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Abstract

Metalloenzymes have specializedles in biology which have beearfined by
natureover time. Theefficient and selective catalytic activity of metalloenzymes
is a characteristic thdias been studied for decadeslcontinues to be desired of
mimetic complexesFor synthetic catalysisbalancing needs for appropriate
recognition motifstransitionstate stabilizationf the reactionandrobustactivity

has been challenginyVell-designed metallopeptides help to meet this challenge
by mimicking native metalloenzymes in structure and composibah alsoby
emulating similar activity as synthetic catalystdDecades of studies have
investigated the interactions of transitioetal ions with linear peptides; however

conformationally constrained peptides have not been as rigorously explored.

The work discusgkhereinrepresents aaffort to improvethe metatbinding and
catalytic activity of a peptidemetal complexby incorporéing a macrocyclic
constraint. This work is unique its approach in that itsesmacrocyclizatiorto
tune chiral and functional catalytic sites ehort peptide sequencesThis
dissertationalso exploresthe incorporation of metabinding functionaliy into
peptide scaffolds ina new, synthetically accessible mann&his strategy
represerd a potentially brod paradignfor generating asymmetric catalystis
work has established the fundamentals of the strategy, endbéirdjscovery of
novel classe®f constrained metallopeptide scaffoldéth observable catalytic

reactivity.
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Introduction: How macrocyclic constraintscan expand metallopeptide
catalysis.

Amino acid coordination of transition metals

Metal ions play a vital role in biology. Aboatthirdof all proteins, enzymes, or
biomoleculesbind metalseither for structural or functionglurposes It remains
unclearhow many ofthese biomolecules choose thwper metal coordination
from a pool ofbio-availableions. Historically there has always been an argument
within the bioinorganic field regarding what dictates this selective incorporation
of particular metals into biomolecul&s The fate of which metal ions to include
could be due to the biomolecular structure, folding, or binding sites of the
ligand®®’ Alternatively, the metal itself may coordinate and dictate the particular
structure and folding properties for that ligand “®8t.0nce incorporatednetal

ions allowsignificantly morerobustreactions thanhe proteins alone, and often

contributes to more intricatructures and folding

Metals and amino acids are primed to be interacting partners and these complexes
are heavily involved in biological system®eptides, and in particular their side
chainresiduespossess® number ofdonor atoms suitable for inner sphenetat

binding site coordinationsIn this document, the primary coordination sphere is
defined as those residues directly participating in coordination of the metal, and
the outer or secondary coordination sphere is defined as scaffoldimiyewity

bound to the mat ion but that induces an electronic effect on the niefahe



coordinative functional groups of the peptide backbone areah®mnyloxygen

and the amide (when deprotonated), as well as the acid and amine furtemnali
of the G and N terminus®”*°*'The backbone, however, tends to be-spacific

in its binding. The amino acid side chain groups, on the other hdrale
interesting selectivity for various metal ions based on their-$aiftdacidbase
classification. For example, imidazahirogen from histidine lies on the border
between these designations, and so is good at coordinating divalent iron, nickel,
zinc, cobalt, and coppeHistidine is still able tocoordnate other ions, though
with lower affinty®”** The sulfur of cysteine, consided somewhat basic, has a
high affinity for soft metals like gold, lead, and platinum. The acidic side chains
conversely target harder metal ions like calgidnvalent iron, and magnesium.
Along these lines, wvould be highly unlikely to find acidic aagate bindingsoft
metals likelead or mercury.”** Therefore, nature has selected for mixed types of
amino acid ligands (hard and soft) to locate appropriate metal ions from the
surrounding environmengeeFigure 1 for a visual represeniah of the typical
metatbinding modes of those amiraxids presenting donor ligandsdTable 1l

for a more comprehensive listing of metasidue partners.

Histidine and cysteine are the two most prevalent residues at the actsvef site
metalloproteins?*® This is due to the facthat the metals they coordinate most
strongly are also the mosiften used in molecular recognition and catalysis.
Genaeally, histidinecontaining peptideform chelating structures that efficiently

coordinate metaldike divalent copper and ziné. Cysteine, a robusmetal



coordinator, is also an interesting site of nucleophilic reactiorexexaplified by
the cyclization chemistry used Chapter 3.These two residues witherefore
have primary focus in this work as we consider potential coordination spheres of
designed peptide catalysts, which dand insight into structure antlinction of

natural motifs.

It is important that the metatbinding interactions whether forstructurd or
functional purposes, amxtremely strong. This is required to prevent loss of the
metal ion from the complexn biological systemsfree metalsvould then wreak
havoc through generation of reactive oxygen species andsealeative
interactons For in vitro reaction engineering, loss of the metal would lead to an
inability to distinguish activity othe free metal from that ofthe metatpeptide
complex Well-designed metallopeptide complexes have stable sigaad
interactions similar n magnitudeto native enzymes, witAssociationrconstants
typically greater than OM™.” The strength of the metiand bond correlates

to the size of the ionic radii, with smaller distances yielding stronger bonds. This
is referred to as the IrviA@/illiams series, where the preference of binding
divalent firstrow transition metals in gh spin octahedral geometry for any
ligand follows the stability trend €a< Mg?* < Mn?* < F¢* < Cd™* < Ni** < CU*

> Zr?* ®1° There is evidence of this trend, particulasligen examinindnostguest
chemistry in biology®*® For example, we carlook to the chlorophyll,
hemoglobin, and vitamin B12 for information regarding metatdinig to

porphyrins in biology®?°?**Magnesium, iron, and cobdiind to a porphyrin type



ligand in each of these proteins, respectively, showing how some ligands are
versatile in the range of metals with which it wabbordinate, but that the overall
complexesmay have different activityThis both affirms and limits the role of
complementarit, which is the property otertain metal iongo be bound by
particular ligands based on the radii and bond lengil, is also a significant
consideration in whether a metajand complex will form, as binding will be
favorabk if a cationic metal ioran lower thepK, and deprotonate the ligafid.
This is especially true of peptide side chawiwse protonatiostatedepends on

the pH of the solution.All of these factors need to lsensidered in the design of

efficientmetallopeptide catalysts.
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Figure 1: Common metal binding modes of amino acidside chains found in
biological systems.

Essentially any amino acid side chairhibitinga pK, valuebelow 9 in addition tothe

side chains omethionine, asparagine, and glutamine, are observed in fmgé&xhctions

in biological system§Cysteiné s t h i lsak begnrsioowmto bind onetwo metal

ions, whereasmet hi oni ne 6 s, beund ith al methy mroup,pcan only
coordinate a single metal iowia a sulfur lone pair Serine and tireonine, as neutral
ligands, can form monodentate complexes. Tyrosine forms a bond with a single metal ion
via the oxygen atorat the benzylic position, in both protonatecdiamprotonated states
depending on the metal. The side chain carbonyl in asparagine and glutamine can also
coordinate. Depending on the pKof sdution, either nitrogen of the imidazola
histidine has thepotential to bind or both can coordinate separate ions and act as a
bridging ligand Finally, aspartic and glutamic acigand the free @erminus,can have

a number of binding gemetries, including monodentaténgluding syn and anti-
configurationy, bidentate chelting, and bidentate bridging. Imagedapted from
Lippard and Berg and Berti, Gray, Stiefel, and Valenting’



Table 1. Common metals bound to amino acid esidues with bioinorganic
ligand setsassociated with these metals listed to their right(adapted from
Lippard and Berg).®

Metals Ligands

HARD H.,O, NHs, OH, RNH,, ROH,
H* Na" K* Mg®" Fe** RO, COs%, NO3, CH:COy,
TI®* Mn?* AI®* G&* c&* NoHs PQ¥, R0,

cr' Co* ROPQ?, (ROYPO,, CI
BORDERLINE Imidazole, benzylic amine,
Fef* Ni%* Zn** Co®t CU? NO,, Ny, SGZ, Br, Ny

SOFT R.S, RS, SCN,RSH, CN, CO,
Cu" Au* Co* PE* TI (RSLPOy, RNC, R, H',

PK* P Hg® RsP, (ROYP(0)S

Metallopeptide designand re-design
Metalloenzymes have particular and efficient roles in biology. Nature has selected
andrefinedthese structures over time, atheir unique charactdras been studied
for decades and is still being explored tada§” The use of artificial proteins and
peptides isvay to mimic the oter sphereeffectsof these active sites and retain
reactivity of the enzym@&>°2%?"This is particularly important, as amino acid
scaffolding not directly involved with metal coordination can have substantial
impact on the reactivity of the metal ion. This is a benefit over many small
molecule metalloenzyme mimics that fail to simuladéabytic rates of the natural
enzyme’?®?°The use of these flagging amino acids could prove an advantage in

the realm of catalysis.

There are a few different approaches towagdsilating these types of natural

active sitesand their ability to have stericontrol over metal ions, remote



interactions with the substrate, and high catalytic actiitfhe stability,
characterization, and functionality nfanynaturally existing enzymesave been
investigated>#*3*3* Artificial proteinshavealsobeensynthesized asitherde
novodesigns oasre-designs of existingnzymes in order to study theesgetics

of folding and packing.De-novo design intends tamake a proteinwith a
particular structure or functigror to enhance the activity of an existipgtein,

using designed sequences that are not foundative enzyme®*>* Redesigns

take existing motifs, and ait them in a varietyf ways toadd structural and
functional features that are not natively present. Often this is done as a way to
increase or decrease the substrate promiscuity or to catalyze a different reaction.
This can include incorporating an active site into an enzyinere no activity
occurs in the natural sequerfé&>>3In either approactsignificant care is taken

to consider preexisting knowledge of hydroplcity and folding, key hydrogen
bonding interactions for secondary structure aotubility, electrostatics, and

active site preorganization versus structure gained upon metal binding.

Mimicking larger metalloproteins with siher metallopeptides hasebnanother
approach for understandinglarger enzymes in structure, function, electron
transfer, and catalysf8*>® Compared to larger, artificial proteins,
metallopeptides are easily synthesized andicaorporaterecognition motifs of
native proteinsand mimictheir transition state stabilization€ompared to small
molecule catalystspeptides can achiev@milar reactivity in both potency and

selectivity}” Therefore peptides exhibit the combined advantages of larger



artificial enzymes and robust small malézx catalyst. However, one limitation to
small metallopeptide is that theyhave many degrees of freedom, and can
typically assume many differenbnformations. While thisan behelpful to form

the bestoordination sitebout the metal ion, #an alsdead to diminishednetal
binding and catalytiactivity. Constrairg within a peptidenay promotestronger
binding interactionswith metals, and in this way provid@ecreased potency

towards asymmetric catalysis.

Application of metallopeptides toasymmedric catalysis

The significance of asymmetric catalysishighlighted by the 2001 Nobel Prize
in Chemistry, awarded to Knowles, Noyori, and Sharpless for their
accomplishments with chiral catalydfs.Their work alongside decades of
catalysis researckemonstrates that, despitee challenges ofof asymmetric
catalysis clever scientists can desighiral catalysts with great utilityn recent
years,researcheriave explored metallopeptisieasasymmetric catalys with
great successdue theirstructural complexity, intrinsic chirality, and synthetic

accessibility

Firstly, metallopeptides are ideal for achieving the end goals desired of
asymmetric catalysis. Metallopeptidegan mimic native metalloenzymes in
structure, composition, and, when designed well, activity. The abundant studies

on existing metalloenzymes care ltilized to inform the design of peptide



mimics. The intrinsic chirality of the peptide b&bone also provides the

opportunityto direct enantiaslectivity of transformations” >

The binding of metal ions with chiralpeptidescan generatecomplexes with
unique structureas well asrobust electronic propertiesthat can be useful for
asymmetric catalysis. Metals have varying coordination number and structural
geometries that can be obtainetgpending onthe surroundingcoordination

spherée*

“> For examplea six ligandmetal in octahedral geometrgan access

over 30 differentstereocisomers, copared to an asymmetrical tetrahedral carbon
which can only access tuwoThis gives rise to broad number of possible
arrangements which cannot be obtained simply using peptides or other ligands
alone. Complexation gives these type of ligands a greater number of
conformations with which to bable to effectively interact,itber through spatial

or electronic meansDue to the electmc nature of metal ions, there are
numerous redox and magnetioperties they may display. Thegn also catalyze
radical formation andindergadigand exchange interactiomghich are common to

many natural processes“®*’'These properties contribute to thexdl range of

applications of metal ions in complex with peptides.

Peptides offer additional advantages for the design of metallocataRstgides
themselves are synthetically modular, and can easily be alterethieve
improvements to the surroundig coordination sphes2 including by

incorporating na-natural functionalitiesThe water solubility of many peptides is



additionally advantageous, expanding potential substrates and reactions beyond
just organic phase transformatidfis® In general, a great deal of information is
known about howproteins fold and £quences of amino acids aienilarly well-
characterizedHowever, it remains a challenge to mad@en smallpredictions

about the expected folding or solubility of these peptitleducing a constraint

can minimize the number of pos&bconformations and may lead tanore

predictive design strategies for peptigietal complexes.

Many of the groups workingon metallopeptide catalystsapitalize on these
favorableproperties For instance small N(lIl)-peptide mimeticof superoxide
dismutase (SOD) have besynthesizec&nd characterized to pdrtin superoxide
radicals in a similar manner as the native enzyfigure 2a).>*°2 The peptide
based Ni(l)SOD model complexes are derived from thé&ersinus Ni(ll) -
binding hook of thenative enzymelnvestigation of the model sh@a that the
Ni(ll) -nitrogen coordination is elongated compared to the naturgirenbut that
redox chemistry appears to be maintainddhis is a perfect example of

metallopeptides being able to access the acwiityaturally occurring enzymes

10
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Figure 2: Examples of successful metabinding peptide catalysts

These are just a few of the catalytically successful Abataing peptides to date.

(a) the SOD mimic synthesized by Shear, et. al. using peptidic compdnénts.
Though structurally dissimilar to the native enzyme, the Ni(ll) complex has
equivalent activity. (b) the phosphine containing beta based peptides that

coordinate to palladium and perform allylation reactith( c) Zach Bal |l 6s wc
with di-rhodium complexes coordinated to acidic amino acid side chains that take
advantage of proximity drén catalysis*> ( d ) Francis and Jaco

discovery using onebeadonecompound library screening,of Fe(ll)
coordinating peptidesapable of alkene epoxitian.*?

However, not all metallopeptide catalysts were generated based eKisiimg
enzymatic scaffold. For exampl&d e c or ar 06 s group has devel
metalloenzymes from scratch usintpreestranded coiledoil peptides as

carbonic anhydrase mimic&**°" This work successfully incorporatemetat

11



binding coiledcoil peptides in a novel way, but still needs to address issues
surrounding primary and secondary coordination spheres, as well as the minimal
sequence required for catalytic activifjhe Ball grouphas generated -dhodium
catalysts, coordinated to acidic side chainscoled-coil peptides, whichcan
catalyzereactions such as silane insertion, alkene cycfzgoration, and thiol

alkylation (Figure2c).>****°B a | |

s0 work highlights the
to be substrateselective in even complex medi&ilbertsoris b-turn-based
phosphine peptiddibraries achieve asymmetric allylation in the presence of
palladium howeverat low selectivity and with limited substrate scqjpegure

2b).** Additionally, Francisand Jacobsefss e(lIF peptide ligands, found using
onebeadonecompound libraries, are efficient at alkene epoxidatith yields

at 78% but with significantly low enantioselectivityat less than 20%Figure

2d).%° These studies highlight the power of metallopeptide catalystsalbshort

of the degree ofonformational contralypically used by metalloenzymes to fine

tune metal binding and catalysis. Despite their promise, metallopeptides have not

achieved the potency and vers#jilof natural metalloenzges and still hold

limitations.

Exploring macrocyclic constraintsin the field of metallopeptides

Decades of studies have investigated the interactions of transition metal ions with
linear peptides; howevetonformationally constrained peptides have not been as

rigorously explored” ®® Thereare manyadvantageso the use of cyclipeptide

12
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sequencebased upon their interactions in biological systems, though this will not
be the focus of this worlBriefly, when the peptide backbone is constrained, it is
less susceptible to proteolysiadadegradation, and this has been observed in
several studie¥ "* This stability gainis possible because the cyclic peptide
adopts a conformation thatoes not interact withhe active sites of many
proteasesAlong these lines, the induced constraint forces the peptide to adopt a
particular structure, which is advantageous when replicating or mimicking
enzyma, where minimal variations preckichny of the original activityCyclic
peptides canalso offer othe positive properties, such as improved cellular
penetrabilityand target selectivity and potency in biological syst&hghough

our work will not directly apply these conceptbiey are important to keep in
mind. The structures and properties discover from our macrocyclic constraints
and the contribution of this toward metal binding and activitgy prove useful

to others looking to employ similar strategies for biological applications.

Metal ions can coordinate to cyclic peptides via similar modes of contact as
compared to linear sequences, however often with added beAsfiige touched

on earlier, complementarity between the ligands and the metal ions are optimally
matched for similahardness, as described by hard/soft acid base th&wnylar
hardnesscombinationsmaximize thethermodynamics of bond formati8r.®
Inducing a constraint on a peptide sequediceatesthe flexibility and topology

of the interactionwhich can affect the entrogynd further influence the energy of

bond formationAn increase in entropy is associated with¢helationof a meta|

13



as compared to binding with mondentate donorshoweverthere is an even
greater increasen stability due to macrocyclic ligand coordinatiotermed the
macrocyclic effectFor the case of the macraby, dissociation is more gady
hindered than the initial binding of the metal, and the ligand is incapable of
undergoing a similar stepwise dissociation mechanism as is observed in linear

chelatorf si nce there is nd*H%endo of the mol ecul

Early experiments by Margerum and others demonsttatedmacrocyclization
profoundly altes these thermodynamics ané#linetics of metal binding for nen
peptidic and peptidic ligand&.’?®! They discovered thamacrocyclizationcan
lower the formation rate constant, themeislowing the rate at which metal
complexation occursbut also stabilizing the complex compared to linear chains
of similar compostiod®®? This was seen by Kaden in studyimgen chain
guadridentate polyamine 1,4,7;f€lraazadecane and observing a 30,000 times
smaller associationrate for the macro@jic 14-membeed ring version of the
molecule. Pesumablythis slower rate of complexation occurs fromloss of
flexibility which slows theformation of important intermediate complex&s
Margerum further investigated thispnsideringhe effects of mackyclization on
metalpeptide coordination distance, based on whether ghpeptide was
protonated under those given conditionslargerum revealed thatggending on

the geometry, metal hydroxidésr rather the counter iongpan contribute axial
interactions with the ligand that affect the rate of complexaSpecifically, axial

substitutioncould occurfollowed by either Jahitellar distortion or classical

14



substtution. Cyclization also appeardd make second bond formation more
difficult due to steric crowding about the inner sphere ligands by secondary

dorors &

A large review by lzattescribes how thenacrocyclic effectvas explored ira
variety of different complexes Analysis showeda general trend oincreased
stability from macrocyclizatioi® This stability isattributable to thelominant
favorable enthalpyin part resulting fromenthalpyentropycompensatiorby the
less flexible liganyl slower dssociationof the cyclic complexand appropriate
complementaritypetween the metal and ligafitf* The idea of enthalpgntropy
compensationlescribegeneratingan increase iaffinity of binding by increasing
the Gbbs free energy of the interaction. Thsstriaditionally achievedby either
increasingenthalpyor entropic contributions to the binding event, ideallyhaut
compensation of the opposit®@mponent that would render zero change in the

overall Gibbs freenergy.

Cyclizationaffectsmetal bindingby reducing unfavorable entropgssuminghe
constraintsignificantly prevens the peptidefrom rotating or flexing upon metal
binding. This cardirecly increase thaffinity for the metal(lowering the Gibbs

8987 1n many cases, constraining a sequence can

free energyof metal binding)
also promote structure within the overall molecule, pgsitioning favorable

hydrogen bonsland buryng hydrophobic side chas Constraints caresultin

15



enthalpic penalties if the optimal conformatiodiffers from the conformation
being rigidified. Most losses in entropy are conformationally based, as opposed
to translationalrotational, or vibrationdl’®® By placing hydrogen bond donors

or acceptorsn areas that are conformationally constrained, we can olitidén
significant loss ofconformational entropy uponirding, since the ligand is
already rigid and inflexible compared to a linear sequétiteSome of the
compensation can also be overcome by liberating solvent molecules from the
coordination sphere upon tighhostguest binding interactiorfS. Work

i nvestigating di f-tyeladextnanh highlight shese apbirdss for
concluding that 94% of theienthalpy changes were due to conformational
changes, wh complete compensation from the entropic losses, and only 6% of
the favorable gains in enthalpy were due to increases in stability of the complexes.
They also note thasignificant stability was gained from releasing coordinated

water molecules into theulk solvent®

These and otherpowerful effects ofligand macrocyclization on methinding
behavior have been exploited for the design of metallopeptide complexes suitable
for selective metal ion recognition, ion transport, metalloenzyme modeling, and
catalysist®®® Macrocyclic ligands have also been widely used in biomedical
applications as MRI contrast ageftS’ luminescence prob&é®® carriers for

drug delivery®* and catalysts for selective nucleic acid cleavage.

Despite these studies, the field still lacks a general understanding of the effects of

conformational constraints on peptide structure mredal binding® The work
16



presented here contributes to this set of knowledge by using constrained peptides
to modulate the primary and outer coordination spheres of the coordinated metal
ion. This workimproves aur understaniohg of how macrocyclic constraintane

chiral and functional catalytic sgeof peptide sequence addition, it has led to

the discovery ohovel classes afyclic metallopeptides with observable catalytic

activity.

General outline anddelineation

In ChapterOne, we explore constraining the natural ATCUN motif via head

tail cyclization in order to investigate changes in the metal coordination of the
sequence This includes modglg, synthesis and characterization of metal
binding We observe copper and nickel binding ngslUV-Vis spectroscopy,
electron paramagnetic resonance (ERRQnuclear magnetic resonance (NMR)
experimentsVariants of theseeptidesare further explored for their ability to
coordinate metals in the absendehastidine in the third position of the native

sequence.

In ChapterTwo we investigate this library of cyclic ATCUN peptides fibre
effects of cyclization ontheir reactivity. By monitoring their redox properties
using cyclic voltammetry, we are able ¢valuate the oxidatiopotentials of the

peptidemetal complexed~urthermore, testing in DNA cleavage and fluorescence
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assays demonstrate the OH radical production of these compepepertythat

is readily compared teactivity ofwell-studiedlinear analogs.

ChapterThreeconsiderghe design and synthesis méptides usingn innovative
cyclization strategthatalsoincorporate metal binding functinality. In this way,
we are able to desigmew classes of welitructuredpeptides that are &sed for
metal coordinationHere we discuss thsynthesis and characterizations of the

cyclic peptides, as well the effectiveness of the cyclization reactions.

ChapterFour details theapplicationof the new classes ahetatbinding cyclic
peptidesin enantioselective reactionsn order to evaluate the effect of cyclization
on activityand onasymmetry We discuss théevelopmenbf model reactions,
the process of testing for product turnover, and h@evaluate asymmetry via

separation on ahiral colunn.

We conclude this work with a discussion of the overall impact of this approach

for constraining peptide sequences and using themmetal ligands and

metalocatalysts.
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Chapter 1: Constraining the natural ATCUN motif and evaluating the effects

of macrocyclizationon metal binding

A significant portion of this chapter has been published in the following
references:

x Eshelman, M. R.; Aldous, A. R.; Neupane, K. P.; Kritzer, JSélution
structure of a designed cyclic peptide ligand for nickel and copper ions
Tetrahedror2014 70, 7651 7654.

x Neupane, K. P.; Aldous, A. R.; Kritzer, J. Macrocyclization of the
ATCUN Motif Controls Metal Binding and CatalysisJournal of
Inorganic Chemistry2013 52, 2729 2735.

x Neupane, K. P.; Aldous, A. R.; Kritzer, J. MetalBinding and Redox
Properties of Substituted Linear and Cyclic ATCUN Motidsurnal of

Inorganic Biochemistr014,139 6576

Matthew Eshelman conducted all NMBxperimentsand deconvolution to
generate aution structure models of the @pand metal bound peptidgsee
Figure8). Dr. Kosh Neupane assisted with the design, synthesis, purification, and
UV-Vis experimentdor all peptides(seeFigures 24, 810 Figures Sb, 826,
Scheme 2, and Tables53) Data colleted for EPRexperimentsvere solely Dr.

Ne up an e @eseFiguref,Figure S6, andFigure S27.)
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1.1 History of the ATCUN motif

Peptide backbones offer a modular, chiral, and syntheticlyessible platform

for exploring conformational effects on metal bindfig’ Diverse peptides and
proteins commonly utilize histidyl residues for the coordination of metahso
including Qu(ll) and Ni(11).°2°"%® The precise positioning ofthe histidine
imidazole groups plays a significant role in the coordination chemistry of the
overall polypeptidé***'®His-mediated coordination of Cu(ll) and Ni(ll) results

in high thermodynamic stability, which is often further reinforced by metal ion
induced deprotonationf adjacent backbone amid¥sThese characteristics are
exemplified by the aminterminalcopper and nickel (ATCUN) motif which was
originally identified in serum albumin protein, the major copper trangvoirt
blood®® The conserved ATCUN motif islso predominant in neuromedin,
proteamine, and histatin proteiffs'®® As the name implies, thifripeptide
sequencéd,N-XaaXaaHis, where Xaa is any aminoiddSchemel, Figure 3),

is found at the Nerminusof proteins andcoordinates to both Cu(ll) and Ni(ll)
ions, with many studieslemonstratingaccommodation of Cd(ll), Zn(ll), and
Co(ll) as well®® ATCUN structures adopt a square planar geometry utilizing the
free amine of theN-termirus, two amide backbone nitrogen, asdimidazole
nitrogen fromhistidine, asillustrated inSchemel. This coordination igypically
employed as a means of sequestering) ansporting these metals, which will

minimize any biologically toxic effects by preventing both +satective

interactions and the generationrefictive oxygen speci&%'®
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Scheme 1. General dructure and metal coordination geometry of the
ATCUN motif

The metal cation coordinates to thet@&minal amine, two backbone nitrogerand the
imidazole nitroga of this histidine side chain in a 4N square planar geometry.

Decades of investigations into the ATCUN motif have yieldeddetailed
structural and mechanistic picture of how these peptides bind Cu(ll) and Ni(ll),
and how the ligand modulates the redox properties of the met3- {8 For
example, the absorbance bands for these complexes (BUTIYN, 525 nm and

Ni(ll) ATCUN, 420 nm) are well-characterized '° Based on consensus
sequences, it was found that the first and second amino acids of the complex
could largely be any amino acid, which led to tm&imal ATCUN peptide
sequence GMsly-His-CONH,. This minimal sequence often the standard
ATCUN motif used as a erol in structural and activity assa§sMany have
looked at how changing the first two residues impact the stability of the overall
complex, determiningropertiessuch asitrogen donoaffinity or how inclusion

of charged lysine residue can improvexding to DNA® Mechanistically,

there has bee widespread discussion as to whether the copper undergoes a
Cu(In/(1ny or a Cu(I/(1) redox cycle, and the presence of different additives like
ascorbate and hydrogen peroxide seem to affect that (ddexwill be explored

more fully in Chapter 2, atting on page’7).62%*#The ATCUN motif has been

usedfor a wide variety of applicationsnost notably as aatalyst for selective
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DNA and protein cleavadg®;'?"1%1™18 proteinprotein crosslinking;® enzyme

inhibition,**°and damagingf malignant cells?*

1.2 Strategic design and gnthesis of a cyclized ATCUN peptide

We were interested in investigating how soaining a catalytic linear peptide
such as the ATCUN motifwhile retaining the free amine of thetBrminus,
might affect its metal binding and catalytic propert@®revious cyclic ATCUN
variants wereheadto-tail cyclized via amide formation with the-términus,
resulting in large decreases in binding affinity and disruption of the characteristic
squareplanar complex. For example, Brasundatoworkers synthestzrl and
characteded cyclic tetrapeptidesn the form of cyclo-(His-XaaHis-Xaa), and
found a variety of coordination environments for Cu(ll) (N, 2N, 3N and 4N
equatorial donor sets) due to the stepwise deprotonation of amides from the
peptide backbon®:®® In other work, & Cu(ll)-peptide complexes of cyclo
(HGHK) were observed gtH values ranging from 3 to 11. These cyclic peptides

bound Cu(ll) with subsintially lower affinity than linear ATCUN motif&°®

We hypothesizedhat applyinga macrocyclic constraint thaid not alter the N
terminal amie would permit degh of square planar complexes with tunable
selectivity and redox activityUsing the basic design software Molecular
Operating Environment (MOJE we modeled potential structurgsth different
macrocyclic constraints on thaasis of theknown crystal structure of Cu()

bound GlyGly-His-CONH,.*?**2” Backbones thatetained square planar binding
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geometry with Cu(ll)when energy minimizd were further investigated. This
exercise allowed us to preditiat cyclic peptidel (cyclic Lys-Asp-d-His, Figure
3) would beable to bind Cu(ll) or Ni(ll) in a square planar geomedirpilar to
the native GGH motif/. Compound<2 and 3, diastereomers of, were also
predicted tdind metal ions in a square planar geometryooly with substantial

ring strain.

Next, we constucted a synthetic schem&aheme?2) that would allow us to
realize these structure®Ve expectedl to afford metal binding similar to the
model GGH mf, with the constrainienhancingthe bindingandbr activity of

the comple. Peptides2 and 3 were also exgcted to bind Cu(ll) and Ni(ll);
however based on the ring strain observed in the MOE models, we anticipated
low-affinity complex, and/ordistortions from the typical ATCUN structure.
Testing the diastreomeric versions of the modeled peptides would give us further
insight into the steochemical preferences of the coordination sphere. Peftide
was designed as the most appropriate linealogrnto peptideg-3. We could not
directly correlate our cyclic peptides to the linear G@Hll instanceslue to the
added leucinefitailo, which may affect binding and activityand thus the
functionality added int® would serve as a more appropriatenparison. Linear
peptides4 and5 were synthesized due to the challenge of purifying the standard
GGH variant7. Variation of L-His and DHis in 4 and 5, respectively, would
further provide information about tldependence of metal binding and catalytic
acti vity on starebohenspye BGH dwad sasily synthesized but

could not be separated on RFPLC unless a leucine tail was added to the



sequence in order increase retention on the C8 and C18 colymnation of F

and d His in 4 and5, regectively, would further provide information about the
stereochemical relationship of the structure to the metal binding properties and
reactivity. For future catalytic experiments, G@MH had to be purchased in order

to directly compare activities of designed sequences to previously reported results

for the minimal ATCUN sequence.
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Figure 3. Design of cyclic ATCUN sequences usingMOE software.

This figure shows design of a) adels of peptide macrocyclegs3 bound to Cu(ll)
demonstrating predicted strain between peptide conformation and square planar
coordination geometry. Carbons are shown in gray, nitrogens in blue, oxygens in red,
and copper is shown in cyan. Leu residues and side chains of Asp/Asresesidu
omitted for clarity. (b) Chemical structures of cyclic peptidesat pH=7.5. Nitrogens
critical for metal ion binding are shown in blue, and macrocycle linkers are shown in
red. (c) Chemical structures of linear peptide3 at pH=7.5. Nitrogenritical for

metal ion binding are shown in bluBeptide6 was designed as the most appropriate
linear analog to peptided-3. Linear peptides4 and 5 were synthesized due to the
challenge of purifying the standard GGH variaht GGH 7 was easily synthieed but
could not be separated on RPLC unless a leucine tail was added to the sequence in
order increase retention on the C8 and C18 columns. For future catalytic experiments,
GGH had to be purchased in order to directly compare activities of dessgngences



Materials and Methods

Materials

Fmoc (-a-(9-Fluorenyl methyloxycarbonyl)) protected amino acids, Rink
Amide resin, N-hydroxybenzotriazole (HOBt) and-(2H-benzotriazolel-yl)-
1,1,3,3tetramethyluronium hexafluorophosphate (HBTU) wpuechased either
from NovaBiochem or AnaSpec, diisopropylethylamine (DIPEA), acetic
anhydride, pyridine, trifluoroacetic acid (TFA), triisopropyl silane (TIPS),
dimethyl formamide (DMF) were purchased from Sigaldrich. Component
amino acids included th#llowing: FmocGly-OH, FmoeAsp-(OAll), Fmoc
Asn(TrtyOH, BocLys(Fmoc}OH, BocDLys(Fmoc}OH, FmoeLys(Ac)-OH,

and FmoeHis(Trt)-OH, FmoeDHis(Trt)-OH, and Fmod.eu-OH. Palladium
tetrakistriphenylphosphine (Pd(PBW (Fisher), copper(ll) chloride dihydte
(Sigma), nickel(ll) chloride hexahydrate (Sigmklrich), cobalt(ll) chloride
hexahydrate (Sigmaldrich), gold(lll) chloride (SigmaAldrich), sodium
tetrachloroplatinate(ll) hydrate (Acros Organics), sodium tetrachloropalladate(ll)
trinydrate (StremChemicals) and all other chemicals were used as received
without modification. All ultrapure water was deionized water that was further
filtered using a Barnstead Ultrapure UF system to ensure resistivity was greater

than 17.8 megaohms.

Molecular Operating Environment Modeling

Molecular Operating Environment (ChemComp) software was used to build

models of macrocyclic ATCUN variants based on the crystal structure parameters
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for the ATCUN-Cu(ll) complex-?***” Models were energgninimized using the

MMFF94x forcefield

Peptide gnthesis and purification

Leucine residues were added to thee@nini of linear peptides and to the
aspartate side chain of cyclic peptides in order to prometémtion on reverse
phase HPLC columnsPrevious attempts were made to synthesize sequences
without theleucine tails, but these were not retained by the colantheluted
with the solvent pealowthrough on HPLC Peptidesl to 6 were synthesized
manually using standard Fmoc solghase synthesis protocols. Rink Amide resin
(0.20 mmole/g) was used and couplings were achieved with HBTU/HOBt/DIPEA
(5:5:10). For cyclic peptides, alidrotected @ermini were deprotected using
Pd(PPh), prior to Fmoc deprection and cyclized overnight using PyBOR/CI
HOBt/DIEA (5:5:10 equivalents). All peptides were cleaved off the resin using
TFA/TIPS/H0 (95:3:2) and filtered. Volume was reduced by rotary evaporation
and peptides were ethprecipitated:?® Peptids were purified using HPLC on a
preparativescale C8 column (solvent A was water/0.1% TFA, solvent B was
acetonitrile/0.1% TFA, and a linear gradient e4® % solvent B over 25 min was
used). The fraction containing desired product was collected andllgeghThe
purity and identity of the peptides were determined by analytical HPLC and
MALDI -TOFRMS or ESFMS (Finnigan LTQ), respectively. Gigly-His-COOH

(7) was purchased from Bachem.
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Scheme2: Synthetic scheme for cycligpeptide 1

This schene shows the chain elongation asdlid phase synthesistrategy of cyclic
peptidel that allowed us to realize the structurEirstly, leucine was coupled to the rink
amide polystyrene bead as a handle to spatially separate the melerdicym the resin

and to increase the retention time on HPLC purification. Adidtected aspartate was
included to allow heado-tail cyclization following from palladiurcatalyzed de
allylation. T h i-nitrdgenyof lysinehwas usei talgele thoe Haat iregidud)
histidine, rather than the lysine backbone nitrogen. This allowed us to accommodate a
longer carbon chain linker in the backbone macrocycle structure, required based on the
preliminary MOE model. Similarly, we were able to maintaidfree amine from the
lysine backbone to mimic the free amine of therNinus of proteins. Following Fmoc
deprotection of the histidine and palladium deprotection of the aspartyl acid, head to tail
cyclization was catalyd using Pybop and HOBThe peptle was cyclized heait-tail

using the histidine backbone amine, affording us-péptide macrocycle with a leucine

tail. Finally, global TFA deprotection of the side chain protecting groups and of the
linear sequence from the resin yielded crude peptidady for purification. Cyclic
peptides? and 3 were synthesized in an analogous manner. Further synthesis details for
peptidesl-6 are described in the Methods and Materials sectidote step 4 should read
Afcleaved rather than fAcl eavated from the resi
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1.3 Characterization and structure determination of linear and constrained
ATCUN peptides

Our preliminary models provided us with various structures that have potential to
achieve ATCUNIike square planar binding geometries in complex with Cu(ll). In
order to verify these predictions and investigate the effects of macrocyclization,
we proceededto experimentally characterize the methinding ability and

geometry of theses peptides towardu@) and Ni(ll). Extensive UV-Vis

experiments allowed us to observe interesting properties for our sequences that

had yet to be exhibited by traditional lareATCUNS such aspH-dependent
selecivity towards the two metaldiscussed Based on the intense absorption
bands in the visible spectryrve wereable todeducestoichiometricratios and
relative coordination geometry. Electronramagnetic resonanceERR) and
nuclear magnetic resonance (NMR) studies wexedto corroborate the UWis

evidence with our hypotheses.

UV-Vis describes potential coordination geometry and evaluates
stoichiometry and pH dependencef metal binding.

Metallopeptidecomplex formation involves the competition between pretord
metal ions for theside chain anion of the amino acid residliee more stdb
complex can format lower pH and less stable complexes organize at high&t pH
In some prior studigsthe relative stabties of metatlligand complexeswas
measured by comparing concentration at w0 of metalprecipitagd, or via

extraction of metaligand complexes?® We chose touse pHy, the pHat which
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50% of the ligandshave formed metal complexesas a more direct and

guantitative measure of complex stability UV-Vis experiments

Metalpeptide complexation was fourtd be highly pHdependent Kigure 4,
Figure S1, Figure S2 ). Theabsorbancepectra of Cu(ll) mixed with peptidds

4,5 or 6 at pH < 4 showed dy a broad, weak band at 800 nm. This value is
characteristic of Cu(ll) in water and the formation of copper hydroxidBg.
slowly raising the pH in increments @ 1-1.0 units, the intensity of thed-d
transition band at 525 nm increasadd the intensity of the 800 nm band
decreasedalso shown inFigure S17). This describes a dissociation of metal
hydroxides(800 nm bandpas the metals are forming a compleith the peptide
(band at 525 nm for Cu(ll) and 420 nm for Ni()l) Similarly to previouly
reported linear ATCUN peptidesye observed that the linear peptides each
bound Cu(ll)at 525 nmwith a pH between 4 and 4.@nd bound Ni(ll)at 420
nmwith apHso near 6.6° Cyclic peptidel had a similar pkb for Cu(ll)-binding
near 6.0while the peptidel-Ni(Il) complex formed with a pkh nearly thredog
units higher ihidpoint near 8.8). The sharp absorption transitions and lack of
variations inl nax at higherpH for peptidesl and 4-6 indicate the formation of
single species for eaclmetallopeptide complexWe rarely observed pH
dependent precipitation of the peptides, possibly because the macrocycles were

less prone to seHissociation.
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Figure 4: UV-Vis spectrosopy of Cu(ll) and Ni(ll) to peptides 1-6.

a) pH dependence of Cu(ll) binding to macrocycles and linear analogs. (b) pH
dependence of Ni(ll) binding to macrocycles and linear analogs. For pH
titrations, UV-Vis absorbance was monitored as pH was increased with dilute
KOH, and normalized absorbamcat /.« is plotted against expenentally
measured pH. (c) WVis spectra of Cu(IBpeptide complexes at pH=7.5. (d)
UV-Vis spectra of Ni(ll)peptide complexes aH=9.5. All U\+Vis spectra were
taken using a solution of 1.0 mM mepaptide complex in50 mM N
ethylmorpholine buffer at 25 °C. Data for metal complexes of peftidee
shown in black2in red,3in green 4in blue,5 in cyan, and in magenta.
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The alteredpH transitionfor metal binding observed for cyclic peptideis
consistent with previous studies of the macrocycle effedherein the
thermodynamics of complex formation changed when a restrictive macrocycle
constraint was applied:®® Linear ATCUN peptides readily formcopper(ll)
complexesby cooperatively deprotonatinghe imidazolium, ammonium and
amide nitrogend’ However, this process appears to be thermodynamically
disfavored for cyclic peptidel, in that the pH transition of metal binding
corresponds tgolventmediated imidazolium deprotonation. This implies that, in
the constrained structure bf the imidazoleCu(ll) coordinate bond is reqed to
position the copper ion to allow it to lower the lop#l, and thereirdeprotonate

the other nitrogens iarder to form the square planar comp(Eigure S1, Figure

4). For Ni(ll) binding, the pH titrationgFigure 4, Figure S2) indicate that the
linear ATCUN motifs will form the full complex upon solvemtediated
imidazolium deprotonation. Cyclic peptidg by contrast, appears to require
solventmediated deprotomian of both the imidazolium and the-tsrminal
ammonium for complete complexation with Ni(Ihis effectively makes cyclic
peptide 1 selective for Cu(ll) over NI{) at physiological pH.A competition
experiment was performedrigure 5) to ascertain thatl would selectively
coordinate Cu(ll) in the presence of Ni(ll) at pH 7.5, and showed the lack of
selectivity by4 in that it complexes both Cu(lBnd Ni(ll) at that pH.While
selectivity for Cu(ll) over Ni(ll) is predicted by the Irvirgilliams series;” such

selectivity has neveasreviously been obseed for ATCUNderived peptides.
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Figure 5: UV-Vis spectra showing Cu(ll) over Ni(ll) binding selectivity by
Cyclic 1

UV-Vis spectra showing selective binding of Cu(ll) over Ni(ll) by cyclic pegtide
at pH 7.5. 1.0 equivalent of metal ions (a mixture containing 0.5 mM,Gad)
and 0.5 mM NiGl(aqg)) wes added to 1 mM peptide indthylmorpholine buffer
(pH 7.5). Cyclic peptidd binds Cu(ll) only (red trace) whereas linear peptile
binds both metal ions (black trace).

UV-Vis titration experiment& conjunction withESFMS data demonstrated that
the stoichiometry of the metpkptide complexes was 1:1 for cyclic peptidand

linear peptidet (Figure S3). By incrementally adding 0.2 egvalentsof metal to

the peptide solution and plotting against the absorbance maximum of the
particular complex formationwe observeda linear relationship untib point
leading tothe formation of a plateau. This point of inflegti signifies the
stoichiometric ratio of the complexywhich was 1:1 for these metpéptide

complexegas shown irFigure S3).
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Curve fits of UV-Vis titrations were unable to produce accurate association
constants due to the tight binding affinii;d loss of signal upon appropriate
dilution of concentrationsbut indicateda K, value d at least 16 M™. This
compares to the strong interactions adlbgically relevant ATCUN complexes
like serum albumin andhistatin which haveassociationconstantswith copper
and nickelon the order of 18M™. Simple, linear tripeptides such as GBjly-His
typically bind Cu(ll) and Ni(ll) withassociatiorconstars on the order of 11 to

10'" M1.*2° Therefore, the induced macrocyclization constraint had retained the
tight binding affinity for the corresponding metal ian¥he increase in pid
indicates thathe cyclic peptidesre slightly weaker ligandscompared to linear
ATCUN maotifs, but thisslight de-stabiization may allowfor increased activity

(see an evaluation of activity in chapter 2).

We later attempted to derive more accurate binding constants using-Imfiero

(small scale isothrenal calorimetryexperiments When two species bind, there

exists a thermodynamic loss or gain of heat from the interaction. ITC monitors the

change in signal, measured in power (microcalories/sec), that result from

maintaining a constant temperature after each injection of titremthe reaction

cell %131 Rather than using traditional ITC which uses a great debmaterial,

micro-ITC only has a reaction well of about 3@0Land only requires 10
peptide.This requiresless than a third of the materiaededor traditional ITC.

However,even the micrdTC technique wasnly accurate fodetermining limits

of binding constantsof 16® M™. In order to derivemore precise values
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concentrations would have to be significantly decreased, and this level of dilution

would generate a signal that would be too small to detect

In agreement with the inability to measure binding constaigtser than 1HM™,

our micro-ITC binding curvesresemblestep functions Upontitration of the

metal into the peptide solutipthere is flat region with no heat evolved, followed

by a sharp increase upon 1:1 metal complexatjgateauing at devel of
complete complexatior{(Figure 6). This step function is caused by a large
confidence ¢ontfeorrv atlhev aslituaebifil i t getadednst ant
by c= n* Kc*[ligand]. Traditionally, c values between 1 and 1000 vgknerate
associationconstantswith upper limits of 18to 1 M™*.13%132 | arge ¢ values
greaer than 1000, due to tight binding affinitiegive sharp slope increases
representative of Kwith lower limits of 168 M™% Small values ofc would

exhilt a curve with no features, presumablfla line with no steps rather than
having any slopes or curvaturé See the work by Grossoehme et.al. for a more

in depth discussion of these parameters, as well as the theory and practice of

ITC.*3t

Based onthe high affinity interactions of methinding to ourpeptides, we
looked to developmproved ITC methodsto discern more accurate binding
constants. éllowing previous work by the Faller group on measuring the binding
affinity between Cu(ll) andpeptides DAHK and GHKwe expected our peptides

to behave siifarly and thus adapted their protocoté This paper confirmed that
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it was difficult, if not impossible, to measure higinding affinity using ITC
without the incorporation of a competitor ligand, in this case glyclims group
titrated a precomplexed mixture of glycine and CuyQdhto the eactionwell
containing their DAHK or GHK peptides. Actual heat of dilutions were
determined by finding the enthalggr the metalglycine interaction alone and
subtracting from the metgllycine and peptide interactio®We went through
various iterationsof the method, ranging from lower stirring speeds to larger
titration volumes to doping the reactions with initiah@unts of titran{Figure S

12). In the end, the best data was observed for 2.8 mM glycine with 0.7 mM
CuCl, titrated into 0.08 mM GGHL using 750 rpm stirring and 19 x 2.
injections spaced 180 s apd&Rigure 6, Table 2). Unfortunately, we could not
derive a binding curve betweeglycine and CuG| and so were unable to fully
calculate K values based on this data. hindsight, increasing the concenioat

of glycine to much higher levels, such as 20 equivalents, may have facilitated this
effort, allowing for the metal to less readily be displaced by the peptide ligand,
decreasingthe effective concentrationof metal Alternately, we could have
implemened other competing ligands, such as EDTA or NTA. This was not
attempted due to preliminary experimergsyformed byDr. Neupane (data not
shown) indicating that our peptidmnnotremowe the metal ion from either of
these ligandsHowever, even withoua specific K, UV-Vis and ITC studies
informed us that these inteteons were very strongwith a K, value likely

betweenl(® and 18t M.



An alternativefor future studyof Cu(ll) binding affinity would be the use of

directly detectable fluoresceptobes. The Wedd group hastensivelystudied

this method determining K values for Cu(ll) interactions at micromolar to

femtomolar concentrationssingcompetition ofsmall peptide probes conjugated

with dansyl fluorophoré®**% In one study, these researchers test the probes on

the same GHK and DAHK peptides thatwere used by Faller inlTC

experimers™® and found higher Kvalues in the range of ibto 10" M7,

depending on pH*® This technique, performed atmilarly low concentrations

would give more accurate assessments 6fe cycl i ¢ ADM@AN pepti de
constant. Though these concentrations would be too dilute farfld@escence

detection is far more sensitive, and ttiere capable of this level of measurement.

In addition, fluorescence detection awwgbmeerroisin ITC measuremenisuch

as dilution, precipitation, antime-dependenmetal transfecontributiong®*+301%
Therefore, future efforts in determining binding damss of ATCUN and other

metatbinding peptide designs shoutdnsider exploringhe use of these efficient

fluorescenpeptide competing ligands.
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Figure 6: ITC curves for Cu(ll) -glycine competitive titrations againg GGHL
to evaluate Cu(ll)-GGHL binding.

Each curve (a, b, and c) represents a trial from a separate day of experiments.

Each set of runs f ol | owecbmpetecewitlp2a88mdimet er s o
glycine titrated into 80 rénylspeeGdp5€pepti de,
with 19 x 2¢ L injections of titrant. Some curves were able to detect a point in

the middle of the slope (&igure S12) whereas others (b, c) did not show this

midpoint. This agrees with the hypothesis that the GGHL and GQut@hactionis

extremely strong, even in the presencea afompeting ligand like glycine (the

concentration of which should be substantially insegh in futureexperiments

Regardless of whether a data point appears in the center of the slope, the value

for the slope accurately indicates a 1:1 binding stoichiometry for the complex.

Table 2: ITC data for Cu(ll)Glycine titrat ion into GGHL peptide (without
any baselinesubtraction from the Cu(ll)Glycine interaction.

These fits describe the limits of bindifyen without accurate binding constants,

the change in entropy can be calculated using the enthalpy change and internal
energy change at constant pressure and constant volume. The ITC software does
this by considering the Gibbs free enenggder isobaric conditionsthough
without accurate binding constants will still be calculated rougffly

Property Trial 1 Trial 2 Trial 3 Average Standard
Deviation

N Sites 0.837 0.811 0.798 0.815 0.020

K (MY 1.19 08 1.65 E+08 3.26 E+08 2.1%E+08  1.29E+08

g H(cal/mol) -8304 -8642 -8694 -8547 21

pS 9.10 8.61 10.6 9.44 1.04

(cal/mol/deg)
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ATCUN motifs have also been shown to bind other metal catioct)ding
Co(ll), Au(lll), Pt(ll), and Pd(11)**¥**® We incubated. and4 with each of these
metal ions and monitored complex formationUy-Vis and ESIMS (Figure S8,
Figure S9, Figure S10). Both peptides dundAu(lll), Pt(ll), and Pd(ll) below a

pH of 3.0, with a slow complexation rate ranging frof Bours for Pd(ll) to 43
days br Au(lll) and P(ll). It was later discovered thatcan complex Pd(Ilgat
different pH valus, as indicated by @nges in the absorbance spectra that follow
from raising the pH(Figure S11). These findings are consistent with literature
reports on the complexation of these metal ions with linear ATCUN
peptides*"**Linear peptidet also rapidly boud Co(ll) in a 1:1 complex, as can
various other ATCUN peptides previously report&***“*However cyclic
peptidel did not bind Co(ll) at any pH up to 11.%n work byAlip’azaga et. al.
studying cobatbinding to ATCUN peptides, it was found that Co(ll) is oxidized
to Co(lll) upon complex with GGHand this species is extremebxygen
senstive'*? Spectroscoip data exhibited a shelived absorbance band at 360 nm
that rapidly evolved into a band at 435 nm, 585 nm, and a shoulder at 290 nm.
According to literature, this is indicativeof a binuclear bidentate Co(lll)1
complex with dioxygen that rapidly conved to a monodentate Co(lll)-
complext***3 |t is possible the lack of cobalt complexation withs due to
sterics of the macrocycle interfering with the preferred coordination geometry of
the cobalt. Due to the significant kinetic barriersausing slow omate for

binding, and due to the highly basic reaction conditions required for



complexation we did not considefurther study ofAu(lll), Pt(ll), Pd(ll), or

Co(Il) complexes.

UV-Vis spectra can be correlatedttee appoximate binding geometry ahetat
peptide complexesbased on the strong absorbance bands that appear upon
addition of metal to peptide solutiomheUV-Vis absorbance bands observed for
Cu(ll) complexes ofl, 4, 5 and6 at pH 7.5 [ max= 525 nm,e = 94100 M*cm’?)
and for Ni(ll) complexes of, 4, 5and6 at pH 9.5 [ nax= 425 nme = 115125
Mecm™) (Figure 4, Table 3) result fromd-d transitions consistent with the
formation of tetraazd(Il) complexes in a square planar geomé&frgased on
theseobservationsin addition toestablishedcrystal structures andpectra of
ATCUN complexes?¥'?” we assumed a square planar gebtmeusing the
imidazole nitroga, two amide backboneitrogen and thefree amine offered by
the lysine residue. As describditlow, our own EPR and NMRdata are

consistent with these assumptions.

As an aside, the synthesis of cyclic peptidéad to be carefully adjusted to
prevent aspartamide formatioff. We discovered after a few syntheses, mhe
performing metabinding titrations, that our cyclic peptidewas not the same
peptide we had begun with. This was made clear by the blue color observed upon
copper complexation, instead of the vibrant pink that we normally ndilus.

was also distinguishable ByV-Vis analysis, where the blue colored solution,
which absorbed a400 nm, wasblue-shifted from the525 nm absorbing pink

solution. Thereforg the metal was no longer coordinating in the same manner,
40



and thus our peptide had to taking on adifferent confamation or structure
After looking back at analytical HPLC traces, we realized this batch of peptide
was eluting from the same HPLC columan entire minute later than usually
expected.Upon further examinationwe discoveredve had made aspartamaid
containing linear sequences rather than the initial cyclic peptidesh both have

a -18 mass from the linear sequendénis waspromotedby the use of the
microwave gnthesizer rather than couplingt room temperature. Under
microwave conditions, the apartyl residue is much more susceptibdentation

of a 5membered ring betweethe acid side chain anthe peptide backbone
amideas a result ointeraction with the piperizine deprotection soluti&everal
groups had reportedniiting aspartamidd¢ormation by using 5% piperizine, in
place of 20% piperidine, in DNF, with an additive of 0.1M HOB{*® This
procedure successfully minimized racemization and nearly eliminated
asp@rtamide formationin many of their peptides, as well as ourd/e
resynthesized our stock df using theseconditions and verified, via metal
complexationand HPLC retention timeshat we now had the apgnaate cyclic
peptide that turnegink with copper(absorbing at 525 nngomplexation rather

than bluglabsorbing at approximateff00nm).

Cyclic peptides2 and 3 differed from 1 only by the stereochemistry dhe
macrocycle linker Figure 3). UV-Vis titrations of the diastereomecyclic
peptides2 and 3 with Cu(ll) and Ni(ll) displayedstepwise transitions indicative

of multiple independeandeprotonation eventg-igure 4). Some pH-dependent
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Cu(Il) binding was observen these casedut theUV-Vis and ESIMS spectra

of these complexes are not consistent with square plateaazacoordination
complexesWe hypothesize thahé donor ligands at this parethe Nterminal
amine, the imidazole and two oxygen atoms from carbonyl groups or. Water

is based on the observation of an absorbance band that appears at appyoximatel
650 nm upon Cu(ll) complexation which is redshifted from the 525 nm
wavekngth of Cu(ll)-1. Theintensity of the Cu(lBassociated bands f@and3

(at 650 nm) decreaseat pH greagr than 10and an absorption band centered at
~500 nm starts to appear, maximizing at ~ pHHAigure S1). Ni(ll) binding to2

and3 occurs over a broadlyo-step transition between p8iand pH12, with pK,
valuesestimated at roughly 9 and ,IrespectivelyFigure S2). All together the

data on cyclic peptidedand3 indicate that they are capable of forming ATCUN
like metal complexesbut only at high pH. Thus, they possess an even greater
thermodynang barrier to complexation than cyclic peptitielhis correlates with
predidions from the design strategwnd highlights the critical role of the

macrocycle linker in spatial organization of the cyclic ATCUN motif.

EPR spectroscopy and coppecoordination modes.
The UV-Vis spectra of peptidd bound to Cu(ll) and Ni(ll) correlated well to
ATCUN:-like complexes, but are not definitive. Thus, we sought another means
of verifying the coordination environment of the bound metalectron
paramagnetic resonance (EP$pectroscopy was used to further characterize the

coordination environment of the Cu(ll) center within the Cu¢Bptide



complexes. Xband EPR spectra of Cu@peptide complexes in frozen aqueous
solution are shownn Figure 7. All copperpeptide complexes display EPR
features typical for a Cu(ll) ion in an axial environmemt¥ 2.1 >g. > 2.00 and

Ac © 158208 10* cm?). These features are characteristic of the Cu(l) d
electron localized in thel®,* orbital, which indicates a square planar Cu(ll)

geometry:*® A reverse axial spectrumg(> g, © 2.00 andA« °© (60-100)2 10*

cm?) is observed when the Cu(ll)® clectron is localized in .8 when the

coordination environment for Cu(ll) is trigonal bipyramid&*’ Prior work
suggests that the empirical ratio gf/A, alows estimation of coordination

geometry, with the range of 120 cm for square planar, 1360 cm for slight
to moderate distortion from square planar and -280 for considerable
distortion*” For cyclic peptidel and linear analogd-6, this ratio is roughly
108109 cm well within the square planar rangéAll these EPRlerived data
support a model in which cyclic peptideind linear peptide$-6 eachbind Cu(ll)
in a squarelanar, tetraazaoordination sphere at pH 7(%able 3).1*® On the

other handcomplexes ofCu(ll) with cyclic peptide and3 produced relatively
high g, and lowA, valuesat pH 7.5 suggesting a tetrahedral geomektgpwever,

if this were the case we would expect to see a higheé+Vis extinction
coefficient than that of a square planar tetre@@aplex when in fact we see
lower coefficient valuesinstead, these complexes are likely using a ligand set of
two nitrogens and two oxygens for Cu(ll) coordinate earlier hypothesized

from UV-Vis data EPR spectroscopy of Cu@d® and Cu(ll}3 at pH 11.5



producedge and A¢ values close to the values obtained @r(ll)-1 at pH=7.5,
indicating the presence of a similar square planar, tet@@nalex at elevated
pH as presumed froyV-Vis data(Figure S1, Figure S2). This supportghe
conclusion that cyclic peptid&and3 are capable of forming ATCUNke metal
complexes, but cannot do so below pH 5llwhere they exhibit a0,

coordination set.

Cu(ll)-2

cu(ll)-3

Cu(l)-4

1
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Figure 7: X-band EPR spectra of aqueous Cu(ljpeptidescomplexes.

All spectra were recorded with 1 mM Cu{figptide complex at 123 K in 100

mM TrisHCI buffer (pH 7.5) and 10 % glycerol. The dotted lines highlight the

hyperfine splitting due to the coupling of Cu(ll) nucleus (I = 3/2) and Cu(ll)
unpairede | ectron (s = 1/ 2) . Arrows -indicate
peptide complexes.
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3 (IT)-peptid Ni{Il}-peptidz complex

]
&
i
b

Peptide UVVis v UViVis [
hom (om) £ (Wem™) g7 A (xl0 ey E.. (V) e (nm) (M emt) En (V)
1 525 ag 2181 202 0.738 422 115 irreversible

2 627 50 2239 193 - 429 37
2.177% 203 0405* - -
3 628 83 2228 154 - 424 46
2.175% 203 0401+ - -

4 525 g3 2187 200 0.802 423 12 073
g 525 o4 2138 200 0.808 423 12
6 520 100 2183 202 0.740 422 125

Table 3: Spedroscopic compilation for peptides 16

UV-Vis absorptions for Cu(lhpeptide complexes were obtained in 50 mM N
ethylmorpholine buffer at pH 7.5. UV-Vis absorptions for Ni(lDpeptide
complexes were obtained in 50 mMetllylmorpholine buffer at pH 9.5. EPR
was performed in 100 mM Trlauffer with D% glycerol at pH 7.5, or at pH 11.5
where indicated §. Cyclic voltammetry was performed using 1.0 mM peptide
petal complex in 100 mM KCI, at pH 7.5 for-@eptide complexes and at pH 9.5
for Ni-peptide complexes.

NMR structural model supports spectrosopic data

Using spectroscopy, westablished that the cyclic ATCUN peptides complexed

Cu(ll) and Ni(ll) in square planar geometries. However, we needed higher

resolution data in order to more directly verify the specific functional groups that

coordinate the metal. NMR data would notlyoprovide this data, but also
provide enough structuraformationto produce an overall sictural model of
the complex.This work was done byMasters student Matthew Eshelman by
solving the NMR structural model of the peptalene, and also of the pigge in
complex with Ni(ll) at pH 9.5Figure 8).**° Histidine protonshifts found by
NMR to beshielded upfieldwere consistent with metal coordination to the amide
and Nynitrogens. [@shielding of the lysine protansignified close proximity to

metal binding andorrelated taa constrained structure. No shifts were obseé
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in association with the leucine residue assignments upon metal binding, therein
confirming that leucine does not participate in the complexation of metal ions.
Using this information and NOE derived distancenstraints, Eshelman
calculated a model dhe apepeptide. The metal bodrstructure exhibited fewer
NOEs, and so fothis model we incorporatespectroscopic data that suggested a
square planar geometrgs well as distance, dihedral, and torsional angle
constraints from ATCUN crystal structurddese structural modelas shown in
Figure 8, further support the foucoordinate nitrogen square planar geometry

proposed from spectroscopic experieméfits.

unbound peptide 1 in aqueous solution

(@)

Side view

Top view

Ni(ll)-bound peptide 1 in aqueous solution

(bi'}\;&s e

Figure 8: NM R solution structural model of cyclic peptide 1

The apo peptidé (a) was found to have a significantly ordered structure due to
the induced macrocyclic constraint. The image here is an ensemble of 30 lowest
energy structures of unliganddgd derived from simulated annealing using NOE
derived distance constraints. (b)ngemble of 30 lowesnergy structures of
Ni(ll)-boundl, derived from simulated annealing using constraints derived from
spectroscpic data and known ATCUN ligand crystal structut&s.
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Materials and Methods

UV-Vis absorption measurements.

All UV-Vis absorption measurements were carried out using a Cary 100
spectrophotometer using acfin quartz cuvette in 50 mM -Bthylmorpholine
(NEM) buffer at pH 7.5 unless otherwise sfied. The peptides were dissolved

in ultrapure water and peptide concentrations were determined by amino acid
analysis (Keck Foundation Biotechnology Resource Laboratory, Yale University

and The Dana Farb&ancennstitute, Cambridge MA

pH dependencef metal binding

1.0 mM peptide was prepared in ultrapure water and baseline was taken to
subtract out the absorbance of the peptide. 1.0 equivalent of metal ior (CuCl
NiCl,) was added to the solution and the pH of the resulting solution was lowered
to 2.5, at which no metal binding was observed. Small aliquots (#0.6f dilute

KOH were added to the solution, pH was measured using a microelectrode (3
mm, Mettler Toledo), ad absorption spectra were recordedl transition bands
centered at ~ 525 and ~ 425 nm were observed for chdpdide and Ni(Ih
peptide complexes, respectively. KOH was added until a saturation point was
observed. For plotting pH dependence curves,aiisorption was normalized to
unity as percent formation of metallopeptide complex and plotted against pH.

ThepK, values were estimated at the Apidint of curve inflection.
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Titrations to determine peptidmetal binding stoichiometry.

The pH for stathiometric metabinding studies was determined by measuring the
pH dependence of metal binding as judgedWy-Vis absorbance. For both
cyclic peptidel and linear peptided, titrations to determine Cu(ll) binding
stoichiometry were carried out at pH 7.Bitrations to determine Ni(ll) binding
stoichiometry for cyclic peptidé and linear peptidd were carried out at pH 9.5

and 7.5, respectively. 1.0 mM peptide solution was prepared in 50 mM NEM
buffer and baseline was taken to subtract the absorbdnte @eptide. 0.1
equivalent of metal ion (Cu(ll) or Ni(ll)) from a freshly prepared 200 mM stock
solution was added and the solution was stirred with a magnetic stihakis
spectra were recorded in the range of 200 nm to 900 nm. The solution was
equilibrated until there was no change in absorption. This process was repeated
until at least 2.0 equivalents of metal ion was added. The absorption versus

metal:peptide ratio was plotted to determine binding stoichiometries.

Peptide binding with other atal ions.

Cyclic peptidel and linear peptidd were incubated with Au(lll), Pt(ll) or Pd(Il)
in ultrapure water and the pH was adjusted with dilute HCI to between 2 and 3.
Due to the lack of characteristic bands at higher wavelengths for these metal ions
a decrease itJV-Vis band of characteristic aquaetal complexes during the

addition of peptide was monitored. Slow changes were observed over the course
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of hours to days. Following these experiments, the samples were analyzed by

ESFMS spectrometry.

Isothermal calorimetryxg@eriments

All ITC experiments were performed atmospheriqgressure and 28 using a
General Electric microcalliCyo0 These ITC methods were developed following
previous work by the Faller group on measuring the binding affinétween
Cu(ll) and peptides DAHK and GHK3 Our ITC conditions varied from the
referenced paper, which was used as a guideline and starting point dtopiey

our methods for our peptide systems. We went through variations of the papers
conditions until settling on those described h&eference powewas set to 25

€ ¢ awith aconstant 75@m stirringspeed. Pretitration baseline was set with

a 1@-s pretitration delay, followed by 19 injections of& L titrant performed

with a spacing of 18 s. Experiments took advantage afcompetindigand, 2.8

mM glycine with 0.7 mM CuCl,, in N-ethylmorpholine (NEM 50 mM) buffer,

pH 7.4.Peptides weralialyzed in the sam&EM buffer used for copper and
glycine solutions. Concentrations of peptides were confirmed to be 5 mM post
dialysis byusing a portion of thé mM solution to perform a metdlinding
titration with CuC} on UV-Vis and calculating thepreviously estalidhed 1:1
binding stoichiometry (due to the lack of absorbing species that would allow for
direct UV-Vis quantification of concentration)}inal concentration of peptide
used in the experiment wasljusted based on stoichiometric titratoto give

0.8mM GGHL @) in the reaction well. Bta were analyzed using the ITC
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software, Origin, using a leastuares regression for a model with -dmeding
site to give the association constant, stoichiometry, and enthalpyeclodrige

metatpeptide Inding.

EPR pectroscopy

Fresh Cqll)-peptide complexes (0.9:1 mM ratio of Cu(ll) to peptide in 100 mM
Tris-HCI buffer with 10% glycerol) were prepared in capillary tubes and inserted
into a quartz EPR tube, then slowly frozen in liquid nitrogerbaxd electron
paramagnetic resonance (EPR) data were recorded using a Bruker EMX
instrument at a microwave frequency of 9.32 GHlt spectra were recorded at
150 C (123 K) using microwave power of 0.64 mW, and modulation frequency
of 100 KHz. Other instrumeal parameters include a sweep width of 1500 G
(2250 G to 3750 G) for a total of 1024 data points, time constant 655.36 ms,
conversion time 163.84 ms, sweep time 167.77 s, receiver gair0flto 28 10*,

All spectra were average of 5 scans. To convertAhealues (Gauss) into ¢

the following relation was used:

hv = gpg. B.

hA| = g|ug-3)

A= (%B)gn-an =139g)-3y

where A = splitd+amwalwel uvuaessiorci Midzd with s
splitting val geainesSuiassMHThanedAcogpverted

c m= 331 OMH zThese experiments were primarily performed by Dr. Kosh

Neupane.
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NMR structural modehg

All NMR structural experimentior ATCUN peptideswere conductedsolely by
Masters student Matthew EshelmaPlease refer to his work published in
Tetrahedronent i t 1l ed ASolution structure of
ni ckel and far onprp epecifid detaikadd discussion othese

experiments?*

1.4 Expanding the cyclic ATCUN library via histidine substitution

As we have seen, nitrogen dfet imidazole and the amine are the major
contributors to the high thermodynamictstiay of ATCUN-metal complexes?
Variations at the first and second positiamighe ATCUN motifcan vary effects

on DNA cleavage and other intermolecular processes, but have more modest
effects on affinity, stoichiometry, and redox characteristics of the mmemisdal
complex. Adding additional His residues at the fifSt or second positidn*
reduces the binding affinity and alters the coordination geomatrynetal
complexes, demonstrating the overriding role ofithelazolein dictating metal

complexation in short peptides.

Despite the contribution of the imidazole, the ATCUN histidine has been
substituted with other amino acids in order to design altenethlpeptide

complexes. Many studies have demonstrated various complexes between
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tripeptides and metal ions that are mediated through tte¥minal amine, amide
nitrogens, backbone carbonyl oxygens, a carboxy terminal group, and various
norrimidazole sile chains. For instance, Cu(ll) and Ni(ll) binding studies
revealed that Ard.ys-Asp ldnds Cu(ll) and Ni(ll), but only in moralkaline pH

than that of GlyGly-His.®****Similar results were observed in the case of-Gly
Gly-Cys and AlaAla-Cys****° Spectroscopic and potentiefric studies using
Gly-Gly-Met™*° suggested that the thioether of Met is not the primary binding site
for 3d transition metal ion§ due to the rapid oxygenation of sulfur. Ultimately,
most of these tripeptide metal ligands do not form 1:1, square planate@s

with divalent metal ionsndicative of the ATCUN motif° Instead, the intrinsic
flexibility of the peptide backbone and the lack the strongly chelating
imidazole group allows other binding modes to compete with the square planar,

1:1 complex characteristic of higtffinity ATCUN motifs.

Considering the limitations dhese previoudinear tripeptides as metal ligands,
we hypotlesized that the cyclic scaffold could enforce the square planar, 1:1
complex even in the absence of the imidazole group. This would allow direct
substitution of other metddinding side chains in order to produce
metallopeptides witimore variednetatbinding selectivities and redox properties.
We beganexpandingthis class of macrocyclic metal ligands by synthesizing and
characterizing analogs that substitute theli® (the Dstereoisomer of histidine)

of 1 with D-Cysteine (BCys), DHomocysteine (B'Cys), D-Methionine (D

Met), D-Aspartate (DAsp) and DPyridylalanine (BDPal) Scheme3). We

synthesized linear and cyclic versions of each peptide iardal compare the
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roles of His within linear and cyclic metallopeptides, to explore how other ligand
sets bind Cu(ll) and Ni(ll), and to produce a diverse set of rpefatide

complexes for use in ongoing catalysis investigations.

Linear ATCUN peptides Cyclic ATCUN peptides

/(/4 :;H; R
N _I,
NH HN—H/ CONH, SANH N,

; }/\\sw
H,Noc” NH
N \
( o / \ SH S
\ /] _ é
N @) N=— Hiz
His Asp Pal Cys hCys Met
H D X c M

Scheme3: Structure of histidine substituted linear and cyclic peptide

Linear peptides used in this study include GGHL, GGDL, GGXL GGCICGG

and GGML, where X represents-p@ridylalanine and "C represents

homocysteine. Cyclic peptglesed in this study mclude peptlbleontalnlng D

His, 1D with D-Asp, 1X with D-Pal, 1C with D-Cys, 1"C with D-"Cys, and1M

with D-Met. Cyclic peptides used-&mino acids whereas linear analogs used L

amino acids at the same position. Inourprioor k, we showed that th
lack of chirality makes{and D-amino acids interchangeable within these short,

linear tetrapeptidé®’ Structures shown as the predominant species at pH 7.0.

UV-Vis characterization of Cu(ll) with linear p eptides
In preparation for characterizing the cyclic, rastidinecontaining ATCUN
peptides, we first synthesized and characterized linear peptides with sulmstitutio

at the histidine position. Met&iinding of substituted peptides wasaluatedoy
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UV-Vis spectroscopys pH wagyradually raised from 2.8 a more basic value

in the range of 1A4. Figure9 and Figure 11 show UV-Vis spectra and pH
dependences of Cu(ll) and Ni(ll) bindingespectively,for linear peptides Gly
Gly-His-Leu (GGHL), GlyGly-Asp-Leu (GGDL), GlyGly-PalLeu (GGXL),
Gly-Gly-CysLeu (GGCL), GlyGly-"CysLeu (GG'CL), and GlyGly-Met-Leu
(GGML). Substitutedcomplexes presented mocemplicatedbehavior than the
original linear and cyclic histidine containing peptidess will be discusseide
infra). As pH was raised, a clean transition between the aqua conhglgxéar

800 nm, observed at low pH) and a discrete complex lwith near 530 to 545

nm was observed for GGHL, GGXL, and GGIEigure S13). The d-d
transition band at 53645 nm is consistent with the formation o$guareplanar

N4 or N3O donor atom set, and the wavelengths, intensities, and cooperative
transitions are all identical to classical ATCUN motifs. This led us to conclude

that GGDL and GGXL form ATCUNike complexes with Cu(ll).

For the sulfuicontaining linear peptides GGCL, GGL, and GGML, more
complicated behavior was observed above pH 5.0 consistent with the formation of
multiple metatpeptide complexes. Sinakd transition bands cannot reliably
distinguish among N, O or S coordination to Cu(ll), al®o examined the charge
transfer bands at lower wavelengths for sutfantaining peptides. NCu(ll)

and G Cu(ll) charge transfer produces a characteristic band a2260nm,

while S Cu(ll) charge transfer producea characteristic band at 2330
nm**1%° For GGCL, Cu(ll) binding withthe cysteine thiolate starts at a pH near

4.6 as indicated by a shoulder near 350(ttre S Cu(ll) transfer band At pH
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4.6 to 5.2, a-d transition band at 570 nm (amine, thiolate, and twO Hgands)
appearsand it gradually shifted to 540 nm (amine, thiolate, amide ag@d H
ligands) when pH is increased up to ~ 5.5. At pH 6.5, the band centered at 517 nm
is observed due to thegand set ofamine, two amideand a thiolate. Thed-d
transition band centered 517 nm appears at all pHs above 6.5. The band due to
the S Cu(ll) charge transfer band at 350 nm is more pronounced at higher pH

and shiftedrom 350 nmto 320 nm (2400 Mcm?) (Figure S14).

Cu(ll) binding to GBCL also starts at pH > 4.5, but the Su(ll) charge transfer

band near 325 nm only starts appearing at pH neafFigQré S15). This shows

that homocysteine is less able to coordinate Cu(ll) in the context of the ATCUN
like architecture compared to cysteine. A band centered at 625 nm was observed
at pH near 6.0, ahthis band persisted as the more characteristic 515 nm band
appeared near pH 7.4. The 625 nm band gradually diminished through pH 10.0.
At this high pH, both the 515 nm band and the 325 nm band intensified,
indicatingthe dominance of a discretg®coadinated Cu(ll) complexlikely the
ATCUN-like, squareplanar complex)For Cu(ll) complexation with GGML, the

d-d transition bands and-SCu(ll) charge transfer bands are somewhat similar to
those observed for GGL (Figure S16). One important difference is that the
band at 625 nm is prominent only up to a pH of 6.0, and by 7.6 the visual range
spectrum is dominated by a band at 545 nm. In agreem#nthws lower pH
transition for GGML, the S Cu(ll) charge transfer band at 295 is more
prominent at pH 6.0 for GGML compared to (L. In all three thiol and

thioether containing linear peptides Cu(ll) binds differently than GGHL with a
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variety of intermediate complexes below neutral pH and oxidation products at

basic pH.

All three sulfurcontaining linear peptides showed an absorption band at roughly
625650 nm, either as a very minor contributor (GGCL) or a significant
contributor to thaJV-Vis spectrum at midange pH values (G&L and GGML).
Based on prior results and on additional EPR datie (infrg), the 625650 nm
band may be Cu(ll) coordinated to theté&tminal amine, sulfur from thiol or
thioether and one amide nitrogen, with oxygemifroarbonyl group or water at
the other coordination sit€5. The 545 nm band for GGML is most likely the

ATCUN-like Cu(ll) complex with the Nerminal amine, two amide nitrogens and

the thioether as the ligand set, an interpretation supported by the observed charge

transition bandpur own EPR datav{de infrg), and by literature findings for other

short, methionineontaining peptide&?®
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Figure 9: UV-Vis spectroscopy of Cu(ll) binding to linear peptides

(A) Percentage formation of Cu@peptide complexes versus pH. BY-Vis
spectra of Cu(ll) complexes of linear peptides GGHL, GGDL and GGXL at pH
6.5. Inset shows a magnification of thieddransition bands near 550 nm. (C)
UV-Vis spectra at selected pHs for GGCL. (DY-Vis spectra at selected pHs for
GG'CL. (E) UV-Vis spectra at selected pHs for GGML. For-E}, the insets
show a magnification of the' d transition bands between 550 and 800 nm. (F)
pH dependences of the wavelength of maximal intengity,) (for sulfur
containing peptides, demonstrating the presenéemultiple metalpeptide
complexes at intermediate pHMore information can be seen Kigure S13,
Figure S14, Figure S15, Figure S16.



UV-Vis spectroscopy of complexes between Cu(ll) and cyclic peptides

Having established that GGDL, GGXL and GGHL all form ATCUke
complexes, wareasthe sulfurcontaining linear peptides did not, wgnthesized

and characterized cyclic versions of each of ehasbstituted ATCUN peptides.
We previously reported that cyclic peptidebinds Cu(ll) using the amine,
imidazole, and two amide nitrogém a square planar geometry at neutral'pH
Cyclic analogs ofl that replace the imidazole with a carboxylic aciDy,
pyridylalanine group 1X), thiol (LC and 1"C) or methyl thioether groupl{)

were each preparedwith Cu(ll) complexes characterized by UV-Vis
spectroscop. All these cyclic peptides shaavd transition bands (and, for sulfur
containing peptides, -SCu(ll) charge transfer bands) that indicate Cu(ll)
complexation between pH 4.0 and pH 11.5. However, for all cyclic peptides
exceptl, several shifts amondrd transition bands between 800 nm (Cuéfua
complex) and 500 nm are observed, indicating multiple competing complexes at
mid-range pH valuesHigure 10, Figure S18, Figure S19, Figure S20, Figure S

21, Figure S23).

First, we examined the effects of cyclization within ATCUN peptides without
sulfur. While GGDL and GGXL showdesimilar Cu(ll) binding characteristics as
GGHL, the cyclic analogs containing Asp and R&) &nd1X) differ greatly from

the Hiscontaining peptidd.. 1D and1X have an initial pH transition from the
aqua complexd-d transition band at 800 nm) to another complex with,a near

550 nm(570 nm forlD and 555 nm fofX), Figure S17, Figure S18, Figure S
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19). This band matches the typical ATCt@U(II) squae planar complex, and
EPR data\(ide infrg supports the conclusion that this represents a squmar
complex with the Cu(ll) coordinated by the-tBrminal amine, two amide
nitrogen and the carboxylate (fdD) or pyridyl group (forlX). For both cyclic
peptides, this ATCUNike complex is the predominant species at pH 8.6 to 8.8,
but at higher pH values a bhséift is observed to a band near 500 nm. This is not

observed for peptidé.

Cyclic peptides with sulfucontaining coordindon groups have similbr
complicatedCu(ll)-binding behavior, but fodC, 1"C, and 1M the additional
information from S Cu(ll) charge transfer bands allows further insight.
Specifically, the thiol and thioether groups are not involved in Cu(ll) codidma
until pH approaches 6.0, implying that the Cu(ll) complexes wdithtransition
bands at 65000 nm observed near pH 6.0 involve coordination ttefkhinal
amines and the sidehain sulfurs. The transition from that complex to one with a
d-d transiton band near 550 nm is consistent with déegmation of two amide
nitrogen and formation of an ATCUNike, square planar complex; EPR data
supports this conclusiowifle infrg). At pH above 8.0, a blughift to a band near
500 nm is observed for Cu(ll) oplexed tolC, 1"C, and1M (Figure 10, Figure

S 20, Figure S22, Figure S21). Sulfur oxidation is a possible explanation for this
shift, but Cu(l1}1X and Cu(ll}1D show similar highpH shifts, and these shifts
are not observed for Cu(l) or for any Cu(ll) complexes of linear pept&lthat

contain His at the third position. This implies a structural or electronic



explanation for the alteration of these various ATCIiK¢ complexes at alkaline

pH and excludes shifts resulting from sulfur oxidation.

At higher pH, it may be possiblerfacoordination to exchange between the-non
imidazole side chain and an amide from the macrocycle linker or the Leu outside
of the macrocyclic ring. A similar switch between Cu(ll) coordination by side
chains and backbone amides was observed at alkalime @ldyclic peptide with
multiple imidazoles, cycldGly-His-Gly-His-Gly-His-Gly).** More specifically

this switch was étween a three histidpindinggeometry at neutral pH and a four
deprotonated amide backbone binding geometry at higher pH. In a different
example of the same phenomenob|we shift was observed studies of thenon
ATCUN Cu(Il)-GGGH complex at high pHdue to a third amide nirogen to
Cu(I1).**® However, there is no significant difference in Cu@EH and Cu(ll
GGHG complexes gbhysiological and high pH, suggesting the coordination of
imidazole at the third position strongly resistsordination by a third amider

any incoming ligand$>©289158160 Taken together, these data suggest alternative
ligand sets become available at higher pH, but that strong coordination by the
amino terminus and the side chain at the third position can thermodynamically
favor ATCUN complexes even at high pHThe blueshift is missing for1,
minimal for 1X, moderate forlD, and pronounced for the sulfgontaining
peptides.This suggests that both-Bal andD-Asp behave astronger anchoring

groups within cyclic ATCW peptidesputnot as strong as-Blis (1).
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Figure 10: UV-Vis spectroscopy of Cu(ll) binding to cyclic peptides.

Plots show full spectra at selected pHs for 1 (A), 1D (B), 1X (C), 1C {D)(B),

and 1M (F).

Insets show the pH dependences of the wavelength of maximal

intensity (may for Cu(ll) complexes with eaclpeptide, demonstrating the
presence of multiple metpkptide complexes at intermediate pHs. For additional
spectra at a wide range of pH values, $égure S17, Figure S18, Figure S19,
Figure S20, Figure S21, Figure S22, Figure S23, Figure S24 in the supporting

information.
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EPR Spectroscopy of Cu(ll}peptide complexes

EPR spectroscopy is a useful technique for studying Cpélptide complexes
andderiving theirlikely donor sets and coordinatiggometies EPR spectra of
Cu(I-complexes of linear andyclic peptides at different pH valsi@re shown in

Figure S27 with measured EPR parameters summarizetainle 3 and Table 4.
The EPR parameters obtained for all complexes follow the trerd @ > ge
suggesting that all Cu(Hpeptide complexes haveda: _,- ground state. This is a

characteristic feature of a square planas)Dsquare pyramidal (), or axially
elongated tetragonal octahedral geometry with, Bymmetry™®16:162 This

indicates that thel-d transitions observed for these complexes due to the
Cu(ll) dyz_,2 - d,2 transition. The magnitude d, in four-coordinate Cu(ll)
complexes is dependent d¢ime nature of the ligand atoms and the coordination
geometry**” A detailed study by Peisach and Blumberg using a variety of ligand
sets suggests thgf decreases in theeries @> N0z > N3O > Ny > NoSp > S 1

This reflects that the higher the covalency in the CGliggnd bond, the more the
electron fromd,._,. delocalizes towards the ligand and thus the less it will
interact with the Cu(ll) nucleus. Also, for a given set of ligands,gtheill
increase with the degree of distortion from square planar towards tetragonal or
tetrahedral geometry. According teese trends, we would expect thevalue for

the Aspcontaining ligands to be highest, followed by Ha&d Palcontaining

ligands, followed by Cys hCys and Metcontaining ligands. The, values

62



obtained for the Cu(ll) complex of GGDIg,(= 2.20), GGX (g, = 2.19) and

GGHL (g, =2.18) at pH 7.0 followed the Peisach and Blumberg tréiglife S

27,Table 4). In agreement with the electronic absorption spectra, tve |
temperature (123K) and EPR spectra of Cu@peptide complexes of GGDL,

GGXL, 1D, and1X are all highly similar to their imidazoleontaining analogs

GGHL andl. As expectedg, for Cu(ll)-1D (g, = 2.21)at pH 8.5 is slightly

higher than Cu(lhl (g, = 2.18)and Cu(ll}1X (g, = 2.19) The EPR data
suggests that cyclization of Hiand Pal containing peptidesl(and 1X) retain
the planar structure otheir linear Cu(l}peptde analogs. Howeve a slight

distortion is observed in Cu()D (g, = 2.21) compared tthe Cu(ll}GGDL

(9, = 2.20). Thereforehe cyclic constraint slightly distorts the square planar

complex for noamidazole ligand, while still promotingATCUN like structurs

of Cu(ll) -peptide compleas

As noted above, the electronic absorption spectra indicated a shift to a different
species at elevated pH for Cu(ll) complexes wlith and 1X but notwith 1 or

with linear analogs GGDL or GGXLTo investigate the nature of this species, we
obtained EPR spectra for these Cu(ll) complexes at pH 11.0. EPR spectra of

Cu(I-1X showed broadened peaks that were difficult to interpret, but EPR

spectra of Cu(IH1D showed two distinct signals in the gegion. One signal had
a g, = 2.21, and ighe sameas theATCUN-like complex observed at lower pH.

The second signal has a lowgraf 2.18, and could indicate a square planar, N
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donor set. We did not observe any hydrolysis or oxidation of thesethmt
containing peptides at any pH (as monitored by HPLC), ruling out the
involvement of peptide fragments or oxygen in the coordination sphere and
further supporting an Nenvironment.The fourh nitrogen could arise from
deprotonation of theelcine amide, lysine linker amide or possibly from an
intermolecular interactionFurther examination by NMR or crystallography is

required to verify the actual ligand set.

Next, we examined EPR spectra of thtohtaining Cu(l)peptide complexes,

which showed niltiple species during pH titrationsAgain, we would expect

lower g, values for thiol and thioether containing linear and cyclic peptides than

His, A9 and Pal containing peptidesowever, the higheg, values at pH 7.0 to

7.5 indicate either the complexesadergo some distortion froplanarity, or that
the thiol may be oxidizedand the coordination site occupied d&y oxygen from
the oxidized thiol or from watet.ow temperature (123K) Xand EPR spedrof
Cu(ll)-peptide complexes of GGCLIC, GG'CL, 1"C, GGML, and 1M are
overlayed inFigure S27, with those of Cu(IRGGHL and Cu(Il}1 shown for
conmparison. The EPR spectra of Cu(ll) bound to each of these satfntaining
linear and cyclic peptides are all similar except for CdHGML, suggesting
similar coordination environmentg$zrom the electronic absorption spectra, it was

evident thathiols in GGCL and G&CL start to coordinate Cu(ll) at pH 4.6, and

are fully engaged in Cu(ll) binding at pH 9.0. For these complexes, tiegion

of the EPR spectrum clearly shows a single species at pH 7.@,witl2.22 and
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A, between 179 and 18210 cm™. The ratio ofg,/A,, f, is a parameter that is

empirically correlated with the coordination environment of Cu(ll) complex, with
the range of 10820 cm for square planar, 1360 cm for slighto-moderate
distortion from square planar, and 128 cm for a large distortiol’ The f
values obtained for Cu(HBGCL and Cu(INGG'CL are 122124 cm, which

indicatethat the geometry for these complexes is nearly sqlanar

When pH was raised to 8.5 or higher, an additional Cu(ll) complex was also
observed. Cu(ll) and Ni(ll) typically catalyzesulfur oxidation in short peptides
containing thiol or thioether group&"®*The two broad ER signals observed at
higher pH valus suggest that these oxidation products still form complexes with
Cu(ll), which would be expected for sulfoxo species or for disulfiddged
dimers*®® Analytical HPLC and ESMass spec analysis of Cu@@GCL and
Cu(Il)-GG'CL at pH 9.0 clearly showed species with oxygenated sulfurs (~ 40%
sulfoxideand sulfong and ~ 40% covalerdimers.Altogether the spectroscopic
and mass spectrometric data show that the -tuntaining linear and cyclic
peptides form ATCUNike complexes, but that Cu(ll) can irreversibly axel

the thiol, especially at pH valseabove 8.5. These findings validate th#itsilio
switch out the imidazole for other metaihding groups within the cyclic scaffold,
but will complicate futureoxidative catalysisaapplications with thietontaining
cyclic peptides due to the ease at which thiols are oxidized uthse

conditions 166167
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Next, we examined the EPR spectra for Cu@BML to betterunderstand the
several species observed in the electronic absorption spectra. At pH 6.0, there are
at least two species of CudQGML complex(Figure S27, Figure S16). One
species has EPR parameters that correlate well to values for -SyQH)
complexes oa highly distorted Cu(IlNSO, complex (ge = 2.32, A =1463 10*

cm* andf = 159), and the other species has parameters more consistent with a
Cu(I1)-N3S coordination spheredg 2.22, A = 1973 10*cm™, f = 112). These
interconverting species have been observed for complexes of Cu(ll) and
methioninecontaining peptides befat&® Notably, the species with Higr ¢ and

f values (g = 2.32,f = 159) indicates substantial digion away from a square
planar complex. This is not observed for any species wigdgordination sets

for all other sulfurcontaining Cu(Ilpeptide complexes tested, which is further
evidence that all thetherN3;S complexes are assuming an ATGURe, square
planar geometry. When pH raised to 8.0, a species ¢itl2d.7, A = 208 10*

cm’ dominates, which can be attributed to an ATGIliKe coordination of the
amine, two amides, and the thioether in a square planar georhetryL(8).
Interestingly,the EPR spectra show that the Culiading environment fodM

(at pH 7.5) is similar to the Cu(tBinding environment of Cysand "Cys
containing linear and cyclic peptides, but not that of GGMigure S20, Figure

S 21, Figure S22). This demonstrates that the macrocyclic constraint pre
organizes the pb ligand atoms withidlM into a squarglanar geometry similar

to those formed by thietontaining peptides, a geometvhich is not necessarily

preferred by the linear analog.
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We next compared EPR parameters for Cu(ll) complexed to linear and cyclic
thiol-containing peptides near neutral pH, where only one dominant species was
observed for these complexes. The= 2.21,A¢ = 1863 10% cm™*andf = 119

cm values observed for Cudl)C and Cu(ll}1"C at neutral pH are slightly
different from the corresponding linear peptide complexes, suggesting the cyclic
peptides enforce a more planar geometry for tg® Mjand set. At pH 12.0, at
least three different coordination environments are observed for Cu(ll) complexed
to 1C and1"C (Figure S21,Figure S20). In addition to the peaks observed at
lower pH, peaks with two additiongk values are observed at pH 12.0, one set
with lower g and another witligherge. The corresponding value 6 119 cm
suggests that cyclization enforces a planar geometry for cysteind

homocysteine containing, ATCUNke peptides.
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Cu-Peptide pH g Ay x10™ (cm™) f (g)/A)) (cm)

Gly-Gly-His-Leu 7.0 2.18 202 108
1 7.5 2.18 204 107
Gly-Gly-Asp-Leu 7.0 2.2 204 108
1D 8.5 221 193 115
11.0 2.21 194 114

2.18 198 110

Gly-Gly-Pal-Leu 7.0 2.19 204 107
1X 8.5 2.19 197 112
11.0 2.18 204 107

Gly-Gly-Cys-Leu 7.0 2.22 179 124
8.5 2.22 179 124

2.16 204 106

12.0 2.22 204 124

2.16 204 106

1C 7.0 2.21 186 119
12.0 2.24 195 115

2.21 186 119

2.18 194 112

Gly-Gly-"Cys-Leu 7.0 2.22 182 122
9.5 2.22 182 122

2.15 191 113

12.0 2.15 191 112

1"c 7.0 2.21 186 119
12.0 2.24 196 115

2.21 186 119

2.17 201 108

Gly-Gly-Met-Leu 6.0 2.32 146 159
2.22 197 113

8.0 2.32 146 159

2.17 201 108

M 7.5 22 188 117
11.0 2.21 204 108

2.2 188 117

2.18 196 112

Table 4: EPR data of Cu(ll) linear and cyclic His-substituted peptides

Various ATCUN peptides, tested at different pH values to probe for changes in
metal binding, were studied using CW{EPR. Shown here are the values and
ratios obtained from EPR that imply whether complexes are squararptan
distorted, and whether they represent typical Cu(ll) spectra for those geometries.



UV-Vis spectroscopy of Ni(ll) inear peptides

In a sharp contrast to Cu(ll) binding, Ni(ll) binding by the linear peptides GGCL,
GG"CL and GGML showed no evidencé multiple species at any pH. Binding
behavior for all the linear peptides was cooperative, transitioning from a-Ni(ll)
agua complex to a single species witl transition bands between 420 and 442
nm. As shown inFigure 11 the pH profiles showed that Ni(ll) binding is most
favorable for the imidazoleontaining ATCUN sequence GGHL (50%
complexation at pH 6.0), but that binding to GGCL, 'GG, and GGXL (X =
Pal)are eactobserved at tatively low pH valus (50% complexation giH 6.4).
Using pHsg, the pHat which 50% of the ligands are deprotonated @rdplexed

to the metglas arelative measure of complex stabilityve can conclude that
substitation of Cys, homoCys, or Pal only mildly decreases Ni(ll) complex
stability. Ni(ll) binding is complete by pH 7.2 for each of these peptides. 50%
complexation is observed at pH 7.2 for NK@GDL and pH 8.3 for GGML
(Figure 11, Table 5) indicating less stable complex€ebhe electronic absorption
bands observed for these peptiN&ll) complexes are very similar to values
reported in the literatur®®°*****Electronic transition bands at 255 nm

(e= ~ 4300 M'cm™, N',S; - Ni(ll)), andtwo d-d transition band at 420 to 440

nm @y - d,2_,2) and 500 to 550 nmdgdy, - d,2_,2) are observed for all

sulfur-containing Ni(ll}peptide complexes(Table 5).'*> A transition band
characteristic for & Ni(ll) is not very distinct for linear peptides probably due

to the overlap with the O/N  Ni(ll) transition in the higher energy regioim
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contrast to Cu(IRGGCL, Ni(Il)-GGCL is quite stable for hours at neutral pH,

with no sulfur oxidation products observed.

The original, imidazoleontaining cyclic peptidé formed an ATCUNlike Ni(ll)
complex, with 50% complexation at pH 8.8. This represents a slightly
destabilized form of the linear ATCUN complex, Ni{®BGHL, which is
completely complexed at pH 6.5. Interestingly, while linear peptides GGDL and
GGXL showvery similar Ni(ll) binding properties to GGHL, cyclic peptided
and1X do not bind Ni(ll) up to pH 8.0, at which point Ni(OH)as observed to
precipitate from solution. This demonstrates that the shape enforced by the
macrocyclic linker can supportqgare planar complexation of Ni(ll) in the
context of the imidazole ligand, but not for pyridyl or carboxyl ligands at the

same position.

UV-Vis spectroscopy of Ni(ll) cyclic peptides

Ni(Il) binding to peptides was investigated separately from Cu(ljgusV-Vis

to analyze potential coordination geometrié& observed stable complexation of
Ni(Il) with thiol-containing cyclic peptides, with 100% complexation of Ni(ll) by
1C and 1"C at pH 8.0(Figure 12). This is a lower pH value than the Ni¢ll)
complex, implying greater complex stability. In fact, complexation of Ni(ll) to
thiol-containing cyclic peptides is nearly as favorable as comaptn to linear
thiol-containing peptides (50% complexation at pH 6.4 for linear and 7.4 for

cyclic, respectively). Thus, we conclude that the cyclic architecture is compatible
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with high-affinity Ni(Il) binding, particularly when the imidazole is switcheut

for a thiol group. There are several additional interesting differences among the
electronic absorption spectra of Ni(ll) complexes with linear and cyclic-thiol
containing peptides. Specifically, the spectra of Ni{If) and Ni(I1)-1"C have an

extra band at 335 nm and higher overall extinction coefficients for all bands.
Ni(Il) complexes with RSligands usually produce intense absorption band in the
250-350 nm range. The band at 335 nm is thus attributed to a charge transfer
transition from RS - Ni(ll) .*>>'**The higher extinction coefficient at 335 nm in
Ni(I) -1C and Ni(ll)}-1"C can originate from one of two effects. Firsa better
ligand orientation and energy match between the spiubitals and metal iod-
orbitals may result in a better orbital overlap and thus higher extinction

coefficient’°

Alternatively, e higher extinction coefficient of the 4280 nm
d-d bands for Ni(l}1C and Ni(I1)-1"C suggest that thplane of theNi(Il) -N5S
systemis digorted fromsquare planar allowing the:d transitionto be favored
The extinction oefficient for Ni(Il)-GG'CL is lowest, followed by Ni(INGGCL,
then Ni(ll)-1"C, then Ni(l}-1C. This is probably due to the ring strain crealgd
5,5,5membered chelate rings Ni(ll)-GGCL and Ni(ll}1C, which distort the

planar geometry of Ni(ll) center yielding the higlestinctionvalues.
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Figure 11: UV-Vis spectra of Ni(ll) binding to His-substituted linear peptides
and pH dependenceof binding

UV-Vis spectra of Ni(Iljlinear peptide complexes (A) and pH dependence of
Ni(Il) binding to linear peptides (B). Percentage formation was calculated using
absorption at 530 nm for GGHL, 545 nm for GGDL, 535 nm for GGXL, 517 nm
for GGCL, 515 nm for GEEL, and 85 nm for GGML. Additional full spectrat
different pHs are shown fRigure S25.
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Figure 122 UV-Vis spectra of Ni(ll) binding to sulfur containing cyclic
peptides 1C and 1C compared to 1.

(A) pH dependence of Ni(ll) binding to cyclic peptide$C and 1"C. (B) UV-Vis
spectra of Ni(ll) complexes with cyclic peptidefblack trace, pH 9.5)1C (light
gray trace, pH 9.0) and"C (gray trace, pH 8.4). Percentage formation was
calculated using absorption at 430 nm for NK1,)420 nm for Ni(131C and 435

nm for Ni(ll}-1"C. A distinct charge transfer band at 335 nm was seen for Ni(ll)
complexes oflC and 1"C which was not observed for NidGGCL or Ni(ll)-
GG"CL. Additional full spectra at different pHs are showiFigure S26.
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Sequence Cu(ll) binding Ni(ll) binding

Name (Linear peptides) PHso |  Mlemi pHso |  Mtem
GGHL Gly-Gly-His-Leu 4.5 530 (095) 6.0 425 (122)
GGDL  Gly-Gly-Asp-Leu 5.5 545 (130) 7.2 442 (220)
GGXL  Gly-Gly-Pal-Leu 4.5 535 (100) 6.4 427 (150)
GGCL Gly-Gly-Cys-Leu 6.5 517 (200) 6.4 427 (290)
GG'CL Gly-Gly-"Cys-Leu 7.5 515 (150) 6.4 440 (115)
GGML  Gly-Gly-Met-Leu 6.2 545 (120) 8.3 420 (175)
Sequence Cu(ll) binding* Ni(ll) binding
Name (Cyclic peptides) pHso | (M 'emh) pHso | (. Mcm™)
1 Lys-Asp(LeuydHis 6.0 525(98) 8.8 430 (98)
1D Lys-Asp(Leu)}dAsp 6.6 570 (84F - -
1X Lys-Asp(Leu)dPal 6.4 555 (87F - -
1C Lys-Asp(LeuydCys 6.3 590 (47% 7.4 420 (875)
1"c Lys-Asp(Leuyd"Cys 6.3 590 (47% 7.4 435 (490)
1M Lys-Asp(Leu)}dMet 6.5 570 (62}

* Indicates there are at leashiztatpeptide complexes predeat thls pH.

Table 5: UV-Vis data for Cu(ll) and Ni(ll) binding to His -substituted linear
and cyclic peptides

Data shown indicates the pH value at which 50% metal is bound, if it binds at all
(such as the case wiftD, 1X, and 1N, as well as the absorbance value for the
binding event with its respective molar absorbtivity coefficient.

Materials and Methods

Materials

N-U-(9-Fluorenyl methyloxycarbonyl) (Fmoc) protected amino acids, MBHA
Rink Amide resin,N-hydroxybenzotriazole (HOBt), and(2H-benzotriazolel-
yl)-1,1,3,3tetramethyluronium hexafluorophosphate (HBTU) were purchased
from AnaSpec. Diisopropylaylamine (DIPEA) and acetic anhydride were
purchased from Signmaldrich. N,N-dimethylformamide (DMF) and acetonitrile
were purchased from VWR. Fmoc amino acids used in this work included Fmoc

Gly-OH, FmoeCys(TrtfOH, FmoeHcy(Trt)-OH, FmoeMet-OH, Fmoe
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Asp(OtBu}OH, FmoePalOH, FmoeHis(Trt)-OH, FmoeLeu-OH, FmocAsp-
OAll, Boc-Lys(Fmoc)YOH, FmoeDHis(Trt)-OH, FmoeDCys(TrtfOH, Fmoe
DHcy(Trt)-OH, FmoeDMet-OH, FmoeDAsp(OtBu}OH, and FmodPalOH.
Dithiothreitol (DTT) was purchased from Ultra Pure. R, CuCh and NiCb
are purchased from Signsddrich. All chemicals were used as received without

any further purification.

Peptide synthesis and purification

Peptides were synthesized manually using 25 mL reaction vessels and wrist

shakers usingstandard Fmoc/tBbased protection strategies on Rink amide
methylbenzhydrylamine  (MBHA) resin  (0.20 mmol scale) with
HBTU/HOBY/DIPEA coupling conditon¥® Linear and cyclic peptides were
syrthesized as previously report&d. For linear peptides, Fmoc was removed

with 20% piperidine, but for cyclic peptides attached to the resin througihgeu

linkages, 20% piperidine was observed to promote aspartimide formation.

Aspartimide formation was minimized through screening of deprotection
conditions. Briefly, a small aliquot of resin was cleaved (TFA/TIRS)Hether
precipitated, and analyzed by EH85 and HPLC to gantitate aspartimide
formation wa minimal. For cyclic peptides, Fmoc removal with 5% piperazine
and 0.1 M HOBt (5 min, tvde at room temperature) was seen to minimize
aspartimide formation to 105%. The allyprotected @erminus of Asp was
deprotected using [Pd(PRHPhSiIH] (0.25: 10 equiv) in dry DCM for 2 hr. In

order to remove Pd the resin was washed with sodiiNyN-
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diethyldithiocarbamate (0.5% M in DMF, %5 min'"* The peptides were then
cyclized using PyBOP/HOBU/DIEA (5:5:10 equivalents) for 2 hrs. All peptides
were cleaved off the resin using TFA/TIPSMH(95:3:2) ofTFA/TIPS/EDT/HO
(92:3:3:2) for thiolcontaining peptides. The volume was reduced by rotary
evaporation and peptides were ethscipitated. The crude peptide was
dissolved in & mL water/acetonitrile. Thietontaining crude peptides were
reduced by dittothreitol (DTT) at this stage, prior to HPLC purification. Peptides
were purified using revergghase HPLC on a preparatiseale C8 or C18
column (solvent A: water/0.1% TFA, solvent B: acetonitrile/0.1% TFA, linear
gradient of 540% solvent B over 20 miwas used). The fraction containing
desired product was collected and lyophilized. The purities and identities of the
reduced peptides were assessed by analytical HPLC (linear gradiédfit B

over 30 min) and electrospray ionization (E®iss spectromst

pH deperdence of metalimding

The lyophilized peptide was freshly dissolved in deionized Nllivater (>18

Mq ¢ aryonrpurgedprior to metal complexation. Concentration @pfides

with a thiol group were quaitdtively measured by DTNB ass#y,5-dithio-bis-
2nitrobenzoic aci d)as desrbédmia nieraturéRe agent )
Concentrations of other peptides were determined by amino acid analysis. 1.0

mM peptide solutions were prepared, and 1 equivadémhetal ion (CuCl or

NiCl,) was added to the solution. The pH of the resulting solution was lowered to

roughly 2.53.0 using dilute HCL.UV-Vis spectroscopy was used to verify that no
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metal complexation occurred at this low starting pH. Small algyobdtdilute

KOH were slowly added to the solution, pH was measured using a microelectrode
(3 mm, Mettler Toledo), and absorption spectra were recoudied.transition
bands near 525 and 425 nm were observed for Gugfjide and Ni(IH peptide
complexesrespectively. KOH was added until a saturation point was observed.
For plotting pH dependence curves, the absorption was normalized to unity at the
upper bound, and percent formation of each metallopeptide complex was plotted

against pH.

EPR gectrosopy

Fresh Cepeptide complexes (0.9 mM CuyGind 1.0 mM peptide in water with
10% glycerol) were prepared with specified pH by adding small aliquots of dil.
KOH/HCI, transferred into capillary tubes and inserted into a quartz EPR tube,
then slowly frozenn liquid nitrogen. Xband electron paramagnetic resonance
(EPR) data were recorded using a Bruker EMX instrument at a microwave
frequency of 9.32 GHz. All spectra were recorded B0 °C (123 K) using
microwave power of 0.64 mW and modulation frequencyl@® kHz. Other
instrumental parameters include a sweep width of 1500 G (2250 to 3750 G) for a
total of 1024 data points, time constant 655.36 ms, conversion time 163.84 ms,
sweep time 167.77 s, and receiver gain 1 % tv02 x 1d. All spectra were
averag@ of 5 scansThese experiments were primarily performed by Dr. Kosh

Neupane.
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Chapter 2: Investigating catalytic activity of constrained ATCUN sequences

A significant portion of this chapter has been published in the following
references:
x Neupane, K. P.; Aldous, A. R.; Kritzer, J. Macrocyclization of the
ATCUN Motif Controls Metal Binding and CatalysisJournal of
Inorganic Chemistry2013 52, 2729 2735.
x Neupane, K. P.; Aldmy A. R.; Kritzer, J. AMetalBinding and Redox
Properties of Substituted Linear and Cyclic ATCUN Motifsurnal of
Inorganic Biochemistr014,139, 6576
Data collected folICV experiments were solely DKoshNe up ane,band wor k

can be observed inRigure13, Figurel4, Figure S7, andFigure S28)
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2.2 Evaluating the redox potential of ATCUN sequences using cyclic

voltammetry

In general, copper ions are usually moedox activethan complexed coppé?®
This presents a challenge for harnessing this catalytic activity, since-hgamdi
copper reduces activity but allows control of thativély through binding to
target moleculesBased on the altered properties we discussed ipt€ha, we
hypothesized thathe constraint within the cyclic ATCUN complexes may
promoteredox activity of the copper center, but also increase control over the
specificity or extent of reactivityl o begin investigating the redox activities of the
new complexes, & asked whether the macrocyclic constraint would alter the
redox potential of the metaleptide complex. The cyclic voltammograms for

copper complexesf 1 and4-6 are shown irFigurel3.

All four metallopeptides have a quaswversible onelectron redox couple for
Cu(lIn/Cu(ll). The Cu(lil)/Cu(Il}reduction potential (k) for linear analogg, 5

and6 are 802, 809 and4D mV, respectively. The 69 mV difference observed
between the F of Cu5 and Cu6 is attributed to effects of side chain
substitutions. This agrees with previous work showing that side chain alterations
to nonhistidine residues can similarly affectethredox properties of linear
ATCUN peptides®®*" Cu1 has a reduction potentiaf @39 mV, essentially
identical to the C#6 complext®® Thus, for cyclic peftle 1, macrocyclization is

compatible with Cu(lll) formation under oxidizing conditions, as has been
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observed for other cyclic peptidésand other macrocyclé$® The fact that cyclic
peptide 1 is able to access a Cu(lll) oxidatimtate supports itpromise for
applicatiors to oxidation reactionsatalyzed by Cu(lll) complexedAlso, the
reduction current for the Clicomplex is lower than that of Gior Cu-6 (Figure
13). While still consistent with a quaseversible redox process, this finding may
indicate an altered Cu(lH} conformation that allows some diss®n of

Cu(lll) before it can be reduced.

Cyclic voltammetry was also performed on nickel complexesarfd4 (Table3,
Figure S7). The Ni4 complex displayed a quaseversible onelectron redox
couple for Ni(ll1)/Ni(ll), with E;;= 730 mV andDE = 100 mV at pH 7.5These
are consistent with previously reported values for ATCUN mdfifsHowever,
irreversible oxidation at 880 mV is observed for the Nilllcomplex. We
speculate that the shdited Ni(lll) -1 complex rapidly dissociates before it can

get reduced to Ni(ll), as has been observed for other peptidic Ni(ll) ligatd$.

We next tested how substitution of the imidazole group affects the redox
properties of linear and cyclic ATCUN peptidémnsurprisingly CV of thiol and
thioether containing peptides was obscured due t itheversible oxidation of
sulfur atoms. Cyclic voltammograms for Cu({IJl) and Ni(ll)/(lll) couples for
complexesof GGHL, GGDL, and GGXL are shown iRigure 14. All three
metallopeptides display quasversible, onelectron redox processesd the

Cu(I)/Cu(lll) couples for the Cu(ll) GGHL and Cu) I GGDL are nearly

79



reversible (¢@Bf=00700f0u(GGHLd | E= 0. 064
1,1, = 0.954 for Cu(IBGGDL). Substitution of His to Asp reduces the redox
potential of Cu(IlGGDL (Ey»= 0.758 V). This is consistent with the more
electronrich carboxylate coordinated to the metal center. Th@iesthat these
complexes are more easily oxidized to corresponding M(lll) species, and thus
may make more potent catalysts for M{dfhediated oxidative transformations

(Figure S28). By contrast, substitution of the imidazole with pyridine increases

the redox potentiabf Cu(ll)- GGXL (Ei>= 0.853 V) and Ni(IlGGXL (Ey/=

0.748 V) relative to the corresponding GGHL compleXesimilar increase in

redox potential was observed when the same His to Pal substitution was made in

hemebinding proteirf>*"®

Next, we compared the redox potentials of timear peptidesvith their cyclic
counterpartsCV of Cu(ll)-1D and Cu(ll}1X complexes showed similar trends as
Cu(ll) complexes with linear peptides. The substitution eHiB to D-Asp
lowered the redox potential from 0.739 V for Cufll}o 0.677 V fa Cu(ll)-D,
and the substitution of #lis to D-Pal raised the redox potential from 0.739 V for
Cu(l-1to 0.812 V forCu(ll)-1X (Figure 13). These datandicatethat the Asp
contahing linear and cyclic peptides may have the best potential as catalysts
of this substitution seriedor processes that involve a Cu(ll)/Cu(lliypr
Ni(ID)/Ni(lll ) redox cycle Since theUV-Vis spectra of Cu(lbcyclic peptide
complexes indicated the formation of alternate species at high pH, we measured
the redox potential of Cu(H1D at pH 11.4. The lower redox potentiaf Cu(ll)-

1D at pH 11.4 €1/, =0.426 V) indicates stronger donor ligands involved in Cu(ll)
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coordination at thigH (Figure $28).1”° A similar phenomenon is also observed
for Cu(ll)-1X. This less positive reduction potential indicates that at higher pH,
these complexes are better at givingalgctrons, makinghem better reducing
agents. This also indicates that they would be poorerargiagents, and would
not be as efficient gterforming oxidation reactian However, at lower pH the
more positive potential of Cu(H)X (Ey2 =0.812 V) ould signify thatCu(ll)-1X

could be a more powerful oxidative catalysts than GU(ll)

Also, Cu(llyIXwas observed to havatue withpmdict i cul ar
current (oxidation) higher than cathodic current (reduction). This can be attributed

to one of two factors. Either the presence of a-A@CUN, more poorly defined

complex at this pH is causing slower electron transfer and a broadening of
oxidation and reduction peaks, or the Culll complex must undergo a

pronounced structural rearrangermkeetween the two redox states.
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Figure 13: Cyclic voltammetry of Cu(ll) linear and cyclic complexes

(A) Cu(ll) complexes with cyclit compared to linea#, 5,and 6 with trace for
cyclic peptidel shown in black, and linear controfsin blue,5 in cyan and6 in
magenta. The voltammograms were recorded using 1.0 mM peptietal
complex in 100 mM KCI, pH 7.5, with a scan rate of 100 m{B¥.Cu(ll) cyclic
peptidel, 1D,and 1X complexeswith 1 shown in blacklD in light grey, andLX
in dark grey The voltammograms were recorded using 1.0 mM pepietal
complex in 200 mM KCI with a scan rate of 100 mV/s at pH 8.5 for Quy¢lic
peptide complexes. Each trace is average of 3 scans and lggrbaod
subtracted.

T T T T T T T r — T T T T T
0.6 0.7 0.8 0.9 1.004 0.5 0.6 0.7 0.8 0.9 1.0

Potential (V) vs SCE Potential (V) vs SCE

Figure 14: Cyclic voltammetry of Cu(ll) and Ni(ll) complexes of GGHL,
GGDL, GGXL

(A) Cu(llrlinear peptide complexes, (B) Nidlipear peptide complexes. The
voltammograms were recorded using 1.0 mM idepnetal complex in 200 mM
KCI with a scan rate of 100 mV/s at pH 7.5 for Culjiear peptide complexes,
pH 8.0 for Ni(ll}linear peptide complexes, and pH 8.5 for Cudyklic peptide
complexes. Each trace is average of 3 scans and is backgsointielcted.
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2.1 Background of native catalytic activity

ATCUN peptides arecatalytically active due to the generation of hydroxyl
radicals OH radicals aréormed via redox interactions at the metal centeder
oxidative conditiong®*107:108.121.133.18082 Thage radicals can then locally damage
nearby biomolecules, depending on the biomolecule and proxitiif:*¢&8>

Due to complementary shape and electrostatics, the ATCUN peptide interacts
with the minor groove of the DNA backbot&:29180.186187 ¢y (1)) ATCUN
complexes were found to generate hydroxyl radicals ¢hatcleave the DNA
phosphate b#&bone!?®112180.188.189¢ this process is robust enough, or if the
ATCUN complex has a high enough local concentration, it can induce double
stranded breaks, which are highly damagiogells. For example, Pauling and
co-workers incubated Cu(HBEGH in vivo in mice, coupled with ascorbate to
recycle the oxidation states of the metal and promote oxidative activity. In the
presence of the ATCUN peptide they observed death of Ehrlickesgcimor

cellsin vivoand a contribution to longer life spans in these rhite.

Alternatively, the ATCUN peptide can generate hydroxyl radicals that can
inactivate enzymes, either by modifying important side chain residues or by
cleaving the proteif®®*°*1%® Cowan investigated this in the context of carbonic
anhydrase, covalently attaching the ATCUN motif to a skethwn sulfonamide
inhibitor of the enzyme, sulfanilamide (SLK} By monitoring percent inhibition

of activity under oxidative conditions, measured by the absence phgibation
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to bicarbonate, they observed increased inhibitory activity of thi&GH-SLN
conjugate. They found nevidence of protein cleavage by mass spectral analysis,
but rather saw oxidative modification of various residues near the active site of
the protein. Modeling indicated that the observed oxidations occurred in an area
where the ATCUN motif would be, if & sulfonamide bound the active site
pocket as expected. This was presented as a new way of inhibiting enzymatic

activity via covalent mbdification of the

Mechanistically, ATCUNmetal comfexes generate hydroxyl radicals via redox
cycling of Cu(ll)/Cu(ll) and Ni(ll1)/Ni(ll), producing hydroxyl radicals that can

be harnessed to cleave and modify various biomolecules, as
diSQJSSGOB.?"SO'107'108'11[1113'115'117’174'188'19597 For a time, there was some
contention about this mechanism, with some sources arguing a Cu(ll)/Cu(l) cycle

as an alternate path. Currently, however, requirement of the Cu(lll) state is now

generaly accepted®®® Specifically, in the presence of ascarbic acid and

hydrogen peroxide solution, the Cu{lGH is oxidized to a Cu(lll) species. It is

at this step that OH radicals are generated, possibly as associated wittoaa3u

a CU"=0 species with the trivalent copp&t#°%In cases like that described by
Paulingds experiments above, the OH radica
backbone to induce ROS (reactive oxygen species) daftfagee presence of

the ascorbate also serves to reduce the trivalent copper species back to divalent,

where it can be again oxidized to regenerate radical oxygen species for the
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reaction. This redox cycle is similar to that believed to occur in the presénce

nickelbound peptides as well.

In some cases of close localization, high concentration, or great mobility, the
Cu(lll)-peptides can interact and catalyze the diotieof eachotheis histidine

si de c¢ h alyroxy vasantt Ihtteen dehydradet hi s f o+dehgdroan U, b
peptide®*1® These intermediates can be observed for some sequencesalgy X
crystallography or in NMR experimerftsNi(lll) has been observetd catalyze

cleavage of the peptide ligand viat€&minal decarboxylation at the histidine

residue under these conditiod$'*® Therefore, when performing catalysis using

ATCUN peptides, it is important to assess the stability of the peptide complex and

any extent of sel€leavage to truly interpret results..

Materials and Methods

Materials

Peptide complexes are those synthesized and characterized in Chapter 1. Refer to

Chapter 1(starting on pag&9) for more details.

Cyclic wltammetry

A standard threelectrode cell (glassy carbon electrode as working electrode,

platinum wire as auxiliary electrode, and saturated calomel electrode (SCE) as a
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reference electrode) was utilized to perform the electrochemical measurements on
a CHI830 Elecwwchemical Workstation (CH Instruments Inc., USA). All
metallopeptide samples were prepared freshly in degassed water and 100 mM
KCI was added as supporting electrolyte. The pH was adjusted as required with
KOH and HCI. The sample was purged with nitrog@as for 5 min before data
collection. Scan velocity was 100 mV/s for each scan. Cyclic voltammograms
presented are the average of three scans that were then backgwbtradted.

The half wave potential;) was determined from the expressiiim = (Eap +

Ecp)/2. These experiments were primarily performed by Dr. Kosh Neuparte, wit

t hanks t o DAndreweWebananddy. Naryin Pallucitor assistance.

2.2 Evaluating OH radical production by constrained ATCUN using DNA
cleavage assays

The CV data indicated that several of the new, cyclic ATCUN complexes were at
least as redoactive as linear ATCUN complexes. Thus, we next sought to
evaluate their activities in a functional assayHgdroxyl radical generatiorior

work has provided edence that the ATCUN motif binds DNA in the minor
groove, and that side chain substitution can affect DNA binding, rates of Cu(lll)
formation, and rates afxidativeDNA cleavage®’*"*'*The OH rdicals that are
produced can cleave the phosphate backbone, if in close enough proximity. In this
way, plasmid DNA can be nicke@ne strand cleaved)r broken (two strands
cleaved, producing aloublestrandedbreak). Ech of thee speciescan be

separatd by gel electrophoresidMonitoringthe appearancand disappearance of
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these bands at different incubation times can correlate to the activity of the

ATCUN complex for cleaving DNA.

We had difficulty prifying the GGH peptid€peptide7) most often useé as a
control for this assgydue to its small molecular weight and lack of retention on
HPLC column.Instead,we initially tesed the activity of GGHL(4), which
separated easily via HPLC purification from the addition of the greasy leucine
residue The copper complex of linear peptideshowed relatively sluggishNDA
cleavage Figure 15), consistent with previous reports that hydrophobic residue
placed Gterminally to the ATCUN motif can impede DNA bindifg. We tested
GGHL at 36eM over 20 mins and saw no significant generation of linear
plasmid. By increasing the concentration of g complex froml8, 36, 90 and
finally to 180eM, cleavage was observedter 15 min This was also observed at
36 €M over a time course of-2 hours(Figure S29). Linear peptide7, which
lacks the @&erminal leucine,was eventually purchased, améhs used as an
additional control to better compare our results to prior watk(ll)-7 cleaves
supercoiled plasmid DNA rapidly, with roughly 75% cleavage after 15 mins and
complde cleavage after 1 houFigure 15). These are consistenith reaction

rates previously reported for diverse linear ATCUN peptfd&8®17

Having benchmarked our assay to prior work, we weadyréo test our cyclic
ATCUN-metal complexes. We found th@t(ll) -1 complexes are able to catalyze
oxidative cleavage of DNA even more rapidlyan the prototypical ATCUN
motif GGH, with nearly all the supercoiled DNA cleaved to nicked and linear

forms after only 5 mins. These ass@s were the first demonstration that
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constrainingthe ATCUN peptidevia macrocyclizationboosts its activity as an
oxidation catalystWe hypothesized that lyenerating a slightlgistortedcopper
coordination geometry, we are simultaneously achieving complexation and

increased activity.

incubation time (min)
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Figure 15. Agarose gels showing cleavage of supercoiled DNA by 36/
CuCl; or Cu(ll) -peptide canplexes

36 MM peptidemetal complexes incubated with 281 basepair concentration of
pUC19 plasmid DNA in the presence of ascorbate at 37 °C. Results were
evaluated at 0.5, 5, 15, 60, and 120 min time points. Lu@isurprisingly,
cleaves the DNA almost instantaneously. Lindéaaind 6 show practically no
cleavage, whereas shows cleavage after 15 minutes, witaven more efficient,
cleaving largely in the first 5 minutes of incubation.

Materials and Methods

DNA cleavage.

36 mM peptidemetal complexes were prepared usingm peptide and 0.9
equivalents CuG| in order to ensure copper ion was completely complexed.
Final concentrations of 38M Cu(ll)-peptide complex, 400M ascorbate, 25M

basepair concatration of pUC19 plasmid DNA, and 20 mM T-H&CI Buffer, pH
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7.4 were reacted in PCR tubes at 37 °C. At 0.5, 5, 15, 60, and 13Qimén
points, 25nL of each reaction was removed and quenched usimg & 0.5 M
EDTA solution. 5x formamidéased loadinglye was added to each quenched
reaction prior to loading in wells of 0.8% agarose gels with ethidium bromide.
Gels were run at 100 V for 30 mins and diiWaged using a BiRad GelDoc

system.

2.3 Evaluating OH radical production by constrained ATCUN using

fluorescence detection assay

As witnessed by the effects of the terminal leucine residugguare 15, DNA
cleavage assays are limited to compounds that specificédisaat with double
strandedDNA. To measure catalytic activity more directly, we incubated copper
complexes ofl, 4, 6 and 7 with 2376dichlorofluorescein diacetate, a
profluorescent dye which reacts with hydroxyl radicals (but not peroxides) to
form 2376dichlorofluorescein in solutioff®?°? Measuringthe fluorescence
intensity of this dye provides a direct comdl i on wi t h t Hyeto compl ex 6
producediffusible hydroxyl radicals, independent ahy requirement for binding

to DNA or any other biomoleculeC 0 w a n 0 sinvestrgated this property for a
large set of metdigand combinations, including Fe(l5o(Il), Ni(ll), and Cu(ll)
complexes® They foundthat unliggnded opper (as well as Fe(H)EDTA, -

NTA, and-TACN complexes) were extremely activethe presence of ascorbate
and peroxide as compared to the rest of the complexes tested-@aHil)and

Ni(ll) -GGH were found to have slight activity over background sitfial.
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Using this robust fluorescence basedissay to evaluate diffusible radical
production,we wereunable to detect hydroxyl radical formation by atlo and
linear ATCUN motifs testedHigure 16, Figure 17), in accordwith previous
characterization® This is due to the shottved nature of oxygen radicals, so
when they are produced at low levels they cannot diffuse frommétalcenter to

the fluorescent dyavithout reacting with something elsén contrastto apo and
linear sequencesCull)-1 complexes produced large amounts diffusible
hydroxyl radicals The amount of radical formation was nearly equal to that of
unliganded Cu(ll) ionsKigure 16), demonstrating the high catalytic activity of
this constrainedCu(ll) complex. Because linear analogs showed no measurable
formation of diffusible radicals, we conclude that the conformational constraint
produced by macrocyclization promotes({I)/Cu(lll) cycling relative to linear
analogsin correlation with CV data frorigure13. Minimal degradatiorof the
peptide ligand was observed under these conditiopngdgedby LC/MS analysis
before and after the assay. In parallel, we repeatessgagwith 1 mM ascorbate,
since t is commonly used to promote hydroxyl radical formation and catalytic
turnover in copperedox reaction80107108121.17203.204 pagnite observing some
peptide degradation by L-®S in the presence of peroxide and 1 mM ascorbate,
we observed similar relative hydroxyl radical generation btz compared to

linear analogs under these conditioRgy(ire16).
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Figure 16: Catalytic activity of Cu(ll) -peptide complexes

(Left) Fluorescence from reaction of diffusible hydroxyl radicals atC@ith 10

eM 2,7-dichlorofluorescein diacetate in 20 mM HEPES, pH 7.4, 100 mM NacCl,
and 1 mM HO.. AProbe onl yo tr jaandceppdipaptidee d p
complexes were tested at @M. (Ri ght) Experi ments i
left were performed in the presence of 1 mM ascorbate. Error bars show
standard deviations from 3 independent trials.

We found that increasing the pH of the assay buffer solution minimized
backgroundn this assay Figure S30). To minimize background in later assays,
we tested all copper complexes at pH @mure4, Figure9, Figure 10). Nickel
complexes were tested at pH 9.2 for similar reasbBitpife 11, Figure S25). At

this pH, geptides with sulfurcontainingside chains are easily oxidizedd were

thus omitted.

We were interested in whether substitution of the histidine at ihe plosition to
aspartate or pyridglanine woul provide increased catalytic activity, and
whether cyclizationwould also promote activitpver linear sequencder these

substituted ATCUN peptidesThese two substitutionshad displayed redox
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cycling comparable to that of Cu(i) by cyclic voltammetry(Figure 13),
suggesting they would have activity comparable to Gua(ll) Therefore we
assayed our histidirgubstituted libraryexcludingsulfur-containing peptidesn

order to determine the abiétof these complexe® generate OH radicals.

Cu(ll)-1D and Cll)-1X producel hydroxyl radicals to a greater extent than
Cu(ll)-1, with average intensities similar to that of Cu(igure17). Cu(ll)-1D

had broader error bars as compared to Cuflgnd Cu(ll) 1X, showing greater
variation in the activity of this complex from day to day. Howeawer substantial
increase in fluorescence intensity remains significant above baseline and above
Cu(I-1 activity. Coupled with thespectroscopic data previously discussed
(Figure S 18, Figure S19), we can conclude thahe activity results from
complexation of the metal with theaig peptides, ad is not simply an effect of

free copper ions.Linear copper analogues showed no measurable formation of
diffusible radicals, reinforcing the idea that macrocyclization promotes

Cu(I/Cu(1) cycling and with accordance to our previous stueig(re16).

For complete Nil) binding, many of he peptides require a phh the range
between 8.5 and 9.2.0Texamine nickelcomplexes and evaluateeihpotential

as catalysts, th nicket bound peptides wertested at pH 9.2Hgure S31).
Ni(Il)-1D and Ni(ll)-1X were not tested due to precipitation tbe nickel in
solution at this higher pH, indicating lack of complexationWe observed that
Ni(ll) -1 has no activity above baseline at pH 9.2, and that the copper variant will
therefore be a more effective catalyst. However the four linear complesas, (G

GGHL, GGDL, and GGXL) all show greater production of hydroxyl radicals as
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compared to unliganded nickahdtheir copper analogJ.ypically, linear Ni(ll}
ATCUN complexesare not as active as their Cu{tdpmplexed counterparts at
neutral pR%*8:2% however in this case we are observing a significant amount of
activity at pH 8.5 and 9.2ZThese data suppoftirther study oflinear compéxes

with nickel and cyclic complexes with copper as potential oxidation catalysts

In a recent characterization of diverse Cu(ll), Co(ll), Ni(ll) and Fe(ll) complexes,
Cowan and coworkers tested nine different copper complexes, and found that all
hadlittle or zero radical formation under similar oxidative conditi6ig% Thus,

cyclic peptidedl, X, andD appear to be unigue among a variety of copper ligands
in their ability to bind copper without impeding redox cycling between Cu(ll) and
Cu(lll). These three peptides specifically show significant potential for oxidative
catalysis.Ni(ll) -GGH, -GGHL, -GGDL, and-GGXL could also be utilized for
oxidative transformations, though may be less effective due to the high pH

required for optimal complexation.
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Figure 17: Fluorescence detection of radical production in Hissubstituted
series of peptides

Production of diffusible hydroxyl radicals by unliganded metal ions,- apo
peptides, Cu(lbpeptide complexes, and Nifpeptide complexes at pH 8.5.
Fluorescence arises from the reaction of diffusible hydroxyl radicals at 25 °C
wi t hM 1D-NichlorNjluorescein diacetate in 20 mM HEPES, 100 mM NacCl,
and 0.9mM HO,. Error bars show standard deviations from 3 independent
trials. Metal salts, apgeptides, and metgdeptide complexes were each tested at
0.9 ¢ M. * * At -1 porplek acsountstfdn enly N1O% of thé Ni(ll)
ions presentRigurell, Figure S25) and so was retested at pH §Rigure S31).

Materials and Methods

Fluorescence assay for detectionlofdroxyl radicals.

0.9 MM peptidemetal complexes were prepared usingrl peptide and 0.9
equivalents CuG| or NiICl,, in order to ensure copper ion was completely
complexed. Solutions were prepared using final concentrations o @etal
pefide conplex ormetal salt1 mM H0O,, 1 mM ascorbate (when applied),20
mM HEPESand 100 mM NaCIHEPES buffer was pH 7.4 for original assays,
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and ph 8.5 or 9.2 where indicated due to the effect of pH on background signal to
noise Figure S30). Solutions were incubated at room temperature for 60 minutes,
after w h i dhedichl@dofluerédceir? diacetate was added. After an
additional 15 minute incubation, total fluorescendensity wasread in 9éwell

plates using a TECAN infiniTE 200 plate reader watttitation at 485 nm and
emi ssion at 535 with a manual Cautmoisn of 75
were performed in the absence d@f72dichlorofluorescein diacetate apéptide
integrity was quantified by LC/MS following 60 mins incubation. No degradation

of the peptide was observed for the sample treated with peroxide, while some
unassignegeptide degradation was observed for the sample treated with peroxide
and ascdrate. These data indicate that extent of peptide degradation under harsh
redox conditions will need to be closely monitored as it is developed as a-copper

based oxidation catalyst.

2.3 Future catalytic applications

Our scaf f ol doé shydeokyl radicalsgived itpotegtial fioe a varietg

of practical applications. We could evaluate the degree of sequence selectivity
towards DNA in oxidative cleavage reactions and compareyalic peptides to
previously reported complexes selective towak(ig rich regiors or a5 &£CT >
We could attach our molecule kmown enzymenhibitors, such as sulfonamides
that @rget carbonic anhydra&® Similarly, we could append our sequence to

antimicrobial peptides, many of which alreagpssesslinear forms of the

ATCUN at their Nterminus!0t19410520211  E¢arts  towads this latter
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investigation is currently underway with our cyclic at the Universig of
Connecticutunder Professor Alfredo Angel@»za based on their existing work

with antimicrobial peptide&*2%®

Proteinprotein crosslinking reactions have been angoing challenge for
chemists and ATCUN motifs have previously been used to accomplish cross
linking of amino acig such as histidine and tyrosité?*22* Artificial crosslinks

have been used tsynthetically dimerize proteins whose transient interactions
would otherwise be difficult to study® Combined with mss spectrometry,
crosslinking providesspatial and topologat information regarding which
residues are in closeroximity within a larger, transient protein compfg%?*°
Crosslinking/ masspectrometry dataan then be applied to algorithms for

complex modeling programémproving the efficacy of modeling lge proteins

215

In literature, wo tyrosine molecules have been shown to be crosslinked-@a C
bond coupling using 10 mM catalyst and 10 mM MMPP (magnesium
monoperoxyphtalate)n aqueous conditions in ordeo tgenerate diyrosine
dimers*®#32"\we replicated these conditions, incubating complexes with 8.8
mM hydrogen peroxide instead of MMPP due to the overlapping absorbance
bands of MMPP and dyrosine monomers around 400 nm. Data from these
studies can be seen Bcheme 3, Figure S32, andFigure S33) Based on some
evidence found for tyrosine crosslinking by N{®BGH, we investigated whether

we would see similar activity with a longer tetrameric, histidioataining
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peptide AYAR. However we did not observe dimerization of this complex by
Ni(Il) metal salts or Ni(IBGGH. We alsodid not observe gnevidence folNi(l1)-

1 crosslinking ofindividual tyrosine residues @f thetyrosinecontaining sample
peptide AYAR.Cyclic peptidesD and X did not coordinate Ni(ll), andulfur-
containing peptides ould be easilyoxidized under these conditiorend sathese
complexesvere not testedSome linear peptides coordinated Ni(Fjdure S31)

arnd showed some OH radical productidrowever atreaction conditions opH

9.2. We could further test these complexes at a higher pH to investigate their
activity, however would have to be conscientious that the pH transitiorzffieay

the readout of the reactiowe mightemploysmaller peptide fragments, such as
Alanine-Tyrosine,and systematically test different tyrosioentaining species for
Ni(ll) -GGH crosslinking activity.Alternatively, we could utilize a different
screening systenthat avoids species moving freely in solution. For example,
active ATCUN complexes have beerogim to covalenthattacha sample protein
green fluroscent protein (GFPjo a beadvia dityrosine crosslinking This
crosslinking reaction could bguencled using free, monomeric tyrosinand
monitored to measure the utility of cyclic ATCUN peptides cagsslinking

catalyts'®?

Furtherefforts with these peptide sequences could be made in the field of ionic
sensos, and in fact, many peptides have been explored for this type of
application®***'8223\We hypothesized thah¢ peptides coulde incorporated into

an electrode membranench ugd to detect te presenceof Ni(ll) and Cu(ll)

cations.Andrew Weber of the Kounaves lab at Tufts has made strides towards
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this end, but found the ATCUN peptidewas not hydrophobic enoudb be
incorporated efficiently into the electrode membranesTo improve the
incorporation, he leucine tail of this peptide could be further modified to
accommodate a chain of hydrophobic residues, such as a serieshyfatapine
residues. Another patéial future application is the design of related sequences
that have hgh affinity for anionic species, like phosphates. These types of
electrodes are currently in high demand, andystic peptides could be excellent

ionophore for anion sensors.
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Chapter 3: Designingnew classes oimetal-binding peptidesusing bipyridine

as a chelating macrocyclization linker.

Work from this chapter is comprised entirely of unpublished work.
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3.3 Using a bipyridine crosslinking ligand to constrain peptides.

In the previous chapters, we showed that constraining the linear ATCUN motif
using heado-tail macrocyclization maintains a square planar, 4N coordination
site with preferential Cu(ll) versus Ni(ll) binding at pH 7.5, adlwe enhanced
oxidative activity of the compleX>*?***This raises the question of how various
othermacrocyclic constraints may effectively induce metal binding and activity in
de novoand naturally inspired peptide sequencefther than heatb-talil
cyclization, the most prominent constraints are disulfide bsidgactam
crosslinks, and hydrocarbon staplé&® However, none fothese have any
inherent metabinding capabilities. We were interested in finding cyclization
strategieghat would also introduce functional groups that coordinaietal ions
Thus we looked towargrior instances where navatural functional groups were

incorporated intanetallopeptides for inspiration.

Incorporation of nonnatura] metatbinding functional groups has a long
precedent in the design of metallopeptitfe€®?®° Bipyridine is a commonly
used functional groughat hasa high affinity for several metal ior{&igure 18).
Metalbpy complexes commonly exhibibbust catalytic activity, as described in
Chapter 4. Attachmento f  -Bipyrdie (bpy) at the terminal end of a peptide
sequencer small molecule is useid producduminesceniprobes or in order to
study electrontransfer”*¥#*® For example, ruthenium trspy complexes have

been attached to the terminus of an RGD peptidevisstigatepeptide bindingo
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integrirs.>** A similar ruthenium trisbpy complex haslsobeenincorporatednto
peptide nucleic acids, replacing heterocyclic base,in order to studyboth
electron transport in DNANd the effect of metal binding on theerall structure

of the double helix>?
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Figure 18: Bipyridine incorporation for addedstructure and activity

Examples of howipyridine has been used in DNA and proteins to, upon metal binding,
induce structure or activity. Images were reproduced from the original papeopy

bound toRGD peptideas a luminescergrobe®! B-bpy used as heterocyclic nucleic acid

base replaceent in DNA**? C-use of bpy in peptide backbone to induce artificial protein

upon metal binding** D-cisplatnin conjugated bpy interacting with DNA and catialgz

i ncorpor at e helical mpéptidesttee r mi n i
promote selissembly® F- psuedo macrocyclization of a sequence via-lfg

ruthenium compleX’’ G- psuedo macrocylication by constrains a GGGG loop rAttif

Diels Alder reactions>®> E- b p y

andH- Urhelical crosslinkingo induce helicity and promote cellular penetratfon?*
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Thereis precedence for the incorporation lapyridine and itsderivativesinto
peptide structureas amino acid side chaiasd asintramolecular crosinks or

A st afFigeesld). Initially, the amino acid derivatives of bipyridingere
designed frommodification of thehistidine side chain to find moieties that
providea greater number afitrogen donors thathe naturaimidazole'®*® The
idea behind this work wa®e usethe added metabinding functionalityto induce
Uhelical or b-sheet secondary structure upametal complexation. Other
researchers have used this unnatural amino aqaatbinto regions of artificial
enzymesand DNA to perform catalytic reactions, ducas theDiels-Alder
reaction?®?**On a similar note, bipyridinaas been includedithin the native
backbone of peptide chains in ordeto direct the folding of artificial
proteins?**?*?Upon metal bindingo the strategidly placed bpythe surrounding
residues fold in way similar to the native proteininterest artificially inducing
the sametsucture This can allow forffurther structuralstudy of the systerthat
might not otherwise be possible if the natural protein is unstablgro. Bpy has
also been plackat the Gterminus ofU-helical peptidein order topromote sek
assembly between three helices via the formation of dpyscomplex This
stabilzation prevents aggregation of these peptidic structures and allows them to

form an artificialprotein structure?*®

In some casebpy has been used to assist in the formation of a macrocycle,
however one that isridged by anetal ion beween two chelation siteather than

via a covalent bah (Figure 18). Ore group of researchers used bipyridine
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moleculesin the backbone opeptidic structureto generate a caged peptide
linked with a redoxactive fragment. This was possible with the additiof
ruthenium, which, upon binding two bpy segmentanduced a macrocyclic
structure to the peptid&’ Similarly, Imperiali used two backbone byat, upon
coordination with cobaltwould constrain a GhGly-Gly-Gly loop motif and be

effective for photeénduced electron transfer (PET) fluorescence quendifnhg

Another application obipyridine-containingpeptides igo functionas anU-helix
staple(Figure18). Lin and coworkers have conjugatedhisbromomethyl version

of bipyridine to acysteinecortaining peptide in order to fixhei, i+7 Uhelical
turn?*° This crosslinking strategy greatly improved cellular permeability of their
peptide sequenc&imilarly, the Madder group used this method to enhance the
helicity andcellular penetration of a DNA interacting zipper protein drgss
linking the i, i+4,and i+7 positions*®® These strategies use a chemical cross
linking strategy that alkylates two cysteine residues. Intramolecular-lon&s®y

of unprotected peptides using thiol Haikylation was originally describedy
Peter Timmermaf®* This approach depicted in Figure 19, uses Is-
bromomethyl aryl linkers tnk two individual cysteine thiolon a linear peptide
throughtwo nucleophilic substitutiomeactions resulting in the formation of a

constrained macrocycle

In unrelated projectpursuing protm inhibitors, our lab has verifiethat this
chemistry worksvery robustly in aqueous buffevithin two hours, without the
need for orresin manipulationPurification of the crud@eptideis notrequired

104



prior to cyclization,allowing the drect and rapid transformation of the crude

synthesized peptid® a cyclized product.For this project, bislkylation was

used to generate @nstrained macrocycle thatcomporates the functionality of

bipyridine within the linker which will control metal binding angideally, poise

the metal for catalytic activitgFigure19). While a pyridinebased linker has been

applied by our group and othéf§t here are no prior uses of
bipyridine based linkers for the generation of metal ligands usingrehigst

cyclization chemistry. lus we hypothesizé that implementingcysteine bis

alkylation with bis(bromomethyl)bipyridine linkers would produce constrained

peptides capdé of binding transition metals and acting as useful catalysts.
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Figure 19: General bisalkylation strategy

This figure demonstrates the general bisalkylation strategy described by Timm&Ffmann
as applied to our lab. A peptide sequence is designed, incorporating particular residues
or motifs depending on the intended application. In this work, histidine residues are
incorporated, as inspired by natdranotifs, to aid the metddinding constraint in
fulfilingl the coordination sphere of a metal. Two cysteine residues are incorporated into
the structure (this can be at the terminus or at positions within the sequence). Upon
incubation in buffered solutiowith any number of bisalkylation linkers, a nucleophilic
substitution reaction links the cysteine thiols to the alkyl linkers, generating a
macrocycle. Linkers shown here, from top to bottom, are the-listaromomethyl)

pyr i di-bighromodnetl®i® ,-Bid6pyr i dbistbeomoméhylp p-Bipyridine,

and -bis(brbroomethyl® , -Bigyridine.

3.2 Exploring histidine-containing motifs in naturally occurring proteins

Based on literature ptedence and evidence from our ovab experiments
incorporating a bipyridine crosslinking ligand willot only constrain imagined
peptide sequences, but algeeatly promotemetal binding. However additional
points of contactmust be incorporatedn order to satisfythe coordination
geomety of the metal cationConsideringhe success achieved with constraining
the ATCUN peptides and based on the robust metal binding of the imidazole side
chain, we were interested in modeling and desigrbmgyridine-constrained
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sequences usingstidinefor these additionatontacts. The ATCUN motif utilizes
a single histidine residue, but there are a plethora of other single and multi

histidine patterns in natural proteins that we can look to for inspirdtian®+>24

In nature, proteins contain 1N, 2N, 3N, and 4N metal binding sites voffieh
correlate to the number of histidine residues at the siterims of single histidine
sequences, the ATCUN motif Xa@aaHis of the copper transport protein serum
albumin is one of the most prevalent. However, the-MeaYaa motif (where

Yaa is any amino acid, often distinct from Xaa) is also found, such asheith t
Gly-His-Lys growth factor modulating peptidé’ Gly-His-Lys has similar ionic
copper binding affinity as serum albumin, exhibits protective activity against
superoxide molecules, and is frequently used to complex copper in cell culture
media®*® Coordination of metal ions with these 1N sequences involve several
nitrogens from the amide backbone in order to fulfill the coordination sphere,
whereas 2 3 or 4 N sequences may not require this interaction. Methane
monooxyenase and metal catalyzed oxidation systems have active sites with two
histidine residues about the copper ion within the conservedXadsHis
sequencé?® The HisXaa,-His with n=2 can induce folding or a turn around a
metal ion by involving the histidine imidazoles and either the backbone amides or
side chains from neighboringetatbinding residues like cysteine. This motif is
commonly observed in carboxypeptidases that use zinc to cleave peptide bonds

and in zinc fingers which primarily act as transcription factdt&-amyloid,

which coordinates copper and zins,also 2N, but with participgng histidine
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residues adjacent to one another in the sequenadsasvedn the XaaXaa

His-His-Xaa-Xaa motif?°1:2°2

Oxidases and histidine/proline rich peptides, with the motitHissXaaHis,
exhibit a 3N coordination that is comprised of contacts with the three imidazole
nitrogens and two backbone amide nitrog&i€>*This 3N coordination can also
been seen in amyloid precursor protein (APP) with copper bound to three non
sequential histidines of the H¥aaHis-YaaHis motif. As shown inScheme4,

the metal coordination sphere can be further satisfied via either coordination to
two amide backbone nitrogen or alternatively to another species introduced at the
vacant site. The APP 3N coordination waarfd to be most effective for divalent
copper binding compared to proteins like maxg g e n a s eAmyloan d b
proteins that only have two histidyl residues involved in coordinatf84>* The

3N motif appears optimal, even compared to 4heHis-Gly-His-Xaa-His-Gly-
His-Xaa. This repeating pattern can introduce a metal to a-ipsiigine
coordination site or to a formoordinatenitrogenbinding site involving histidines

and backbone amides, as in the hex@eat region in chicken prion pen where
copper binding alters the structure of the profeii®® Work was done
constraining this 4His sequence via head tolteyclization and showed the cyclic

form coordinating metals at a lower pH than the linear, indicating a favorable
arrangement for coordinatidn’ Although they exist, 4N histidine mitst often

have complicated species of formation as compared to the prior sequences

described due to the presence of so many nitrogen donor positions.
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These peptide md8 are prime inspirations for theeesign of novel metadinding

cyclic peptidesWe will refer to the number, placement, and stereochemistry of
these histidine residues in a natural setting as we begin designing new peptide
scaffolds.We hypothesize that employingbgyridine macrocyclic constraint in
conjunction withhistidineresidues to filthe empty coordination sitesill result

in not only interesting mat-binding properties, but enhanced catalytic activity as

well.

3.3 Desgn and synthesis obipyridine -constrained peptides

Our design strategynvolved modding potential peptide sequences iroldcula
Operating Bvironment (MOE)softwareusing a bipyridine-containinglinker to
constrain histidineontainingsequences. Wadded cysteiisdo thetermini of the
sequenceoftenseparated from the adjacent motif dgneresiduealanine linker.

The cysteines were th@onnected to the bipyridine linker to form a macrocycle,
which would be achieved experimentally via bisalkylation chemiStg pursued
macrocyclic sequences thatupon energy minimizationand conformatipal
searchingn the softwarewere found tomaintain contacts between thesalent
copperion, the bipyridine and at least one histidine in the sequetrcarder to
achieve this, the metal ion and the nitrogen atoms of the bipyridine component
wer e selected and Thef Amberd® oforcefigidt iemosp os i t i on .
appropriate dr energy minimization of peptidefut we found that metal ion

coordination skered the resultglespite fixing the metal ion to the bipyridine
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chelator The forcefield either generatéahgerthanacceptable bond lengths to

the metal ion oshifted the coordination pattern to put the metal in contact with
the more electronich carboryls in the peptide backbonélhe MMFF94x
forcefield more often retainedacceptable metdigand bond lengths in
coordinationwith nearby histidine imidazoleand bipyriding and was therefore
judged to be more usef@ibr energy minimization of thesgequenes (refer to
Figure S34). The use of the MMFF94x forcefieldompareswith other works
studying metal i gand interactions. For exampl e,
extensive study ofnetatligand systems byutilizing DFT (density functional
theory) and MM (empirical, molecular mechanics forcefield calculatiofs§°
Specifically, his group utilizes strain energy minimization program entitled
MOMEC, which uses forcefield of the same name that was designed and tested
against existing Xay crystallographic data for the complexes studf&é?
MOMEC and its variations were not available for testing via Molecular Operating
Environment (MOE) software, so we choose the MM method that seemed to most
appropriately model our complexes compared to existing crystallographic data
and studies of metdigand calculation§:?°°?%*?*However, MOMEC may be of

interest for further study if it becomes more widely available.

We beganby modeling peptidescontaining a single histidine, with a goal of
designing peptide that would form al:1 complexwith metal ion Upon
cyclization with bipyridine, these peptides would offer up at least {hogential

points of coordination for a metal ionin the case of cyclization using the
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pyridine linker, with one nitrogen instgaf two compared to bipyridine, there
would beat least twacoordination contactg-igure20). Acetyl-C o H 2AQide( 2
being gammaaminobutyric acid)AcetytC b H BAGide( b b ealaming) arid
their D-His variants were synthesized and found to be fairly insoluble. The
synthesis wasepeated without the acetyl cap, leaving théerminus free. This
was expanded to includeN-G C 9 H-AnCand BN-WC 2 HA@ (seeTable6)

to modulate solubility and include absorbing groups for concentration
determinationby UV-Vis. It is possible the Nerminal amine may coordinate
with the metal ion, which is somethinge hoped to exclude from our designs.
However,due topoor solubility of the acetiated peptides, wee-introduced the
free N-terminal amineanto the structureCurrently this series habeencyclized
with metadimethylpyridine (2,dutidine) by using the linker bis(bromomethyl)
pyridine. We are preparing to synthesize these peptidebipyridinecontaining

linkers as described below.
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Figure 20: 1N Histidine model: H,N-C b H bath

As an example of 1N histidine sites, the peptighd-€l b H bakh has the potential

to coordinate copper with both bipyridine (left) and pyridine (right) linkers. In

both cases the linker and the imidazole, as well as at least one backbone
carbonyl, are predicted to be involved. For the pyridine peptide (ritjetre were
minimizations that included and excluded contacts with the thiol of cysteine as
well. ( 5 ;biS(liromomethyip , -Bigyrdine was used in modeling the peptide on

the left).

Next we looked at the twhistidine motif His-Xaa,-His, seen in
carboxypepti das e s-Alaniéeas tleeXaa anmalacid io s e D
CAHXHAC-Am, cyclized with pyriding due to theflexibility and the slightly

longer chain lengthof the residuewi t h t he b carbon backbon
displayed a metdbinding prefeence for this median length as oppotediodels

using one or two alanine residues at this positga.also designed theequence,
HoN-HAACHAAC -Am, with four iterationswhere we substituteD-His for each

of the two histidinesin order totest several dfierent diastereomers for favorable

coordination geometrie§~igure 21, Table 6). Thesepeptides havean internal

macraycle with an adjacentiexible tail or arm thatanswing around and fulfill
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the metal coordination spherewhich is another potential mode of binding
accessible using this cyclization strateglgesewere y c |l i zed wi th pyridir

bpy | i nk®pylnkeaend 6, 60

Figure 21: A 2N Histidine model: H,N-HAACHAAC -am

As an example of 2N histidine sites, the peptigd-HAACHAAGam has the
potenti al t o c o o r-his(bromdmethyi® ¢ -Riglyedme (ft)t h 5, 506
and -Ws(br®@romethylp , -Bigyridine (right) linkers. In both cases the linker
and the two imidazoles are predicted to be involved in the metatlication.
Models are used as aough idea of appropriate macrocycle size, therefore
preciee geometry isincertain. By systematically alterirthe stereochemistry of
the two histidinesexperimental data will indicatéhe optimalstereochemical
structuresfor metatbinding and activity

The 3N histidine sequencerdm amyloid precursor proteirs ian interesting
metallopeptide due to theapacity to coordinate a metal iomith greater
specificity than 2N sequencéd’® As shown inScheme4, it is believed that all
three histidine coordinate divalent copper, with eithadditional participation
from two amide backbone nitrogens or from ateenal molecule, such as water,
at the generated vacant sité?°>?°® We wereinterested to see if incorporating a
bipyridine into the sequenceould further improve copper complexation by

replacingbackbonenitrogers or by filling the vacant siteSincebipyridine has a

strongeraffinity for metal ions than the imidazole, we wanted tduate whether
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bpy coordination culd replace one or more histidine contantthe coordination
sphere The sequence M-CAHLHLHAC-Am (Figure S34) was synthesized,
along with the variant sequence ;NMCAHLHWHAC-Am, found in
literature®*®2°>2*The additionof the tryptopharallows for spectrophotometric
concentration determinah, and may introducstericor electroniceffects on the
binding geometry compared to leucin8equenceH,N-CAHRHWHAC-Am
(modeled inFigure 22), substitting anarginine for a leucine and retaining the
tryptophan, wasiso synthesized. Thaelditional chargevas expected tomprove
solubility, increase signal detection on MALOIORMS, and further investigate
stericand electronieffects on the coordination geometBeveralother variants

of this threehistidine sequenceere also synthesizedeg Table6). Each peptide

was cyclized with pyridine (with the exception of the phenylakaninv ar i ant ) |,

bpylinker,a n d -bpy; litkér.
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. O«_NH, .

Yaa-4 (o HCI)S-5 2 His-5
< Gly-6 i 7 NH
\ N Trp-4 H—N _)

/5N A
0 HN
2+
SN A HO HN S —cu?t___
— “ \ —
_N \\NH \N
N7 Ac o HN ./
-9 HN H N His-3 NH
His-3 N H H _Ac
o> O His-1 y/\/N N
Xaa-2 O

Leu-2 O His-1

Schemed: Hypothesized binding modes for HXHXH pentapeptides

Schere of proposed binding betweenAc-HXHYHG peptides and Gl (left,
adapted fromMatera et. af>% where copper coordinates the three imidazole as
well as two backbone amides of the peptide. This is in comparison to the
hypothesized specific structure of AeHLHWH-Am (ight, adapted from
Luczkowski et. &9 that only coordinate using the imidazole groups and leave
an open coordination site on the copgehown with the dotted line in the right
image) These schematics support thikeea of the three imidazole coordinating
copper in conjunction with the chelating bipyridine linker (based on the two extra
nitrogen bonds on the lefinagesatisfying the coordination as well as the space
available to accommodate the linker in the righagse.
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Figure 22: A 3N histidine model: the HbN-CAHRHWHAC -Am peptide

The structure ofpeptide HN-CAHRHWHAC-ammodel ed i n MOE with
bis(bromomethyl ,-Bidbpyri di ne ( | -kid(bromometreyig d-2 6 6, 6 0
bipyridine (right) linkers. Based on the MOE model, tlwepper ion has the

potential to be chelated by the bipyridine, and in this image make contacts with

two otherhistidines and carbonyl oxygen (left) or with two histidines (right). It

seems unlikely from modeling that the metal will coordinate all threedimis

residues and the bipyridine simultaneously, and the bipyridine will have a higher

affinity for the metal in generahlso refer toFigure S34 for another view of 3N

histidine modkng.

To investigatea full spectrum of histidineontaining peptides, @also considexd

4N motifs, like the HisGly-His-XaaHis-Gly-His-Xaa of chicken priorprotein

where the structure of the protein is altered rupeetal binding* These have
previouslybeen nvestigated as hedd-tail octacyclopeptides of sequencgclo-
(HGHKHGHK) by Brasun and coworket8 Given the prior work on constraining

this sequence, avchoseto use the bisalkgition strategy to constrain thisur-

histidine pattern as welWith the multitude of nrogencoordination sitesn this

peptide we expect results to bomplicated by the many available coordination

modes We synthesized MN-CHGHKHGHKC-am with pyridire and 5,50

bipyridine bisbromomethylinkers.
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Peptides were synthesized ugiatandard Fmoc sohlghase peptide synthesis
both manually and via automated peptide synthesis. Linear peptides typically had
>85% purity in either case. Cyclization was performed directly on ether
precipitated crude peptides using 2,6bis(bromomethylp y r i di ne, 5,560
bis(bromomethyl2 ,-B 6 py r i di n ehis(bromontthybd , -Bp@ridine.

The latter twomoleculeswere synthesized, as is described in section 3.4. The
cyclization was monitored by MALDmass spectrometrgnd the reaction was
completein less than 30 minutes. Reactions were left for upwards of 2 hours to
cyclize, but leaving for longeesultedin unidentfied side products.lt was also
discovered that remaining TFA in tle¢her precipitated peptidesuld decrease

the pHbelowthe optimal range, preventing cyclizationwas necessany check

the pH ofthe reactionsolution and to adjust accordinglying concentrated
ammonium bicarbonate buffer to bring the solution to pH GBiginally,
cyclizations were performed with  addition of TCEP (tris(2-
carboxyethyl)phosphine) in order keep the cysteine thiols reducadd prevent
disulfide formation. Howevenve discoveredhis could lead ¢ the formation of
TCEP adductsascertained by MALDmass spectrometryhich decreased our
overall yield of cyclization We avoidedTCEP addition and instead bubbled
argon through the reaction for 10 minutes priorcépping and shaking for 2
hours.This was done in order to purge the reactioramy oxygen present that
could oxdize the peptide sequencespoevent cyclzation as a result afisulfide

formation Overall concentration of purified materials was detesdinsinguV-
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Visat 280 nm. The mol ar absorptivity consta
using the nofbrominated species (2,6di met hy | p ydimethyin e , 5,50
2,20bi pyri di ne2,-Rgymdne)6in &éahitrilewith 9.$% TFA

we foundte val uesMefi'fO@xs4a8he pyr iMdéenitdorand U=45(

both of the bipyridine linkers.

Peptide Sequences
HoN-hKD(L) (1)
Ac-CbHBC-am
Ac-CbhbC-am
HoN- COHBC- am
H,N- CbhbhC-am
HN- CoHo C-am
H,N- CohoC-am

H,N- WCo Ho C- an
H,N- WCo ho C- a

H,N- CAHbHAC- a
H,N-HAACHAAC-am
HN-HAAChAAC-am

H2N-hAACHAAC-am
H2N-hAAChAAC-am

HoN-CAHLHLHAC-am
H,N-CAHLHWHAC-a
HaN-CAHRHWHAC-am
HoN-CAFLHLHAC-am
HoN-CAHLFLHAC-am
HoN-CAHLHLFAC-am

HoN-CHGHKHGHKC-am

Table 6: Series of peptide designs

This table of peptides shows imagined sequences utilizing 1, 2, 3, and 4 histidine
residues, with varying placement of the cysteine residues for bisalkylation.
Linkers to be used to induce cyclization will lmeetabis(bromomethyipyridine,

6 , -Bisfbromanethyl}2 ,-RBidb p y r i dbistbomomdéhylg p-Bibpyr i di ne, and 4,
bis(bromomethyip , -Bigyridine.
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M aterials and Methods

Molecular Operating Environment Modeling

Molecular Operating Environment (ChemComp) software was used to build
models of maarcyclic histidine peptide variants based on known sequences and
motifs. Models were built in the software using the builder functions and were
energyminimized using the MMFF94x and Amber@&cefields. Metal ion used

for study was divalent copper, andvita s Afi xed: i n position
chelating nitrogen atoms of the bipyridine linker using constraints in the software.
Protonation states of all potentially coordinating nitrogen atoms were adjusted to
reflect binding with copper. Following subsequentnergy minimization, a
conformational search was conducted to find low energy structures that
maintained coordination between the metal center, the bipyridine, and histidine
contacts. Dihedral angles were also inspected in these models to ascertain

plausibe structures.

Materials

Fmoc (-a-(9-Fluorenyl methyloxycarbonyl)) protected amino acids, Rink
Amide resin, N-hydroxybenzotriazole (HOBt) and benzotriadeyl-
oxytripyrrolidinophosphonium hexafluorophosphate (Pybop) were purchased
either from NovaBiocem or AnaSpec, diisopropylethylamine (DIPEA), acetic

anhydride, pyridine, trifluoroacetic acid (TFA), triisopropyl silane (TIPS), ethane
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dithiol (EDT), dimethyl formamide (DMF) were purchased from Sightdrich.
Component amino acids included the followirkmocb A tO&l, (written short
hand as -GABA-OHFmlowr i tt en s horArg(PbfllOMd as
FmocTrp(Boc)OH, FmocAla-OH, FmoePheOH, FmoeGly-OH, Fmoe
Cys(Trt}yOH, FmoeHis(Trt)-OH, FmoeDHis(Trt)-OH, and Fmod.eu-OH. All

other chemicals weresad as received without modification. All ultrapure water
was deionized water that was further filtered using a Barnstead Ultrapure UF

system to ensure resistivityas greater than 17.8 megaohms.

Peptide Synthesis and Purification

Peptideswvere synthesizetoth manually and via automated peptide synthesizer
(AAPTEC Apex 396) using standard Fmoc sglithse synthesis protocols. Rink
Amide resin (0.20 mmole/g) was used and couplings were achieved with
HBTU/HOBYDIPEA (5:5:10) or Pybop/ HOBt/DIPEA (5:5:10). Fmoc
deprotection was performed using 20% piperidine in DMF 2x10 nils.
peptides were cleaved off the resin using TFA/TIRSMEDT (90:5:3:2) for 3
hours and filtered. Peptides were then cold epinecipitated, including two ether
rinses anaentrifugation. Dried pellets were dissolved in 50:50 autite:buffer
solution (20 mM &amonium bicarbonate, pH 8.0) at approximately 1 mM
concentrations. 1.5 equivalents of linker were dissolved in neat acetronitrile and
added to the buffered solutioByclization reactions were bubbled through with
inert argon gas for 10 mins and then sealed agitated for 0-2 hoursbefore
being flash frozen and lyophilized. Resultpeptides were purified using HPLC

on a preparativscale C8 column (solvent Aas water/0.1% TFA, solvent B was
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acetonitrile/0.1% TFA, and a linear gradient efi® % solvent B over 15 min,

with a ramp up to 100% over the following 3 mins)). The fraction containing

desired product was collected and lyophilized. The purity and igeotithe
peptides were determined by analytical HPLC and MAIDIFMS or ESEMS

(Finnigan LTQ), respectively.

3.4 Synthesis and purificatiom of bis(bromomethyl)bipyridine crosslinks

The bis(bromomethyl) bipyridine linkek82, Scheme bwere synthesizd from
the dimethybipyridine starting materialB0). This synthesis routevas adapted
from several different papers describing a-@oé radical mechanisrBchemes
239267269 |nitia| attemptsat this routeproveddifficult, so we devisedn alternate
strategy This involved KMnO, oxidation of the dimethyipyridine (BO) to

279272 and subsequengsterificationto generate the

dicarboxybipyridine (B6)
methyl estergB7), which wasachievedn 42%yield over two steps(Schemeb).
The esterification was followed by a reduction to the dB8) using either
NaBH,>"® or LAH (lithium aluminumhydride) and thenbromine substitutionto
generate the bisromomethy)bipyridine (B2) (Schemeb). This strategy is similar
to previously reported work’*?"°The firsttwo steps were completed with ease
yielding puremethyl este(B7) as compared tNNMR analysis in literaturé’®2"2
The lattertwo reactions were not as robust, and reqguiegtensivepurification.

Therefore we reattempted the originally proposedical reaction shown in

Schemeés.
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| P NBS 2equw AIBN B2

X N 31% yeild
N CCI4 80C,2-4h
=

BO |
40% yield NN

Scheme 5. Pathway 1 towards synthesis of bis(bromomethyl)bipyridine
linkers

Pat hway d e s c r-bidfbeochomethydpr, -B i®dp, yoréi di n e-. The
bis(bromomethyl ,- BB py r i di n e-bis(mamdmethyp, , Liyridine

pathways are identical, with the except of the placement of the benzylic carbon

around the pyridine ringdesired product isolated in upwards of 31% vyield, with

~40% of unreacted starting materleoverall. The other ~29% of products were
byproductgdiscarded dung the workup purification.

0 o
A o~
‘ KMnO, (7 equiv) OH 1,50, (32 equiv)
X N/ — > —_—
| N H,0, 90 C, OIN o MeOH,70C.3h O B7
B6 23-42% yield
BO OH  38-80% yield O over two steps
CBr4 (2 equiv)
NaBH4 (4 equiv) PPh3 (2 equiv)
EtOH 80 C, OIN KO/OA THF it, ON
LAH, AICI3 (8 equw PBr3 (2 equiv)
THF, 1t. 5 h CH2<:|2 rt, O/N

Scheme6: Pathway 2 towards synthesis of bis(bromomethyl)bpy compounds

Pat hway d e s c r-bidfbeochomethydpr, -B i®dp, yoréi di n e-. The
bis(bromomethyl ,-Bid6 py r i di n e-bis(tmomdmethyp, , 43iyridine

pathways are identical, with the exception of the placement of the benzylic carbon
around the pyridine rings.
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Our improved techniqueexecuting the onstep, radical reaction ischeme5
resulted in successful generatioof the 5 ,-5a0n d - Gis(lranomethy)
producs. Dimethyl bipyridine(B0O) wassubjected to a radicabactioninitiated by
azobisisobutyronitrile  (AIBN) inthe presence of the bromine sourbte
bromosuccinimide (NBS).The reaction wasrefluxed in anhydrous carbon
tetrachloride for 2.5 hours and progress was ltwed by thin layer
chromatography (TLC)Over several syntheses, it was determimedTLC and
NMR that the productiof B2 maximizes after 2 hours of reflux. Runnirnige
reaction longer simply propagateside product formation(such as triply

brominatedB3 and othespecieseen inSchemeb).

Attempts at column purificatiorunder different conditions, including basic
conditions,proved unsuccessful due to an inability to separate out the multiple
reaction products. It also apgred the material was decomposing on silica.
Alternatively, we could have tried AD; with base in the eluent, which we did not
attempt due to the previous negative results with addition of base. Another
alternative would beto add metal to themixture to induce separation via
complexation, but it is likely that all side products would bind the metal similarly,

and therefor¢his would not be likely to lead ®uccessful puritiation of B2.

Instead of column purification, we pursued a series of filinaticand
recrystallizations After allowing the completedreaction to cool briefly, the

solution wasvacuumnifiltered to separate the precipitated succinimide byproduct

123



from the desired produdB2. The filtrate was concentrated in vacuand re
constituted indichloromethang DCM) (approximately 100 mLor until fully
dissolved. Following washes with aqueous sodium thiosulfdtéM), the DCM
layers were combined and evaporated. In the final step of purificéiersolid
was dissolved iracetonitrile andracwmfiltered. The solid wasvashedseveral
times with acetonitrile, andcetonitrilefractionswerecombined and freezdried

via lyophilization.

By NMR, two species weréound in the lyophilized powder. The evolution of a
singletaround 4.5 ppniFigure23 Figure S35, andFigure S38), representative of
methylene protonswas a clear indication foproduct formation. Bomine
substitution(B2) will significantly deshield the methyl protons of the benzylic
position on starting material (BO) which tend to be around 2.6 pBased on
NMR, theresultantbis(bromomethyl)products (B2, and the corresponding&,6
substitued product) were produced 27-29% yields. The other componepeaks

of the spectrum represented protons onrémeaining unreacted starting material
B0.2°"#"1 This minor speciedacks bromine substitution and shouidt interfere
with the cyclization reactianThus, we decided Wwas not necessary to purify the

desired product further.
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Figure 23: Annotated *H NMR for 5,5' -bis(bromomethyl)-2,2"-bipyridine
(B2)

This proton NMR shows the expected proton shifteeB2 product, labeled via
correspondingcolor on the spectra. Starting material BO has no bromine
substitution, therefore possessing methyl protons at the benzylic position that
would have a signal at 2.6. Bromisabstitution resulting in methylene protons
and formation of product BZlearly shifts the signal downfield to 4.54 (black
protons). Integrations show the desired product in roughly 90% pufity
visualization)with residual unreacted starting material BO and no othisible

side productsActual calculated purity was used to dememe actual overall
yields.

'H-C HSQC was also performed to exclude the posiity of multiple
substitutians at a single benzylic positiof81). If this occured it would lead toa

dibromo compound witlone benzylic carbonbearing both bromides, arttie

other remaining a methyl grouphis variant could mislead assignments of the
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peaks due to chemicahifts that overlap withshifts from the starting material
(BO) or the desired productB2). In addition, further purification would be
required inorder to prevenmultiple products irthe peptidecyclization reaction

This and othetromine byproductscould alsocauseundesiredoridging between

the two available cysteine thiolsaddingfuture difficulties in isolation of the
desired macrocyclic péige. The *H-*C HSQC spectra reflects that the two
protons found at 4.5 ppm belongtotkecb on at 2-@addctFgpes (5, 50
37) and 34 .-grodyctpFigure( S#0),6a0d no other benzylic carbons
Based orthis NMR analysisthis species was assigned as the desired dibromide,
without any significant trace of the morlrominatedbyproduct(B1). Based on

the overall mass spectrometric and NMR data, we concluded that our B2
preparations wereready for use in cyclization reactions without further

purification.

While this reaction wor khs(dromeredthyl?2 f-2d synt he
bipyridine and ke Bis(Badnomethyl? , -Bigyridine, tH e 4, 40
bis(bromomethyl? , -Bigyridine reaction did not appear to generate product

according to TLC monitoring throughout 4 hours of reactibhe reaction was

fully worked up and evaluated by NMRThe spectrumwas difficult to interpret

(Figure $41) but it did indicate smalmounts of product formation. Because the

synthesis proved more difficulthis reation would require further column

purification to remove mtreacted starting material and byproduddéso, our

modeling indicated that thé , -disfbromomethyl? , -Bigyridine would beleast
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likely to beincorporatednto a peptidemacrocycle with favotale metalbinding
geometryThereforethe synthesis and purification of thié®merwas not pursued

further.

Prior to optimizing the purification protocol above, we attemgtegurify the
crude 5 , -Bisgbromomethyl? , -Rigyridine reaction via HPLC based on
precedencef its reversephasesegration found in literaturé’®The cr ude
bis(bromomethyl2 , -Bigyridine (B2) reaction wasevaporatedto remove the
carbon tetrachlorideand dissolved in 50:50 water:acetonitrile, followed by
centrifugation to pellet any precipitated materibhe supernatant as injeced
and run on a #0% 0.1%TFA/acetonitrilg95-60% 0.1%TFA/water)gradient
over 30 minswith peak fractions collectednd examined by NMR and EMS
(Figure S42). The peak at 145.5 mins was found to contain starting material
(BO) and doubly substituted produ(B2) based on NMRchemical shifts. e
ESFMS showed d (MW: 343.00 m/z, B2) and mono (265.09 m/z, Bl)
brominated species, the chemical shifts of whoould overlap with starting
material on NMR. Fraction 166.5 containedli- and tri (MS: 421.00m/z, B3)
bromo species. Based on NMR, the-liiomo species in these twicactions
displayed shifts correspding to the proper brominated starather thanthe
asymmetrical variantB4 with a methylene group on one side and double
bromination at the oppositeenzenecarbon.There was also no evidence of the

asymmetrical variant B1, as denoted by the HSQC d¥dte that the expected

S,
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doublet, triplet, and quartet peak patterns were observed for-ydincand trt

bromo species, respectively (due to the natural isotopes of brdfigoee $42) .

From the attempt at HPLC purificatiomet peak eluting at 18 mins did not show
chemical shiftxonsistent witlthe formation ofdesired produdB2. Similarly, the
ESEMS profile of the 18 minute pealound ions371.09 and 387.91, +28 and +44
in mass, respectively, compared to the desired 343.00 of the dibromo fcies
These masses did not correlate to any degreductand were not collected in
future runs. The problems with HPLC purification of these sasnpkre the large
volume of solvents and time required, and the fact that the dibromo species could
not be separated from the meray tribromo versions, which would substitute at
the cysteine thiols of the peptides during cyclization reactiéss.describd
above,optimization of the reaction and workup conditions, simple filtration and
lyophilization gavebetter isolation of product than HPLC purification, and so that

method was no longer utilized.

Materials and Methods

Materials

5, -8irbethyt2 ,-B6pyr i ddinmethyt2 , 8,060/ r i di ndimethyand 4, 406
2 , -Bigyridine, as well asN-br omosucci ni mi d#mbis(Z NBS) , 2,
methylpropionitrile) (AIBN), and carbon tetrachloride were purchased from

SigmaAldrich. NMR solvents werepurchased from Cambridge Isotope
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Laboratories All ultrapure water was deionized water that was further filtered
using a Barnstead Ultrapure UF system to ensure resistivity was greater than 17.8

megaohms.

Synt hesi s and p uhisibfomenmeethytd n-bipwritline 5, 5 6
6 , -Bis(bromomethyl2 , -B o pyr i di n e ,-bis(mamdomethgh 4 6

2 , -bipyridine

Products were visualized on thin layer chromatography (TLC) using UV. NMR
spectra were acquired on a Bruker Advance Il spectrometerOaM5 for 'H
NMR and 125 MHz for*C NMR. Chemical shifts are repodtén ppm relative to
TMS (for '"H NMR in CDCk) or CDQ5 (for **C NMR in CDCls). For*H NMR
spectr a, data are reported as foll ows:
doublet, dd=doublet of doublets). Proton assignments were made 'tsig
HSQC at 500 Mhz. Low resolution mass spectra (LRMS) were recorded using a

Finnigan LTQ ESIMS with an additional APCI source.

Synthesis and purification of the bis(bromometiypyridine linkers was
adapted from several sourceS>?°7?° Using dimethyl bipyridine starting
material (10.8 mmol, 2 g), NBS (22.4 mmol, 4 g), and AIBN (1.8 mmol, 0.39g),
the reaction was refluxed to 80 in 100 mLdry CCl, for 2-4 hours. Immediately
following the reaction, the solution was filtered and titteate evaporated. The

resultant solid was reconstitutedapproximately 100 mIDCM (or until solvated
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completely) and washed(2x 25 mL) with 1 M satuated sodium thiosulfate
(aqueous). The DCM layers were collected and esstpd. Upon reconstitution
in acetonitrile, the solution was agairacuumfiltered, with the ®lid washed
several times with acetonitriland the iftrate wasflash frozen andyophilized.
This produced >80% purenaterial withott column purification, with 3%
overallyield. Refer toFigure S35, Figure S36, , Figure S38, Figure S39, and

Figure S40for NMR spectral dta.

5 , -Bisgbromometil)-2 , -Bigyridine (B2):

LRMS (ESI, pos. ionjn/z:calculatedfor C;oN2H10Br, 34200, found343.00
'H-NMR (CDCls, 500 MHz) U / p :p 870(d, 2H), 842 (d, 2H), 7.87 (dd, 2H),
4.56(s, 4H)

¥C-NMR (CDCls;, 500 MHz) @i / p p ##%9.38(CH, C(6)H bpy),137.61 (CH,
C(4) bpy),133.89 (C, C(5) bpy),121.16 (CH, C(3) bpy),29.54(CH,, CH,Br) in

accordance wittiterature®®’-27®

6 , -Bisfbromomethyip , -Bigyridine:

LRMS (ESI, pos. ionjn/z:calculatedfor C;oN2H;10Br, 34200, foundm/z343.09
'H-NMR (CDCk, 500 MHz) i / p p 840 (d, 2H), 7.85 (dd, 2H), 7.49(d, 2H),
4.65(s, 4H)

%C-NMR (CDCl, 500 MHz) i / p:p 165.49 (C, C(6) bpy), 137.91 (CH, C(4)
bpy), 123.54 (CH, C(5) bpy),120.51 (CH, C(@Bpy), 34.10 (CH, CH,Br) in

accordance with Zhao et. af’
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4 | -disgbromomethyi2 , -Bigyridine
LRMS (ESI, pos. ionjn/z:calculated for &N2H;10Br, 34200
predicted *H-NMR (CDCl, 300 MHz) U/ p p B.68 (d, 2H), 8.45(d, 2H),

7.38(dd, 2H), 4.5@, 4H) (values fromGillaizeauGauthier et. af’®)

3.5 Synthesis andcharacterization of desigred sequences

5 /N Br Br N \ Br —N N=—
r | e )
AN,

= N\ /7 N\ 7/
bis(bromomethyl) pyridine 6,6'-bis(bromomethyl)-2,2'-bpy 5,5'-bis(bromomethyl)-2,2'-bpy
Ac-CBHBC-am H,N-HAACHAAC-am H,N-CBHBC-am
Ac-CBhBC-am H,N-HAAChAAC-am H,N-CBhBC-am

H,N-CBHBC-am*
H,N-CBhBC-am*
H,N-CyHyC-am*
H,N-CyhyC-am*
H,N-WCyHyC-am*
H,N-WCyhyC-am
H,N-CAHBHAC-am*
H,N-HAACHAAC-am
H,N-HAAChAAC-am*
H,N-hAACHAAC-am*
H,N-hAAChAAC-am*

H,N-hAACHAAC-am
H,N-hAAChAAC-am
H,N-CAHLHLHAC-am
H,N-CAHLHWHAC-am
H,N-CAHRHWHAC-am
H,N-CAFLHLHAC-am
H,N-CAHLFLHAC-am
H,N-CAHLHLFAC-am

H,N-CyhyC-am
H,N-WCyhyC-am
H,N-HAACHAAC-am
H,N-HAAChAAC-am
H,N-hAACHAAC-am
H,N-hAAChAAC-am
H,N-CAHLHLHAC-am
H,N-CAHLHWHAC-am
H,N-CAHRHWHAC-am
H,N-CAFLHLHAC-am
H,N-CAHLFLHAC-am
H,N-CAHLHLFAC-am
H,N-CHGHKHGHKC-am

Table 7: List of purified peptide sequences available for testing

This list of peptides have been cyclized using the assddiiaker and have been
purified using RPHPLC. These can now beirther characterized for metal
binding as well as probed as enantioselective catalyétde the placement of
histidine in blue (H=this, h=chis) to assist in fulfilling the coordination

geometry of a bound metal ion.

Table 7 lists the designed macrocyclic peptides that have been synthesized to

date. Based on modeling described in section 3.3, these were judged to be among

the better designs for 1:1 metal bindirfgor Cu(ll), Ni(ll), and other species that
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absorb in the UWis range, we can condustudiessimilar to thosen Chapter 1
to identify metatbinding sequences, and ts&ichiometric ratios and binding
geometries of thessomplexes.We chose to scregreptidemetal complexes for
catalytic activity first (see Chapter 4), and then charactenztl binding for any
promising catalysts. Peptidel,N-CAHLHLHAC -am_5bpy exhibited some
catalyticactivity, and so was the first of the peptide sequences thathase to
investigate. By titratingCu(ll) metal into a solution of peptide at pH 7.0, we
observed only a slight shift in absorbance from 320 nm to approximately 324 nm
with some metahqua complex in solution at 800 niccording to literature, if
the meal bound to the three histidine residues only and not to Wwpycould
observe thred-d transitions at 665, 571, and 494 nm witlo histidines having a
single absorbancéand at 575nm>* The metal may not be coordinating under
these conditions or may be interactisgecifically with the bpy linker, which
tends to show absorbance bands in the UV rediorbetter understand how this
peptde interacts with Cu(ll), we could start wighsolution of the metal ion and
slowly titrate in peptide at 0.5,Q, 1.5, and 2.@quivalentsat pH 8.0. This would
allow us todirectly observe a shift in UWis bandsand this wouldalsobegin to
address the possibility of mixed mepptide complexes or discrete higloeder
complexes, such as2al ligand:metal ratioln terms ofinvestigating the series of
peptides imagined ifable 6 and Table 7, a great deal ofwork remains to be

done

In the future, v expect to observe metaoordination by the bipyridine moiety to

most metals testedp efforts will need to focus omleconvoluting the remaining
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coordination spheraVhile many peptides will form a mixture of different metal
peptide complexes, some may form clear, discretalmetnplexes. These could

be 1:1, as with ATCUN sequences, or they could Hateor 3:1 ligand:metal
ratios.Small molecules containing bpy often form such complexesesetcould

form in the absence of suitable coordination ligands in the peptidewtuf

sterics allow. It is also possible, though less likely, that a peptide sequeitice
have greater affinity for the metal ion than the bipyridiaed we wouldnot
observeabsorbance values indicative of bipyridine coordinatiBrperiments
should focus on detecting those peptides that coordinate metals th&ng
bipyridine andup to two other contact points in a tetrahedral geometry. Square
planar and octahedral geometries were not considered in the design of these
sequencesbut could also occur, so care should be taken when interpreting UV
Vis spectra and other data in order to clearly determine the coordination geometry

for any metaipeptide complexes discovered.

Materials and Methods

Materials

Copper(ll) chloride dihydratesopper(l) chloride, nickel(ll) chloride hexahydrate,
iron(Il) chloride tetrahyrdate, iron(lll) chloride, rhodium(ll) acetate dimer,
ruthenium(lll) chloride hydrate, zinc(ll) acetate, cobalt(ll) chloride hexahydrate,
gold(lll) chloride (all from Sigma&ldrich), sodium tetrachloroplatinate(ll)
hydrate (Acros Organics), sodium tetrachloropalladate(ll) trihydrate (Strem

Chemicals), palladium(ll) chloride (American Platinum Works), and all other
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chemicals were used as received without modification. All ulteypuater was
deionized water that was further filtered using a Barnstead Ultrapure UF system

to ensure resistivity was greater than 17.8 megaohms.

UV-Vis Experiments

All UV-Vis absorption measurements were carried out using a Cary 100
spectrophotometer using acfn quartz cuvette in 50 mN\-ethylmorpholine

(NEM) buffer at pH 7.5 unless otherwise specified. The peptides were dissolved

in ultrapure water and peptide concentratiorese determinedising UV-Vis at

280 nm. The mol ar absorptivity constant, U
the nonbrominated species (2d6i met hy | p ydimetdyl2n €,6 b5 pyY & i di ne,
and 6, 6-@ d-Rimyedind).yil acetonitrile with 0.1% HA we found the

values otcmbf=air6 7t iMe py r i d cmi'efor bathdof the= 450 M

bipyridine linkers.
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Chapter 4: Screening lpyridine -constrained peptides for catalytic activity in

epoxidation and cyclopropanation reactions

Work from this chapter is comprised entirely of unpublisheckwor
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4.1 Bakground on bipyridine reactionsand enantioselective catalysis

With a library of chiral peptide sequences in hand that hawetal binding
potential, we hypothesized that they may offer interes@mgntioselective
catalytic activity In 2001,Knowles, Nowri, and Sharpless won tidobel Prize

in chemistry for their work with chiral catalysts, highlighting the need and
significance & such molecule. Their accomplishments are proof that these
reactions are difficult, but that clever scientists can design chiral catalysts despite
tha difficultly and lead to big breakthroughs in science in areavipusly

believed unattainable.

We hypothesized thahe library of chiral metabinding peptidesnay haveuseful
enantioselective catalytic activitpuring the last decagéhere have len great
strides in expanding theeld of chiral transformatios which must beperformed

by chiral catalystsA great deal of literature focuses on the advancement of
ligands with aial chirality, also termed atropisomerisif? **? This is theidea that

the ligandpossessean axis of chirality that restricts rotation about a particular
portion of the ligandmost commonlywithin bi-aryl compounds. Work in this
areahas led to the design okew synthetic paths towards generatiorcatalysts
themselvesand hasbroaderdthe substrate scop# asymmetricreactions’’?2%°
Additional work has centeredon the secondary coordination sphere about the
metal catalysttailoring the secondary coordination spheissng chiral group$o

allow for enanticelective catalyss. A key example isthe use ofartificial
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metalleenzymes which have an extensive and readily tunaldecondary
coordination sphere as well @arious methods for incorporatingreetal Several
artificial enzymes have been developed for the transformation of vamiocisiral
substrates*>?*'The field of artificial metalloenzymesas had significant success
in directingthe selectivity of enzymatic reactioméile maintaininghe versatility
inheren to organometallic transformatiofd>#*>?%*?%Natural ezymes have
evolved over time toefficiently convert a very specific producand artificial
versions, even srilar, more synthetically accessible peptidic forms, are

beginning to show great prom;&e?3%282.26288

Peptides, being chiral, offer great potenti@r asymmetric catalysisScott

Mill erdstuwbagedvi pbpti des and-Prel@Gdama Wenneme
Pro-Pro-Asp sequences are prime examples of short peptides acting dsmseid

catalysts.?*¥2% More recent advances in tlield of metallopeptide catalysts

include the Bal | -hajcalopeppdeswwbocdmate Rh(H) rugng r |, U
carboxylatecontaining sidechains and catalyze a variety of reactions, including

alkene  cyclopropanatiof:>4°529629

Similarly, metallopeptide catalysts
developed by Gilbertsomere arrayed in a librargcreen in the presence of
palladium and tested for their efficacy aflylation catalyst§®> Another very
recent study identified potent asymmetric catalysts by screening only a handful of

cyclic peptides of arbitrary sequenaeipportingthe idea that even the simplest

design strategiescan achieveunexpectedcatalytic reactivity®®® These studies
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highlightthe fact that covalently constrained peptides are an underexplored source

of metalligands, with direct applicability to asymmetric catalysis.

Furtherinspiration forthis project comes froma vast amount of literatuentered
around robust catalytic transformationsing chiral bipyridine or &iff base
ligands in complex witlCu(l/11), Fe(l/11), Ni(ll), Zn(l1), Mn(l11) , Pd(11), Ru(llI)

or Rh(ll). Our approach will be to take our purified macrocyclic peptides and
incubate them with various metal salts under a variety of reaction conditions, as
detailed inFigure 24. We chosecydopropanéion and epoxidation of alkenes as
model reactionsdue to extensive prior work using chiral bipyridissased
catalysts to enhance yield asreoselectivityThesereactionshave been shown

to convert in >580% yields bychiral metatligand catalyst$?"*!° In addition,

the chirality of these ligandsften direct significant enantioselective product
generation, with enantiomeric excess often reported in the998®
range°0:298:30®02305.30731\w/ith gl this evidence in hand, weypothesizeour
chiral, corstrained bipyridinecontaining peptides willcomplex various metals

and perform these organiransformations withobust enantioselectivity.
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Using a library of synthesideand purified bipyridine containing macrocyclic
peptides, we will individually array these sequences with a variety of metal salts.
Then, upon incubation undéifferent reaction conditions, the solutions will be
probed using gas chromatographic methods to evaluate catalytic activity, and
more specifically, enantioselective turnover.

4.2 Epoxidation Reactions with bipyridine-peptide catalysts

Epoxides areused widely aschemical intermediate in the synthesis of

surfactants, glues, natural products, and pharmacopfdregeneration of chiral

epoxides iof interest in order to selectiwyeform intermediates angdroductsfor

these important material&poxidation of alkeneshas beertatalyzedwith several

types of metal complexesver the decadeswith studiesexperimentingwith

additives, solvents and oxidants of the reacticgolution:

283

One example of a

successful epoxidation catalyst is a chiral Mn{Hipyridine complex that

achieved 70% conversion of styrene in MeCN solvent, generating >99.9%

enantioselectivity in theoresence of the oxidant peracetic a¢fdin contrast,
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Fe(ll)-peptide ligands discovered by Francis et. al., though able to catalyze alken
epoxidation, did so at low yields with enantioselectivity in the22% range”’
Natural proteinscan also be modified to catalyze reactions that are beyond their
natural capabilities. For example, carbomtiydrase 1l, when complexed with 5
mol% Mn(Ill) asopposed to the naturally bound zinc, andhe presence of
peroxide,can perform poxidation of styrene at2% yields with57.5% e€”® We
believe the extensive study ofetlstyreneepoxidation reactioenables it to be a
robust tool for the investigation ahetallopeptideasymmetric catalystsOur
strategyis a combined effort derived from the prior work mentioned above, and
attemptsto improve enantioselectivity while maintainingyhiyields.In addition,

we hypothesize thatby incorporatingefficient and active metdlinding ligands

like bipyridine within constrained peptide sequences, we can improve upon

previous peptiddasedcatalysts
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Figure 25: Examples of metalbipyridine and metal-peptide complexes
catalyzing epoxide formation

(a) the active site of carbonic anhydrase Il and how, when substituted with
Mn(lll), can catalyze epoxidation ofysene at 12% yield and 57.5%°¢&b)

chiral bipyridinecomplexes tend to have higher than 70% conversions with
>99% enantioselectivitif® (c) showshe Fe(ll}binding peptide that converted
epoxides in low yields, with 12% selectivity® Our approach is a combination
of these three strategies, aimed at gaining high yields and high selectivity with
levels of turnover similar to natural enzymes.

0 ligand (7.5 mol%) 0
@/\ )J\ metal salt (5 mol%) %
OH >
" o~ MeCN, rt, 3 h

1 equiv 2 equiv

Scheme7: Conversion of styrene into chiral styrene epoxides, shown with
optimized reaction conditions

1 equivalent of styrene was reacted with 5 mole% nrhigmhd complex, with
excess ligand, atoom temperature for 3 hours in acetonitrilelentity of the
ligands are thoseurified peptide sequencetiown inTable7. 2 equivalents of
peroxyacetic acid was ihaded as the oxidant. As indicated by the asterisk, two
possible enantiomers could be produced.
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The epoxidation mechanism involves formation of a retal species that can
present a source of oxygen to the alkene of intefidst. metalligand complex
interacts with the oxidant to form this metalo species in solution. Upon
interaction with the alkene, the sterics and chirality of the ligand have the
potential to direct the addition of the oxygen enantioselelgtiVt is important to

note that a gab epoxidation catalyst provides direct transfer of the oxygen, which
minimizes byproduct formatigras compared to-2tep transfer mechanisms ar
radical Fenton mechanis#f Our work stems from literature using peracetic acid

as the oxidant in the epoxidation reacti&ctiemey).

We decided to quantitate extent epoxidationusinggas chromatography (GC).
This analysis underwent a great deal of optimization in order to enable rapid
screening of dozens of peptide/metal combinations we anticipated being able to
synthesize umg our straightforward macrocyclization chemistrinitially,
screens were developed a 3 mL volumdn acetonitrile in order to allow for
direct injection onto GC for samplin@njection of water, though possibly desired
based on peptide solubilitys not compatible with GE@JS instruments)Using
acetonitrile as solveravoided the need to lyophilize samplefich was found to
volatilize starting material preventing its analysisEvaluation of the percent
remaining starting material can be a valuadnhkalysis especially when a single
product species is formed, so we avoided lyophilizatReracetiacid wasused

as the oxidant in agreement with prior work on metdhlyzed epoxidation

reactions.Though peracetic acidlonecan catalyzealkene epoxidtion, this was
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controlled for by minimizing the amount of peracetic acidsing GC-MS
analysis, wevaried the concentration of peracetic acid and fothrat lower
concentrations(0.2 equivalents)did not form styreneepoxides, even in the
presence ofmetd-bipyridinecomplexes that are normally robust catalysis the
other hand more than 2 equivalentd peraceticacid generated epoxigan all
samplesregardless othe presence of catalydtVe concluded that 2 equivalents
of peraceticacid was enoughio promotethe reaction to proceed over the 3 hour
reaction period, but only for those samples withaative catalystin retrospect,
more concentrations should be tested laweer concentrations of oxidant could
be used. Ideally, the concentration adrgcetic acid should be far from the
concentration thanitiates turnover on its owrcloser to20 equivalents compared
to 2 equivalents, as opposed to 3 vs. 2. fdreow window used in studies to date
made it less clear whether differences in produchétion couldbe attributed to
metatbpy or metalpeptide interactions, anitl was difficult to rule outwhether
artifacts are du# oxidation by peracetic acid withoahyinvolvementfrom the

catalyst.

Solvent conditions played a significant role styreneepoxication For control
reactiongn acetonitrilewith 2 , -Bigyridine stocksin dichloromethane, the ligand
alone was able to catalyze formation of the epoxide, and in similar amounts as the
fully complexed Cu(l)bpy sample€opper alone generatehe aldehydspecies

in addition to the epoxide. For Cu(l)bpy complexes, we did not observe any

generation of aldehyde, implicating the metal complexsabective product
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formation of the epoxide over the aldehyd&hen substitutingacetonitrile for
dichloromethanei n t hl@pyridine 8tack solution in which bpy is also
soluble,we observed product formation by only @a(l)bpy complexand na by
ligand or metal alondjighlighting the solvent dependence of the reacti@un(l)

is very insoluble evem agueoussolution and so Cu(l) had to be weighed and
added to each reactiamdividually, as opposed to making a concentrated solution
and sequentially adding to the reactions. Upon complexation to bpy in solution,
however, the Cu(l) does solubiliZBue to the selective formation of epoxide over
aldehyde under these conditionswe continued using acetonitrileo make

bipyridine stocks instead of dichloromethane.

We screened severaletals in these reactions, with several showing consistently
higher ativity than others.Fe(lll) and Mn(lll) specifically displayel notable
epoxide production with little to no styrene remainafter 3 hous (results not
shown, similar to those at 30 Lvolume inFigure 26). However up to this point

of optimization inconsistent peak areas were observed from day to day. The
introduction oftwo equivalentor greatewof triethylaminein acetonitrilewasused

to quenchoxidation byperacetic acid and to neutralize thacidity of the metat

bpy complex stopping any furthereaction. Reactions at the 3 mL volume were
shown to produce epoxide using 5 mol% as well as 1 mol% catSiyse we
anticipated thapeptide concentratiooouldbe the limiting factor in these screens,

this was a promising observation.
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To allow the use of even less peptide per reactiontamdake the process more

high-throughput, we investigated performing the reaction at smad&rmes.

Maintaining final concentrations and ratios of all reactants, we tested the reactions

at 1 mL and ultimately at 3@ Lvolumes Rather than using glass vials, we

implemented the use of PCR tube strips, where individual components were

sequentially dded to each well while on ice and then agitated via rotisserie at

ambient temperature for 3 hours. Initial modifications to the screen showed that

Mn(IIl), Fe(ll), and Fe(lll) easily converted styrene to the epoxide, with Pd(Il)

and Ru(lll)also showing god catalytic activityfFigure26).

In the future, thisanalysiscould readily be extendet other substrates to fully
investigate theactivities of the catalysts.Transb-methylstyrene wadriefly
explored as @ additionalsubstrate. Th&C-MS method had to be elongated by
several minuteg order to observe this molecule duethie shift in elution time
Epoxidation oftrans-b-methylstyreneby achiral metabipyridine complexesvas
complicated by the observation of tbpoxide forming in high amounis the
control reactionsWe concluded thahis would not be a good substrate for further
investigation In the future, other styrene derivates are readily available,
including methoxystryeneand could be tested in parallel with styrene, or could
be used to determine substrate scope once poteatél/ss are discoveredtom

screens with styrene.
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Styrene Epoxidation, 1 mol%
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Figure 26: Styrene epoxidation by achiral bipyridine complexes at 80L
reaction volumes

Small scale styrene epoxidation (80L volume) showing turnover by Mn(lll),
Fe(ll), Fe(lll), Pd(ll), and Ru(lll) 2 , -Bigyridine complexeswith possible
activity from Ni(Il)bpy. Styrene 0.0087 mmol, 7.5x1®/mmol metal salts, 1x10"

4 mmol bipyridine, 0.01473 mmol peraceteic acid on & 30scale in MeCN for

3 hours at RT. Quenched with 0.0287 mmol trimethylamine. . Sample diluted to
7.25 mM in acetonitrilewith 0.5¢ L injected onto RxXKLB columnfor GGMS
analysis, where automatedgk area integrations were us@d generating this

plot. Error bars were generated from injection of the same sample three times
over two days.

For more sensitive detection of product forroatiwe transitioned to use of GC

FID. This instrument andts brandnew column providd lower limits of
detection, allowing us to see smaller amounts of product generation than is
detectable by the G®IS. Additionally, sampling was madenore high
throughput due to theexpandedvial capacity of the autosamplét6 positions,
compared td® for the GGMS). Standards were tested on the new system and
calibration curves generated for both staytimaterial and racemic product in

order to evaluate approximaternover for thereactions(Figure S43). Similarly
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to samples run on the GNaS, we found Mn(lll), Fe(ll), and Fe(lll) bipyridine
complexes to generaggyrene epoxides. We also tested various other metals and
found some catalytic activityfor Pd(Il), Rh(ll), and Ru(lll) complexesie
moved forwardtesting peptide macrocyclés these screens usirigese metals
However wealso consideredther metalcationstypically found coordinated to
peptide ligands in nature, such as Cu(ll), Cu(l), Zn(ll), and Ni(t, search

broadly for metallopeptide catalysts

The first peptide tested withithe epoxidation screen was cyclic peptitle
discussed in Gaptersl and 2. This ATCUN macrocyckeemed to initially have
barely produced any epoxidation, but when looking at the data in the absence of
styrene areas and zooming in along the axis, Gli(tlearly displaysactivity in
the presence of Cu(ll) iongFigure 31). 1 was simultaneously tested in
cyclopropanation reactien(see belo)v Due to initially promising results in
cyclopropanation reactions, ardck of properly evaluating results from the
epoxidation screend, was not furtherinvestigatedfor asymmetric epoxidation
However, after more thorough consideratitims peptide should be retested in
epoxidation screengarticularly on chiral GC. Anothenodification would be to
test the peptidafter having the Cu(l#L complexpreformedn solutionat a more
appropriate pH, rather than attempting to fammsitu in a slightly more acidic
solution. This could give rise to incredsepoxide formatiorfrom the activity of
the complexif the reaction solution can be maintained at a pH.dfdwever,

epoxidationusingperacetic acids necessarily performed undeeidic conditions.
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This highlights one flaw withirthese screens, which is that toev pH of the
reaction solution may not always be amenable to the formation of-pegate
complexes In addition, umder higher pH conditionscommonly permitting the
formation of metapeptide complexeshe epoxidereaction mayotoccur readily
duea lack in acidity As we have previously showfrifure S1, Figure S2), the

pH significantlyaffectsmetal binding abilitiesparticularly of cyclic peptides. pH

of the reaction solution should be varied in later screens to fully investigate the
potential of this ibrary of macrocyclic peptideso perform enantiosettive

catalysis.
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Figure 27: Styrene Epoxidation by Cu(ll) -1

Using GGFID to probe epoxide formation, we observed significant turnover for
Cu(I)-1. Ni(Il)-1 showed similar activity as peptide alone. Further investigation
is needed for the Cu(H)l reaction and whether product formation is
enantioselective.
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With the synthesis of the bis(bromomethyl) bipyridine linkers, and their
incorporation into peptide sequences, we began screepymgline and
bipyridine-containing peptidegTable 8) in asymmetric reactions. One sequence
in particular, HN-CAHLHLHAC-am_5bpy, generate observable levels of
epoxide when in complex with Cu(ll), Rh(ll), Mn(lll), and later Pd(IBigure

28). When these reactions were analyzed usingh@al GC column, however,
equal amounts of stereoisomers were obserVeddate, poxide product were
shown to be racemic for all achiral controls and chiral peptide compl&xes
variation of this pentapeptide motif, ,N-CAHLFLHAC-Am (phenylalanine
subsitution at the central histidine residueyclized with 5bpy and €bpy
linkers), also showed some activity in complex with Cu(ll) and Pd(ll). However,
analysis using thehiral columnshowed that the species generated was not the
expectedepoxide. Thisunknown producthas a retention time that sightly
shifted from thgR) and(S) styrene epoxidesnd could perhaps be the aldehyde
product observed in initial screens evaluated byN&& Pd(ll) has been used
widely to perform epoxide ringpening tranfrmations, and may be forming and
then reopening the epoxide under these conditidfisiowever, due to the low
concentrations of turnover, this cannot be verified byNB& unless we scale up

the reactions. At this time, we are mainly concerned with findinglysts that

generate the desired product, and are not currently investigating reactions that

form other products
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Mn(lll) Epoxidation, CALHLHAC series
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Figure 28: Styrene Epoxidation using HN-CAHLHLHAC -am peptides

Using GGFID to probe epoxide formation, we observed significant turnover for
(@) Cu(ll), (b) Rh(1), (c) Mn(ll), and (d) Pd(ll) CAHLHLHAC peptides (cyclized

u s i n gbis(bronraethytp , -Bigyridine). From the automated peak areas
from GGFID, we didnot see any promise for reactions including Fe(ll), Fe(lll),
Ru(lll), Ni(ll), Zn(ll),or Cu(l). Note, bars leveling off at the upper limit of the
charts have been cut off to better visualize product formation of less robust
catalysts and are labled withheir actual value Though not generated in as
appreciable amounts as Mn(lll)bpy, for example, peptides showing epoxide
formation above baseline are worth pursuing for enantioselectivityn left to

right: Metal alone, metaBPY, CAHRHWHAGBPY alone, mat coordinated
CAHRHWHAG5BPY, CAHLHWHAGBPY alone, metal coordinated
CAHLHWHAG5BPY, CAHLHLHAGS5BPY alone, and metal coordinated
CAHLHLHAGS5BPY. The peptide in part (a) is the CAHLHLHABPY peptide.
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Figure 29: Evaluating potential enantioselectivity using chiral column

Usi ng -@Gnb Eybliced with Bpy linker, we saw some activity in the
presence of Cu(l) (weighted solid addition, due to insolubility of Cu(l) salts).
Using the same samples, they were injected onto alsihichiral GC column in

order to separate out the R and S enantiomeric products. As can be seen, each
sample showed racemic production. This happened to be the case for all peptides
tested thus farln addition, yields were low<1 mM, asderived bycalibration

curves inFigure S 43. From left to right: Cu(l) only, Cu(NBPYCb Hb C

am 5BPY only, Cu(l)C b H ba@ 5BPY, C b Gm 5BPY only, and Cu(l)

C b Gam 5BPY.

We also observed poaeproducibility in catalytic turnover for these peptides.
Day-to-day, the extent of epoxide formation was highly variabl€his could be

due to a number of factors. Firstly, the source of metal, particularly in the case of
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Pd(ll), is old and may be oxidized to different forgisough unlikely) causing

the stock solution to contain multiple species. Additionally the counter ligand
(which in the case of Pd(Ijvas unknown) may not be fully displaced by the
peptide in all case Softer counter ions, such as perchlorate or triflate, would be
more appropriate than the harder chlorides of many of our metal stocks. The small
reaction volume could play a role, due to the viscosity of starting material and
small pipetting volumesHowever, he most likely source for the dato-day
variability is the coordination sphei the pentapeptide motifs. These peptides
have three possible coordinating contacts from the three histielsndues.and
could also coordinate metal usiagide backonenitrogens'°®2°*3'3n addition,

we have now incorporated a bipyridine moiety with two nitrogfeelaton points.

Due to the high number of potent@ordination siteshere is a higlprobability

that these peptides do not have any one dominant species formed in sahdion,
there may be a stochastic element involved in which overall species are formed in
any given experimentOne way to counterachis effect wouldbe to preform
complexes in solutiorunder highly defined conditionsand identify a major
species prior to inclusion in the screeAs. long as it is nder thermodynamic
control, speciation can be made consistétternatively, simplerdesigns like
those contaimg one or two histidine coordination sitédsaple6,Table8) may be
more promisingsincethey are more likely to form aingle, discretespecies in
solution. As we move forward with screening this library of peptides, we

anticipatethat simpledesignswill provide more reroducibleresults
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Finally, we note thathe bisalkylation chemistrproducesthioethes within the
linkers. These sites are highly susceptible to oxidation, and should be tested under
reaction conditions tdetermine thestability of the peptide compte This canbe

done via HPLC analysis before and attee reaction Comparing the area under

the peak via HPLC, coupled with mass spmoetrydata, will inform whethethe
peptides are being oxidizeat degraded, oif they are intact. This analysis was

not performed thus far for these peptides, butthe future this should be

rigorously done to beonfident inthe results

Materials and Methods

Materials

Copper(ll) chloride dihydrate, copper(l) chloride, nickel@hloride hexahydrate,
iron(Il) chloride tetrahyrdate, iron(lll) chloride, rhodium(ll) acetate dimer,
ruthenium(lll) chloride hydrate, zinc(ll) acetate, cobalt(ll) chloride hexahydrate,
gold(lll) chloride (all from Sigma&Aldrich), sodium tetrachloroplatine(ll)
hydrate (Acros Organics), sodium tetrachloropalladate(ll) trihydr&eerh
Chemicals), palladium(llYAmerican Platinum Works), and all other chemicals
were used as received without modificatidine palladium source counter ion
was unknown, but soething like acetate, triflate, or perchlorate would be ideal
compared to chloridePeptides were synthesized according to Chaptekll3.
ultrapure water was deionized water that was further filtered using a Barnstead
Ultrapure UF system to ensure resigyiwas greater than 17.8 megaohmvietal

salts were dissolved in water, with ligands of interest (bpy or peptides) dissolved
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in a mixture of acetonitrile and water. Stock soluti@isnetal salts, bpy, and
peptideswere diluted to 10 mM in trifluoroethah¢TFE) fresh for use in each

new reaction. DMSO is also good at solvating metals, however tends to elute on
GC at the same time point as the desired product, and so was excluded in order to

deconvolute the evaluation of product formation.

Larger scale (3ml) epoxidation reactions

3 mL volume reactionswere performedn 5 mL screw top glass vials using
acetonitrile solvent, which allows for dilution and direct injection onGa&MS.

This process avoids lyophilization, which volatilizes the starting madegri
preventing its analysis. Initial resultatalyzed the epoxidation of threactant
styrene, with the epoxide formed under conditions of 5 mol% Cu(l)bipyridine
(usi nlgi R2r,y2i6d i rdienethgt2 d-Bigyrdirte)d For these reactions, 5
mol% CuCl(or other metal salts, when noted) sMaixed with bpy in excess of 5
mol% ligand under inert gas for several minutesr er a stir pl at e
bars. Note that CuCl is insoluble and is more appropriately introduced as a
weighted solid or by préorming the complex with bpy, upon which it becomes
more soluble. This wasfollowed by addition of styrene substrate (0.25 mmol)
andfilling the vial headspee withinert gasbefore loosely sealing caps to avoid
over pressurizatiorintroduction ofstyrene wa followed by incubation on ice for

5 mins, with continual stirringAt this point, 0.5 mmolg2 equivalents)cold
peracetic acid waadde to the solutias andvials replenisheavith inert gas.

Reactions werallowed to stir for 3 hours at room temperature. Samples were

155



then directly diluted in MeCN to 20 mM based on original starting material

concentration anthvestigated vi&sC-MS.

Small scale (3@ L) epoxidation reactions

30¢ L volume reactionsitilized 100 mM stocko f -8Bimebhgt2 , -Ripgyridine
made in acetonitrile and 100 mM metal salts in water. Peptide ligands were
dissolved in acetonitrile:water mixtures according to solubility, commamly
50:50 ratios. Bipyridine or peptides (to 1.8 mM final concentration in
acetonitrile), metal salts (to 1.2 mM final concentration in acetonitrile), and
solvent (acetonitrile) were added to 100 PCR strips and spun down using a
table top centrifuge. Wile on ice, 290 mM stock of styrene in acetonitrile was
added to a final concentration of 24 mM, and again spun down and left on ice for
5 mins in order tslow the reaction rate and propedsent the metatomplexes
around the alkene of the starting tevéal. We then added 2 equivalents cold
peracetic acid from a 1.475 M stockanetonitrile spun the samples down, and
set them on a rotisserie at room temperature for 3 htussimportant to note

that peracetic acid synthesis is inconsistent, ardiffaent stock bottles from the
manufacturer will be at different concentrations. For this reason, it is important to
perform a titration on the stock when it arrives in order to know the actual
concentration.This can be done using redox titratiom$er peracetic acid
oxidizes iodine to iodide, but then needs a second titration with thios(ifate

We chose tansteadfollow an acidbase titration protocolising NaOH titrant

against a dilution of our peracetic acid in acetic acid to determine actual
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concentratio.*!® Due to the etivity influenced by bottthe acid additive and the

local acidity of the metdigand complexes, reactions were quenched via
neutralization with a basic solutiafter reacting for 3 hoursl70¢ L of a120

mM trimethylamine in acetronitrile stock was &didto each 3@ L reaction. 1

e L of this diluted and quenchesblution was then injected on GEID for
analysis usindgpothanHP5 column for product elWation and Chiralsil column to
evaluateenantioselectivity. GC sample vials were reused and cleahedaughly
between sample sets via rinsing with acetone, deionized water, and again acetone.
After evaporation in the hood overnight, vials were ringeslecond timewith
deionized water and placed in the drying oven for several hours to remove any

remainirg water condensation.

GC-MS screening conditions

GC-MS screens were evaluated using an-RkB nonpolar colum (serial #
904566, -30m, thicknes®.25 um, B0.25 mm with a max use of 340 C) on
Shimadzu GEL7A equipped withGC-MS-QP505A massspectrometer. fie
overall carrier flow was 53.8 kPa, with a column follow of 1 ml/min, linear
velocity of 35.6 cm/sec and total flow of 102.3 ml/min. Injection temperate wa
set to 230RC and the interface temperature to Z&0 The EpoxidatiorMethod

ran for 7.75 min with a solvent cutoff of 2.5 min and a m/z range 25D
Method ramp:60C hold 1 min, 10C/min ramp to 120C, 40C/min ramp to 150C

with no hold, unless otherwise noje®amples were run split 100:1 with a 0.5 uL
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injection. Peak area integian was automated and further analysis was done

using theGC-MS LabSolutions SoftwareV.1.20.

GC-FID screening conditions

GC-FID <reenswere evaluated using an FPcolumn (serial # USF124435H,
L-30m, thicknes®.32 um, B0.25 mm with a max use of 325) on Agilent
Technologies 7890B GC system, equippeith uECD and FID detectordhe
overall column followwas 6.45ml/min, linear velocity of77 cm/sec and total
flow of 138.66ml/min. Injection temperate wats® 23 C andthe heater to 300

C. The Epoidation Samples were run split 20:1 with & 1L injectionfor 13 min
using60C hold 1 min, 10C/minamp to 120C, 40C/min ramp to 200C with 4 min
hold to reduce bleedoveunless otherwise noted. Evaluation of chiral product
formation was done on a Chiralsil column (serial # USF166336t30rh,
thickness0.25 um, B0.25 mm with a max use of 250 C). The ramp for the
epoxidationhad to be extended on chiral column to improve separation of the two
R and S enantiomer epoxides, giving 60C hold 1 min, 10C/min ramp to 120C,
20C/min ramp to 200C with 4 min hold to reduce bleedover, with an overall run
time of 15 minutesPeak area integration was automated and further analysis was

done using the OpenLd&DS Chemstatiorsoftware.
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Peptide Cyclopropanation Screens poxidation Screens

CuiCujFe iFe iMn {Mn {Zn| Ni jRu{Pd{RhJCui{Cu{Fe {Fe {Mn {Mn {Zn{Ni [RuiPd|Rh
Peptide Sequence [0 T T T T A TV AU T 11 A AT O T A T AN 1 1T N T A TR T AR TR T

HoN-hKD(L) (CP 1) XiXiX{Xi X XiX X X1 X XiX X
HN- CbhbC-am_pyr

H,N- CbhbC-am_5bplx ix X X X X

H,N- COBHBC-am_pyr

H,N- CBHBC- am_5bpx X X |X

Ac- CbHBC-am_pyr
H,N- CohoaC-am_pyr
HN- Coho C-am_5bply

HN- CoHoC-am_pyr
H,N- WCohoC-am_pwWr
HN- WCoho C-am_50H
H,N- WCo Ho C- am_p

o

=

H,N- CAHBHAC- am_ply r
HoN-HAACHAAC-am_pyr

HaN-HAACHAAC-am_5bpy X X X X
HoN-HAACHAAC-am_6bpy X X X X
HoN-HAAChAAC-am_pyr XX X X X X
HaN-HAAChAAC-am_5bpy X X X X
HoN-HAAChAAC-am_6bpy X X X X
H,N-hAACHAAC-am_pyr

HoN-hAACHAAC-am_5bpy X X X X
H,N-hAACHAAC-am_6bpy X X IX X
HoN-hAAChAAC-am_pyr XX X X X X
HoN-hAAChAAC-am_5bpy X X X X
H2N-hAAChAAC-am_6bpy X X X X
HoN-CAHLHLHAC-am_linear

HoN-CAHLHLHAC-am_5bpy XiXi XX X XEXEXIPXIX X XXX X i XX X XiX
H,N-CAHLHLHAC-am_6bpy XiX X XX XX X X iX
HoN-CAHLHWHAC-am_linear

HoN-CAHLHWHAC-am_5bpy XiXiXiXi X XiEXPXPXIX XXX X X i XXt X XiX
HoN-CAHLHWHAC-am_6bpy

H,N-CAHRHWHAC-am_linear

HaN-CAHRHWHAC-am_5bpy X XiXiXi X XEXPXEXIX XX XX XX XEXE XX
H,N-CAHRHWHAC-am_6bpy

H,N-CAHLFLHAC-am_5bpy Xi X X XX XX X XX
HoN-CAHLFLHAC-am_6bpy Xi X X XX XX X XX
HaN-CHGHKHGHKC-am_5bpy XiXiXiXi X XXX X X XX XX X P X§ XX (X X

Table 8: Synthesized and purified macrocyclic peptides from Table 6
showingtheir current progress in asymmetric screens

Table of peptides synthesized, purified, and screened agtiastarious metal
ions indication, in either cyclopropanation or epoxidation reactionsor both
5bpy i n dhbis(bmoeetylp 5-Bigyridine was used in the cyclization.
6 b p y =bés(bréndomethyip , -Rigyridine pyr=metabis(bromomethyl)
pyridine. Note this does not dicate levels of success, but rather only that those
conditions with X were tested. In fact, none of those tested thus far have shown
any asymmetry of product formation even when they did show product turnover.
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4.3 Cyclopropanation Reactions with bipyridire-peptide catalysts

Cyclopropae functionalities are present in a variety of natural products and
synthetic antibiotics, howeveare often difficult to generate due to ring strdm.
order to overcome thisarrie to production, highly activeatalystsare required.

318 with careful design, cyclopropanes can be generated in high yiéhigocd

enantioselectivity through various mechanisms. One mechaisignansitiort

metalcatalyzed decomposition of diazoalkenes. In this mechanism, a transition

metal complex interacts with a diazoalkene digplaces the i which is a good
leaving group This metatcoordinated carbengan then interact with an olefin of
interest and generate the cyclopropame either concerted or stepwisgkene
instertion®®3° While there existother mechanims, new chiral metal catalysts
are being continuously sought for diazoalkemediated synthesis of

cyclopropane derivatives

Various examples of novel metal catalysts can be foundhen literature
displaying efficient andenanioselectiveconversion of alkenes to cyclopropyl
derivatives These typically use amthyldiazoacetate compound to form the
carkene?81301303307319 |arge body of work has been dedicated to Cu(l} bis
oxazoline complexes which utilize phenylhydazine additive to maintain the
reduced copper species. Theeeactions typically observe conversion to the
cyclopropanein 74-90% yield with 8895% ee. 281318320322 Gther metal

complexes, like Pd(Hyarboxylates, 333** Rh(l)-NHC type’®, and
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Fe(I)TPPCF, have also been shown édfectively generatecyclopropanesvith
notable enantioselectivityn addition, he natural iron coordinated enzyme, P450,
catalyzes the general reactionSnohemeB with %ee of the Z conformer in ranges

of 31-81%2%* As a complement to our epoxidation screens, we chose to use
cyclopropanation reactions as a robustaction for discovering novel
metallopeptide asymmetric catalysWe hypothesizdahat the inclusion of the
bipyridine within constraied peptide sequences will allow us tmprove and
enhance enantioselectivitpf these reactions and discover new catalytic

complexes.

o ligand (7.5 mol%)
@ ‘N J \)J\ metal sal (5 mO|OA)) > N Ov
n \N+ >
X" N0 N TFE, 40C,4h 5

1 equiv 2 equiv

Scheme8: Conversation of styrene into chird cyclopropane variants shown

with optimized reaction conditions

Ethyl diazoacetate is commonly used as a benatk diazo compound for
investigation of cyclopropane generatiohhis reaction is catalyzed by metal
complexes and their decomposition of ti@zo compound into a carbine moiety
then used for alkene insertiolVe optimized our screens usisgrategies in
accordance witlvarious literature protocols?®*318322:324
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We have optimized the reaction and screening conditions for cyclopropanation
reactions, in order to have higher throughput characgemultaneously with our
modifications to the epoxide screengnitial cyclopropanatiorstudiesfollowed
methods used to investigaiechiral Fe(lll}bpy catalystby Morandi et. af®* This
involved the use ofvater assolvent andhe compound glycine leyl ester HClas
opposed to the preformed diazoester show8aheme8). The glycine salt has
high aqueoussolubility, allowing the formation of the ethyldiazoacetate upon
heating to 40RC and addition ofacetic acid andNaNG,. These reactions were
performed in 3 mL volumes in capped glass vials in BZl@vater bathstirred for

6-20 hours and probed by polar stabiliwax (a csbended carbowax PEG) GC
MS column. We attempted to lyophilize off the water, reconstitute the reaction in
dichloromethane, and injeonto the nopolar RBiXLB fused silica colmn for
GC-MS analysis.However the remaining styrene starting material cowt be
evaluated via this method due to its volatilization in the frekyag processas
mentioned earlier Despite the likely solubility of our peptides under aqueous

conditions, our control results were unreliable.

In order to improveaeproducibility, we decided to pursue protocols utilizing the
preformed ethyldiazoacetate for the conversion of styrene to the
cyclopropylethyester Since we would no longer be relying oforming the
ethyldiazoacetate in solutipwe reasonethe reaction conditionsould be more
consistent Many sources use dichloromethane as solvent, but alwags

evaluating small molecule catalysts, such asctiel bipyridine analogg®!*%
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In work by Zach Ball with rhodiurpeptide catalystssuccessful transformation
of alkenes to cyclopropane specwas observedvhile using trifluoroethanol
(TFE) as solent We choose this solvent in hopesneéximizingthe solubility of
our peptides in the reaction solutiéor future screen¥>3?° TFE is known to
promotesecondary structur®rmation and may lend a similar advantaige our
cyclic peptdes In addition, TFE is amenable to direct injection on GC, avoiding
any need for lyophilizatioriWVe progressively alterettie volume of the reactions,
first down to 40Ce Land then to 3@ L. maintainingconsistentoncentration®f

all reactants Similar to epoxidation screens, this wa®ne to minimize
consumption opeptides.Small volumes of 3@ Lcould still be heated to 48C
using a thermocycler, and without heating the lid woptdduce refluxing
conditions at those volumeBreliminary contols witha ¢ h i r-dirheth32 530
bipyridine demonstratethat bpy complexes daZu(l), Cu(ll), Fe (ll), Fe(lll) and

Rh(Il) could catalyz the reaction.
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Styrene Cyclopropanation, 1 mol%

B Styrene M cyclopropyl ester 1 cyclopropyl ester 2
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Styrene Cu(l)-BPY Cu(ll)}-BPY Fe(ll)-BPY Fe(lll)-BPY Zn(ll)-BPY Rh(lI)}-BPY
only (2mol%Rh)

Figure 30: Results from gyrene cyclopropanationreactionsat 30e Lvolume,
revealing catalytic activity of various metakbipyridine complexes.

Cu(l), Cu(ll), and Rh(Il) appear promising as catalysts based on the appearance
of cyclopropyl product formation. However the decrease in styrene peak area
would also point to actity by Fe(ll), just perhaps not in the generation of the
desired product. 0.5 Lof 12.5 mM dilution (based on styrene, in MeCN) was
injected on GEMS (RxiXLB column). Standard deviation is from the average of
3 injections of the same sample.

The limit of detection of theGC-MS was low enough to see some product
generation Figure 30), howeverwould not be able to distinguistery low yields
Switching to the newer and more sensitive-EO allowed us to find peptides

that produce styrene cyclopropyl ethyl ester even at very low concentrations. We
have since progressed to testing our peptides in these cyclopropanation reactions
and evaluating i GGFID. The first peptide testeth the cyclopropanation
screenusing the GEFID analysiswas cyclic peptidel from chapters 1 and 2.

This ATCUN macrocycle displayed some activity in the presence of Pd(ll) ions
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(Figure 31). However,controls indicatedhis was likely due to the presence of
uncomplexedPd(ll). In particular, it had been previousbundthat1l complexes
Pd(ll) at low pH only after seral hours (approximately-2 hours,Figure S10).
Therefore the complex would only haviilly formed towards the end of the
reaction time (at four hours) This may explain the evolution of styrene

cyclopropyl ethyl estein similar amountss compared to unliganded metal.

Styrene Cyclopropanations, 1 mol% catalyst

B Styrene (rt 2.408) M Product (rt5.8) @ Product (rt 5.9)
__200.000

140.000
120.000
100.000
80.000
60.000
40.000
20.000
0.000

Pd(ll) only BPY only Pd(ll)BPY CP1only Pd(ll)CP1

Area of Peak (Auto by GC-FID

Figure 31: Styrene cycloproparation using CP-1 and Pd(ll)

Results show product evolutiam presence of Pd(ll), as well as Pd{l). Bpy is

5 , -8inethyt2 , -Bigyridine, with the reaction run on 30 Lvolume at 40 C for

4 hours in TFE. Data represents a single trial. Peak area of Pd(Il) alone
compared to Pd(IHL indicated either activitypr that the peptide macrocyle is
not coordinating Pd(ll) and metal is free in solution, whereas Bpy is strongly
chelating the metal and preventing its activity.
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a Styrene Cyclopropanation, 5mol%
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Figure 32 Styrene cyclopropanation with CAHLHLHAC base peptide
sequences and Pd(Il)

Pd(INCAHLHLHAC 5bpy activitya), where only one prominent peak from the
cyclopropylethylester standard is seen evolved by the pdpgtielen bar seen, but
the red bar is not) However, another product eluting at 5.4 mins does get
generated by the complex (shown in purpledn the other hand,
Pd(I) CAHLALHAC 5bpy and pd(I0AHLFLHAC_ 6bpy ) show evolution of
the first major cyclopropylethyl ester prodymtd bar) and not thesecondpeak
(green bar) There is als@volution of otker products (sbwn in purple and grey).
These results could be indicative of enantioselectivignd need further
investigation. Reactions run at 30Lvolume in TFE for 4 hours at 4(C.
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Next we tested an array of the designed peptide sequénoedable 8 with a
variety of different metals in the cyclopropanation screen. The same ptyzttde
showed some activity irepoxidation screens, ;N-CAHLHLHAC-am_5bpy,
displayed turnover in the presence of Pd{hyl to some extentu@l) ((Figure32).
Similarly to epoxidation screens, this catil/was inconsistent fromeaction to
reaction In many of the screenparticularlywith H,N-CAHLFLHAC-am_5bpy

and _6bpy, we found that active complexes often produced species other than the
desired cyclopropylethyl estdiFigure 32). H,N-CAHLFLHAC-am_5bpy and
HoN-CAHLFLHAC-am__6bpyshowed slightly more reliable results compared to
the threehistidine variant, possibly due to formation of a mdoeninantspecies

in solution without the third nitrogen contacthis further implicates the
numerous binding geometries available of these 3N and 4N sequences in the
irreproducibility of resultsHowever, it could also be due simply to the age and
identity of the Pd(ll) stock. Metal binding studies would be required to verify
whether the BN-CAHLFLHAC-am peptides coordinate to Pd(Il), and if so

whether adominantspecies is formed.

To evaluatehe enantioselectivity of these reactions, wenyettedsampes ontoa

chiral column.We did not have stocks of the appropriate enantiomeric products,
and evenwith control solutions, it was challenging to observe proper baseline
separation and identification of the desired products. This method needs to be
further modified to enhance separation of the two enantiomeric spetitds o

product. Efforts are in progress to observe baseline separation of the
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cyclopropylethyl ester product and to further screen the library of peptides in

Table8.

Materials and Methods

Materials

Copper(ll) chloride dihydrate, copper(l) chloride, nickel(ll) chloride hexahydrate,
iron(Il) chloride tetrahyrdate, iron(lll) chloride, rhodium(ll) acetadémer,
ruthenium(lll) chloride hydrate, zinc(ll) acetate, cobalt(ll) chloride hexahydrate,
gold(lll) chloride (all from SigmaAldrich), sodium tetrachloroplatinate(ll)
hydrate (Acros Organics), sodium tetrachloropalladate(ll) trihydrate (Strem
Chemicals),palladium(ll) (American Platinum Works), and all other chemicals
were used as received without modification. Peptides were synthesized according
to Chapter 3. All ultrapure water was deionized water that was further filtered
using a Barnstead Ultrapure Wlfstem to ensure resistivity was greater than 17.8
megaohmsMetal salts were dissolved in water, with ligands of interest (bpy or
peptides) dissolved in a mixture of acetonitrile and water. Stock solutions were
diluted to 10 mM in trifluoroethanol (TFHyesh for use in each new reaction.
DMSO is also good at solvating metals, however tends to elute on GC at the same
time point as the desueroduct, and so was excluded in order to deconvolute the

evaluation of product formation.

Large scale (3 mL) cyopropanation reactions

3 mL volume reactions were performed in 5 mL screw top glass vials using
trifluoroethanol solvent, which allows for dilution and direct injection onGi@

MS. This process avoids lyophilization, which volatilizes the starting nadteri
168



preventing its analysis. Initial results catalyzed the cyclopropane using 5 mol%
metal salts which were mixed with bpy in excess of 5 mol% ligand under inert
gas for several mi nut es d&kenythyd@mzinewasr pl at e
then adéd to those metals at risk of oxidizing to higher oxidation state in soltion.
This was followed by addition of styrene substrate (0.25 mmol) and filling the
vial headspace with inert gas before loosely sealing caps to avoid over
pressurization. Introduicin of styrene was followed Hyeating in water bath until
reaching 40RC, with continual stirring. At this point, 0.5 mmole (2 equivalents)
ethyldiazoacetatevas added to the solutions and vials replenished with inert gas.
Formation of gases is expectedmediately upon addition of the diazoacetate, so
the reactant was added to vials behind a blast shield in the hood for safety.
Reactions were allowed to stir fdrhours at40 RC with caps slightly lose, and
behind this blast shield, as further safetycprgions Reactions initially using
water solvent and forming the diazoacetate in solution were perfomed similarly,
according to literaturg-**?? Samples were then directly diluted in MeCN to 20
mM based on original starting material concentration and investigate@Gxa

MS.

Small scale (3@ L) cyclopropanation reactions

30e Lvol ume reactions ut i-timethegt? , -BighridinemM st oc k s
made in acetonitrile and 100 mM metal salts in water. Peptide ligands were
dissolved in acetonitrile:water mixtures according to solubility, commonly in

50:50 ratios. Bipyridine or peptides (to 1.8 mM final concentratiorAB), metal
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salts (to 1.2 mMfinal concentration inTFE), and solvent (acetonitrile) were
added to 10@ LPCR strips and spun down using a table top centrifL@@mM
phenylhydrazine was added (to 6 mM concentration in TFE) to those metals
maintaining a reduced oxidation stategeli€u(l) for example290 mM stock of
styrene INTFE was added to a final concentration of 24 mM, and again spun
down Samples were incubatédminson thermocyclein order toreach 40RC.

We then added 2 equivalent¢hyldiazoaetatefrom a 190 mM stock n TFE,

spun the samples down, aledt to incubate at 4@C on thermocycler for 4ours.

Due to the activity influenced by the local acidity of the mé¢gind complexes,

and in order to dilute to appropriate concentrations for injection ornrésctions

were quenched via neutralization with a basic solution after reacting for 3 hours.
170e Lof a 120 mM trimethylamine in acetronitrile stock was added to each 30
€ Lreaction. 1e L of this diluted and quenched solution was then injected on
GC-FID for analysis using both an HP5 column for product evolution and
Chiralsil column to evaluate enantioselectivity. GC sample vials were reused and
cleaned thoroughly between sample sets ruiging with acetone, deionized
water, and again acetone. After evaporation in the hood overnight, vials were
rinsed a second time with deionized water and placed in the drying oven for

several hours to remove any remaining water condensation.

GC-MS screening conditions

GC-MS screens were evaluated using an-RkB nonpolar colum (serial #

904566, 1-30m, thicknes®.25 um, B0.25 mm with a max use of 34&) on
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Shimadzu GEL7A equipped withGC-MS-QP505A mass spectrometefhe
overall carrier flow was 58. kPa, with a column follow of 1 ml/min, linear
velocity of 35.6 cm/sec and total flow of 102.3 ml/min. Injection temperate wa
set to 230RC and the interface temperature to Z80D. The cyclopropanation
method ran for 12.5 min with a solvent cutoff of Bimand a m/z range of 52R0.
Method ramp: 6(RC hold 1 min, 10RC/min ramp to 8(RC, 40 RC/min ramp to
220RC, and 1GRC/min ramp to 27@C with 1 min hold, unless otherwise noted. ).
Samples were run split 100:1 with a @.9_ injection. Peak area integjion was
automated and further analysis was done using G@&MS LabSolutions

Software V1.20.

GC-FID screening conditions

GC-FID screensvere evaluated using an FiPcolumn (serial # USF124435H; L
30m, thicknes$).32 um, D0.25 mm with a max use of 3ZRC) on Agilent
Tecnologies 7890B GC systeraguipped with uECD and FID detectors. The
overall column follow was 6.45 ml/min, linear velgciof 77 cm/sec and total
flow of 138.66 ml/min. Injection temperate wa set to f80and the heater to 300
RC. Samples from the epoxidation reactiomsre run split 20:1 with a £ L
injection for 11.5 min using 60RC hold 1 min, 10RC/min ramp to 80RC, 40
FC/min ramp ta220 RC, and 10RC/min ramp to 24@C with 3 min hold to reduce
bleedover, unless otherwise nofedEvaluation of chiral product formation was
done on a Chiralsil column (serial # USF166336F80m, thicknes$.25 um, D

0.25 mm with a maxise of 25(0RC). The ramp for theyclopropanatiorad to be
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extended on chiral column to improve separation, givinggbold 1 min and @
RC/min ramp tc240 RC with 2 min hold to reduce bleedover, with an overall run

time of 12 minutes. Peak area integion was automated and further analysis was

done using the OpenLd&kDS Chemstatiosoftware.

4.5 Future directions for screening asymmetric reactivity

This method of design and screening bl@sr advantages fauickly designing,
synthesizingand testing potential metallopeptide catalystswever, yieldof the
epoxidation and cyclopropanation reacti@asitinue to be low. Compared to the
calibration curves generated kHigure S43, we are generating less than 1 mM
product out of a roughly potential 24 mMhich is less thad% overall yield It

is possiblethat better yields will be produced by incréag the volumes of the
reactions. Reactionscould be doe in a 100 ¢ Lfinal volume and still be
performed in PCR strips, while minimizing pipetting and small volume errors.
However, if 100e Lreactionsare stilllow-yielding, even for controlghenlarger

volumes may need to be considered.

This library of meptides(Table 8, Table 7) will continue to be tested for activity
towards both theyclopropanation and epoxidation reactiopldl of the reaction
solution can be varied for each screen to probe ofsimal metal binding
conditions, especially since we have observed full complexation of cyclic

peptides at higher pH valu&¥:?*® Some inconsistencies due to volume of the
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small scale reactions could be improved by scaling up the reactidn an
characterizing products by NRF®* We could also uselternate substrates for
either reaction, for instance usirgycloocteneas astarting materialto more
robustly determine epoxide formation. Though no chiral products are generated
with this substrate it conwerts quickly to the epoxide ihigh yields and may
facilitate screenindor active peptide catalysts. Thesetential hitscouldthen be
further tested with an array of alkene derivatives, like styrene and
methoxystyrenewith the expectation that they would be enantioselective based
on their chiral structure.Regardless, a broadscreen of substrates should be

tested in these reaons in order to fully probe the activity of the complexes.

In the future, other transformations coualldobe adapted to this method just as
easily as the ones mentioned heakowing for the specificity and versatility of

hit sequences to be evaledt It would be interesting to probe faaldol
transformations, which have been performed by chiral bpy catalysts and small
peptides?*?” Equally interesting would be tmvestigateapplication to Diels-

Alder reactions, which have beeselectively catalyzed by bpy molecules in

concert with artificiaproteinsandDNA fragments?**
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Conclusion

This work demonstrates howhrough careful design and strategy, we can use
macrocyclic constraints tenhance the metal binding and reactivity sohple
peptide sequences. We showed that constraining TlaJN motif usingheadto-

tail cyclizationmaintained a 4N coordinate, square planar geometry that imparted
metal binding selectivity of Cu(ll) over Ni(ll); a property not observed by linear
ATCUN peptides. We showed the constraint enhanced redox cycling and catalytic
activity of these sequences. Furthermore, we demonstrated that with this
constraint, the histidine at the third position could be substitwtéde
maintaining significant activity in diffuse hydroxyl radical production.
Interestingly, we found that there was a general destabilization of theeyelial
peptidecomplex compared to methbund linear analogs. This was surprising, as
we had anticipated from thermodynamic consideratibas the metabinding of

the cyclic complex would be more stable. However, it seems that more loose
coordination of the metal ion actually incurs greater reactivity at the metal center,
allowing for species with greater catalytic abilities. Therefore, awctic
constraints should be utilized not only itcreasemetalbinding affinities, but

also topotentially destabiliz otherwise tight interactions order to maximize

reactivity.
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Then we investigated howapplying macrocycliconstraintghatcontan a metat
binding functionalgroup could be used tgimultaneously enforce structure and
promote metl binding Inspired by the bisalkylation strategy described by
Timmeman,**® we synthesized bipyridine variants thegadily and robustly
formed macrocycles with our designed peptides. These peptides were then
incorporated in hilgthroughput screens in order to evaluate their catalytic
activity. Specifically they were evaluated for enantioselectef@oxidation and
cyclopropanationas the chirality of thescomplexesnakes thenwell-suited for
asymmetric catalysis. In our work, we did not obseivereased yields or
enantioselectivity for any of the complexes tested either reaction Our
sequences were modeled with a bias for 1:1 binding geometries in a tetrahedral
coordination geometry However, with more diversified modeling and design,
and with screenin@ wider rangeof metal ions,reactions and substrates, it is
likely thatthis strategy will produca cyclic metallgeptide catalystin addition,

this work highlights how readily differérdimethyl molecules can be converted
into appropriate bis(bromomethyl) alkylation linkeiihe modified purification
details described here will allow others to make additional linkers for their own
uses. Specifically, o could further explore terpyricegnand otherchelating

linkers for the designf metatbinding cyclic peptides

In general, thestrategy ofconstraining peptideis order toimprove structure and
functionis a particularlyefficient way to investigde new, unexplorecchemical

space.The applicationsof constrained peptides in applicatichgt require metal
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binding suchion-selective electrodesyould bevery exciting applications In
particular, if it were possible to selectively coordinate an anion like phosphate,
truly useful sensors could be generated for biological, healgited, and
environmentalresearch.Such sensors could be used ttack the motion of
phosphate molecules in the cell and investigadeel metabolic pathways In
addition, cyclic peptides amso making advances in the pharmaceutical industry,
being used as probes of prot@irotein interactions and developed into
therapeuticsFinally, this class of peptides h&srtherimplications for therealm

of asymmetric catalysiswhich was thefocus in this work There is great
potential for this class afhiral moleculess catalysts withigh catalytic turnover

and highenantioselectivity.

By implementing robust and highroughput strategiescoupled with the
advantages of metgleptide interactionspur work in applying macrocyclic
constraintrings cyclic metallopeptides to the forefront of newetal ligands for
a variety of applicationsWith the continuedaddition of different constrain
strategies and evidence ofhproved structural and functional propertias a

result thefield of metallopeptidehemistryis rapidly evolving.
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Appendix

Characterization of ATCUN Library
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Figure S1: pH dependenceof Cu(ll) binding to peptides 1, 2, 3, and 4.

pH dependence of Cu(ll) binding to cyclic peptide 1 (A), cyclic peptide 2 (B),
cyclic peptide 3 (C) and linear peptide 4 (D). All pH titration experiments were
carried out in ultrapure (Barnstead Easypure JJUkater and pH was raised with
dilute KOH
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Figure S2: pH dependenceof Ni(ll) binding to peptides 1, 2, 3, and 4.

pH dependence of Ni(ll) binding to cyclic peptiti€A), cyclic peptide2 (B),
cyclic peptide3 (C) and linear control peptidé (D). All pH titration experiments
were carried out in ultrapure water and pH was raised with dilute KOH.
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Figure S 3: Titration Plot Showing d-d transition changeand stoichiometry
during titration with Cu (I1) and Ni(Il)

Titration plots showing thdJV-Vis absorption (dd transition) change during
titration with Cu(ll) and Ni(ll) for cyclic peptidel and linear peptided. (A)
Cu(ll) versusl (pH 7.5); (B) Ni(ll) versusl (pH 9.5); (C) Cu(ll) versusgt (pH
7.5); (D) Ni(ll) versus4 (pH 7.5). Insets show thgV-Vis spectra from each
titration experiment, with the spectrum at 1:1 ratio shown in color. All titration
studies were performed in 50 mM NEM buffer at room
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Figure S4: ESI-MS evidence for metal complexation

ESFMS spectra of Cu(ltL (pH 7.5)(A) and Ni(ll}1 (pH 9.5) (B). The ESMS
samples (0.1 mM) were prepared in 50 mM NEM buffer with a 1:1.metal:peptide

ratio.

Cu(ll)-2 493.3 _ Cu(ll)-3
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Figure S 5. ESI-MS evidence for metal complexation by diasteromers of

peptide 1, peptide2 and 3

ESEMS spectra of Cu(l#2 (A) and Cu(l}3 (B) in NEM buffer (pH 7.5). Masses
with an additional 18 and 36 Da are observed, which may be © the
coordination of one or two water molecules to th€lJtpeptide complex.
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Figure S6: X-band EPR spectra for diasterometers 2 and 3 with Cu(ll)

(a)X-band (9.31 GHz) EPR spectra of 'G2 (red) and CU-3 (green) at pH 7.5
and 11.5. All spectra were recorded at 123 K in 100 mM-HI@$ buffer in

presence of 10 % glycerdb) Cyclic voltammograms of Cu(1p and Cu(ll}3in

ultrapure water at pH 11.5This work done by Dr. Kosh Neupane.

Cu'-Peptide g, Ae (G)

1 2.046 200

2 2.057 187
2.050* 202*

3 2.057 188
2.047* 202*

4 2.047 198

5 2.048 198

6 2.046 200

* EPR recorded in Tri$iCl buffer, pH=11.5.

Table S1: EPR properties of Cu(ll) -peptides
EPR properties of Cu(Hpeptide complexes in 100 mM TFHKCI buffer, pH 7.5

(except where noted), in the presence of 10% glycerol. * EPR recorded in Tris

HCI buffer, pH=11.5.
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Figure S7: CV of Ni(ll) -1 and Ni(ll) -4

Cyclic voltammograms of Ni(H) (pH 9.5) and Ni(I)4 (pH 7.5) in ultrapure
water. This work done by Dr. Kosh Neupane.

M -Peptide ES (V) ES (V) DE,(V)  Ew(V)
Cu(ln-1 0.778 0.700 0.078 0.739
Cu(ln-2 0.450 0.360 0.090 0.405
Cu(In-3 0.450 0.350 0.100 0.400
Cu(ln-4 0.836 0.768 0.068 0.802
Cu(ln-5 0.844 0.774 0.070 0.809
Cu(ln-6 0.778 0.702 0.076 0.740
Ni(Il) -1 0.880 Irrev - -
Ni(ll) -4 0.780 0.680 0.100 0.730
Cu(ll)-Peptides Ni(ll) -Peptides
Epox Epred DEp E1/2 Epox Epred DEp E1/2
Peptide V) V) (YY) ) V) V) V)
Gly-Gly-Asp-
Leu 0.790 0.726 0.064 0.758 0.689 0.605 0.084 0.647
Gly-Gly-His-
Leu 0.830 0.760 0.070 0.795 0.761 0.678 0.083 0.719
Gly-Gly-Pat
Leu 0.889 0.818 0.071 0.853 0.792 0.705 0.087 0.748

Table S2: Electrochemical data of metallopeptides

A summary of all electrochemical data for ATCUN series peptides

182



a b
(@) 059 augy-1 ( )0-5’Au(|n)—4 Al
04+ A
0.3 5
0 7]
e} =}
< <
0.2+
0.1 €
0.0 T T T T T T T T g 1 0.0 T T T T T T T T T 1
250 300 350 400 450 500 250 300 350 400 450 50
Wavelength (nm) Wavelength (nm)
(C) (d) 576.2
4932 Aufig Au(lil)-4
Calc: 667.5 Calc: 576.3
= Found: 887.2 Found: 576.2
5312 L‘
3822
Y | 7 S— il P
880 690 :'gg 710 720 560 565 570 575 ?: 585 580 585 60
548.0
‘ 687.2 ‘LJ
Ll N .1.11... | qultl...LlA
r T T g T T T T 1 J N T T 1 T A ’ 1
200 400 600 800 1000 200 400 600 800 10(
m/z m/z

Figure S8: Au(lll) Binding

Detection of (a) Au(lll) binding to 0.1 mM cyclic peptitland (b) linear peptide

4 by UV-Vis and ESIMS (c, d respectively)These experiments were performed
using 0.1 mM metal cation in ultrapure water with pH adjusted using dilute HCI
when necessary his wok was performed by Dr. Kosh N&ne.
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Figure S9: Detection of Pt(Il)

Detection of Pt(ll) binding to 0.1 mMa) cyclic peptidel and (b) linear peptide4

by UV-Vis. These experiments were performed using 0.1 mM metal cation in
ultrapure water with pH adjusted using dilute HClI when necessary. This work
was done by Dr. Kosh Neupane.
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Figure S10: Determination of Pd(ll) binding to peptides 1, 4

(a) Pd(ll) binding to 0.1 mM cyclic peptideand (b) linear peptided4 by UV-Vis

and ESIMS (c, d respectivelyYhese experiments were performed using 0.1 mM
metal cation in ultrapure water with pH adjusted using dilute HCI when
necessary. This workas done by Dr. Kosh Neupane.
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Figure S11:. UV-Vis analysis of Pd(ll)}-1 at various pH.

UV Vis experiments showing that Pd(ll) coordinates CP1 over a range of pH. As
the pH becomes more basic, we seénarease at wavelengths 300 nm and 350
nm, and a decrease at 390 nm. Peptide solutions were made as 1mMLPid(ll)

50 mM NEM. Dilute KOH was used to change the pH.

Reaction Sample/Conditions GGHL 1 Relative

m/z 382 m/z 493 Area
Peptidel 51237 279687 5.46
Cu(ll)-1 104412 411217 3.94
Rxn with HO>run 1 84284 398155 4.72
Rxn with HO,run 2 73718 369036 5.01
Rxn with HO, and ascorbatein 1 62148 123147 1.98
Rxn with HO, and ascorbatein 2 54437 122512 2.25

Table S 3: Rough estimation of cyclic peptide resistance to self cleavage via
LC-MS

Roughly estimated cyclic peptide integrity via-MS using GGHL as an internal
standard. Similar peak areas under similar conditions indicate no significant self
cleavage or degradation of peptides. For example, run 1 and run 2 using just
peroxide have siifar relative areas, as do run 1 and 2 for peroxide and
ascorbate trials. However, the area is halved in the presence of ascorbate,
implicating those conditions in some peptide cleavage activity.
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Figure S12: ITC curves during the method development stage

In attempts to derive binding constants for the association of Cu(ll) with GGHL,

we modified published methods to fit our syst&ithis image shows the curves
acquired from manipulating the thermadymic data from varying several of the
conditions, as described belo(@) 25 €, 400rpm18x2 ¢ Linjectionsof 2.8 mM
glycine with 0.7mM CuCl titrated into 0.08 mM peptide. (b) 26, 400rpm, I L
injections (with default duration of 2 s) of 2.8 mM glycine with 0.8 mM £uCl
titrated into 0.08 mM peptide. (c) 2, 400rpm, 2.8 mM glycine with 0.8 mM
CuCh titrated into 0.08 mM peptide. The pigle was first doped with 2 x& L
injections, followed by the remaining volume at .5 per injection. (d) 25€,
400rpm, 2.8 mM glycine with 0.4 mM Cuy(@trated into 0.08 mM peptide. The
peptide was first doped with 16 L of titrant solution, fdbwed by 39 x & L
injections. All four runs show tight bindinthough not as consistent in values or
as welldeveloped as those curvesHigure 6.
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Figure S 13 pH dependance of Cu(ll) binding to linear GGHL, GGDL, and

GGXL

pH dependence of Cu(ll) binding to linear peptides GGHL, GGDL, and GGXL as
determined by pH titrations. (A) GGHL, (B) GGDL and (C) GGXL.
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Figure S14: Spectroscopy of GGCL-Cu(ll) complex.

(A) pH dependence of Cu(ll) binding to linear peptide GGCL as determined by
pH titrations. (B) EPR spectra of Cud@GGCL at pH 7.0 (red trace), pH 8.5
(black trace) and 11.2 (green trace
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Figure S15: Spectroscopy of GGhCL-Cu(ll) complex.

(A) pH dependence of Cu(ll) binding to linear peptide"GiGas determined by
pH titrations. (B) EPR spectra of Cud@G"CL at pH 7.0 (black trace), 7.5 (red
trace), 95 (green trace) and 12.0 (blue trgce
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Figure S16. Spectroscopy of GGML-Cu(ll) complex.

(A) pH dependence of Cu(ll) binding to linear peptide GGML as determined by
pH titrations. (B) EPR spectra of CudIiIEGML at pH 6.0(black trace) and 8.0
(red trace).
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Figure S17: pH dependence of Cu(ll) binding to cyclic peptide 1

pH dependence of Cu(ll) binding to cyclic peptitleas determined by pH
titrations. The titrations were carried ousing 10 mM Cu(ll}peptide (1:1 ratio)
at room temperature. A small amount of dilute KOH (~D®smt) was added in
each titration to observe the alybance change iWV-Vis spectra
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Figure S18. Spectroscopy of Cu(ll}1D complex.

(A) pH dependence of Cu(ll) binding to cyclic peptldzas determined by pH
titrations. (B) EPR spectra of Cu(il)D at pH 8.5 (green trace), 11.0 (red trace).
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Figure S19: Spectroscopy of Cu(ll}1X complex.

(A) pH dependence of Cu(ll) binding to cyclic peptideas determined by pH
titrations. (B) EPR spectra of Cu(i)X at pH 8.5 (green trace), 11.0 (red trace).
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Figure S20: Spectroscopy of Cu(ll}1C complex.

(A) pH dependence of Cu(ll) binding to cyclic peptideas determined by pH
titrations. (B) EPR spectra of Cu(i)C at pH 7.0 (green trace) and 12.0 (red
trace). The black trace shows features of the pH 12.0 trace at higher
magnification.
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Figure S21. Spectroscopy of Cu(ll}1hC complex.

(A) pH dependence of Cu(ll) binding to cyclic peptld€ as determined by pH
titrations. (B) EPR spectra of Cu(#l)"C at pH 7.0 (green trace) and 12.0 (red
trace). The black trace showkatures of the pH 12.0 trace at higher
magnification.
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Figure S22 Spectroscopy of Cu(ll}1M complex.

(A) pH dependence of Cu(ll) binding to cyclic peptldé as determined by pH
titrations. (B) EPR spectra of Cu(f)M at pH 7.5 (green trace) and 11.0 (red
trace). The black trace shows features of the pH 11.0 trace at higher
magnification.

——Cu(ll)-1 (pH 7.5)
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Cu(l)-1X (pH 8.6)
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Figure S23. UV-Vis spectra showing Cu(ll) peptide charge transfer bands.

UV-Vis spectra of Cu(lBcyclic peptide complexes showing charge transfer
bands. A distinct S Cu(ll) charge transfer band between 2380 nm is seen as
a prominent shoulder for Cu(ll) complexes &, 1"C and 1M complex. The
pronounced peak at 285 nm for C{lIX is due to the pyridylalanine side chain.
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Figure S 24: Metal-binding titrations demonstrate stoichiometry of metal
peptide hissubstituted complexes

(A) Cu(ll) vs. GGDL at pH 7.5, (B) Ni(ll) vs.@&DL at pH 7.5, (C) Cu(ll) vs.
GGXL at pH 7.5, (D) Ni(ll) vs. GGXL at pH 7.5, (E) Cu(ll) ¢& at pH 8.5, and

(F) Cu(ll) vs.1X at pH 8.5. All titrations were carried out in 50 mM NEM buffer

at room temperature using 1.0 mM peptide solution in a 2 mL starting volume. 0.2
equivalents of aqueous CuyCbr NiCl, were added incrementally untl a
saturation point or a metahydroxide pecipitate was observed.
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Figure S 25. pH dependence of Ni(ll) binding to linear peptides as

determined by pH titrations.

(A) Ni(ll) binding to GGHL, (B) Ni(ll) binding to GGDL, (C) Ni(ll) binding to
GGXL, (D)Ni(ll) binding to GGCL, (E) Ni(ll) binding to G&L, and (F) Ni(ll)
binding to GGML. The titrations were carried out using 1.0 mMpéptide (1:1
ratio) at room temperature. A small amount of dilute KOH (~10®m) was
added in each titration to obserthe absorbance changellv-Vis spectra.
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