zones. The protein remains completely soluble in
the undersaturated zone[P] indicates theprotein concentration (B) A scheme

depicting the hanging drop vapour diffusion method.

In the hanging drop vapour diifsion method, an agueous drop contains a low
concentration of the protein and the crystallization agents (and ligaAd)water
vapour diffuses out of the drqghe drop equilibrates with the reservoir solution
(Figure5B). Subsequently, the concentratiaof the proteinin the drop increases

resulting insupersaturationand eventually crystal growth.
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GComparedto the preparation of a phase diagram, an easier approach is to carry
out asmaltscaleprecipitation test.Though not as descriptive as a phaggram, it
helps to determine the number of ligand equivalents that is suitéal co-
crystallization at a defined protein concentration, cheme 1 On the one hand
sufficient ligand is required to induce complexati@tigure6A). On the other hand
exeessiveprotein precipitation isbest avoided(Scheme 1; FiguréD). In some
interesting cases, low ligand equivalents may lead to protein precipitation while high

equiv. may promote protein solubility?

Crystals (A)

Il

Precipitate (B)
or
Soluble / clear (C)

Irreversible Reversible

Protein
denaturation (D)

n m  Representative
examples
(PDB depositions)

1 1 6GD6Y6RGI
1 2 1PXD®

1 3  B5LFT26GDY
2 1 6CEZI®EHAS®
2 3 3TYFSENCWE

4 3 6GD®

4 5 4PRE

Scheme 1 A protein ¢ ligand cocrystallization experiment may result in the
formation of cacrystals under favourable concentratiofthe protein and the ligand
(Figure6. ALA2). Crystal growth may also eventually result from a clear or lightly
precipitated drop (Figure 6. BXB2) Protein denaturation is an irreversible

phenomenon anghould be aviodedFigure6. D1:D4).
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A light to medium pecipitation can be an indicator of protellgand
interaction preceding crystallizatiofiFigure7). However, persistent heavy protein
precipitate over a range ofl] might be slow / unyielding to crystal generation.
Furthermore, a prior knowlege of the 'safe’l[] becomes especially important for
robot crystallization trials which usually requires 32 uL of a preiigemd mixture. A
random selection ofl]] might cause protein precipitation / denaturation resulting in
undesirable sample losg-gure 6. D1D4). In addition, a precipitated sample for
crystallizatiorrobot (Oryx 8; Douglas Instrumerit)als poses the risk of blocking the

sample channels.

A1l. Prgcipitate A2. Crystals

crystals

B. Precipitate C. Soluble

- ——

D1. Granular L D2. Heavy D3. Skin D4. Precipitate‘
precipitate precipitate s,jin
Figure6. ProteinLigand DropgAl)Lysozyme, crystallophore crystals growing from
a precpitate (PDB 6f2i%¢ (A2) Lysozymeg sulfonatocdix[4]arene crystals (PDB
4prqg)* (B) A light precipitate (cloudy/turbid appearance) on addition of the ligand

may eventually lead to crystal growtfC)A soluble or clear drop suggesting absence
22
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of proteinligand interaction may produce crystals over time as the drop equilibrates
with the reservoir condition. A bad precipitate suggests protein denaturatiorcand
be characterized a®1)dry granulafD2)heavy / clumpy / browrcoloured(D3)skin

over thecrystallization drop o(D4)a combination of precipitate and skin.

Consider,PmM andLmM stock solutions of protein and ligand, respectively.

ExampleP=4 mM and_.= 50 mM

w Tests are carried out using2luL (final valme) of proteing ligandmixture.

w A constantPis tested against varyirgor vice versa.

w The drops are examined under a microscope to determine solubilitanyr
precipitation

w Bear in mind thaP andLdecrease by 2old when mixed in a 1:1 ratie
1 pLtPmM + 1 plbmM = 2 pL mixture d?/2 andL/2

Step 1. Prepare a Zold serial dilution of proteirg P12, P/4, P/8, P16 mM.

Step 2. Similarly prepare a-Bld serial dilution of the ligand stockmM - L/2, L/4,
/8, U16, /32

Step 3.1t is advisable to testange of ligand equivalents such as lieq 25 eqiv.,
50 equiv. etc. prior to selecting the experimentalndL (Figure?).
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@] @] ® Bad
P/4a+L/2 P/2+L/2 P/2+L/4 P/4+L/2 P/2+L/2 P/2+L/4 ® Heavy
Medium
(] @ )
P/2+L/8 P/2+L/16 P/2+L/32 P/2+L/8 P/2+L/16 P/2+L/32 Light

B

Figure 7. ProteinLigand Mixtures.(A) Extent of precipitation (grey scale) is
dependent on the ligand concentrationB) A counterintuitive result is the
appearance oheavyprecipitate at lower ligand concentration and solulitdear

drops at higher concentration of the ligand.

Case A

1. Inthis exampleP/2 andL/16 or /32 can be used for the crystallizationais.

2. Higher [J of 50 equiv. and 25 eqiv. should be avoided owing to the tendency
to result in heavy precipitation. However, these equivalents can be tested in
manual crystallization trials where the ligand and protein solutions are net pre
mixed. Theheavy precipitatgif any)may dissolve over weeks to yield crystals

(Figure6. A1 and A2

Similarly, other protein and ligand concentrations edsobe explored.

Case B

The protein is soluble at highel] [but starts precipitating ad] is lowered Figure
7B). This result is countéentuitive as normally the extent of precipitation decreases
as L] is decreased (FiguréA). Interestingly, this observation might suggest the
occurrence of higher assembly state at lowg} \hile a higher ] disrupts he

oligomeric state®?
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In this caseboth the highestl] and the lowestl] which do not cause precipitation

can betested inrobot crystallization trials. For exampl&4 or P/2 with L/2
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protein crystallization

The material in this chaptavas published as
Alex JM., RennieM. L, VolpiS, Sansond-, Casnat/A., CrowleyP. B.
t K2alLK2ylFiSR OFftAEFNBYS a | avyztSOdA I NJ

Cryst. Growth De®018 18, 2467-2473

1 £ S54FYRNE /FaYFGAQE [Fo 6¢ YASSNEAGL RS

w Synthesis ofthe phosphonatomethykalix[4]arene fmclx)
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Chapter 1

Abstract

Protein crystallization remains a serious bottleneck to structure determination by X
ray difffactRy YSGK2R&a® / 2YLRdzyRa I OGAy3 | a wWyz2f
strategy to overcome this bottleneck. Such molecules interaatnon-covalent
bonds with two or more protein surfaces to promote lattice formation. Here, we
report a 1.5 A resolution csyal structure of lysingich cytochromes complexed with
p-phosphonatomethykcalix[4]arene gmclxs). Evidence for complex formation in
solution was provided by NMR studies. Similapisulfonatocalix[4]arene £clx),

the cavity ofpmclx entrapped a sigle lysine side chain. Interesting features of
protein recognition by the phosphonate substituents were identified in the crystal
structure. A new calixarene binding site was identified at Lys54. The electron density
at this site indicated two distinct aahrene conformers, suggesting a degree of ligand
mobility. The role opmclx in protein crystal packing#holecular gluéand patchy
particle model) as well as differences in proteimding with respect tcsclx are

discussed.
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Cytochromec ¢ phosphonatomethykalix[4]arene

Introduction

X-ray crystdlography is the principal technique for protein structure determination
at atomic resolution and the need for diffractiaquality crystals renders protein
crystallization a serious bottleneék32171 Protein crystals are finding applications
also in caalysis and sensin§%172173 Considering that the protein is the main variable

in crystallization’,/* various methods such as truncation, siteected mutagenesis
and lysine methylation (surface entropy reduction) have been utilized to achieve

crystal gowth of hardto-crystallize proteing/>17834

An alternative strategy to covalent modification of the protein is the use of
additives that prompt assembly and crystallization by interacting with protein
surfaces. In view of this approach, a repertadfecompounds have been employed
to achieve crystallization of recalcitrant proteins. Examples include dicarboxylic acids
/ diamino derivative$>>’ pyrenetetrasulfonic acid!? polyoxometalate$>?® and
most recently the crystallophor&:1%We havebeen tackling the problem by using
p-sulfonatocalix[4]arene ¢clx, Figure 1), a highly water soluble supramolecular
building block. Similar to the molecular tweez&&/° this anionic, bowkhaped
compound provides a hydrophobic cavity that can accomate amino acid3® in
particular, the cationic side chains of lysine and argirifrié®! Crystal structures of
sclx in complex with the cationic proteins cytochrone® (cytc) and lysozymé?>°

adza3Sad GKFG GKS OF t A Etd ok yrétein cOdiallizatiod. | WY

A great variety of calix[4]arenes have been synthesized with different
functional groups at the upper rim to facilitate hegtiest supramolecular
chemistry®218 Considering the utility of sulfonatecalixarenes for potein
bindingf850527071181-184 55 § g SNBE Y20 A QI GSR (2 Ay@Sadaiid
property of other anionic calixarenes. Phosphonatataining calixarené® have
been developed for protein bindiAt8and recently, we reported the strtre and
assembly of cytin complex with phosphonatealix[6]arene [icixs).>t Here, we

demonstrate cecrystallization betweemp-phosphonatomethykalix[4]arené?® 1%
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(pmclx, 800 Da, Figure 1) and cyin contrast tasclx with the sulfonate anion fixed
in the plane of the aromatic ring, the phosphonatomethyl substituenpriclx can
switch between distinct conformations. We were interested to study the impact of

this different substituent (and charge distribution) on the protein binding capacity of

the ligard.
HO HO 9
\//
o} .
AN o
. L,
\
OH

oN e
,4’/*9,;><H/
sclxy pmclx,
Figure 1. Molecular structures of pgsulfonatocalix[4]arene €clx) and pg
phosphonatomethykalix[4]arene mclx). Calix[4]larenes adopt a cone
conformation due to hydrogen bonding between the phenolic hydroxyls, dne o

which is deprotonated.

A 1.5 A resolution crystal structure provided a detailed view of pavelx
binds to cyt. Complex formation was observed at Lys86, which enabled a direct
comparison with the structure of Bromo-functionalized sulfonataalixarane®? that
also binds this residue. A new binding site was observed at Lys54, though this feature
was not evident in NMR solution studies. The molecular recognition capacity and
binding affinity imparted by the phosphonatomethyl substituent is discussed. Th
crystal structure and solutiestate studies illustrate the twsided role ofpmclx as

a lysine recognition agent and as molecular glue. Furthermore, we suggest that

protein surface decoration by cBlir NBy Sa YI & LINRK) pacleSidr RRAGA 2y | f

crystallization3*
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Cytochromec ¢ phosphonatomethykalix[4]arene

Experimental

Materials. The ligand 5,11,17,2&tra-(methylphosphonic acié?5,27,26,28
tetrahydroxy calix [4]arene fpmclx) was (1) used as presented in the protein
crystallization additive kit CALIXAR (Molecular Dimenskigsie A1l,Appendk) or

(2) synthesizet#®'*land prepared as a 50 mM solution in water at pH 6.0. Samples
of 1°N-labelled and unlabelle@accharomyces cerevisagic C102T were produced

by established method®:1!

Proteinligand cacrystallization.Cytc ¢ pmclx co-crystals were grown at 20° C using
the hanging drop vapor diffusion method. Hanging drops were prepared withd

1.5 mM oxidized cyt 0.4 pL of 3.0 or 5.0 midmclxs and 1.6 pL of the reservoir.

Crystals were obtained at 125 % of PEG 33500@0 or 10000, in 50 mM NaCl and
50 mM sodium acetate at pH 5.6 (Figure 2). Control drops lagkimapu remained

devoid of crystals.

Data collection.Crystals 0150 um dimension (Figure 2D) were ciyotected in

the reservoir solution supplemented Wit20 % glycerol and cryapoled in liquid
nitrogen. Diffraction data were collected at 100° K at beamlind2& (Advanced
Photon Source, Argonne National Laboratory, Argonne, IL) with a Pilatds 6M
detector. The dataset was collected from a single ¢nfst dza Ay 3 . &0l ya
200°.

Structure determination. The observed reflections were reduced, merged, and
scaled with XD&? POINTLESS and AIMLES® revealed anisotropic diffraction
extending to 1.2 A along 0.57 h + 0.82 | and k axes and 4l6n§-0.47 h + 0.88 |
axis as indicated by @£(> 0.3). Data extending to 1.5 A was used for model building
and refinement (Table 1). The structure was determined by molecular replacement
in PHASER with 1yccas the search model. The coordinatespanclx were built in

JLigané® and added to the model in CO® Iterative cycles of manual
31
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Chapter 1

model building and refinement (in REFMA&S implemented in CCF4) was
continued until no further improvements inR or electron density were obtained.
The structure was validated with MolProbit§? and deposited in the Protein Data
Bank (PDB 5NCV).

Accessible surface area (ASA) calculatiofige effect ofpmclx; on the ASA of cgt
residues in the crystal structure was determined in Arealfdlaccording ©
equations 1 and 2. These calculatidake into account the ASA of residues in the
crystal packing environment in the absence{A%) and presence @i A2) of the
ligand.We defineYigq (A2), the ASA of each residue in the presence of ligarttign
crystal packing environment andreX (A2, the ASA of residues in the free protein
(ignoring ligand and crystal packing)g (A?) is the area that remains accessible.

Yiig = Aoro - Apro+lig (1)

Ziig = Xree - Yig (2)

In Figure7, Xree and Zigare plotted as black and grey bars, respectively

NMR spectroscopyThe typical sample composition was 0.1 i cytin 20 mM
KHPQ, 50 mM NaCl, 1 mM sodium ascorbate, 10 46 Bt pH 6.0. NMR titrations
were performed at 303 K using 632 pL aljuots of a 50 mMpmclxs stock.*H-1>N
HSQC spectra weaequired with spectral widths of 16 ppriH) and 40 ppm{N)
on a 600 MHz Varian spectrometer equipped with a HCN coldgfobealysis of the

ligandinduced chemical shift perturbations was perforthim CCPRO:

NMRmderived binding curves.Binding isothermswere obtained by plotting the
OKSYAOIt &KAFG OKIFIy3aSa onptovo & || FdzyOlGAzy 27
fit globally in Origin by using a 1:1 binding model (Equation 3).

Yo (3)

Where, 1] and Br] were the ligand and protein concentrations, respectively.

32



Cytochromec ¢ phosphonatomethykalix[4]arene

Results and discussion

Cytc ¢ pmclxs co-crystallization. pmclx was identified initally as a ligand for ogt
crystallization by using the CALIXAR Kit (Molecular Dimensions)y<tals opmcix

and cyt were obtained from conditions similar to those reported fmix.*® While

10 equiv.of sclx were required to achiee crystal growth<1 equiv.of ligand were
sufficient toobtain cyt ¢ pmclx co-crystals. Crystals grew reproducibly in a range of
PEG molecular weights and concentrations2526 PEG 3350, 8000 or 10000) in 50
mM NaCl and 50 mM sodium acetate pH 5.gyFe 2). In the absence gimclx
there was no crystal growth, indicating that the ligand was necessary for

crystallization under these conditions.

Figure 2. Cocrystals of cyt and pmclx grown in hanging drops that contained 17 %
(A) PEG 335(B)PEG 8000(C)PEG 10000 dbD)20 % PEG 8000 in 50 mM NacCl and
50 mM sodium acetate pH 5.6. Crystals were obtained at 0.75 mM protein and 0.3 or
0.5 mM ligand. A crystal frofD) diffracted to 1.5 A.
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X-ray structure of cyt ¢ pmclx. A single crystal (Figel 2D) resulted in anisotropic

diffraction (1.2 A resolution in two directions and 1.5 A in the third direction).

Structure determination in PHASER(Table 1)yielded two protein molecules

(chains A and B), and three calixarenes in the asymmetric ugitré=3A).

Tablel. X-raydata collection, processing and refinement statistics
Data collection

Light source APS
Beamline 24-1ID-C
Wavelength (A) 0.97910
Space group P12,1

Cell constants

Resolution (A)
# unique reflections

a=28.79 Ab=79.90 Ac= 4773 A
h =1 =90° =93°

47.461.50 (1.551.50)

34591 (3452)

Multiplicity 5.5(5.4)
Lk oLVO 18.7 (5.1)
Completeness (%) 99.2 (99.4)
Rnead (%0) 6.1 (37.6)
Roim® (%0) 2.6 (15.8)
CGr 0.999 (0.966)
Solvent conteh(%) 46.7
Refinement

Ruork (%0) 0.1707
Rree (%) 0.2012
rmsd bonds (A) 0.0113
rmsd angles®} 1.6080
asymmetric unicomposition

protein 2

pmclxa 3

water 281
Avg.Bfactor (&) 20.6

Ramachandran analy8is
% residues in favoed region: 98.0
% residues in allowed regior 100.0

PDB code 5ncv

"_il'fdzéé. Ay LI N\S)/[:]KSéSé

i s 1 P KL LK | Gl bk 1 T
%J)\ﬁ( k HE O YK K PTIAK | G ke HdK D T
Rl fOdA TSR Ay az2ftNRoAGE®D
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Cytochromec ¢ phosphonatomethykalix[4]arene

There was no electron density for the fourt&tminal residues (including Ly&) in
either protein chan, indicative of disordeThe presence of two cgtmolecules in the
asymmetric unit was similar to other calixareheund structures*e5152 All three
calixarenes were modeled at sites where they encapsulated a single lysine residue,

Lys86 in chains And B and Lys54 in chain A only.

Figure 3. (A)The agmmetric unit of the cyt ¢ pmclx complex compsed two
molecules of cyt (chains A and B in blue and grey), and three moleculgsnaix
(PDB 5NCV). The proteins are shown as ribbons withcéidas as lines and the
entrapped lysines as stick®) The Lys86 binding site in chains A and B differ by the
absence or presence of a salt bridge to one phosphonate substituent. Note the

altered lysine conformation and hydration, with waters indicatedred spheres.

In the proteirbound form, the phosphonate substituents inclx; occurred

in two distinct conformations. Either all four substituents were splayed outwards
35
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(away from the cavity) or one was turned inwards (toward the cavity). Whila bot
conformations permitted complete encapsulation of one lysine side chain they
resulted in markedly different proteialixarene interactions (Figure 3B). For
example, at Lys86 in chain A (A.Lys86) there was no salt bridge interaction between
the lysine am€monium group and the phosphonates. Instead, the ammonium group
was solvated by 3 water molecules. In contrast, at Lys86 in Chain B (B.Lys86) one of
the phosphonatomethyl groups was rotated into the cavity permitting salt bridge
formation to the lysine. Irthis case, the ammonium was solvated by one water
molecule. Similar features occurred at Lys54 in chain A (A.Lys54) site. Here, it was
necessary to model two calixarenes (70:30 occupancy) to account for the electron
density Figure 4and5B).

Figure 42R-RY I LJ 0l G modp ) NBaz2ftdziaz2y FyR 02y (2dzNB

electron density at A.Lys54, requiring twoclx conformers.

The two models differed most by a rotation of one phosphonatomethyl group
and the higher occupancy conformer had a salt bridgehe lysine ammonium
(N--O-P = 3.1 A). This phosphonate also hydrogen bonded with the backbone
carbonyl of Lys54 (GAD-P = 2.8 A). The requirement for two conformations at this
site suggested that ligand binding was less well defined. Interestinglysitbisvas
not detected in NMR experimentsi@e infrg. Lys54 is flanked by hydrophobic side

chains, Ala51 and 1le53, both of which were in van der Waals contact with an upper
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Cytochromec ¢ phosphonatomethykalix[4]arene

rim ¢CH¢ of pmclx. Polar side chains contributed also with hydrogen bondmfr

Asp50 and Asn56 to the phosphonates.

Figure5. (A) Ciystal packing in the cgig pmchx complex. Proteins and ligands are
rendered as ribbons and spheres, respectively. The unit cellegxeare indicated.
B)Wa2f SOdzt I NJ It dzSQ ndRoléslofpracks arid Saiirgp®@iyr G & 2
chains (color scheme as per Figure 3). Alternate conformations of the ligand at Lys54
(shown as light sticks) were apparentie electron density (Figure.4All side chains

within van der Waals contact of the ligandre shown as sticks. Lys4 is sandwiched
between twopmclx ligands at A.Lys54 and B.Lys86. In addition tephgsphonate

salt bridges, numerous other features (labeled side chains) contributed to binding.
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Lysine encapsulation bymclx had some simdlrities with sclx including
cation~ | y-R H Ry RAa g&AHowevds he jompiexes formed by these
ligands differed crucially in the degree of salt bridge formation with the lysine
ammonium group. pmclx a single phosphonate alternated in/o(Figures 3B and
5B), while insclx (with the anion fixed in the plane of the aromatic ring) salt bridges
were formed with one or two sulfonates. The sulfonate also had a tendency to
hydrogen bond with backbone amide NHs. No such interactions were @abaiith
pmclx. Similarities with the brominéunctionalized sulfonatecalixareneBr.sclx
should be noted, as this ligand bound also to Lys86 (F)re

Figure6. The lys86 binding site of cgtn complex withpmclxs or Br.sclx(PDB 5LF3).
The poteins are oriented identically to highlight differences in the calixaferaein

contacts.

Crystalpacking interactions Applying the symmetry operations to the asymmetric
unit revealed a clospacked structure (FigurgA) and nine cyt¢ pmclx interfaces,
ranging in size from 3800 & (Table2). Interestingly, the A.Lys54 and B.Lys86
complexes were positioned adjacent to each other and sandwiched Lys4 (BB)ure

Together the two ligands masked90 % of this Lys4 (FiguiB) via multiple

interactionsincluding salt bridges (NO-P~3.0A),andCH «k Ol bR%yRa o[ @4an

C/C'--centroid~4.0 A).

38



Cytochromec ¢ phosphonatomethykalix[4]arene

Crystal packing also involved direct or wateediated salt bridges, for
example, A.Lys5pmclx with Lys5, Lys22, Lys73 and Lys89. And B.Lys86u
formed acatioAnr 02y R (2 [ @& &eFiln OF yiRactioy with R/BDB
(C---centroid = 3.8\). The Catoms of Ala7 and Ala101 (which flank Tyr97) were in
van der Waals contact with methylene bridges pinclx. Interestingly, this
hydrophobic lnding patch was identified previously in the complexes with a phenyl
substituted sulfonatecalixarene(Ph.scl¥*2and withpclx.>* Two other interactions
merit mention here. It has been observed previously that the calixarene lower rim
phenolichydroxyly¥' I { S @Iy RSNJ 2 I | fohaanir@8>yThis sArde 6 A G K
feature was evident at B.Lys&8nclx. At A.Lys59pmclx the phenolic hydroxyls

were hydrogen bonded to a water molecule and to the hydroxyl of Thr8.

Table2. Interface analysis of the ayt, pmclx binding sites.

o Interface Total
a
Protein Sie?  pmclx Area (B)  Area ()
A.Lys54 1 270
Al 210
B 30 540
B1 30
A.Lys86 2 260
B2 290 550
B.Lys86 3 300
A2 265 630
B3 65

aP12:1 symmetry operations used to generate symmetry matels:-x, y1/2, -z+1;

Bl x1,y, zB2,-x, ¥1/2, -z+1;A2, -x-1, y1/2,-2;B3 x1, vy, Z.

The varying contributions of all lysines to ligand binding were evident from
ASA calculations (methods and Figue Of the most accessible residues; Lys4,
Lys1l, Lys54, Lys73 andyLygs 6 ! { ! ?), pmchu selactedl Lys86. On the other
hand Lys55, Lys79 and Lys99 were least accessible (ASA <) 1@ Alid not

contribute to ligand binding. The substantially different contributions from each
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protein chain are also evident, as dissed for Lys54. Similarly, Lys5 from chain A

was largely involved in ligand binding, while in chain B it did not interactpaiitixs.

1804 Chain A
140
100

60

1804 Chain B

Accessible Surface Area (A?)
o

20

0 o™ ™
n ~ N~
x X X

Lysine

K11
K22
K27
K54
K79
K86
K87
K89
K99
K100

K4
K5

Figure7. Accessible surface area (ASA) of lysines in the higaadblack bars) and
bound (grey) states afytc. The varying contributions of different lysinespgmclx
binding in chains A and B are evident.-Rys not shown as this residue was

disordered in the crystal structure.

Lysine encapsulation bpmclx, resulted in ~300 & of protein surface
coverage (Tde 2, similar tosclx®®). In addition to masking this surface area, the
calixarene contributed a new surface 800 X to the particle. This patch size is
equivalent to a protein crystal packing interfd¢®eand, as discussed, provides a
surface that carparticipate in numerous noncovalent interactions with adjacent
proteins in the crystal (Figure5. 0 O2yaAradaSyi gAOK | Gyz2f
functionality 285152 Notably, the exposed surface of the calixarene is equivalent to
~10 % of the cytsurface area. Térefore, it appears that protein surface decoration
by calixarenes may be a special case of the patchy particle model of protein

crystallization346264
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NMRcharacterization and comparison with the solid state

Proteinligand titrations were performedtby the addition of microliter aliquots of 50

mM pmclx to 1°N-labelled cyt, which was monitored byH-'>N HSQC. The overlaid

HSQC spectra (Figug¢ NB FSIFf SR AYyONBFaAy3a OKSYAO! f
function of the pmclx concentration, indicative of faghtermediate exchange

between the ligandree and-bound states. However, the resonances of Leu85 and

Lys87 exhibited strongly biphasicethical shift perturbations and some resonances

were broadened beyond detection a4 (Lys4) o6 equiv. (Lys1ll and Leu85) of

pmclx. Spectral broadening might indicate intermediate exchange or multiple
conformations adopted by these residues. Signifiqaerturbations {HN>x n ®nn LILIY
or x ndn LIIYO 6SNBE 203aSNISRLYF2ANE ays73INL & 2 Y
Lys86, Lys87, Lys89 and Lys100. These residues (exceh)t pwsticipated in

multiple noncovalent interactions at protecalixarene interfaces in the tal

structure (Figures 4B and 5). While the large NMR effects for Leu85, Lys86 and Lys87
are consistent with the crystal structure (complex formation at Lys86, Figure 3B)
there were also some contrasting results. For example, Lys11 did not contribute to
complex formation in the crystal structure (Figure 5) yet this resonance was
ONRBI RSYSR 06S@2yR RSGSOUA2Yy® / 2y@PSNESteEx

complex formation was observed at this residue in the cryside(supraFigure 3).

A similarobservation was made in theytc ¢ sclx complex in which Lys22, a
binding site observed in the crystal structure, was not affected in the KiIRerall,
these results suggest that complex formation occurred with slight differences in the
solution and sbd states. While binding to Lys54 may be the result of the
crystallization conditions/environment other differences may be attributed to the
fluxionality of calixarene binding, which likely involves ligand hopping between lysine

side chaing8>2
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*Naia) @ Bg ' 0.16+ (B Lys-2
¥ oD r13 H87(B) y
(ppm) T ,
1184 @TSG 0.12-
K54 @) Ne2 »
1@ ,y @/® 0.08-
N52 | =004l
120+ @ E-4 %ﬁ K11 E 0.04
E21 D50 D101 a
® ~0.00
& @) Dios @ mpoix)| T 004
122 Mé4 <K99 .@:ggg 2_' ]
K8 % moos| 0081
| éﬁ 0.08 : Lys69
= Mo24| 4]
@ @ B 0.40 0.12 Ala101
124 4 @ Wo64
CCES— L R ——
9.0 8.8 86 84 8.2 0.0 0.1 0.2 0.3 0.4 0.5 0.6
'H (ppm) [mpelx,] (mM)

Hgure 8. NMR characterization gimclx binding to cyt. (A) Region from overlaid
1H-15N HSQC setra of 0.1 mM pure cyt(black contours) and in the presence of
0.02;0.64 mMpmclx (colored scale). Notes: negligible change to Lys54; biphasic
shifts for L&85 and Lys87; and Lys4, Lys11 and Leu85 broadened beyond detection.
(B)Binding curves for individual resonances were fit globally to a 1:1 binding model
to yieldKg ~0.04 mM.

Apparentdissociation constants were calculated from titration data collected
up to~6 equiv. of pmchx. The binding isotherms (Figug8) were hyperbolic and fit
to a 1:1 binding model (Equation 3). The averagparentKy of 0.04 (x 0.01) mM
was at least 1dold stronger than for the complex witbclx.*® The tighter binding of
pmclxs agrees with the observation that protein crystallization occurred at
approximately teAfold lower equivalents of this ligantbmpared toscha. Features
such as the increased hydrogbonding capacity of phosphonate versus sulfonate,
the mobility of he anionic substituent, as well as the increased hydrophobicity of the
cavity (upper rim¢CHg¢ substituents) likely contribute to the tighter binding of

pmclxa.

42



Cytochromec ¢ phosphonatomethykalix[4]arene

Gonclusions

The cyt ¢ pmclx crystal structure illustrates the utility of the phosphowoatethyl

substituent as a contributor to stronger, higher spedifit @ WY 2f SOdzt I NJ 3 dz
compared to the sulfonaté® Cyt ¢ pmclx crystal growth was achieved witkhl0-

fold less ligand than vw&arequired to obtain cyt ¢ schx co-crystals. Whilesdxa

occupied three different sites (Lys4, Lys22 and Lys89) on the protein synfacky

bound to two different sites (Lys54 and Lys86) suggesting increased specificity of

pmclx in the solid state.

Interestingly, lysine encapsulation occurred with fhresence or absence of
a salt bridge to one phosphonatomethyl substituent that could rotate into the cavity.
In contrast, the sulfonate substituents always formed one or more salt bridges to the
lysine. The phosphonatomethyl functionalized calixarenes praye beneficial for
achieving crystal growth of cationic proteins, in particular nucleic acid binding
proteins. More generally, protein surface decoration by calixarenes may provide the

necessarysticky patche&hat facilitate packing contacts and crasgrowth 346264
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Protein Frameworkwia Cocrystallization with an

Octaanionic Calix[4]arene

The material in this chaptes acceptedfor publication
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Probing the determinants of porosity inrgiein frameworks Cocrystals of
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1 Sructure ofthe horse cyt ¢ schamc complex
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Abstract

Sulfonatoecalix[n]arenes gclx) are promising tools to generate crystalline protein
frameworks. Two crystal structures of an o@baic calix[4]arene gclxmc) in
complex with yeast or horse heart cytochrormaécytc) are reported. The calixarene
bound to a similar site on each protein but different assemblies occurred, with a
honeycomb arangement of yeast cgtand a tubular assembly of horse cyThe
yeast cyt assembly was more porous{5 % solvent content) than the horse cyt
case {55 %). High porosity structures have been obtained previouslysalisand

sclx but not with sclx, suggesting that the charge of the ligand is a contributing
factor to porous architectures. We discuss how the choice of (customized) calixarene

may dictate protein assembly.
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Introduction

Proteinbased materials have the potential to transform society they are
biodegradable, biocompatible, and have tunable functidks>293205Consequently,
there is a growing interest in the design and fabrication of protein architectures that
can be harnessed for nanoscale applicatid®&%> Porous protein asemblies are
particularly appealing as reaction vessels (bionanoreactors) or delivery sy3t&s.
Protein architectures can be engineered by a great variety of strategies, including
protein fusion®® disulfide bridges#?%* metakcoordinatiot’ or coied coil
appendaged® Assembly can be mediated also by chatharge interactions, as
demonstrated recently with supezharged forms of green fluorescent protein
(highly cationic or anionid}. Highly charged synthetic ligands are also proving
instrumentd to dictate protein assemblif.204856.143For example, anionic calixarenes
have been used as scaffolds to assemble cationic proteins such as cytochirome
(cytc),19:2048,5154 lys07ymé® 50 and PAF® These supramolecular scaffolds function
fA1S dPYNOSD dzSQ o6& F2NN¥AYI AYISNFI OSa gAdl

The sulfonatecalix[n]arenes <clx) are highly water soluble anionic
receptors, with a hydrophobic core and an anionic rim, suited to encapsulation of Arg
or Lys residue&»'® While calix[44renes are rigid cones, the calix[6,8]arenes are
flexible®2h g Ay 3 (G2 GKSANI WFf2LIAYSaaQ GKSasS A
and form large interfaces. BotBclx and sclx can induce highly porous ayt
assemblies. Whilsclx yielded a honeyamb arrangement<65 % solvent content¥,
sclx mediated a higkporosity crystalline framework-85 % solvent contenf)?2°
Interestingly, it was recently found that the presence of spermine modulated the
porosity of cyt ¢ sclx assembly® Earlier, it vas observed that the length of the
oligoethylene glycol linker in a sugdlye conjugate influenced the extent of porosity
in crystalline frameworks of concanavalif®AAlso, other macrocyclic ligands such

as pillararenes have illustrated their potenttalinduce porous architecturé?
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Here, the assemblinducing behaviour ofsclxmc was investigated. This
compound is a&clx derivative with four carboxylate functionalities at the lower rim
(Figure 1796209 sclxymc has been studied in complexith cationic porphyrins but
not with proteins?%212|ts structural similarity t@clhx may aid in understanding how
the lower rim substituents influence protein recognition and assertblyhe
presence of four chelating oxomethylcarboxylatecGB¢COO) units confers the

ability of these podandike calixarenes to encapsulate metal ions at the lower?im.

sclx, sclx;mc
Figure 1. Molecular structures of p-sulfonatocalix[4]arene sch), and the

carboxylate derivativesglxmc).

Metal complexation rigidifies th© 2 y S & 4 NHzOG dzZNB o6 LINB @Sy i a Wy
Ol R mMQanhances the binding of small neutral/cationic guests in the
calix[4]arene cavity?$2%° Furthermore, the presence of charged groups at both rims
of the calix[4]arene gives rise to a bolaamphigtstructure (Figure 1). This feature
can potentiall @ A Y ONBI &S { Kastivity ¥f 2He Saixfehe NIh Bi§ dzS Q
direction, schxmc was cacrystallized with yeast or horse heart cyfThese highly

cationic proteinsgl ~9.5) share 65 % sequence iy (Figure2).159213
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1 10 20 30
Yeast cytc AEFKA GSAKKGATLF KTRCLQCHTV EKGGPHKVGP

Horse @yta ———em GDVEKGKKIF VQKCAQCHTV EKGGKHKTGP
* * % * * Kk kkk%k * %k k% % * % k%
40 50 60
Yeast eyte NLHGIFGRHS GQAEGYSYTD ANIKKNVLWD
Horse GyLe NLHGLFGRKT GQAPGFTYTD ANKNKGITWK
XKk Kk k¥ ¥k %k * k% e * kX % * * * *
70 80 90
Yeast cytc ENNMSEYLTN PKKYIPGTKM AFGGLKKEKD
Horse cytc EETLMEYLEN PKKYIPGTKM IFAGIKKKTE
* * k% * kK Kk Kkk kkhkk %k * * * %
100
Yeast cytc RNDLITYLKK ATE-
Horse cytc REDLIAYLKK ATNE

* kkhk Kk kkkk k%

Figure2. Alignment of the yeast and horse heartcgtimary structures (MUSCLE}.

Conserved residues are highlighted with an asterisk.

Experimental

Sample preparation. schmc was synthesized, as describ&&2°° Millimolar stock
solutions of the ligand were prepared in water at pH 6.0. Unlab&laccharomyces
cerevisiagyeast)cytc (C102T) was produced as report€d?* and horse heart cyt

was from Sigma&ldrich.

Cocrystallization trials.An Oryx 8 Robot (iglas Instruments) and a sparse matrix
screen (JCSG++, Jena Bioscience) was used-foystallization of yeast cgtand
schymc at 20° C. Proteiand calixarene were tested at ratios of 1:1, 1:5 and 1:25.
Crystals grew only in 1:1 ratio in condition E2nprising 3.15 M ammonium sulfate
and 0.1 M sodium citratpH 5.0. Horse cgtandsclxmcwere cocrystallized by the
hanging drop vapour diffusion method at 20° C, from622%6 PEG 3350 and 0.05 M
sodium cacodylate giH 5.5. Drops were prepared by mixth@gL of 1.7 mM protein,

0.5 pyL of 17 mM ligand and 1.7 mM gadolinium chloride, with 1 pL of reservoir
solution. Crystal growth occurred in 56 % PEG 3350 after 4 days.
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X-ray data collection.Crystals o100 pm dimension were cryprotected in the

resenoir solution supplemented with 20 % glycerol and ecgmled in liquid

nitrogen. Diffraction data were collected to71A resolution for the yeast cyt ¢
schumc ONEB &l f dzaAy3a . aolya 2F nodmc 2 ISNJ
(PROXIMARA, SOLEIL synchrotron). A dataset extending to &sdlution was

collected for the horse cgt¢ schmcONEB a G f dzaAy3a . &aolya 27
PILATUS detector (XRiRdamline, Elettra Synchrotron).

X-ray structure determination.The observed reflectionwere processed with the
autoPROC pipelif® (yeast cyt ¢ schxmc) or XD5? (horse cyt ¢ schxmc). In both
cases the data were scaled using POINTPESS AIMLES® Xtriage (PHENIX
analysis of the horse ayt sclxmc dataset indicated a perfect merohedral twin and
a twin law of h;k, -l was required for refinement. The two structures were solved by
molecular replacement in PHASERSsing5lyc (yeast cyt) or lhrc(horse cyt) as the
search models. The calixarene coordinates and restraints were generated in
JLigand?®* Iterative cycles of model building in CO&Tand refinement were
performed with BUSTER (yeast cyt ¢ schamc) or REFMAC% (horse cyt ¢
schxmc) until no further improvements in ther& or electron density were obtained
(Table 1) The final structures were validated with MolProBi\and deposited in the
Protein Data Bank as PBBuy (yeast cyt ¢ sclxmc) and PDBsuv (horse cyt ¢

schamc).

Results and Discussion

Cyftt ¢ schamc co-crystallization. A sparse matrix screedgna BiosciencdCSG++)
was used for carystallization trials of yeast ayandsclhxmc. Compared to 10 equiv.
sclxrequired for crystal growti81 equiv.sciksmcwas sufficient. The crystals grew

in condition F2, 3.15 M ammonium sulfate and 0.1 M sodium citrate pH 5.0.
Previously, highly porous @y, schx crystals (PDB 6gd9)were obtained with~-2 M

ammonium sulfate whereas ayt sclx crystals (PDB 6r§f)were obtained in 10 %
50

ocC
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PEG 8000 and 0.1 M imidazole pH 8. The horse cgtlxmc co-crystals were
obtained with a 1:10 ratio of protein:ligand B6 % PEG 3350 and 0.05 M sodium
cacodylate pH 5.5.

Data collection and model buildingDatasets extendig to 1.7 A or 2.5 A resolution
were collected from the yeast ayt schxmc (SOLEIL synchrotron) or the horseccyt

¢ schamc (Elettra synchrotron) crystals, respectively. The former belonged to the
trigonal P3:21 and the latter to the tetragonalP4s spacegroups (Tablel). The
structures were solved by molecular replacement with asymmetric units comprising

2 yeast or 8 horse oytmolecules (Figur8).
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Figure 3The asymmetric units oAj yeast cyt ¢ schumcand B) horse cyt ¢ sclxmc
comprising 2 08 proteins, respectively. The protein chains, calixarenes and sodium

ions are shown in grey, green, and white.
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Table 1.X-ray data collection, processing and refinement statistics

Data Collection

Yeast cyt ¢ schamc

Horse cyt ¢ schxmc
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Cytochrome ¢ ¢ oxomethylcarboxylate sulfonatoalix[4]arene

Cytt ¢ schamccrystal structure In both structures, the calixarene was bound to a
cationic patch on Lys87 (Figures 4 and 5). A sodium ion chelated the lowerthien of
calixarene??6212 Additionally, a cacodylate was bound to a carboxylate substituent

in the horse cyt ¢ schxmc complex (Figure 5C).

Figure 4 The electrostatic surface potentials showing the cationic (blue) and anionic
(red) patches ofA) yeast gtc and (B) horse cyt (APBS Electrostatics, PyMOL). The
conserved residues Lys86 and Lys87 which comprise the binding site in both cyt

variants are indicated. Heme edge is shown as spheres

Encapsulation of an Arg or Lys side chain is the usual pratewgnition
mode of anionic calix[4]arene&®€:505254|n the yeast cyt ¢ sclxmc crystal structure,
the calixarene did not entrap any side chain. Instead,Waters occupied the cavity
YR FT2NXYSR K&RNRIASY o 2 yhRlioges Boddiith & ghehyl a dzf F 2
ring (FigureSA and BY!® Two types of proteirg schxmc complex were evident in

the structure, with distinct binding site features (FiguB#sand B). One calixarene
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was present at &2 symmetric interface, flanked by four residues (AgPhe82,
Lys86 and Lys87) from each protein (Fige#¢ whereas the other ligand bound to
three neighbouring proteins (Figus8). Each molecule stlxmcaccounted for cyt
surface coverage 6f550 &R (PDBePISA).

Figure 5The interfaces formeébysclxmcK A I Kt A AKG (GKS WYt SOdzf I NJ 3 f
the yeast cyt case one calixarene mediated)(a symmetric interface andBj a

second calixarene interacted with three protein chains. The hydrophobic cavity was
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occupied by water moleculese@ spheres) and did not encapsulate any residGe. (

In the horse cyt complex the calixarene encapsulated Lys87 and was surrounded by
three neighbouring proteins. Protein chains are indicated as light grey, dark grey or

cyan ribbon. Calixarenes and sitfeins are shown as sticks. Sodium ions are shown

as spheres

Recognition of yeast ayby schxmc differed markedly from that bgclx.*® In
the latter case, the calixarene encapsulated a single lysine side chain (Lys4, Lys22 or
Lys89) and formed a $diridge with the ammonium group. In contrasiixmc did
not encapsulate any of the binding site residues (FigGfeand B). Unliksclx, this
ligand formed onlyweak GH Ay G4SN} OGA2ya 6AGK GKS ySA3IK
no cation~ 0 2 X199 ih® sclx methylene groupsqCHc¢) established contacts
with the C of Ala3, Ala7 and Ala101, as well as the ring edge of Tyr97. These residues
comprise a hydrophobic patch on yeast cyhat formed interfaces with other
calixarenes?®5254 However, this riteraction was absent in the ayt¢ schxmc

complex. Instead, mainly Phe82 interacted with this ligand.

In the horse cyt ¢ sclxmc structure the mode of recognition varied
significantly from the yeast cytcomplex (FigureSC and6). Here, the Lys87 ds
chain was encapsulated by the calixarene, which formed three interfaceslof &
comprising LysLys8, Lys#Rys73, or Lys8bys87Lys88 (FiguréC). Dilysine motifs
of yeast cyt are weltknown calixarenéinding sites. For example, Lylsys5531°
Lys72Lys73° and Lys88. ys87485320

55



Chapter 2

Horse Cytc

Figure 6.Superposition of yeast (light grey) and horsecqgiark grey) highlights the
binding ofschxmcto a similar site on both proteins. While Lys87 is encapsulated by

the calixarene in the horse aytit interacted laterally with the ligand in the yeast

cytc.

Sclx¥mchas an available surface area~&00 &. In both the yeast and horse
cytc complexes the interaction with a single protein masked-220 & of the ligand
surface. Of the remaining 63880 & calixarenesurface 50 % (in yeast agtor 70 %
(in horse cyt) participates in forming interfaces. The larger surface coverage in case
of horse cyt may be attributed to the encapsulation of the Lys residue. The size
similarity of the binding site pahes to a typical proteig protein interface signifies
GKSANI NRES a | wYy2f SOdzt  NJ 3f dzSQ ®H@NJ YSRAL (A

surrounding proteins (Figurg).19.204856,202
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S 2
ey {)—’
yeast cytc — sclx,mc horse cytc — sclx,;mc
P3,21; 73 % P4,; 57 %

LN

yeast cytc — sclx, yeast cf/ic - sclxg yeast cytc — sclxg
P2,2,2,;49 % P3,21; 69 % P4,2,2; 87 %
PDB 3tyi PDB 6rgi PDB 6gd9

Figure 7Crystal packing in oyt calixarene compless.(A) Honeycomb arrangement
of yeast cyt ¢ schamc. (B) Tubular assembly of horse cyt sclxmc. (C)A layer

assemblyof yeast cyt ¢ sclx.*® (D) Honeycomb arrangement of yeast cytsclhs.>®
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(E)Framework of yeast cyt; sclx with all crystal cordctsviathe ligand!® The space
groups and % solvent contents are indicated. Proteins, calixarenes and unit cell axes

are grey, green and blue, respectively.

Considering the packing of cytby calix[4]arened®>95253 the porous
architectures induce by schxmc were a surprising result (Figure 3). A tubular
assemblyR4s, ~55 % solvent contermt}®was obtained with the horse oytThe tube
structure is based on eight ayt, schsmc complexes arranged in a ring, with an
internal diameter of~2 nm. These tubes are arranged in orthogonal layerbe
assembly of yeast ay(P3,;21,~75 % solvent contertj°was a honeycomb network
with ~7 nm diameter pores. In each case, the assemblies invelsgds that are one
protein/calixarene unit thick but the ye& cyc packing was more porous
Interestingly,sclx also mediated a honeycomb arrangement of yeast ¢y8221,
~65 % solvent contenff Despite this resemblance, the pores weré.8 times
narrowercompared to that in the yeast ayt, sclxmc structure (~3.8 nm diameter;
Figure 3D). Compared to these ligansid) behaved quite distinctly. In one of the
yeast cyt ¢ sclhe structures, all of the crystal contacts were mediated by the
calixarene leading to a crystalline frameworR44:2) with exceptionail high

porosity of~85 % (Figure 3E).

A common feature o$clxmc, sclx andsclxis the high formal charge, even
though the conformations are quite different. Also, the@ystallization conditions
may have played a part in facilitating the poroassemblies. For example, at the
crystallization pH of 5.0 the phenolic hydroxyls sfbumc are likely to be
deprotonated?!® Two of the phenolic OH aftlx and sclx will be deprotonated at
the cocrystallization pH of 8 (cyt; sclx)®® or 7 (cyt ¢ sdxs),**resulting in a charge
of -8 and-10, respectively?1222 The similarity of the total anion charge slxmc
and sclx may have been instrumental in facilitating similar porous assemblies.

Earlier, crystalline protein frameworks{0 % solvent cdent) were obtained with
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concanavalinA and dyesugar conjugate®! Similarly, porous assemblies of the
jacalinlectin were also induced by an anionic porphy¥ihiHere, also electrostatic
interactions between the proteirg ligand interfaces appear tbe an important
contributor towards such assemblies. The significance of chacharge interaction

in yielding porous crystalline framework was also observed in the complex of cationic

pillar[5]arene and anionic apoferretin protein cagés.

In view of the various instances of ligamdediated protein assemblies,
probably the charge modification and subsequent electrostatic interactions at the
protein ¢ calixarene interfaces facilitate crystal porosity (Figd)e2® However,
crystal structures of the-6.2 kDa cationic PAF proteinl (8.9) with schbx, sche or
scheall involved tightly packed shedéike assemblie$® Thus, it remains to be seen
whether this property of the calix[4,6,8]arenes is restricted tacoyttransferable to

other proteins.

Gonclusions

This work demonstrates the use of bolaamphiphddxmcto mediate honeycomb
(yeast cyt) or tubular (horse cy) architectures. This contrast with the assembly
mediated by other calix[4]arenes but the similarity with that dictatedsioy and

sche might suggest a role for the high anionic charge of these molecular glues. In this
respect, the carboxylate functionality may have been useful as it enhanced the
anionic charge of the calix[4]arene, while the rigid cone structure obtained upon
sodum ion coordination might also play a rofclxmcadds to the existing library of
supramolecular building blocks, which can be utilized to facilitate unique protein
architectures. Furthermore, the details of molecular recognition presented for the
two complexes may provide structural clues for functionalizing calixarenes
(substituents and formal charge) to target the desired protein. Finally, there is scope
to explore the potential of binding polyanionic calixarenes with other proteins,

including neutral acidic candidates, to generate porous structures.
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Supramolecular Stackinig a HighZ(Calix[8]areneg
PorphyrinAssembly

The material in this chaptavas published as
Alex JM., McArdle P, Crowley PB.
Supramoleculastackingn a high¥2 €alix[8]areneg porphyrinassembly

CrystengComn2019 In print.

Dr. Patrick McArdIgNUI Galwayhelped with the ShelxL refinement
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Abstract

A cocrystal structure of sulfonatgalix[8]arene ¢che) and trimethylanilinium
porphyrin ¢map) at1.0 A resolution is reported. The oppositely charged macrocycles
form a stacked assembly of alternating calixarene and porphyrin. Crystal packing was
completed by additional porphyrins that interlinked neighbouring stacks. This

structureprovide insightsnto macrocyclebased assemblies.
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Introduction

Calixarene$’# and porphyring422° are versatile supramolecular building blocks.

The vast possibilities for customization make these macrocycles useful molecular
recognition agents. For example, the @rpand lower rims of calixarenes can be
functionalized to favour hosgjuest interactions with biomoleculég? Similarly, the

LISNR LIKSNE 2F (KS L2 NLIK apeditigns)ddn YebubstiedNE A (
with diverse group$?4225This possibility of structural manipulation has afforded a
wide-range of applications including sensifig?®catalysis??”??%and light farvesting

systems?29231

These molecules have been utilized for fabricating unique architectuees
seltassembly. For example,sheetlike,® columnar?®? or layered®? calixarene
structures and flower$34ringg° or pillarg3¢of porphyrins. Furtermore, porphyrin
¢ calixarene complexation has led to generation of hybrid assembti@siding
porous frameworkg10212.237241 |n these complexesalixarenes act as a templating
agent to aid the porphyrin assembly. For example, the interaction chfgtmethyk
4-pyridyl)}porphyrin (TMPyP) with a calix[4]arene derivative resulted in complexes
with varying calixarene:porphyrin ratids>?'? Moreover, these -calixareneg

porphyrin architectures could be modulated by $Hor by the presence of metal

ions. 212,240

Additionally, both these synthetic ligands are known to facilitate assembly of
proteins. Solutiorstate NMR*?and Xray crystallographié®204854.143.14&tdies have
NEBSEFt SR GKSANJI I 6Af AWhRen bbind tb Oprotel; they ey 2 £ S O dz
able to establish noftovalent contacts and form interfaces with the surrounding
protein  molecules. For example, the highly water soluble anionic
sulfonatocalix[8]areneschs) have been demonstrated to form large interfaces with
cytochromec (cytc) and mediate highly porous crystalline frameworks o€ €y0-85

% solvent content}?2°
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We sought to investigate the ability stlx to bind to two cationic partnerg
cytc and tetra(4-N,N,Ntrimethylanilinium) porphyrin tthap; Figure 1). Therare at
leastten structures ofschgillustrating its binding with different gues#é*2>°Though,
no X-ray data is available faimap, crystal structures of the structuralhelated
tetra(4-aminophenyl)porphyrifP-25?highlight theirpotential to generde interesting

assemblies

Here, we report 4.0 A resolution crystal structutbat revealed a remarkable
stacking architecture a$clx andtmap. Interestingly, the porphyrin occurred in two
distinct conformations depending on its position/functiontivn the stack. The
molecular recognition features that appear to stabilize the assembly are discussed.
The current studymay prove useful in understanding the behaviour of larger

calixarenes with porphyringith an aim to fabricate hybrid structures

lory

sclx; tmap

Hgure 1 Molecular structures of the ions used in this study.
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Experimental

Materials. Samples of unlabelledsaccharomyces cerevisagtc C102T were
produced by the established methods'! Stock solutions oftmap (Frontier
Scientific T973) ansclx (TCl Chemicals S0471) at pH 6.0 were prepared in 10 mM

NaOH or water, respectively.

Cocrystallization TrialsA sparse matrix screen (JCSG++ Jena Biosciences) and an
Oryx 8 robot(Douglas Instrumenjswere used for the crystallization experiments.
Protein ¢ ligand mixture were prepared by combining 1 mMag\g.5 mMtmap and

5 ¢ 20 mM schs. A single crystal grew in condition A1l (50 méhyl2,4-
pentanediol, 0.1 M TRISCIpH 8.5 and 0.2 M ammonium-tiydrogen phosphate)

at 10 mMsche.

Data collecion. Crystals 0~400 pum dimension in the mother liquor were cryo
cooled in liquid nitrogenDiffraction data were collected at SOLEIL synchrotron

OCNI yOSUu (2 mch0l° pver@BOAugim) &iger ¥ @V d¢tector.

X-ray structure determinaton. The observed reflections were processed with the
autoPROC pipelir® and scaled using POINTLES&nd AIMLESS? ab initio
phasing in ACORN (CCP4 suite) was used to generate th&@¥mégh, unambiguous
density for bothtmap and scls. The coordintes and restraints fotmap and sclx

were generated using the Grade Web Server. lterative cycles of model building in
COOT and refinement (fulmatrix least square on?fFwere performed in ShelxL
(Shelx suite§® The PLATON/SQUEPFZBrocedure was implemented to remove
waters which led to an improvemeri the refinement statistics. Crystallographic
data for the structure with and without water is deposited with the Cambridge
Crystallographic Data Cent(€CDCWith deposit numbersl956108and 1956128

respectively.
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Results and Discussion

Cytt ¢ scls ¢ tmap cocrystallization trials. A sparse matrix screen (JCSG++
Biosciences) and an Oryx 8 Robot (Douglas Instrument) were useddarsoyik ¢
tmap co-crystallization trials. 1 mM cgt 10 mMscks and 6.5 mMtmap yielded a
single crystal in condition A11 comprising 50-%ethyl2,4-pentanediol (hpd), 0.1

M TRIS pH 8.5 and 0.2 M ammoniunihgdrogen phosphate (Figure 2).

200 ym

Figure 2 A single~400 um crystal grew in a protenich phase (red coh).

Data collection and model building A dataset extending to 1.0 A resolution was

collected at SOLEIL synchrotron. The crystal belonged to the mon&dlicspace

group (Tablesl and 2). The electron density map was generataa initio using

ACORN (€P4 suite$>3® Unambiguous electron density was evident for the two

macrocycles. Interestingly, the asymmetric unit comprised g, sixtmap and

tenmpdY 2t SOdzt S& yR AYRAOFGSR GKFG B82KkS O2YL} SE
(Figures 3and)26258] 2 y 3 ARSNAYy3d GKS avlff @gwiaroSNI 2F ad
are wellcharacterized, the recognition features of the complex may provide

knowledge about conditions / interactions that lead to other such structdres>’
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Table 1X-ray data colletion and refinement statistics f@cle ¢ tmap (with waters)

Empirical formula Ga13 Ha17 N24 O149.50S16
Formula weight 7319.85
Temperature (K) 293(2)
Wavelength (A) 0.82656 A
Crystal system monoclinic
Space group P2,
P'yAG /1 Sttt RAYSI|E olowbeomMT O )
0 ofly dnMMOMOU )
OnfndHondmpL )
h ' xi Mnep®dpco
+ %) pnT@p
0 AROY noddpp d
XK O0™Y ndHNp
%) n
Co non MPHCA
/NJaalef"ua)\TS 6 ndun E nonp E
LYRSE N}y3$ 0 DKK Ko Fm AKX Bm H
K n )
nd®cno U2 HYy O™
| NBFtSOlA2ya ocTydd
| AYBGUWSREFE SCumdbdpnt wwoAyl
wSaztdziA2y NI Y o ddHdmpbm U p
| 2YLX S&SwSalanyg Ty dy
51 0F k NBAGNIAYd vmmMmphnTKMpPOY TK
D22RySaa 2F FAMPCHT
CAYlLf WLRYRADS W, nomybTEIOHW
w APRAE ol tf RIF wl 1 ®H wIyHIED copw
1l 0az2fdziS aid NHzC n & rowor
/1 51 MppcmMny
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Table2. X-ray data collection and refinement statistics &ulx ¢ tmap (squeezé.

Empirical formula Ga13 Hs17 N24 O77Ss6
Formula weight 6159.85
Tempeature (K) 293 (2)
Wavelength (A) 0.82656 A
Crystal system monoclinic
Space group P2;

''yAlG / Stf RAYSI oflodcHMOMT O )
0 ofly dnMMO MO U )
Onfndnondompl )
h ' xi Mne®pco

+ %) pnTa@p
“513 K @Y nyon Tt

XK O™MY n¥bT T
%) n

Co non M nn

1S 6noun E nonp E
0 DKKXKp §m /M K nn H
HAQ n )
‘ ndcno U2 HYy Odm
NEFt SOGA2ya ocTydd
AYRRSYLES NBFE StmmbpdnTt Owo Ay
fdziA2y NI Y o ddudrdupdm ©G p
f SGESWRS aranyg 1y dy
NBAONIAYyld mmddpnTkMpopTK
Saa 2F FTAnddhnp
LEYRA DS w,[ svydd ¢ F WHHED T
RAYyOSa o6Fff RIwl vwmihcdwnduy
2fdziS aiNHZOnPnppomp O
/ M®PPCMHY

/ NE&GL 0 &
LYRSE NIy
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Figure3. Representative ORTEP diagranf&ftmapand (B)schs

schg ¢ tmap supramolecular architectureThe crystal structurgevealed a stacked

asembly in whichfour tmap molecules alternated with fousclx (Figure4A). The

remaining two porphyrins bound the stack peripherally (Figdye The stacking

porphyrins were 75 % more puckered (root mean square deviation from plade=

A; ORTEX module @scail}*® compared to the peripheral planar porphyrins (root

mean square deviation from plane=0.05 A Figure 5225 The sclx conformation
O2yaraiSR 2F G662 WOlItAE®WoBLINBYSQ OF GAGAS
group or anmpd (Figured).
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Figure4. (A) The crystal structure revealed a stack of feabg (red), sixmap (blue),

and tenmpd (yellow) The four porphyrins alternating witltle were puckered. The

peripheral porphyrins were planar. The puckered conformatiotnwip facilitated

its interaction with the two flanking calixarenes. The WOl f AEO0 B8 NBYy SQ Ol ¢

accommodated a trimethylanilinium group orpd (yellow).

A B

HO—F—O<

Figureb. In theschg ¢ tmap stack(A)the peripheral porphyrins were planar whereas

(B)the stacking pgohryins were distorted or nosplanar.
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Porphyrin ¢ calixarene cecrystals have been characterized previoddfy.
212.240These crystal structures comprised a stack of porphyrins to which calixarenes
bound peripherally. In contrast, in thgclhs ¢ tmap complex both the macrocycles
adopted conformations that facilitated their participation in the stack, enhancing the
network of norcovalent interactions (Figurd). This binding mode appears to have
been favoured by the charge and shape complementarittheftrimethylanilinium
with the sclg conformation. For example, in achg ¢ tmap ¢ schbg sandwich
trimethylanilinium groups interacted with the phenolsulfonate units of the flanking
calixarenewviaweak edgeto-face (anilinium and phenol rings) and/cnargecharge
interactions (partial positively charged anilinium methyls with sulfonag&s¢C-:--Q
S=280®dc )O0Od ! UGNRYSOKetlyAfAyAdzyY &adzdzyAdl
sch participated also in catiofi A Y i S &cO-(iCedtrgid 48 ¢ 3.8 A) in
addition to the weak edgéo-face and salt bridgec{NcC---QS =3.3 ¢ 3.7 A)
contacts. Furthermore, it is noteworthy that 3 pyrrole rings of each stacking
porphyrin is involved in GH A y (i S §0--@énkady= 384 4.1 A) with the
methylene groupsqCHc) of the flanking calixarenes. These interactions may have

led to the puckering of the porphyrin ring.

The conformation adopted by the two macrocycles in the stack also facilitated
interaction with the peripheral porphyrins. Everyeahating calixarene porphyrin
pair in the stack established contacts with one of the trimethylanilinium groigos
caion¢”™ OLI NIAFffe& LI2AAGADS | yAL A yorfary YSGK
(anilinium and pyrrole rings) and chargkarge interactions (anilinium methyl and
phenolic OH)Interactions involving the pyrrole rings were limited in this porphyrin.
Electrostatic interactions were also observed with the anilinium methyls and the
calixarene sulfonates. Another trimethylanilinium group of the samap formed
similar contacts in the neighbouring stack thu® 4 A y3 +a I WoNAR3ISQ

mediae the calixarene porphyrin supramolecular architecture (Figuee
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Figure6. Each calixarene porphyrin stack interacts with the neighbouring stad&
0KS LISNALKSNIf LERNLKEeNAya GKIFG FOd 1
supramolealar architecture. Calixarenes, porphyrins, and the unit cells axes are red,

blue and black, respectively.

To determine how well the macrocycles pack with each other in the stack
(asymmetric unit), the number of intermolecular van der Waals contacts batwe
them were measured in the ORTEX modtible3).25° The variations in the number
of contacts betweersclx ¢ tmap/ tmap ¢ sclxis indicative of the asymmetric nature
of the interaction. Such differences arise due to the different environment of each
atom of the molecule (in a symmetric interaction the number of atoms in contacts
will be the same). In the stack, approximately-8D % atoms of the stackingap
were in contact with the flankingclx. On the other hand, 360 33 % atoms of the
peripheral tmap (trimethylanilinium groups of 1* and 5*; Tab® were in contact

with the neighbouring calixarenes (1 and 3) and the stacking porphyrins (4 and 2).
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Table3. Number of atoms inan der Waal contacts betweentmap and sclx within the

stack

tmap? sche”
#|11* 2 3 4 5 6|1 2 3 4
1* 30 43
2 29 75 51
74 51
tmap® 4 | 28 50 75
5* 34 44
6 77
1 |42 66 43
scheP ? >
3 39 59 48
4 44 68

*indicates the gripheral porphyrin in the stack
anumber of atoms inmap ¢ 126 (excluding the 2 protons of pyrrole nitrogen)

® number of atoms irsclx ¢ 128 (excluding the 8 protons of sulfonates and hydroxyls)

Conclusions

In conclusion, we have illustrated an alteting stacking assembly stlx and
I V' R k 2hddgeQriterabtiBnS

tmap. Interestingly, weak edg#o-face, cation” X

stabilize the complex. The conformations adopted by the macrocycles played a major

role in facilitating these noiovalent interactionsln particular, considering the
Hoppines<bf the larger calix[6,8]arenes, they may be utilized in generating stacking
calixarene; porphyrin hybrid architectures. Furthermore, these complexes may have

applications in the development of sensr&® or light-harvesting system&%23!

CAylftes

understanding the factors that contribute towards such unique crystal pack¥igf

i KAA

O2YLY SE
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Chapter4

Calixarenemediated Assembly of a Safl Antifungal

Protein

The material in this chaptavas published as

Alex J M., Rennie ML, Engilberge SLehoczki G Dorottya H, Fizil A Batta G
Crowley PB.

Calixarenemediatedassembly of a small antifungal protein

IUCrJ2019 6, 238-247.

D& dzt I . IUniuersi®®f DEbreden, Hungany
1 PAF protein production and purification
T NMR and IT@ata collection

The raw data from these experiments vegorocessed and analysed by JMAIMLR

75



Chapter 4

Abstract

Synthetic macrocycles such as cakxess and cucurbiturils are increasingly applied
as mediators of protein assembly and crystallization. The macrocycle can facilitate
assembly by providing a surface on which two or more proteins bind simultaneously.
This work explores the capacity of thdfemnato-calix[n]arene ¢chx) series to effect
crystallization of PAF, a small, cationic antifungal proteinci@stallization with

sclx, schx or sclx led to highresolution crystal structures. In the absencesafx,
diffraction-quality crystals of RF were not obtained. Interestingly, all threelx,

were bound to a similar patch on PAF. The largest and most flexible vaidgt,
yielded a dimer of PAF. Complex formation was evident in solution via NMR and ITC
experiments, showing more pronouncedfects with increasing macrocycle size. In
agreement with the crystal structure, the ITC data suggested sbb¢ acts as a
bidentate ligand. The contributions of calixarene size/conformation to protein
recognition and assembly are discussed. Finallg, suggested that the conserved
binding site for anionic calixarenes implicates this region of PAF in membrane

binding, which is a prerequisite for antifungal activity
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Introduction

There is growing interest in the use of synthetic macrocycles as noesliatt protein
assembly* The special case of protein crysiadtionf® has benefitted from
WYy2f SOdzf | NJ 3t dzS4aQ &dzOK | & Ol 6teh erystlS y S &
packing'®?! The sulfonatecalix[n]arenes<clx, Figire. 1) are highly watesoluble,
anionic macrocycles with diverse applications in the bioscieHeé%?® The
hydrophobic core and the anionic rim of the calixarene can facilitate protein
recognition, in particularyiathe entrapment of arginine or lysine side chaig°42
54.182Consequentlysclx and related compounds readily -@oystallize wittthe highly
cationic cytochromec (cytc) and lysozymé®505253 With increasing calixarene size
there tends to be more pronounced effects; for example, phosphoitaix[6]arene
(pclxs) has an approxnately tenfold increase in affinity (with respect &clx) and
prompts dimerization of cytin solution®® Sulfonatecalix[8]arene $cb) on the
other hand hduces a tetramer of cgt® Furthermore, while calix[4J&ne is locked

in a bowl conformation, the larger calixarenes are flexible and adopt various

conformations (Figre. 1)'°:205167.244,245,248,26262 Accordingly sclhs can bind to cyt

eithervial y SEGSYRSR WLX SIFGSR 2210 2NJ I O2f f

shown usiig Xray crystallography?-2°
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sulfonatocalix[4]arene sulfonatocalix[6]arene sulfonatocalix[8]arene
sclx, sclxg sclxs

Figure 1.Sulfonatecalix[n]arenes(A) Molecular structures an¢{B)cone &clx),

double partial conegclx) and double coneslx) conformations.

We were motivated to characterize thselx, series with aisgle protein and
thus investigate systematically how the calixarene size and flexibility influence
protein recognition and assembly. Furthermore, we were interested in studying a
protein for which a crystal structure was not available. Acknowledgingethddancy
of schx to complex cationic proteins we chose tirenicilliumantifungal protein
(PAFRSs a test casé??® PAF is a smdlh.2 kDa, 55 residues) lysinieh protein (13
Lyspl~9) and a potent agent again&spergilluspecies and dermafihytes63164.264
The NMR structure is a twistdzhrrel composed of five antiparallestrands and
stabilized by three disulfide bridgé%:'>:2% [ys30, Phe31, Lys34, Lys35 and Lys38
(loop 3) belong to a conserved region of PAF that is important for antfiaivity.
165,166,286 Similar to defensins, the mechanism of antifungal action is postulated to
require interaction with anionic components on the cell membraffd%26” Recent
X-ray crystal structures haveevealed how defensigphogpholipid bindingleads to
oligomerization, suggesting@ mechanism for membrane permiian.?&271 These
observations provided further motiation to characterize PAF binding with anionic

receptors.
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Here, we report three PAEscIx crystal structures, demonstrating therfess

of calixarenes as crystallization agents. Interestingly, all three calixarenes were
bound to PAF, mainly at the conserved loop 3. A similar interaction site was
determined by NMR studies; these results suggest that loop 3 is favoured for
recognitionby anionic receptors. The largest calixarestbg mediated a PAF dimer
that was observed both crystallographically and in solution. The thermodynamics of
PAF¢ schx interactions were characterized by isothermal titration calorimetry,
providing further eidence of PAF dimerizationa schg. The results are discussed in
the context of protein assembly and membrane binding. Finally, insights into protein
complexation by flexible calixarenes are provided, including the role of PEG

fragments at the proteirg calixarene interface.

Experimental

Materials. PAF was produced as descridét?®® The calixarenes were purchased
from TCI Chemicals. Stock solutionsdf, sclx and schg were prepared in water

and the pH was adjusted to 6.0.

Crystallization trias. Cocrystallization experiments were performed by the hanging
drop vapourdiffusion method at 2&C. The reservoir solution was-30% PEG 3350
and 50 nM sodium acetate, pH 5.6. A range of protein 0.0 mM PAF) and ligand
(5¢ 40 mM schx) concentrations were tested for PAKBcla co-crystallization. Drops
were prepared by combining sequially 1 mL each of reservoir solution, protein
andsclh. Crystals grew at 7 h PAF and 40 M sclx. In the case of PAFsclx and
PAF¢ scbg, the proteirgligand solutions were premixed before combining with
thereservoir solution. Gerystals were obtained withO mM sclx and 40 nM sclx.

Crystals grew in@ days $clx), 2¢3 weeks $clx) or 6,8 weeks ¢chg).

The crystallization of liganflee PAF (7 i) was performed with an Oryx 8

Robot (Douglas Instruments) and a sparse matrix screen (JCSG++, Jeeadgjosci
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Spherulites were obtained in C6 (#PEG 300.1 M potassium phosphate citrate
pH 4.2) and needles grew in D7 #OPEG 400,1M TrisgHCI pH 8.50.2 M lithium
sulfate). Manual crystallization trials under these conditions did not yield deitab

crystals.

X-ray data collection Crystals were cryprotected in reservoir solution supple
mented with 20% glycerol and crpmoled in liquid nitrogen. Diffraction data were
collected at the SOLEIL synchroti@mance) to 1.30, 1.45 and 1.80esolution for
PAR; sclx, PAF sclx and PAFE sclx, respectively. Datasets were collected using
scans of 0.tover 200 (PAE sclhx), 180 (PAE sclx) and 110 (PAE sche) using an
EIGER X 9M detector. In the casepofe PAF, a dataset extending to 3.0nAS
collected for the spherulites (condition C6), but was difficult to index/integrate in
both XDSandiMOSFLMThe needldike crystals (condition D7) did not diffract.

Structure determination The observed reflections for PAFsclx were processed
with XD$9? whereasiMOSFLNMI? was used for the PAE sclx and PAFC schs
datasets. In all cases, the data were scaled uSIGINTLESS and AIMLESS*
Xtriage(PHENI)X!® suggested pseudmerohedral twinning for the PAEsclx data

with twin law -h, -k, -h -I, and estimated twin fractions of 0.025 (Britton analyses),
0.066 (Htest) and 0.022 (maximu-likelihood method). The strtgre was
determined by molecular replacementffHASER by using the NMR structure (PDB
reference 2mhv, conformer 1% as he search model. A satisfactory solution (LLG,
134; TFZ, 7.4) was obtained with a search model in which resid2ed %24 and
47¢49 were deletedand all six cysteines were replaced by alanine. The coordinates
and restraints forsclx (ligand ID T3Y) werdded inCOOT®” Twin refinement did

not result in any significant improvement in the electron density. No twinning was
indicated for the PAI sclx or PAFC sclx data. The structures were solved by
molecular replacement using the structure of PABdxs (devoid ofsclx) as the
search model. The coordinates fanlx andschbg were built inJLigand®® High mosaic

spread (0.80.9) inthe PAF schg dataset made it difficult to obtain betteRvalues.
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Truncating the images with high mosaicity did help in this respect. Iterative cycles
of manual model building i€OO¥” and refinement iIRBUSTER were carried out

until no further improvements ifkree and electron density were observed. The final
structures were validated witMolProbity!®® anddeposited in the Protein Data Bank

as PAF sclx (PDB 6ha4), PAFsclx (PDB 6hah) and PAFRsch (PDB 6haj).

Accessible surface area calculationBhe effect ofsclx, sclx and sclhg on the
accessible surface area (ASA) of PAF residuks crystapacking enviroments was

determined inArealMolas described previousf{®

NMR spectroscopyThe sample conditions were 0.3 or 0.3/nM°N-PAF inl0 mM
sodium phosphate buffer at pH 6.0. NMR titrations were performed at 298 K using
0.5¢1 ml aliquots 060 mM stocks ofsclx, sclx or sche. tH-'>N HSQC spectra were
acquired with spectral widths of 12 p.p.niH] and 19 p.p.m¥N) using two scans
and 128 increments on a Bruker AvadtB00 NMR spectrometer. Ligasoduced

chemicalshift perturbations vere analysed i€CPIN%

Isothermal titration calorimetry and data fitting PAF samples were dissolved in 10
mM sodium phosphate pH 6.0. The same buffer was used to dilute stosk&(f7.1
mM, PAF 0.5 M), sclx (3.6 mM, PAF 0.5 M) andsclx (2.5 nM, PAF 0.3 ) to

the required concentration. Samples were degassed prior to the titration.
Measurements were made at 2& using a Microcal I72D0 instrument. Titrations
were performed in duplicate with similar trends between each replicateingle
replicate from each calarene was used for model fitting. Separate titrations of each
calixarene into buffer confirmed thahe heats of dilution were small, exothermic

and approximately constant.

NITPI&® was used for baseline cormdon and integration of the
thermograms Pyt was used to perform wdel fitting and parameter estiation.
The system of equations relatingd independent variables of the model (tbta
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concentrations) to the expanental observations (heat generated during injections)

for the singlesite and bidentatdigand models are as follows.

Singlesite model
[Pr]i = [P]i + [PL]; (1)

[PL]; = K[P;[L]; (2)

¢i = Veen AH°([PL]; — [PL];—1 (1 — vi/Veen)) + qan (3)
Where,
[Pri isthe total cell concentration of protein at th& injection (independent variable)
[L7]i is the total cell concentration of ligand at tiféinjection (independent variable)
Ki, is the equilibrium association constant (fit parameter)
NHis the enthalpy(fit parameter) associated witl
Veenis the volume of the cell
viis the volume of thé™" injection
gi is the heat generated from thi& injection (dependent variable)

dail is the heat of dilution (fit parameter, assumed to be constant)

Bidentate Ligind model
[Pr]; = [Pli + [PL]; + 2[P2 L}, (4)
[Lrl; = [L]; + [PL]; + [P2L];

[PL]; = 2K, [PJ;[L]; (5)
[P,L); = K1 K[P)7[L);

¢ = Veen(AHY ([PL]; — [PL];—1 (1 — vi/Veen)) (6)
+ (AHY + AH3)([PL); = [PyLli—1 (1 — v /Veen))) + qant
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Where,
Ki, Ko are the microscopic equilibrium association constants (fit parameters)

nHiZ Hoare the enthalpies (fit parameters) associated WKihKo, respectively

The expressions for mass balance of the protein and ligand is represented by
equations 1 or 4. Equations 2 or 5 define the equilibrium constants. For the bidentate
ligand nodel equation 5 was solved numerically (Levenbdiagquardt algorithm) to
yield the free protein @]) and free ligand concentrationsLfj)). The free
concentrations were used to compute the concentrations of the other staithe
equilibrium equationsThe heat generated from a given injection was determined by
eqguations 3 or 6. Parameters were constrained to physically reasonable baugds (

Ki, K between 13 and 16G° M) and besffits were obtained by maximum likelihood
starting from a range of itial estimates. Parameter errors and correlations were
estimated using a Bayesian approach (Markov chain Monte Carlo simulations). The

error for each integrated heat was determined using NIPEIC.

Results and discussion

PAR schx co-crystallization Pure PAF proved to be recalcitrant to crystallization. A
sparsematrix screen yielded spherulites or needilee crystals only (see
experimental). In contrast, PAE sclhx mixtures were crystallized readily from
solutions containing PEG and sodium acetBt&F schxa, PAF sclx and PAIFE scl
co-crystals were obtained at 280% PEG 3350 and 5vhsodium acetate pH 5.6
(Figure 2).

Data collection and model buildingDatasets extending to 1.30, 1.45 and 140

resolution were collected from monoclini¢®2:1) PAF¢ sclx, PAF¢ sclx and

hexagonal R61) PAF; sclx co-crystals, respectively (Tablg.
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Tablel. X-ray data collection, processing and refinement statistics

Crystallization

PAFc schx PAFc schx PAFc sche
[PAF] / §clx] (mM) 7140 7110 7140
PEG 3350 (%) 30 30 28
Buffer 0.05 M sodium acetatpH 5.6
Data Collection
[ A3K(G azdz Soleil, PROXIMA 2A
2} ¢St Sy3ail nopy nmnp
{ LI OS 3IANPR. tM v tM v P64
/| Sttt O2ya FTHH DT ™ a=24.74 A a=24.30A
olfoT Dpy b=38.59 A b=24.30 A
OHpdpp c=29.93 A c=313.69 A
hrsT apn h =1 =90 h =i =90
iT MmMMcC iT MMHC 1 =120°
wSaz2f dzi A 2 HT dwdo 0 27.081.45 21.061.50
6 M @odro 0 0 (1.481.45) (1.60-1.50)
| dzy A lj dzS MAMOH O 8592 (397) 16146 (236)
adzt GALX AO. 0 don & b 2.9 (2.5) 4.8 (4.0)
L'kd L 0O chOM O MC 11.5 (5.1) 8.4 (1.0)
/| 2YLX SGSy. MHDPH OT 94.7 (90.3) 96.8(97.7)
Ws P95 0 MH &wWEdMm 7.4 (33.9) 8.9 (98.2)
W63 0 c Q@i nbH 4.2 (20.4) 3.7 (47.4)
I hixw noddyc os5 0.992(0.760) 0.998 (0.226)
{2t @Syi O: op nm 43
Refinement
Ws 2 N nomyp 0.200 0.217
WE NE § nNPHMT 0.236 0.244
NY¥aR 062YR. nonnog 0.011 0.011
N¥Y¥aR | y3f M®Hp N 1.41 1.450
# molecules in asymmetric unit
t N2 GSA M M 2
[ A3l YR M M 1
2} 1SN pp pT 77
| @Sl Ode ! HNn oy H Ho dyc 30.01
wlk YFOKIFYRNIY |ylfes
> NBaARdzSa Ay
Tl @2 dzZNB R MAan®n MAan®n 95.3
Fff26SR 3.76
t5. O2RS 6had 6hah 6haj

a/alues in parentheses correspond to the highest resolution shell

PRneasl  hiK O YL li(hkI) - AdK 1@ KnHHili(hKI);
Roiml K 0 MLIHYE | i(hKD) - K 1 @i kewrHili(hKD;

dCalculated in MolProbity.
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The PAFK, sclx structure was determined using the NMR coordinates (PDB
reference 2mR)!%6 as the searde model. To obtain a safactory solution it was
necesary to delete two loops and replace all six cysteines with alanines. After several
rounds of model building and refimeent a complete PAF structure was obtained.
This model was used to solve the RAFel% and PAIE sclx structures. The PAF fold
and the three disdide bridges in the Xay strucures were consistent with the NMR
model 166.167.28 |nterestingly, the fold was altered slightly in responsedbs binding
(Figure 3. Superposition of ta three structures revealed d @nsd of 0.54 A (PAF
schx) and 0.78 A (PAEsche) relative to PAF sclx, with the largestdifferences at
loops 2, 3 and 4.

A

Figure2. PARC sclx crystals and Xay structures. Diffractiomguality cacrystals and

the asymmetric units of PAF wifA) sclx (B)sclxand(C)sclx. The asymmetric unit
comprised one protein and one ligand (A,B) or two proteins and one ligand (C). The
unbiased?R-RSt SOGNRY RSyaiade YILI 602y {2 dz2NEBR
PEG fragments irBland Q).
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PAF-sclxg
PAF-scixg

Figure 3.PAF backbone flexibility and binding site conformati@perposition of
the three crystal structures highlight changes in the PAF backbone. The side chains
of Lys27, Lys30 and Phe31 have different conformationge\wino29 provides a rigid
platform for hydrophobic interactions withsclx and scls. The calixarene

coordinates are not shown.

In contrast to the PAEsclx crystals, the spherulites and needles of pure PAF
failed to provide a usable dataset. The ne=dtid not diffract and the spherulites
yielded a 3.0 A resolutiodataset, whictproved difficult to index and integrate. The
difficulty in obtaining suitable crystals of pure PAF suggests that the calixarene

facilitates protein assembly and crystallipatil 92048505254
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Different calixarene, similar binding siteThe asymmetric unit of thePAF¢ schx
complexes comprised one (in the case of BAEIx and PAFRG sclx) or two (PARg
schx) molecules of PAF. Each structure contaioee calixareneas shown by the
2Rt R electrondensity maps (Figes2 and4). Addtional electron density adjacent
to sclx andsclx was modelled as BEGragmentequivalent to tetraethylene glycol
(EG4) andheptaethyleneglycol(EG7)respectively(Figire 4 and5). Sixs, locked in
the coneconformation, encapsulates the side chain osiagle lysine (Lys30), as
observed previously idifferent proteincha complexes®50:52%4 The larger flexible
sclx and sclx adopteddigtinct conformationsand bound at least twdysines.Sclx
was in thedouble partialcone conformatior?®32¢ with three sulfonates pointed
upwards and three pointedownwards (Figures 1B and 4B¢glx adoptedthe double
cone conformatior?#4245.248yjth eachhalf of the molecule acting like alcd4]arene

to bind one PAF molecule, thus mediatingrgstallographic dimefFigure4C)

[

APro29

. \’(/// A
?i . g
Phe31 & APhe31# :

Figure4. Binding site interactions iRAF¢ schx. (A) sclx, (B)sclxs and (C) sclxbind

to PAF at Lys30. Note the altered conformations of Lys30 and Phe8acm
structure, while Pro29 provides a rigid hydrophobic surface for -fadace
interaction with sclx and sche. In PAFscls, two protein chains interact with the
calixarene. PEG fragments equivalent to tetraethylene glycol and heptaethylene

glycol wee bound tosclx andsclw, respectively.

87



Chapter 4

All three calixarenes bound to Lys30, wimieracting also with neighbouring
residues aswell as other proteins (symmetry mates) in thaystal packing.
Depending on the ligand size/conformation, the nonglewnt contacts varieth their
type and multiplicity. The PAFsclx complex(FiguredA)was similar to cytochrome
c ¢ schx,*® involving asalt bridge and CH /cation-~ bonds withthe encapsulated
lysine.Hydrogen bonds to the backbone amide NHs of Lys30, Phe31, and Asp32 were
evident and the aromatic ring of Phe31 was in van der Waals contact vetixa
methylene bridge. Considering symmeitnates(FigurebA), sclx formed substantial
interfaces (>15@?2) with three proteins. Interestingly, a salt bridge was formed with
the N' of Alal. Salt bridges occurred also witlys2, Lys17, Lys22 and Lys35,
emphasizing a large chargbarge component to complexatiom total, the protein

¢ schx interfaces buried-660 A2 of protein.

sclx (1.5 times larger thasclx) also completely encaged Lys30 (Figi®g.
However, one wall of the calixarene cage was composed of three phenolic groups.
The phenolic oxygens wene van der Waals contact with thé @ and C of Lys30,
indicative of CH---O hydrogen bonding and the Ly¢30as hydrogen bonded to a
phenolic OH (rather than to sulfonate). Other differences, with respect stlx,
were watermediated salt bridges between LysBband two sulfonatesand aweak
T AYUSNY OG A2y 4B)Mdj&cent résitiue Wwro29 Gas AldaNdportant
for calixarenebinding {ide infrg. In terms of crystgbacking(Figure5SB), the larger
sclx was nestled betweerfive proteins and formedhumerous salt bridged §s6,
Lys9, Lys11, Lys27, Lys38, LysA® resulting proteitigand contacts mask970A2
of protein surface Compared tsclx, the more extensive interactions exhibited by
sclx may explain why 4 times less ligand was required to achieve crystal growth

(Experimentabnd Tablel).

The interactions ofchg with PAF were similar to those observed wattix,
though less extensive. At twice the sizesoby it might be expected thasclx would

mask a larger protein surface; howevsc)x formed a PABimer Figures4Cand50
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resulting in a total protein surface coveragedsDA2. The doublecone conformation
(comparedg A (1 K (G KS YWPidébtedi ydehe migirRizelits contact with
protein surfaces. Saliridge interactions involved up to tee lysines from each
monomer. Here, again a hydrogen bond was formed between the Ly52MdNa
phenolic OH. In one of the protein chains Phe31 formed an-¢aldace interaction

with ansclx phenolic ring. In protein chain B, Phe31 was disord¢Feghres50).
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Figure5. Calixarenes as molecular gludsie crystapacking is dominated by PAF
schx interactions in(A) PAF¢ scha, (B) PAF¢ schs, and (C) PAF ¢ sclx. This

observation suggests that the calixarene is a molecular glue for protein assembly.
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In complex with PARScIx, sclx and schg contributed anadditional surface
of 550, 850 and 12902Aespectively (calculated for a single protein). The exposed
O f AEFNBYyS &adzNFIOS Aa | NBflFiA@gSte Kz2yY23
noncovalent bridges with other proteins. Apparently, the calixarenes aa$
molecular glue Figureb) by providing a patch that sdiates protein assembly
(subsdj dzSy it @ RNAGAY3I LINRPGSAY ONRBAGET EAT I GAZ
Y 2 R §8.&0

" Lys30

Figure 6. ProteinPEGcalixarene interfacesThe proteincaliarene interfaces are
completed by a PEG fragment {A) PAF¢ sclx and (B) PAF¢ schg. Lys9N
simultaneously forms iodlipole bonds to the PEG (crovather like complex) and a

salt bridge to one sulfonate. GH | YR £ 2 2 y1RaA NJOOdzNJ | f 42 06S

the calixarene phenolic rings.

The presence of PEG fragments (EG4 and EG7) markeadigudghed the
PAF¢ schx and PAR; sclx complexes (Figuré). The PEalixarene interaction
involvedlone pair ?® and CH 0 2 whiteithe PE@protein contactsincluded
hydrogen bonds between the oxygen lone pairs agd9 (Lys®'-- O-PEG = 3:3.3
A).This crown ether likeysZPEG interaction resembles the binding of lysmé8-

crown-6 (PDB entry 3w)r°A heptaethylene glycol fragment has been observed
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bound to an antibody (PDB entry 2348 where it adopted a crowether like
conformation compared with the extended conformation in PAsclx. In addition,

a crystal structure of an SH3 domain (PDB entry 3%g@&3vealed various PEG
fragments at proteigprotein interfaces. These examples suggest that the role of PEG
Aa Ia |yt Y NISNIWNOREGHSRRents (FigBjeontribute towards

calixarene conformation selection/stability.

Selectivity of PAF, schx complexation, why Lys30€onsidering that PAF contains
13 lysines the question arises as to why Lys30 was selegtatbd ASA calculations
were used to probe the selectivity st for the Pro29Lys36Phe31 patch over
other possible binding sites (Figurg. Mhe calculations accounted for contributions
from symmety mates in the crystal packirt§The effect of lignd binding on the ASA
of all Lys, Pro, Phe angrTresidues is plotted in Figure A&t least half of the lysines,
including Lys30, are highly exposed (ASA B2infeach structure in the absence of
sch%. This obserw#on suggests that steric acability*® was not the determining
factor in sclx selectivity. For example, Lys2 (>158) Mvas significantly masked
(ASAKL5%) by binding witlsclx only. Perhaps a saliridge interaction with Asp46
reduced the availability of Lys2 in the other complexes. In contrast, Lys30 was
strongly affeted by all three calixarene&\$A up to 806). Adjacent residue Lys27
was also strogly affected in the complexes wiltlx and scls. The differences in
the degree of masking can be attributed to the calixarene sizes (ssobd) and
O2y F2NXI (A 2y asche). Heneaisdxhad@drg iS é@@mmon witlsclx
than schx. For eample, Lys9, Lys11 and Lys38 were5896 buried byclx or schx,
while sclx had no effect on these residues. Overall, calixarbimeling resulted in

significant masking of fives¢hx), eight éclx) and sixgcls) lysines.
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Figure7. Accessiblesurface area (ASA) plotaccessibility of Lys, Pro, Phe and Tyr
residues in ligandree (black) andbound (grey) PAF. The P&s$clx data correspond

to chain A.

PAF has five aromatic residues, Phe25,32hd&yr3, Tyrl6 and Tyr48 (Figure
7); the latteris highly solvent expose@00A?) and might be expected to interact
with schx. However, only minor cdributions were evident (Figure)8Phe31 was the

dominant aromatic residue faclx complexation. The adjacent Lys30, Lys34 and
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Lys35 may facibte (via chargecharge interactions) calixarene binding here,

compared with Tyr48, which is proximal to Lys2 only. The contribution of Pro29

merits special attention as it completes the binding site for b&the and schg via

faceto-face hydrophobic stzks with a phenolic ringF{gures 4B and@. These

interactions are reminiscent of polyphenol binding to protimeh proteins?’¢280The

rigid pyrrolidine ringt LILJST NB (2 LINRPGARS | adlroftS LI I GF21
sclx or schg. Thus, it is pdraps unsurprising that the only proline residue in PAF was

involved at the binding site.

Figure8. Tyr48calixarene InteractiongA) Tyr48C' in van der Waals contact with a
methylene bridge oéclx (B) Tyr48C *forms a weak aniomuadrupole bond vih a

sulfonate ofsclx.

As such, it appears to be the combination of the Pra9930Phe31 motif and
adjacent lysines (chargeharge interactions) that stabilizlx binding and impart
selectivity. This region has been implicated in PAF function, wd&breased
antifungal activity when Phe31, Lys35 or Lys38 were mutated to Asn &P°AR2%

The selectivity of the anionic calixarenes for this site suggests that it may be involved

in cell membrane binding and permeation as required for antifungaliaic

NMR characterization and comparison with the solid stalAR; calixarene binding
in solution was assessed by NMR spectroscopy. Titrations were performed by the

addition of microlitre aliquots o$clx to >N-labelled PAF, which was monitored by

94



PAR sulfonatocalix[4,6,8]arenes

H-15N HSQC spectroscoff{:® The overlaid spectraF{gure 9 revealed increasing
chemicaishift perturbations j 9 as a function ofsclx or scls concentration,
indicative of fast to intermediate exchange between the lighmree and ligand
bound states. Some biphasic shifts were evidensfix. Severe broadening effects
were observed with 0.3 ecpcly, indicatve of a slowexchange process and

suggesting the possibility of ligamdediated oligomerizatiod?:51,52184.281

Then 1plot (Figure 9 shows a clear selectivity fschxy binding to Lys30 and
neighbouring residues &B6. In the crystal structure, all tfiese residues occurred
in the vicinity ofsclhx. Significanshiftswere observed also for the-&rminal Val52
and Cysb4, which are further from the crystallographic binding site. However, both
of these residues are adjacent to Pro29, and Cys54 is hgdrbgnded to Lys34,
suggesting a mechanism for how these resonances sense ligand binding. In the
presence okclxs, the plot again shows a preference for binding around Lys30 as well
as effects at the @rminus (Val52 Nis hydrogen bonded tesclx). However,
compared withsclx, the shifts are 24 times larger and other segments of the
primary structure (residues@3 and 4245) were also affected. These two regions
correspond to additionadclx binding sites evidennithe crystal packing. Therefore,
the NMR data suggests that the PA$tIx interaction fluctuates, with the calixarene
exploring different patches on the protein surface, asarved previously for cygtg
sclx complexes'®5? Judging from the magnitudef the shifts, binding to Lys30 is

preferred while a weaker interaction occurred at a patch involving Lys6 and Lys42.

The titrations with schg resulted in different effects. In addition to
pronounced erturbations of Lys30 and neigburs, substantial bradening effects
occurred. Cys28, Lys30, Lys34 and Cys36 broadened at 0.3 mM, and Thr8, Lysl11,
Asp32 and Thr37 broadened beyond detection at 0.6 sab. These eight redues
are located at the crystligraphically defined binding site. Thus, the broadegnin

effects may be indicative of PAF dimerization, consistent witrstie-mediated
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dimer inthe crystal structure (Figure 4@reviously, we observed a complete loss of

the HSQC sp&am of cytc in complex withpclx, which also yielded a dimer in the

solid state>?
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Figure9. NMR characterization of PAclx complexation (A) Region from overlaid

1H-15N HSQC spectra of pure PAF (black contours) and in the presencéd

ligand (coloured scaleRiphasic shifts occurred for resonances K884 and C36 in
the presence obkclx. Resonances K17, C28, K30, K34, and C36bnemadened at

0.3 mMsclx whileresonances T8, K11, D32, T37 were broadened beyond detection

at 0.6 mMsclhx. (B)Plots of chemical shift perturbations measured for PAKkbace

amides in the presence of 0.6 m&tlx, sclx or schg. Blanks correspond to P26

and undetectable resonances (due to broadening).
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Thermodynamics of PAEschx complexation Isothermal titration calorimetry was
used to characterize the PAIScks binding affinfies and stoichiometries (Figure 10

The data were fitted to a singlgite or a bidentatdigand model. The latter model
describes a bidentate ligand that can bind two protein molecules and was necessary
to describe the obviously biphasitata for sclx. The choice of this model is
supported by the observation of a PAclx ¢ PAF dimer in the crystal structure,
and by the spectral broadening in the NMR experiments. All of the fit parameters
were well determined by the data (Tabl@), with parameter errors assessed by

Bayesan methods*®

Table 2 Thermodynamic of PAFsclx complexation determined by ITC.*

[Ligand} [PAF? Ky nH TS
(UM) (UM) (UM) (kJ/mol) kJ/mol)
PAF-sclx (Single Site Model)
7143 500 (412) 107 (0.0,0.0) -16.9(0.1,0.1) -5.6(0.2,0.2)
(1248)

PAF-sclx% (Single Site Model)
3623 (633) 500 (412) 15.4(0.0,0.0) -28.2(0.2,0.1) -0.7(0.2,0.2)
PAF-sclx (Bidentate Lignd Model)
3623 (633) 500 (412) 47.8(0.0,0.0) -9.2(0.1,0.2) -15.4 (0.4, 0.3)
45.8 (3.5,4.1) -20.1(0.4,0.4) -4.6 (0.6, 0.6)
PAF-sclx (Bidentate Ligand Model)
2500 (437) 300 (247) 10.6(1.3,1.4) -3.5(0.3,0.3) -24.8(0.3,0.3)

33.5(4.86.5) -36.0(1.7,1.4) 10.5(1.8,2.1)
*Fit values are median (2.5% quantB&.5% quantilgfrom Markov chain Monte Carlo
In the case o$clx the fit parameters for both models are shown.
®Calixarene concentrati@in the syringe, final concentratiandicated in parenthesi
bProtein concentration in the cell, final concentration indicated in parerithes

The isotherms fosclx injected into PAF were fitted to a singgée binding
model withKs 110 mM. In contrast, the isotherms feclxs were biprasi@® and fitted
to a bidentate ligand model witKg values of 10 and 30 k, for binding the first and

second molecule of PAF, respectively. The isothermsclaywere intermediate

97



Chapter 4

between sclx and scbg, suggesting that this ligand may exhibit Wwebidentate
binding. A satisfactory fit for this data was not obtained with either model. The ITC
data demonstrate an increasing affinity for PAF as the calixarene size increases and
a switch in binding mode from the small, rigidx (single site) to théarge, flexible

sclx (bidentate).
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Figure10. ITC analysis of PARclhx complexation.Top panels show the baseline
corrected thermograms for injections etlx, sclx or schginto PAF. Bottom panels
are the observed heats (data points) and the (gslid line) for single sites¢lx) and
bidentate ligand ¢clg) models. Note, the titration heats f@cls were intermediate

betweensclx andschxs.

Conclusions

Using a combination of -Ky crystallography and NMR spectroscopy it was
demonstrated tha the sclx series binds selectively to the highly cationic PAF.
Despite the varying size and conformational flexibilgghy, sclx and schx bound
similarly the Pro29.ys36Phe31 motif in loo@. The seldtvity of the anionic
calixarenes for this motifand the role of loop 3 in antifungal activity, suggests that

this region may be required for membrane binding. In addition to charlgarge
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interactions (showed by numerous lysit@sulfonate salt bridges), other
noncovalent bondsncluding CH | YV R(via'Pro29 and Phe31, respectively)
participated in ligand stabilization. The presence of PEG fragments at the pgotein
schwand proteingschsA Y G SNF I 0Sa adzZa3sSada GKFEG t9D |

binding site, potentially reinforcing thealixarene conformation.

The structures of all three PAFschx co-crystals highlight the potential of
OFft AEFNBySa a | wadiaodole LIGOKQ 2y (KS L
crystallization. In the case of thselx and sclx co-crystals P12:1), it is evident that
the calixarene is a dominant contributor to the crystal packing (Fig. 4). Similarly in the
sclx structure 61), the packing involves substantial protejrcalixarene contacts,
and the structure is interesting &%lx mediatesa PAF dimer. Previously, we found
that sche mediates a tetramer of cgt!®Generally, it seems that cadirenemediated
protein crystallization may be a special case of the patchy particle model for protein
assembly?4536264 Considering that PAF alondid not yield diffractionquality
crystals, we conclude that ewoystallization withsclx was beneficial. Anionic
calixarenes may generally faigte crystallization and struare determination of

small cationic proteins.

The binding surfaces observadthe NMR experiments were consistent with
the Xray data. However, the NMR effects were more pronounced with increasing
calixarene size, suggesting that the larger calixarenes mask a greater portion of the
protein surface and/or lead to assembly in sabuti Similarly, the ITC experiments
revealed tighter affinities and more complex effects with increasing calixarene size.
In particular,schg behaved as a bidentate ligand that facilitated PAF dimerization.
These data add to the growing evidence of caérarmediated protein assembly in
solution®52 In terms of the biologicatelevance of these data it isoted that
defensin oligomerizigon (upon phospholipid binding) has implications for ntigal
activity 268271 perhaps calixarenes can be used todulate the activity of PAF and

related proteirs.
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Crystal Structure of a Proteig Aromatic Foldamer

Composite: Macromolecular Chiral Resolution

The material in this chaptavas published as

Alex JM., Corvaglia VHu X Engilberge SHuc ], Crowley PB.
Crystalstructure of a proteing aromatic foldameicomposite: macromolecular
chiral resolution

Chem Commur2019 55,11087%1109Q

L@y | da@@igMakirhiliansdniversitat,Germany)
1 Synthesiand charaatrizationof foldames 1 and 2

7 Qrcular dichroism studies of ayt, foldamer2 complex.
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Abstract

Oligoamide foldamers are being developed as synthetic ligands for protein surface
recognition. Recent work with quinolidgased helical foldamers haglied on a
tether functionality to direct protein binding. Here, we characterized complex
formation between a-2 kDa tethesfree sulfonated foldamer and thel3 kDa lysine

rich cytochromec. Cacrystallization led to the spontaneous chiral resolution of th
foldamer helix handedness. A 2.1 A crystal structure revealed foldamer stacking and
chargecharge interactions with the protein. Zinc ions were important also for the
crystalline assembly. By mass, the structure compriséd3 foldamer:protein,
hinting & a biohybrid material. Despite this composition the individual foldamer
LINEGSAY Ay dSNFI OF LomplSxtien i solutibrf wasiskidied yyn )
NMR and identified a different binding patch to those observed fgyX Circular
dichroism experirants also highlighted differences in helix handedness preference,
with respect to the crystal structure. Foldameiprotein recognition and assembly

are discussed with suggestions for future foldamer designs.
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Introduction

Supramolecular chemistry providea repertoire of abiotic synthetic receptors and
ligands for protein recognition and assembBfy.These properties have been
illustrated for calixarene&)20:5>%6cucurbiturils?!>° aromatic foldamers?®1022842%,
suramirtt’18 and tweezerg?%! all of which complement medchem products and
peptidomimetics. Among the supramolecular components, foldamers are unique in
that they form stablyfolded architectures in solutioPf:°6 This feature, arising from
their resemblance to biopolymers, makes thattractive candidates for protein
recognition?®287  Currently, there is growing interest in helical aromatic
oligopamides®828° The stability, fold predictability and ease of synthesis /

functionalization of these foldamers have led to a wide rangeppfiaations?528%2%

Aromatic foldamerscan be customized to enhance biocompatibilitizor
example,oligoamidesof 8-amino-2-quinoline carboxylic acigQ, Scheme 1yere
decorated with proteinogenic side chaif$.Additionally, they can be endowed with
a tether functionality that confines the foldamer to a specific region of the protein
surface, enabling the identification of weak binding interactié®¥4°%2% For
example, foldamers with a benzenesulfonamide were anchored to the active site of
humancarbonic anhydrase Il (HCA), thus facilitating recognition and asséfib},
while others were linked to cyclophilin A or interleukiid®@ Theab initio design of
foldamers (without a tether) that can bind proteins is a challenging task owing to the
dearth of molecular recognitionnformation. Taking inspiration from the charge
charge multivalent complexation between a cationic quinoline oligopamide and a DNA
G-quadruplex?®®the present work was carried out with the objective to demonstrate

tether-free foldamer binding to a protein.

We explored the recognition properties of an anionic helical quinoline
oligoamide with a lysingich protein. The foldamer was-& kDa octamer spanning

three helix turns functionalized with sulfonate grougds $cheme 1)hat could be

103



Chapter 5

synthesized readily on solid phase using previously reported procedlrdhe
choice of sulfonic acid was motivated by its suitability to interact with cationic
residuest*®4346.47.1® Cytochromec (cytc, 13 kDa, p ~9) was selected s its
interactions  with  anionic  reqdors such as  sulfonat@®20485256

phosphonatanethyl>® and phosphonatecalix[n]arenes are webstablished!

A 2.1 A resolution crystal structure provided a detailed view of protein
foldamer binding. Remarkahlyhe cocrystal resulted in the chiral resolution of the
P and M helices ofl the interconversion of which is kinetically hampered. NMR
studies were performed to characterize complexation in solution. Furthermore,
circular dichroism (CD) experiments wigh an analogue ofL containing flexible
aminomethylpyridine units (P, Scheme 1) that make helix handedness inversion
possible, provided insight into helix handedness induction by the prétékinally,
the influence of the~2 kDa helical ligandL) on recognition and assembly of-&l3
kDa globular protein is discussed and suggests new possibilities of composite bio

materials29®

SO3H

X | =N

N OH N OH
NH, O NH» O
Qmonomer P monomer

1: Ac-Q-Q-Q-Q-Q-Q-Q-Q-0OH
2: Ac-Q-P-Q-Q-P-Q-P-Q-OH
Scheme 1.General structures of amino acid quinoline (Q) and pyridine (P)

monomers, and sequences of helical oligoamidddotersl and2. The inner rim of

the helix is marked in bold.
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Experimental

Sample preparationMillimolar stock solutions ot were prepared in 1 M sodium
acetate or water whereas foldame2 was prepared in water®N-labelled and
unlabelled Saccharomces cerevisiaecytochrome ¢ (C102T) was prepared as

described previousl§?19t

Cocrystallization trials Trials were performed with an Oryx 8 Robot (Douglas
Instruments) and a sparse matrix screen (€8 Jena Bioscience) at 20° C.
Cytochromec (1 mM)and1 (in sodium acetate) were tested in ratios of 1:1 and 1:4.
Crystal growth was achieved with 4 mMIlodnly in condition C7, 10 % PEG 3000, 0.1

M sodium acetate pH 4.5, 0.2 M zinc acetate. Thesest@mped crystals were
reproducible by the hanging dpamethod in 5 25 % PEG 3350. Trials witm water
yielded thin plates in conditions A9 (20 % PEG 3350, 0.2 M ammonium chloride pH
6.3), G7 (15 % PEG 3350, 0.1 Matlium succinate pH 7.0) and G8 (20 % PEG 3350,
0.1 M disodium Dimalate pH 7.0). Thiplates were obtained witl2 (in water) in
conditions G7 and H6 (17 % PEG 10,000, 0.1 NABES pH 5.5, 0.1 M ammonium

acetate).

Cocrystallizationtrials with 8 other foldamers resulted in either poor diffraction or

ligand free structure{able )}

X-ray data collection.Crystals of~100 pm dimension were cryprotected in the

reservoir solution supplemented with 20 % glycerol and @ygoled in liquid

nitrogen. The roeshaped crystals df at 5 % PEG 3350 diffracted to 2.1 A resolution

at beamline PROMIA-H!  oO0{ h[ 9L[ &A@y OKNRUNRYODP 5F Gl a
scans of 0.1° over 360° with an Eiger X 9M detector. The thin plateslwaiti?

diffracted poorly.
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X-ray structure determination Diffraction data were integrated and scaled using the
autoPROC pipelingTable2).2® The structure was solved by molecular replacement
in PHASER, withlys as the search model® JLigand was used to generate the
foldamer coordinates and refinement restrainf8.Iterative cycles of model building
in COO¥’ and refinement in BUSTER were performed until no further
improvements in the RRe or electron density were obtained. The final structure was

validated with MolProbit{?® and deposited in the Protein Data Bank as BE#y.

Circular DichroismCD spectra @re recorded on a JasceB10 spectrometer using
quartz cells with a 1 mm path lengtP Scans were acquired at 20 °C, over the-300
500 nm range, with a 1 s response time and a 100 nm/min scan speed. The CD data
(Figure7) are an average of three scanangles contained 90 puM cytochronceind

1 eq.2 in 25 mM sodium acetate, 25 mM sodium chloride at pH 5.4 and were
equilibrated for a minimum of 24 .hData were baselineorrected for signal

contributions due to the buffer and protein.

NMR spectroscopy*H-1>*N HSQC monitored titrations were performed at 30°C on a
600 MHz Varian spectrometer equipped with a HCN coldprobe, as described
previously?® Samples of 0.1 mNPN-labelled cytochrome were titrated with 3- 24

>[ FEAld2z0Ga 27F in20¥aM pbtassiuim yHosploate y50 mN soduD
chloride at pH 6.0 Spectra were processed in NMRPipe atftemical shift

perturbationswere determined in CCPI

Results and Discussion

Cytochromec ¢ 1 co-crystallization Initial crystallization trials of cgt¢ 1 mixtures
were performed with a sparse matrix screeleifa BiosciencdCSG+Hn anOryx 8
robot (Douglas InstrumentsTrystals grew owlin condition C7, containin) % PEG
3000, 0.1 M sodium acetate pH 4.5 and 0.2 M zinc ace&itailar conditios B7(8

% PEG 4000 and 0.1 M sodium acetate pHah@ D430 % PEG 8000, 0.1 M sodium
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acetate pH 4.5 and 0.2 M lithium sulfatacking zinc, did not yield crystaRodlike
crystals(Table ) were reproducible with & 25 % PEG 3350 and 4 eqlgfrepared
in 1 M sodium acetate. Thin plates-crystalswere obtained also from a stock f

or 2in pure water.

Cocrystallization trials withother quinolinebased foldamers failed to yield

diffraction-quality crystals (Table 1).
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Table 1 Cyt ¢ foldamer cocrystallization trials

Molecular Representative Diffraction /

Molecular structure weight crystals Resolution

SO3
- A
SOs 1 lon 2.1A
x N Good diffraction;
_ NH O . 206189 structure solved
NH @) (PDB 6s8y)
O
SO;
OMe =
_ OH
XX N
_ NH O . 1861.74 ¢Nog ¢Nog
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COO™
COO] =
_ OH
S N
1 INH - 2003.08 cNog cNog
o)
o)
Qo
HO’P/\l 203 - ~
A N 2090.07 17 A
N7 NH O 7 : Difficult to solve
NH O
5 200 pM
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SO; \\
SO; o
§ N/ OH A
J Nk o 287
6 Poordiffraction
NH O
(@) —_—t
200 UM
0. QH
O) 0 OH
8
LR YT o, GNog cNog
N O/\P,
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Cytochromec ¢ sulfonated quinoline foldmer

N O‘P’%H
. J 0 OH
16
= N7 1.6 A
1 | 0 9203.05 A
N N O/\E,,O Devoid of ligand
HJ{N O OH
H
O._.OH
16
N7 4540.41 No diffraction
N A Q0
O/\FIY
) OH
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o. LOH
8
] ¥ N" 4019.07 NG NG
N
HJH:J' o COO
CcOO0
o. LOH
8
/| H N/| 4227.49 No diffraction
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Cytochromec ¢ sulfonated quinoline foldamer

Daa collection and model buildingThe plate crystals with or 2 diffracted poorly

to > 4 A resolution datasets. Data extending to 2.1 A resolution was collected (SOLEIL
synchrotron) from the rodike cytc ¢ 1 crystals (Table )1 which belonged to the

trigonal space groupP3:21 (Table2). The structure was solved by molecular

replacement with one cgtin the asymmetric unit.
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Table2. X-ray data collection, proasing and refinement statistics.

Data Collection

Light source SOLEIL, PROXIMA

Wavelength(A) 0.98009

Space group P3,21

| Sttt O2yadlyIrer o dpduvoy 1) ibc
h T R M HXA

wSaz2ftdziAz2y «cH IdPpdddm OO D

I NBFEtSOGA2)yMdpdamyoly ¢

|  dzy Alj dz8 NI * mn pdpAdm

adzf GALX AOAGimy Gnypisd

L'ko L O Mp&d o

/ 2YLIX SGSy Saimndmnon

Ws P9 0 y @MHGPT

W62 0 H dony 6P o

I haxw hbh&mpubc

{2t @Syid O2yipn

wSTAYSYSyi

W5 2 N9 no®HHCOGAN
WE NGB § nNPHTYN
NY¥aR 02YRa& (ndamnam
NYAR Fy3ftSa mdpung
Asymmetric unit composition

LINB G SAY M
F2f Rl YSNJ H
TAYyO A2y 0
g1 GSNJ HC

| @Sl OG"@ NJ 6) cT dn ™

/| £ aKao2NB HOPT M

wl YI OKI y RINRay> NByalAtRdzS a Ay
FI §2dz2NBER NB:I T dm
Ffft26SR NB3I/ mnn

t5. O2RS 68y

't £ dz2Sa Ay LI NBYyidKSasSa O2NNBAaLRYR
Wesila kYD Ky pleK VTIAK | G i ek D €

Wk« HE O Yy ppbK VTIAK 1 @i k< HilK D
BRSGSNYAYSR Ay az2ft NPOoAGE
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Cytochromec ¢ sulfonated quinoline foldamer

Figurel. The asymmetric uniof cytc ¢ 1 comprised one cytc and a stack of two

foldamers (PDB ids8y). Purple spheres indicate zinc ions.

Electron density was evident for two molecules IoWith M-helicity. One
foldamer, adjacent to Pro25 and Lys27 was clearly defined, while the second
foldamer was modelled in both head-head and heado-tail orientations relative

to the welldefined foldamer (Figuré and 2).
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Figure2. (A) Omit map showing thek, -k St SOUNRY RSyaAide o002yid2dzNE
the foldamers. The grey foldamer corresponds to the htmtiead orientation.(B)
Spacefill representation of the foldamer stack depicting the cylinder with an anionic

surface (hydrophobic quinoline rings are butje

Zinc ions were modelled at three separate sites involving His33, His39 or the
foldamer ¢ foldamer interface. The zinc bound at His39 facilitated crystal packing

(Figures3 and4).

Figure 3. Zinc ions coordinated atis33 or His3ith acetate ionsand waters
completing the coordination spheres. At His39, the zinc is a bridging ion that

contributes to protein assembly in the crystal.
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three zinc ions.

Foldamer bound, not tetheredIn the crystal structure, two symmetry unrelated
molecules of oligoamid& were found to be arranged in a stack yielding a cylinder of
~2.3 nm height, similar in dimension to cyFigurelB). Lefthandedhess(M) was
unambiguously assigned to both helices from the electron density map. The curved
surface of the cylinder is anionic owing to the sulfonates whereas the ends are mostly
hydrophobic (FigureB). In the stack, one foldamer orientation is wa#fined with

the N-terminal quinoline packed against the protein at Pro25 and Lys27 (Fi@d)re

The other foldamer was modelled in opposite oriatibns (50 % occupancy; Figure

2), arrangedheadto-head or heaeto-tail relative to the weldefined foldamer.
Previously, it was observed that in a stack of three foldamers the central foldamer
(lacking a tether for HCA binding) had negligible protein interactions and was present
in two orientatons!®® In the current structure the welbrdered foldamer
participated in several protein interactions, which probably stabilized a single

orientation and contributed to the selection of a single helix handedness.

117



Chapter 5

We considered the proteig foldamer nteractions in terms of their interface
areas. The-2 kDa foldamel with a~1300 Zsurface area might be expected to form
large interfaces with the protein. However, in the crystal, the wlelined foldamer
formed small interfaces, ranging in size frd®0 to 180 Awith four neighbouring
proteins (Figure5 and 6). The disordered foldamer formed only two significant
interfaces of~165 or 190 Awith cytc, which apparently were insufficient to dictate
its orientation. With < 20 % of its surface involvids foldamer was bound weakly.
All of these interfaces were smaller than the main proteprotein (~270 &) as well
as the foldamer; foldamer interfaces<220 &). The similarity with typical protein
crystal packing interfacé¥ suggests that the pretin ¢ foldamer contacts are weak
and nonspecific. Furthermore, the interfaces were comparable to those formed in
protein ¢ calix[4]arene complexes~200 &)485353 The considerably smaller
calix[4]arenes 0.8 kDa) bear a cavity that encapsulate indmadlysine residues

leading to larger interface areas compared to the foldamer.
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Figure 5. Molecular recognition details of the three largest proteinfoldamer
interfaces. The limited interactions of the second foldamer are evidentsistant
with the oritentational disorder. Protein, foldamer and zinc ions are depicted as grey

ribbon, sticks and purple spheres, respectively.

Comparisons with sulfonatocalix[8]arenscls, ~1.5 kDa)® and suramin
(~1.3 kDa}'® are also informative. Whe the largest cyt¢ 1 interface is 180 Acytc
¢ scheinterfaces range from 400 to 55@,as the calixarene moulds to the protein
surface. The even more flexible suramin forms interfaces up7@®0 X. Although
smaller than foldamerl, the calixarenesand suramin form larger interfaces,
FILOATAGFOAY3 GKSANI WY2f SOdzf  NJ 3f dzSQ | O A«
helical foldamer may diminish this ability. Nevertheless, the foldamer nestles
between four protein chains where its anionic fage complements the cationic
patches of the surrounding proteins (Figlr@nd 6). The foldamer stack comprises

4 molecules in total, resulting in~81.6 nm long cylinder with a formal net charge of
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36 (including the terminal carboxylates). The surrdimg 8 molecules of cgtare
bound loosely (small interfaces) and the overall structure has large channels and a
50 % solvent content (Figufg. The role of zinc is noteworthy also as it bridges cyt
moleculesviaHis39 coordinatiofFigures3and 6. Zirc is prevalent in protein crystal

structures as a mediator of assemB#3%

Figure 6. Crystal packing involved 85 nm cylinder comprising 4 foldamers. A

bridging zinc ion at His39 mediated assembly (inset).

Notwithstanding the 2.2 resolution, dose inspection of the crystal packing
reveals multiple salt bridge interactions. In the wadifined foldamer, seven of the
eight sulfonates make salt bridges to five lysine side chais®$ = 2.8 3.4 A) in
four neighbouring proteins (Figur). Lys5 and Lys73 are salt bridged to two
sulfonates while Lys86, Lys87 and Lys100 each interact with one sulfonate.
Interestingly, Lys5 binds the-tdrminal quinoline (the cylinder base) in cbmation

with Pro25 and Lys27 from a neighbouring protein (Fig)r& hese contacts among
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