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Abstract
NumerousProteases are implicatedaancetinitiation, survival,and progession. Thereforat is
important to diagnose the levels of protease expression by tumors and surroundingatfgsbes
arereflected in blood and tissue samplesaféplatforms for Cathepgi@TS) B and L, matrix
metalloproteinases(MMP), 2, 3, 7, 9, 1&ndurokinase plasminogen activator(uPdgtectiom
have been synthesizedahbplatformsfeature a central dopamuweatedcore/shellFe/FeOs
nanoparticle.Cyanine 5.5 is permanentlgthered to the dopamine ligands amide bonds.
Tetrakis(4carboxyphenyl)porphyrin (TCPP) is ctethered to Fe/R®sdopamine by means of
protease consensus sequences. In the preseraeeldvant protease sequence, it is cleaved,
releasing TCPP from the nanoplatform. In contrast, Cy 5.5 will remain permanently tethered to
the nanoparticle. Therefore, an extensiveaase oemission intensitpf the fluorescence signal
from TCPP is observed. This permits the detection of the activity of proteases at femtomolar
levels in biospecimens biyuorescence spectroscopy6 breastcancerand 20 healthy human
blood serum samples were analyzed. Based on the expression pattern of analyzed enzymes,
human breast cancer can be detected at stage I. By monitoring CTS B and D digtgction
may be achievedlhis study demonstrates theaggbility of minimally invasive successful early
cancer diagnosis.
Immunosuppressiois oneof the hallmarksof aggressiveancersArginaseis overexpresseah
cancer patients, resulting in systemic immunosuppressionTwo nanoplatformsfor arginase
detecton have beensynthesizedBoth featurea central dopaminecoatedcore/shellFe/FeO4
nanoparticleto which cyanine 7.0 or cyanine 7.5 is tetheredvia amide bonds. In both
nanoplatformsgyanine5.5 is linked to the N-terminal of the peptidesequencésSRRRRRRRG.

Arginine (R) reactsto ornithine (O) in the presenceof arginase.According to our results



obtainedfrom fluorescencespectroscopythe oligopeptidesGRRRRRRRGaNdGOOOO000G
differ in their chaindynamics.In the presenceof arginaseand dependenbn arginaseactivity,

fluorescencencreaseof both nanoplatformsis observed,which is an indication that protorn

transferquenchingdecreasewhenargininegetsconvertedo ornithine. The novelassaygpermit
the detectionof activearginasewithin anhour. Additionally, ForsterResonanc&nergyTransfer
(FRET)is observedn nanoplatformdeaturingcy 5.5/7.0pairs,resultingin picomolardetection
limits. This is the first exampleof a“ p etsrta n s | entymesensof,in’ which the tetheris

subjectedto chemical transformationsof the aminoacidside chains and not cleavedby an

enzyme,resulting in the modified mobility of the tether. The nanoplatformsdo not show a
fluorescence increase when incubated with NO-reductase, an enzyme indicative of

immunoativation,which alsousesarginaseassubstrate.

Copperdependeninhibitory activity of 10000 compoundlibrary has beenstudiedagainstof

Staphylococcuaurets. 53 copper dependenhit moleculeswvererecognizedeaturingextended
thioureacore structue with NNSN motif. NMR titrations, UV/Vis studieshavebeenperformed
for characterizationof metal complexationand structure modeling. Chemoinformaticmeta

analysis of the ChEMBL chemical databaseconfirmed the NNSNs as an unrecognized
staphylococcainhibitor, in spiteof othercompoundgroupsin chemicalscreenindibraries. This

will leadto thedevelopmenof novelclassof antibacteriabgentsagainstStaphylococcuaurets.
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nanoparticleto which cyanine 7.0 or cyanine 7.5 is tetheredvia amide bonds. In both
nanoplatformsgyanine5.5 is linked to the N-terminal of the peptidesequencésSRRRRRRRG.
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differ in their chaindynamics.In the presenceof arginaseand depementon arginaseactivity,
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transferquenchingdecreasewhenargininegetsconvertedo ornithine. The novelassaygpermit
the detectionof activearginasewithin anhour. Additionally, ForsterResonanc&nergyTransfer
(FRET)is observedn nanoplatformdeaturingcy 5.5/7.0pairs,resultingin picomolardetection
limits. This is the first exampleof a“ p etsrta n s | entymesensof,in’ which the tetheris

subpctedto chemical transformationsof the aminoacidside chains and not cleavedby an

enzyme,resulting in the modified mobility of the tether. The nanoplatformsdo not show a
fluorescence increase when incubated with NO-reductase, an enzyme indicative of
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My thesis document is focused on my medicinal research, which | consider more valuable to
society than my mechanistic research on photochromic compounds. | have been working on the
evolution of the nanoplatforms for peatse detection since | have joined the Bossmann group in

2012. In 2013, | have begun developing the group of posttranslational sensors, which were
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My research was concerned with determining the influence of the biological matrix (serum) on
the performance of the nanofitams, as well as for the cresensitivity of all utilized
nanoplatforms with respect to each other. Furthermore, in collaboration with Dr. Hongwang
Wang and Ms. Asanka S. Yapa, | have improved the synthetic procedures of all nanoplatforms

utilized here.



2.1.Abstract

Proteases, including Matrix Metalloproteinases (MMPs), Tissue Serine Proteases, and
Cathepsins (CTS) exhibit numerous functions in tumor biology. Solid tumors are characterized
by changes in protease expression levels by t@mdrsurrounding tissue. Therefore, monitoring
protease levels in tissue samples and liquid biopsies is a vital strategy for early cancer detection.
Waterdispersible Fe/R©s-core/shell based nanoplatforms for protease detection are capable of
detecting potease activity down to stfiemtomolar limits of detection. They feature one dye
(tetrakiscarboxyphenyl porphyrin (TCPP)) that is tethered to the central nanoparticle by means
of a proteaseleavable consensus sequence and a second dye (Cy 5.5) tinattly tinked.

Based on the protease activities of urokinase plasminogen activator (uPA), MMPs 1, 2, 3, 7, 9,
and 13, as well as CTS B and L, human breast cancer can be detected at stage | by means of a
simple serum test. By monitoring CTS B and L stagieteéction may be achieved. This initial

study, comprised of 46 breast cancer patients and 20 apparently healthy human subjects,

demonstrates the feasibility of proteas®ivity-based liquid biopsies for early cancer diagnosis.



2.2. Introduction

We have detected stage | breast cancer in human patients with statistical significance by
means of a simple serum test using highly sensitive E@/fFenoparticle based nanoplatforms
for protease detection. Numerous proteases are required for earlyongjtéatimor survival,
progression, angiogenesis, and invasio3][1Following the pioneering research of Weissleder
et al. [4], molecular [5], macromolecular [6] and nanopaHiased [7] protease sensors have
been developed foin-vivo imaging andin-vitro diagnostics of proteases that rely on
fluorescence and magnetic principles [8]. This technology is characterized by high versatility and
specificity, because consensus sequences feature high selectivities for the proteases for which
they were designed 9] . However, the | imits of-ofpheatt ease
technology are supicomolar (subng/mg) [48], which is sufficient forin-vivo imaging of
tumors [4,8], atherosclerotic plaques [10] and cardiovascular inflammation [11linansuand
in-vivo and in-vitro detection in rodent models for cancers [12,13], but not forirthétro
detection of human cancers [14] in their earliest stages. Competing technologies for quantitative
protease detection, such as immunosorbent assaysgiidsjium dot barcode technology [16],
and i mmunobeads [ 1 7RecehtlpSarelar, Koranat bl.ahave teied ghe
sensing of short noncoding RNA following a nanoplasmonic approach, which is of similar
sensitivity and range than the approach riggbhere [18].

We have developed nanoplatforms for protease detection [19, 20] that are capable of
detecting protease activities over a wide activity range down téd ssmt o mol ar L OD’ s.
nanoplatforms consist of dopaminevered, watedispersable on/iron oxide core/shell
nanoparticles, to which one fluorescent dye (TCPP, tetcakisoxyphenyl porphyrin) is tethered

via a consensus sequence. A second dye (Cyanine 5.5) is permanently linked to the dopamine



coating (Figure 2.1). This design enableghh plasmofresonance quenching (SET) [20, 21] and
Forster Resonane Energy Transfer (FRET) quenching2l20of the tethered TCPP units. Once
TCPP is released via proteolytic cleavage of the consensus sequence, its fluorescence will

increase (for most dhe nanoplatforms).

Dopamine Layer

Consensus Sequence
(oligopeptide)

TCPP

——Cyanine 5.5

SO;H
Figure 2.1: Nanosensorgor in-vitro proteasedetection.For eachproteasea highly selective
oligopeptideis usedto tether Tetrakiscarboxyphenytporphyrin (TCPP)to the nanopatrticle.
Cyanine5.5is linked permanentlyto the Fe/FesO4 nanoparticlesFigure 2.1 is reproducedrom

reference3 with permission.
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Figure 2.2: Mechanisticschemeof the “ | | gwhch e f f eimon groteolytic cleavage:the
fluorophoreis switched on due to the increasein distancebetweenthe Fe/FeOs core/shell
nanoparticle,leading to decreased~orster Energy Transfer (FRET)[21, 24], ki1, and dipole-

surfaceenergytransfer(SET)[20,22] k2. Furtherexplanationsreprovidedin thetext.

The nanoplatformdor cancerdetectionare basedon proteolytic cleavageof TCPPfrom
the Fe/FeOas-core (Figure 2.2). Increasingthe distancebetweenthe TCPPfluorophoreandthe
nanoparticle decreases plasmonresonance quenching (dipolesurface energy transfer
(SET)[20,21])from TCPPto Fe/FeOs andForsterEnergyTranser (FRET[20,22])from TCPPto
cyanine5.5. The latter is permanentlytetheredto the inorganic nanoparticle.For all of the
employedconsensusequencesyith the exceptionoof GAGSGRSAG for uPAandGAGVPLS
LYSGAG for MMP 9, anincreasen TCPPfluorescere is observeduponenzymaticcleavage.
This “ | i gmtch e f f d20]t €hableshighly sensitive detection of proteaseactivity by
guantitativefluorescenceneasurementsdn an earlierpaperwe havediscussedn detailwhy the
nanoplatformsfor uPA and MMP 9 detectiondefy the generalparadigm:shorter consensus
sequenceandsequencepermitting higherdynamicsof the attachedlT CPPleadto fluorescence

enhancemenf the attachedluorophoredueto enhanceglasmoniclight scatteringj24] of the



Fe(0) core of the central core/shellnanoparticle For thesespecific consensusequencesthis
effectexceedshe quenchingeffects(SETandFRET). Therefore thesetwo nanoplatformshow
decreasesf TCPPfluorescencaipon cleavage However,this decreasecan still be utilized to

measurehe activitiesof uPAandMMP 9 in serum.

In the US, breastcanceris stagedaccordingto the TNM classificationsystem which is
basedon the extentof the spreadbf cancemwithin thebody[25]. Theoverall5-yearsurvivalrates
for breastcancerarevirtually 100%at stage9) andl, 93% at stagell, 72% at stagelll and22%
at stagelV [26]. 61% of all breastcancersn the US arediagnosecdat combinedstage<) and|,
32% at stagell and7% at combinedstaged!l andIV [27]. Since the majority of breastcancer
mortalitiesoccursfrom caseghat aredetectedat stagedl andabove,detectingbreastcancerby
meansof a routine blood test at stagel or earlier would have the potential of significantly

reducingbreastcancemortality (521,900globallyin 2012)[28].

Bhatia et al. proposednanoscaleagentsfor in-vivo usethat are comprisedof reporter
moleculesboundvia consensusequenceso iron oxide nanowormsThe reportermoleculesare
releasedn rodentmodelsoncethe nanowoms havereachedhe cancersite andthenexcretedn
urine. The quantitativedetectionof thereportermo | e ccoricentsationfiasbeenachievedoy
paperchromatography29]. Although this wasa major stepforward in developingpoint-of-care
diagnosticsijt is still more than minimally invasive,becauséhe nanowormshaveto be given
intravenouslyAn ideal “ | i dp u io ¢o[30YWill requireonly the drawing of a simple blood
sampleto detectcancer,without introducinga reagento thep a t i kodyfirst.dn this report,

we would like to discusghis approach.



In 2014, we publishedthe synthesisandcalibrationof Fe/FeOs-basednanoplatformgor
accurateand highly sensitivedetectionof 12 proteasegFigure 2.1) [20]. The calibrationand
validation experiments were performed with commercially available proteasesin PBS
(phosphatéufferedsaline,pH=7.4). The average~e(0) core diameteris 13 = 0.5nm,the F&xO4
shell thicknessis 2.0 £ 0.5nm (Figure 2.3). Using statisticalmodeling, the optimal numberof
TCPPunits pernanoparticlevasdeterminedo be 35 + 3, andthe numberof cyanine5.5 unitsto

be50+ 4[31].

Figure2.3: TEM (1a,1b) andHRTEM (1c) imagesof Fe/FeOs-core/shellnanoparticleshatare

forming the inorganiccore of the nanoplatforns for proteasedetection,with permissionof the
Royal Society of Chemistry[20]. HRTEM imagesrevealedthat the Fe(0) centersare mostly

crystalline(BCC).

We haveobtainedserumsampleq-80°C) from 46 femalebreastcancerpatients(4 stage
0, 9 stagel, 9 stagell, 12 stagelll and 12 stagelV, aswell as20 healthyhumansubjects(10
malesand 10 females))from the SoutheasteriNebraskaCancerCenterWe haveselectedserum
as biospecimen,becauseat -80°C proteaseactivity is retained for years accordng to our

preliminaryresults.20 breastcancersvereluminal A [32], 12 wereluminal B [33], 8 werebasal
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like [32] and 6 were HERZ2 enriched[32]. All patients(ages36 to 80) and healthy human
subjects(ages26 to 68) were CaucasianNo significant statstical differencesin the protease

expressiorpatternbetweerthe femalesandmalesof the controlgroupwerefound.

Approximatelytwo percentof the humangenomeencodedor protease$34]. Therefore,
eachselectionof proteasedor a cancerdiagnosticpanel is somewhatarbitrary. For detecting
earlybreastcancerwe havechoserthefollowing proteasesMMPs 1,2,3,7,9,13uPAandCTSB
andL. MMP 1 hasbeenassociatedvith telomerasectivity andpromotionof tumorinvasiveness
and metastaticdisseminatn [35]. MMPs 2, 7, and 9, aswell as other MMPs, releasegrowth
factorsfrom stromalandepithelialcells atthe cancemoundarycleaveoff pro-angiogenidactors
and start pro-angiogenicproteasecascadeg36, 37]. MMP 13 is involved in the epitheliat
mesenchymalransition [38]. uPA and CTS B facilitate angiogenesisECM degradationand
invasivenessThey also activategrowth factors[39, 40]. MMP3 and CTS L areresponsiblefor

earlymutationsn carcinogenesig, 3].
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2.3.Resultsand Discussim

In stepl, theinfluenceof the serummatrix on the performancenf the nanoplatformavas
evaluatedFor this purposewe haveusedcombinedserumfrom our control group,which was

inactivatedusingestablisheghroceduredy heatingto 56°C for > 30 min [41].

510*
410*

310°

2 10*

1104.Q_/

0
600 650 700 750 800

wavelength / nm

Figure2.4: RelativeError from 10 IndependentlyerformedProteaséMeasurements.
10 independentepetitionsof measuringhe activity of the Fe/FeOs-nanoplatformfor detecting
MMP13 understandardconditionsat 25°C after additionof 1.0 x 10 *mol 1" of MMP13. The

relativeerrorwasdeterminedo be 3 percent.
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In short,3.0ml of dextran(10 mg dextranin 1.0 ml of PBS)weremixedwith 75 bf the
nanoplatformdispersion(1.0 mg in 1.0 ml of PBS)and30 p lof the proteasestock solutionsat
eachconcentrationevel in a total volume of 3.0 ml of PBS. 30 u lof inactivatedserumwas
addedbeforefilling up to 3.0 ml when studying matrix effects. The solution was incubatedat
25°C for 60 min. Thenthe fluorescencavasanalyzedn 4.0 ml quartzcuvettes(Helma)usinga
spectrofluorometefFluoromax2)with dualmonochromatorg_ex = 421 nm, _em= 620-680 nm).
The completeproceduras describedn the MethodsSection.From 10 independentlyerformed

repetitionswe havecalculatedhe experinentd errorto + 3% (Figure?2.4).

The resultsobtaned in the presenceand absenceof inactivatel serumare shownin
Figures2.5and 2.6, aswell asin Figure2.7 (Triangles:fluorescenceeadingsn PBS; Squares:

fluorescenceeadingsn PBScontaininginactivatedserum.)

Most proteasesonly exhibit moderate matrix effects, becauseof the very low
concentratiorof serumthatis requiredanddueto the useof dextranasanti-coagulani42]. The
requirementof only a very low volume of serumfor performingmeanngful enzymeactivity
measurementss a definite advantageof the very high sensitivity of the nanoplatformsfor
proteasedetection, which originates from the concurrent utilization of SEM and FRET

guenching.
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Figure 2.5 Matrix effectsfor MMP7, MMP13, and cathepsinL after 60 min of incubationat
25°C under standard conditions. Ip: fluorescencesignal after 60 min. of incubation; I¢:
fluorescencesignalin the absencef proteasefter 60 min. incubation;ls: fluorescencesignalof

serum/PBS&lextranalone.Experimentakrrorsareindicated.
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Figure 2.6. Matrix effects for MMP1, MMP 2, MMP 3, and cathepsinB after 60 min of
incubationat 25°C understandarcconditions.Triangles:fluorescenceeadingsn PBS; Squares:
fluorescenceeadingsin PBS contaning inactivatedserum.lp: fluorescencesignal after 60 min.
of incubation;lc: fluorescencesignal in the absenceof proteaseafter 60 min. incubation;ls:

fluorescenceaignalof serum/PBSdextranalone.Experimentakrrorsareindicated.
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Figure 2.7. Determinationof Matrix Effects on the ObservedFluorescencdntensitiesof the

Nanoplatforms Matrix effectsfor MMP9 and uPA after 60 min of incubationat 25°C under

standardconditions.Triangles:fluorescenceeadingsin PBS; Squaresfluorescene readingsin

PBS containing inactivated serum. Ip: fluorescencesignal after 60 min. of incubation; Ic:

fluorescencesignalin the absencef proteasefter 60 min. incubation;ls: fluorescencesignalof

serum/PBS&lextranalone.Experimentalerrorsare indicated.A detailedmechanistiadiscussion

of the reasonswhy uPA and MMP9 are defying the “ | i syvitch paradign” is providedin

reference2.”.
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NotableexceptionsareMMPs 1 (Figure2.6) and7 (Figure2.5), wheresignificantmatrix
effects were detected As noted in Table 2.1, the physical properties(isoelectric point and
hydrophobicityindex) of the consensusequenceplus peptidelinkers designedfor detecting
MMP 1 andMMP 7 arewithin the rangesdefinedby all employedpeptidesequenceRieperet
al. haveanalyzedhumanserumby fractionatingserumproteins,followed by two-dimensional
electrophoresisand sequentialanionexchangeand sizeexclusionchromatographyThey have
resolved 3700 posttranslationallynodified proteins[43]. Basedon their findings, we cannot
excludethatbinding of the peptidesequencedesignedor MMP 1 andMMP 7 detectionto one
or severalserumproteinoccurs,which is ultimately responsiblgor the observedhotophysical

behaviorof thesenanoplatforms.

Stages Mears Standardeviation | AverageProteasé\ctivity
in Serum(mol L)
H 1.360853 0.07226045 2.4x 1016
0 1.264777 0.04452960 1.4x 1016
1 1.418908 0.04501105 3.3x10%
2 2.198153 0.12710588 2.6x 10
3 2.469330 0.20346940 1.1x 1013
4 3.002602 0.33220471 1.8x 1012

Table2.1: Means,StandardDeviations,and AverageProteasé\ctivities in Serumfor Cathepsin

B (CTSB).
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In Figure 2.7 the resultsfor uPA and MMP9, two proteaseghat defy the® | i sgvikch
p a r a dareghovn. An explanationfor this behavioris briefly discussedn the introduction

sectionandmorethoroughlyin reference0.

2.3.1.Cross-Sensitivitiesof the Nanoplatforms

In orderto determinethe crosssensitivitiesof the nanoplatformsthe following control
experimentsvereconductedThe nanoplatformg$or MMP1,2,3,7,9,13uPA, andCTS B,L were
(separately)incubatedwith 1.0 x 1072° mol I™* of MMP1 under standardconditions (see
Methods).After 60 min. of incubationat 25°C, the fluorescencespectraof all nanoplatforms
were recorded.The next set of experimentsconsistedof incubating the nanoplatformsfor
MMP1,2,3,7,9,13,uPA, and CTS B,L with 1.0 x 10 mol I of MMP2 under standard
conditions.This is followed by MMP3, 7, 9, 19, uPA and CTS B, and L. In Figure 2.8, the
normalizedresultsfor this set of experimentsare summarized.The normalizationprocedure
consistsof dividing eachsetof integratedluorescencelatafor eachenzymeby thefluorescence
recordingfor the correctmatchin the entiresetof nine nanoplatforms.
Setl: integratediluorescenceecordingsfor all nine nanoplatformsncubatedwith MMP 1 (1.0
x 101° mol I7%), divided by the integratediuorescenceignalobtainedwith the nanoplatfornfor
MMP 1in thepresencef MMP 1;
Set2: integratediluorescenceecordingsfor all nine nanoplatformsncubatedwith MMP 2 (1.0
x 1071° mol I7}), divided by the integratedfluorescenceignalobtainedwith the nanoplatfornfor

MMP 2 in thepresencef MMP 2;
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Sets3 to 8 havebeenrecordedaccordinglyfor MMP 3, 7,9, 13,uPAandCTSB.
Set9: integratedluorescenceecordinggor all nine nanoplatformsncubatedwvith CTSL (1.0x
1071° mol 1Y), divided by the integratedfluorescencesignal obtainedwith the nanoplatformfor

CTSL in thepresencef CTSL.

“MMP 1
“MMP 2
~ MMP 3
“MMP 7
“MMP 9
“ MMP 13
~ uPA
HCTSB
CTSL

Figure2.8: Crosssensitivitiesof the nanoplatformsusedin this study.
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2.3.2.Diagnosisof Early BreastCancer

The activities of the nine selectedproteases the serumof 46 breastcancerpatientsand
20 healthyhumansubjectswere measuredollowing the sameprocedureasfor determiningthe
matrix influence, with the exceptionthat active serumwas used,and the results statistically
analyzedA seriesof boxplotsandbargraphs(Figure2.9 andFigures2.10- 2.18 showthe data
rangethat correlatesto eachcancerstage,as well asthe proteaseexpressiorrangeof healthy

patientg44].

—[ —

3 Ic Rl
3.0+ '
. 25{ | N
] E — -
1 2.0 o
151 —
0 1 2 T T T T T T

Stages

Means

Figure 2.9 Bargraph (left, sbwing means r@d standard deviations) and Ipdat (right,
indicating the observed data range) for cathepsin L. The group sizes are H (apparently healthy
control group, n=20), 0: breast cancer stage 0 (

n=4), 1: breast cancer stage 1 (n=9), 2: breast catage 2 (n=9), 3: breast cancer stage 3
(n=12); 4: breast cancer stage 4 (n=12). All biospecimens were obtained from the South Eastern
Nebraska Cancer Center (SNCC). Breast cancer has been staged according to the TNM staging

system [25].
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Figure2.1Q BoxplotandBar-Graphfor CathepsirB

Bar-graph (left, showing meansand standarddeviations)and boxplot (right, indicating the
observeddatarange)for cathepsirB. The groupsizesareH (apparentlyhealthycontrol group,
n=20), 0: breastcancerstage0 (n=4), 1: breastcancerstagel (n=9), 2: breastcancerstage2
(n=9), 3: breastcancerstage3 (n=12); 4: breastcancerstage4 (n=12). All biospecimensvere
obtainedfrom the SoutheasterNebraskaCancerCenter(SNCC).Breastcancerhasbeenstaged

accadingto the TNM stagingsysten?’
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Figure2.11 BoxplotandBar-Graphfor CathepsirL

Bar-graph (left, showing meansand standarddeviations)and boxplot (right, indicating the
observeddatarange)for cathepsinL. The groupsizesareH (apparetly healthycontrol group,
n=20), 0: breastcancerstageO (n=4), 1: breastcancerstagel (n=9), 2: breastcancerstage2
(n=9), 3: breastcancerstage3 (n=12); 4: breastcancerstage4 (n=12). All biospecimensvere
obtainedfrom the SouthEasternNebraga CancerCenter(SNCC).Breastcancethasbeenstaged

accordingto the TNM stagingsysten?’
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Stages Means Standardeviation AverageProteasé\ctivity
in Serum(mol L)
H 1.923536 0.40659660 1.8x 10%°
0 2.245194 0.09365240 8.5x 101
1 2.243285 0.04673341 8.4x 10%°
2 2.312233 0.18165558 1.1x 10
3 2.790727 0.29286377 5.4x 10
4 3.021944 0.25981286 1.2x 1013

Table2.2 Means,StandardDeviations,and AverageProteasé\ctivities in Serumfor Cathepsin

L (CTSL)

23



1.00 lp 1‘ I 105 :
0.75 1.00- =
m—
§o0 095 |
0.25 0.90- e T
0.00 1129 ]4 — e
Stages H 0 1 2 3 4

Figure2.12: BoxplotandBar-Graphfor UrokinasePlasminoge\ctivator

Bar-graph (left, showing meansand standarddeviations)and boxplot (right, indicating the
observeddata range) for urokinase plasminogenactivator (UPA). The group sizes are H
(apparentlyhealthycontrol group,n=20),0: breastcancerstage0 (n=4), 1: breastcancerstagel
(n=9), 2: breastcancerstage2 (n=9), 3: breastcancerstage3 (n=12); 4: breastcancerstage4
(n=12). All biospecimenswere obtained from the South EasternNebraskaCancer Center

(SNCC).Breastcancehasbeenstagedaccordingio the TNM stagingsysten?:’
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Stages Means Standardeviation AverageProtease
Activity in Serum(mol
L

H 0.9848335 0.025264087 1.3x10%

0 0.990®17 0.005991484 7.8x 1076

1 0.9034983 0.022280082 2.1x 1012

2 0.8860111 0.015128888 1.0x 10

3 0.8832422 0.015965042 1.3x 10

4 0.8741700 0.014332318 2.0x 10"

Table2.3: Means,StandardDeviations,and AverageProteseActivities in Serumfor Urokinase

Plasminogerctivator (UPA).

25



I 0
2 2.9 _ |
: .
: &l = |
¥ T L
15{
—
0 1 - 1.0 T T T T T T
Stages H 0 1 2 3 4

Figure2.13 BoxplotandBar-Graphfor MMP 1

Bar-graph (left, showing meansand standarddeviations)and boxplot (right, indicating the
observeddatarange)for matrix metalloproteinas1 (MMP 1). ThegroupsizesareH (apparently
healthycontrol group,n=20), 0: breastcancerstage0 (n=4), 1: breastcancerstagel (n=9), 2:
breastcancerstage2 (n=9), 3: breastcancerstage3 (n=12); 4: breastcancerstage4 (n=12).All
biospecimensvere obtainedfrom the South EasternNebraskaCancerCenter(SNCC). Breast

cancetasbeenstagedaccordingto the TNM stagingsysten?’
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Stages Means StandardDeviation AverageProtease
Activity in Serum(mol
L

H 1.314616 0.23507424 16x10%

0 1.236894 0.03339194 5.9x 10-16

1 1.978331 0.04220099 7.8x 1012

2 1.995024 0.10799028 9.6x 1012

3 2.210357 0.21628141 1.5x 1010

4 2.292405 0.39496657 4.3x 1010

Table 2.4: Means,StandardDeviations,and Average ProteaseActivities in Serumfor Matrix

Metalloproteinasd (MMP 1)
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Figure2.14 BoxplotandBar-Graphfor MMP 2

Bar-graph (left, showing meansand standarddeviations)and boxplot (right, indicating the
observeddatarange)for matrix metalloprotenase2 (MMP 2). ThegroupsizesareH (apparently
healthycontrol group,n=20), 0: breastcancerstage0 (n=4), 1: breastcancerstagel (n=9), 2:
breastcancerstage2 (n=9), 3: breastcancerstage3 (n=12); 4: breastcancerstage4 (n=12).All
biospecimas were obtainedfrom the South EasternNebraskaCancerCenter(SNCC). Breast

cancethasbeenstagedaccordingto the TNM stagingsysten?’
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Stages Means StandardDeviation AverageProtease
Activity in Serum(mol
L

H 1.551050 0.2210302 4.0x 10%°

0 1.381780 0.2078706 6.4x 1016

1 2.093351 0.2287855 1.4x 1012

2 2.181590 0.2301482 3.6x 1012

3 2.616193 0.4300199 4.0x 1010

4 2.200369 0.3192078 4.4x 1012

Table 2.5: Means,StandardDeviations,and Average ProteaseActivities in Serumfor Matrix

Metalloproteinas@ (MMP 2)
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Figure2.15 BoxplotandBar-Graphfor MMP 3

Bar-graph (left, showing meansand standarddeviations)and boxplot (right, indicating the
observeddatarange)for matrix metalloprotinase3 (MMP 3). ThegroupsizesareH (apparently
healthycontrol group,n=20), 0: breastcancerstage0 (n=4), 1: breastcancerstagel (n=9), 2:
breastcancerstage2 (n=9), 3: breastcancerstage3 (n=12); 4: breastcancerstage4 (n=12).All
biospecinenswere obtainedfrom the South EasternNebraskaCancerCenter(SNCC). Breast

cancethasbeenstagedaccordingo the TNM stagingsysten?”’
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Stages Means Standardeviation AverageProteasé\ctivity
in Serum(mol L)
H 1.276774 0.1023781 3.4x 1076
0 1.248445 0.05253079 2.2x 1016
1 1.361347 0.02882905 1.2x 10%°
2 1.423178 0.13355403 2.9x 10%
3 1.383381 0.12401589 1.6x 10%°
4 1.670680 0.13369459 1.2x 101

Table 2.6: Means,StandardDeviations,arnd AverageProteaseActivities in Serumfor Matrix

Metalloproteinas@ (MMP 3)
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Figure2.16 BoxplotandBar-Graphfor MMP 7

Bar-graph (left, showing meansand standarddeviations)and boxplot (right, indicating the
observeddatarange)for matrix metalloproteinas@ (MMP 7). ThegroupsizesareH (apparently
healthycontrol group,n=20), 0: breastcancerstage0 (n=4), 1: breastcancerstagel (n=9), 2:
breastcancerstage2 (n=9), 3: breastcancerstage3 (n=12); 4: breastcancerstage4 (n=12).All
biospecimensvere obtainedfrom the South EasternNebraskaCancerCenter(SNCC). Breast

cancethasbeenstagedaccordingto the TNM stagingsysten?”’
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Stages Means Standardeviation AverageProtease
Activity in Serum(mol
L

H 1.265858 0.08413963 6.4x 10

0 1.235173 0.09279042 45x 1016

1 1.276960 0.08834555 7.2x 1076

2 1.306292 0.09032285 1.0x 101

3 1.384025 0.14060255 2.5x 10%°

4 1.349619 0.12004177 1.7x 101

Table 2.7: Means,StandardDeviatiors, and Average ProteaseActivities in Serumfor Matrix

Metalloproteinas@ (MMP 7)
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Figure2.17 BoxplotandBar-Graphfor MMP 9

Bar-graph (left, showing meansand standarddeviations)and boxplot (right, indicating the
observeddatarange)for matrix metalloproteinas® (MMP 9). ThegroupsizesareH (apparently
healthycontrol group,n=20), 0: breastcancerstage0 (n=4), 1: breastcancerstagel (n=9), 2:
breastcancerstage2 (n=9), 3: breastcancerstage3 (n=12); 4: breastcancerstage4 (n=12).All
biospecimensvere obtainedfrom the South EasternNebraskaCancerCenter(SNCC). Breast

cancethasbeenstagedaccordingto the TNM stagingsysten?”’
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Stages Means StandardDeviation AverageProteasé\ctivity
in Serum(mol L)
H 0.962292 0.011980785 8.6x 101
0 0.9507300 0.010709674 5.9x 1012
1 0.9530756 0.006783337 4.0x 10*?
2 0.9439189 0.014798504 1.8x 10
3 0.9308592 0.005204805 1.6x 1010
4 0.9327775 0.009121815 1.2x 1010

Table 2.8: Means, StandardDeviations,and Average ProteaseActivities in Serumfor Matrix

Metalloproteinas® (MMP 9)
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Figure2.18 BoxplotandBar-Graphsfor MMP 13

Bar-graph (left, showing meansand standarddeviations)and boxplot (right, indicating the
observeddata range) for matrix metalloproteinasel3 (MMP 13). The group sizes are H
(apparentlyhealthycontrol group,n=20),0: breastcancerstage0 (n=4), 1: breastcancerstagel
(n=9), 2: breastcancerstage2 (n=9), 3: breastcancerstage3 (n=12); 4: breastcancer stage4
(n=12). All biospecimenswere obtained from the South EasternNebraskaCancer Center

(SNCC).Breastcancehasbeenstagedaccordingio the TNM stagingsysten?:’
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Stages Means Standardeviation AverageProteasé\ctivity
in Serum(mol L)
H 2.402871 0.6767673 3.2x 10"
0 2.454853 0.6726423 3.7x10%°
1 2.447914 0.5209525 3.6x10%
2 2.483194 0.6442519 4.0x 10
3 2.453076 0.9055961 3.7x 10%
4 2.701158 1.0781773 7.5x 10%°

Table2.9: Means,Standardeviations,andAverageProteasé\ctivities in Serumfor Matrix

Metalloproteinasd3 (MMP 13)

TheanalyzedenzymesncludeCathepsirB andL, MMP 1, 2, 3,7, 9, 13anduPA. Except
for MMP9 and uPA, all enzymesdisplay a positive trend with an increasingsignal for higher
cancerstagesThe reasonfor this behavioris discussedn the text: in short,the nanoplatforms
for uPAandMMP 9 detectionshowdecreasindluorescencentensitieswith increasingprotease
activity. We havechosenboxplotsandbargraphsfor dataanalysis,in combinationwith Welch
two samplet-tests (control group and cancer patientsat a defined stage) [45], becausea
combinationof theseanalysismethodsprovidesa simple systemfor dataanalysis.The boxplots
show the datarangethat correlatesto a certain cancerstagewhile the bar graphsdisplay the

averagesignalandstandardieviation(representedby the error bar) for individual cancerstages.

37



With respectio detectingcancerat an early stage the dataobtainedfor cahepsinB andL, uPA
and MMP 1, 3 and9 is superiorto MMP 2, 7 and 13. Here the fluorescencesignalsfor each
cancer stage are comparedwith the healthy control g r o uflpdrescencesignals. Highly
significant differencesbetweencancerpatientsand healhy control group are achievedwith
cathepsis B and L, uPA, MMP1 and 9. It is noteworthythat only cathepsinsB and L are
significantly different from the healthygroup for stageO breastcancer.EspeciallycathepsinL
seemspromising heresinceit maintans its positive trend of the signal. However,the stageO
groupis very small (n=4). Therefore,all enzymesshouldbe revisitedwhenmore databecomes

available.

Highly significant differencesare achievedwith CTS B, L, uPA, MMP 1 and 9. It is
interestirg to observethat only CTS B and L producea signalfor stageO breastcancerthatis
significantly different from the healthygroup. EspeciallyCTS L seemspromisingheresinceit
maintainsits positivetrend of the signal. However,the stage0 groupis too small (n=4) andthe
control group is somewhatspreadout. Stage0O hasto be revisited when more databecomes

available.

In Figure 2.19 the calculatedp-values[45] obtainedfor comparisonsof the protease
expressiorpatternin eachcancerstagewith those of the healthycontrol group are tabulated,
leadingto the” Si g ni T a lxldlee’caler greendenotesor measuredluorescencesignals
that are significantly enhancedp < 0.05) in cancerpatientscomparedto the healthy control
group. The color yellow representdindings, in which the fluorescencesignalsdetectedn the
serumof cancermatientswere significantly smallerthanin the control group.The color red was

usedfor all casesn which significantresultscould not be obtained.lt shouldbe noted(again)
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that uPA and MMP 9 arethe * d e f p ramtt e @heirefladrescencesignals decreasewith

increasegroteaseactivity.

Significance Table
CTSB | CTSL | uPA | MNPT | MNP2 | MWP3 | MNPT | WNPY | NWP13
B8 ot |noe
Stige 0007313 0.001213 | 0000809 | 19161 | 128E-05 | 0.00118 0007169
SO0 | 137609 D000 81513 175E1 | 25506 OBt 0003
Stgge O00E-{1 | 575E-08 | 63E-15 | 251E-A1 | SHIET | 0.01051 | 0.00895 283611
3‘399 TTEA0 | 12080 | 223616 | 433507 | 428E-06 | 225608 | 0.02407 | 7ME9

Figure 2.19 Calculatedp-values; comparisonof breastcancer patientsand healthy human
subjectsfor all investigatedenzymes,stages0-4 - Green:fluorescencesignal (FS) of cancer
patientsis significantly larger than of control group (CG); Yellow: FS is significantly smaller;

Red:differencesn FSandCG arenot significant.
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The resulting average enzyme activitiasthe serum of the healthy control group and

breast cancer stages 0, 1, 2, 3| 4rare summarized in Figure 2.20

protease —
activity -
1.00£-08 I @

) = healthy
1.00E-10 ( stage 0
1.00E-12 ~ / stage 1
1.00E-14 = stage 2

4 m stage 3
1.00E-16 -

m stage4

Figure 2.20 Average protease activity as a function of breast cancer stage / healthy control group
for all nine proteases monitored imig study. Note that the activity is shown on a logarithmic

scale (logo (protease activity)). The data summarized in this figure is also reported in 2ables

to 2.9

Healthy control groups and stages are color coded. From this plot, it can be discerned
why cathepsin L is the best enzyme to detect both, early breast cancer and cancer staging. MMP
1, MMP 9 and uPA show similar enzyme activity trends, but we were unable to distinguish
between healthy patients and stage 0 breast cancer patients. Theyitmbdach this goal was

due to variations of protease expression among the apparently healthy human subjects and the
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small sample size (n=4) in stage 0. Cathepsin B, MMP 2 can be used to identify breast cancer
patients that are in or beyond stage 2. MBIRould, in theory, identify late stage patients.
Finally, MMP 7 and MMP 13 did not yield conclusive results. It is noteworthy that although
MMP 2, 7, and 9 belong to a group of MMPs that are known to release are known to release
growth factors, cleave offpro-angiogenic factors and start pmagiogenic protease
cascades[36,37], MMP 2 and MMP 9 yield conclusive results for stages one to four, whereas
MMP 7 is only conclusive at higher stages. MMP 13 did not generate any significant results,
although MMP 13is involved in the epithelialnesenchymal transition [38]. The reasons for
these deviations among related matrix metalloproteinases may be found in different tissue
retention and enzymatic degradation of individual proteases, as well as in the actiig pifo

tissue inhibitors of metalloproteinases (TIMPS) in blood [46].

2.4. Conclusion

In conclusion, the most important result of this research is that we are able to detect
breast cancer at stage | monitoring seven proteases and at stage 0 obseryrgease with
high statistical significance. This result is of importance, because we have achieved it with
relatively small group sizes of breast cancer patients and healthy control subjects. As always
when testing biomarkers, the selection processthef required biospecimens is crucial.
Therefore, our next steps will consist in testing our liquid biopsy approach with significantly

larger group sizes of stage 0 and | breast cancer patients.
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2.5. Methods
2.5.1. Synthesis of core/ shell iron/ iron ode - Fe/Fe304 nanopatrticles

The synthesis of dopamirg@ated nanoparticles (Figure 2)2ias been established in the
Bossmann group by performing a modification of a literature procedure depicted by Lacroix et

al. The published synthesis procedure Waral.€R014) was followed for this reseafth

DE
180 °C

Fe(CO)s + oleylamine + HDA-HCI

vwv = oleylamine or HDA

Figure 2.21 Synthesis of core/ shell iron/ iron oxideFe/Fe304 nanoparticles (Wang et al.
2012)

The synthesis procedure (from Wang et al. (2014)) is reproduced here. A 250 ni, three
necked, roundbottom flask equipped with a magnetic stir bar, one cold water cooled jacket
condenser on the middle neck, one septum and one temperature probe on each of the outer necks
was charged with 60 mL -dctadecene (ODE), 0.9 mL oleylamine and 0.831 g
hexadecylammonium chiole (HADXHCI). The reaction system was connected to a Schlenk line
through the top of the jacket condenser. The reaction mixture was degassetCabl 30 min
with vigorous stirring. After being refilled with argon, the reaction mixture was heateg8Dtw 1
C. Three portions of 0.7 mL Fe(Cyere injected into the reaction mixture via syringe, every
20 min. The reaction mixture was kept at 480for another 20 min after the last injection, and
then cooled to room temperature naturally. The supernatast decanted, and the iron

nanoparticles accumulated on the magnetic stir bar were washed with hexane and ethanol. The
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product was dried in vacuum and stored at room temperature under argon for further use. Based
on the iron content of the nanoparticles,ishhwas determined spectrophotometrically after
dissolving the nanoparticles in agueous HCI (1.0 M) and subsequent complexation with ferrozine
(sodium 4,4(3-(pyridin-2-yl)-1,2,4triazine5,6-diyl)dibenzenesulfonate)2 , the yield of the

reaction is 95%.

2.5.2. Dopamine coating of the core/ shell iron/ iron oxide nanoparticles.

The Fe/FeOs-nanoparticles will be protected by using dopamine. The synthesis
procedure (from Wang et al. (2014)) is reproduced here.

Dopamine Coating of the core/shell Fe/Fe304 dpanticles 0.50 g of previously
synthesized Fe/Fe304 nanoparticles was dispersed in 100 mL chloroform via sonication. With
vigorous mechanical stirring, a solution of 0.50 g doparhiyarochloride in 50 mL chloroform
was added dropiise to the nanoparticleuspension. The reaction mixture was further stirred at
room temperature for 24 hours, and then the dopamine coated nanoparticles were collected by
centrifugation. After washing with chloroform 5 times, nanoparticles were dried under vacuum.

0.47 g dopanmie coated Fe/Fe304 nanoparticles were collefted
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2.5.3. Synthesis of TCPP Fluorophore
The synthesis of4-carboxyphenyl)porphyrirhas been established in the Bossmann

group by performing a variation of a literature procedure of Pereira et @8){20

COOH

Acetic acid
100 — 120 °C

COOH

Figure 2.22 Reaction scheme fogsthesis of TCPP

The published synthesis proceduffrom Wang et al. (2014)) wdsllowed for this
research. 1.50 g-darboxybenzaldehyde was dissolved in 80 mL acetic acid. The solution was
warmed to 108C and asolution of 0.67 g pyrrole in 10 mL acetic acid was added dropwise over
20 minutes. Upon completion of additiohetsolution was warmed to 12Q slowly and was
kept at120 °C for 1 hour (Figure 2.22 The mixture was cooled to 800 C and 100 mL 95%
ethaml was added and then lowered to room temperature, while stirring in 3 hours. Then the
mixture was kept in atl5°C for 24 hours. Purple solid was collected by vacuum filtration. The
filter cake was washed with cold 50/50 ethanol/acetic acid (3x5mL) aed dnder high
vacuum (oil pump) overnight. 0.51g of pure product was obtained (25.5% $fetthi NMR
(DMSOd 6 ) -2.%:(s, 2H); 8.35 (d, 8H); 8.39 (d, 8H); 8.86 (s, 8H); 13.31 (s,(BEldureAl)
13C NMR (DMSQd 6 ) o : 119. 31; 127.90; 1-BD+:1m/2791.201 34 . 4 4

Molecular weight calculated as 79@FRgure A2.
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2.5.4. Syntlesis of Cyanine 5.5
The fluorescent cyanine 5.5 dye wagnthesized following three reaction schemes.
Reaction procedures are variation of literature procedures described in Carreon et al? (2007)

The published synthesis procedures (from Wang et al4j2@ias followed for this researéh

2.5.4(A) Synthesis of 4(1,1,2trimethyl-1H-benzo[e]indo}t3-ium-3-yl)butane-1-sulfonate
(Figure 2.23
The published synthesis procedure (from Wang et al. (2014)), which is an alteration of the

synthetic procedure i@arreon et al. (2007) was followed.

1,2-dichlorobenzene

130°C O
— U

N+

\
(CHy)s SO3

Figure 2.23 Reaction scheme forysthesis of 4(1,1,2trimethyl1H-benzo[e]indol3-ium-3-

yl)butanel-sulfonate

A 50 mL two necked round bottom flask fitted with a magnsfilcer al a condenser wdkme
dried. 1,1,2trimethyt1H-benzo[gindole (1.0g, 4.78mmol) wasdissolved in dry o
dichlorobenzene (10 mL). #;butaneslione (0.58mL, 5.73mmol) waadded dropwise under a
continuous flow of argon. The reaction mixture was, thdawald to heat up to 13 for 24h.

The reaction mixture waallowed to cool down to room temperature to obtain a blue colored

predpitate. The precipitate watsiturated with icecold diethyl ether (40mL) for 15min. The
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precipitate wadiltered through fit glass, washed with cold diethyl ether (3 x 5mL), dried in

vacuum yielding}-(1,1,2trimethyt1H-benzo[e]indoi3-ium-3-yl)butane 1-sulfonate.

2.5.4(B) Synthesis of 3(5-carboxypentyl)-1,1,2trimethyl -1H-benzo[e]indot3-ium (Figure
2.29
The published sythesis procedure (from Wang et al. (2014)), which is an alteration of

the synthetic procedure in Carreon et al. (2007) will be followed.

1,2- dlchlorobenzene

Brwo '
0

N* Br

CH2 )5 COOH
Figure 2.24 Reaction scheme for ysthesis of 35-carboxypentybl,1,2trimethyl1H-
benzo[e]indoi3-ium.
A two-necked 50 mL round bottom flask fitted with reflaendenser and stirring bar whe
charged with 1,1:Zimethyt1H-benzo[e]indole (1.0g, 4.78mmol) which wa#ushed with
argon three times. After dissolving in drydahlorokenzene (15 mL), (0.93g, 4.78mij of 6-
bromohexanoic acid wasdded. The reaction mixture wasirred for 36h at 120C by using an
oil bath. This will result in a dark blue smion. The reaction mixture wadlowed to cool down
to room temperate. This cooled solution wadgriturated with 1:1 diethyl ether and hexane
mixture (total volume 90 mL) for an hour. The blue precipitate will be filtered off, washed with
diethyl ether (3 x 20mL) and dried in vacuum yieldBp-carboxypentybl1,1,2trimethyl1H-

benzol[e]indoi3-ium.
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2.5.4(C) Synthesis of Cyanine 5.5 “2-((1E,3E,5E)5-(3-(5-carboxypentyl)-1,1-dimethyl-
1H-benzo[e]indot2(3H)-ylidene)pental,3-dien-1-yl)-1,1-dimethyl-1H-benzo[e]indo}t3-ium-
3-yl)butane1-sulfonate, bromide salt)( Figure 2.29

The published synthesis procedure (from Wang et al. (2014)), which is an alteration of
the synthetic procedure in Carreon et al. (2007), was followed.

A 50mL two-necked oven dry round bottom flask fitted with a magnetic stir bar was
flushed with argon. Indolm salt, 1 (0.1g, 0.29 mmol) and malondialdehyde bis(phenylimine)
monohydrochloride 2 (0.09g, 0.35mmol) were charged into the 50mL round bottom flask. Acetic
anhydride (10mL) was added to this mixture and slowly heated t8Q 20 an oil bath and the
reacton was monitored through TLC. The reaction was allowed to remain CLR8) half an
hour. The reaction was then cooled to room temperature. An indolium salt, 3 (0.175g,
0.433mmol) in dry pyridine (5mL) was added to the above reaction dropwise. Thenresas
allowed to stir at room temperature for 16h. The mixture was, then, concentrated in a rotavap and
the residue was dissolved in & (3mL) and loaded on silica column chromatography with
CH2Cl2: MeOH solvent system (total volume = 2L). A gradi@fit100% to 25% of solvent
CH:Cl> was used to obtain 0.21g of a deep blue colored dye. Percentage yield of cyanine 5.5:
92%. 1H NMR (DMSGd 6, 400 MHz) & (ppm): 8.48 (t, J=1
8.06(m, 2H), 7.78(m, 1H), 7.67(m, 1H), 7.51(m, 2H), 6.65(dd, J=8Hz, 1H), 6.44(cH3=1R),

6.33(d, J=12Hz, 1H), 4.23(m, 4H), 3.0(m, 2H), 2.08(m, 2H), 1.96(m, 2H), 1.78(s, 16H), 1.57(m,

2H), 1.42(m, 2H).
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H 30 min, 120 °C O
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(CH,)s COOH Br-  (CH,)s COOH
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RT. 18Hr

\
(CHy)s COOH  (CH,)SO5

Figure 2.25 Reaction scheme forysthesis of Cyanine 5.5 {@-((1E,3E,5E)5-(3-(5-
carboxypentyhl,1-dimethyt1H-benzo[e]indol2(3H)-ylidene)pentsal,3-dien-1-yl)-1,1-

dimethyt1H-benzo[e]indol3-ium-3-yl)butanel-sulfonate, bomide salt)
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2.5.5. Peptide synthesis

The oligopeptides used as consensus sequences, which were synthesized in thenBpssipa

by means of solidupported peptide synthesis [20], are summarized in Table 2.1.-réstyl

was used as a matrix polymer solid support. Peptide synthesis can be completed in the same
peptide synthesis tube by the repetitive steps in additispetific amino acid, filtration and
washings, accordingly. Commercially availabletddminal protected @erminal amino acids

were used for the synthedis

Protease ConsensusSequence Isoelectric Point | Hydrophobicity
(ph) Index at pH=6.8
MMP1 GAGVPMS-MRG GAG 11.18 18.54
MMP2 GAGIPVS-LRSGAG 11.18 22.08
MMP3 GAGRPFSMIMG AG 11.18 27.77
MMP7 GAGVPLS-LTMG AG 6.09 30.31
MMP9 GAGVPLS-LYSGAG 6.0 28.08
MMP13 GAGPQGLA-GQRGIV AG 11.18 19.88
uPA GAGSGR-SAG 11.18 22.08
Cathepsif(CTS)B | GAGSLLKSR-MVPNFNAG |11.6 2082
CathepsinCTS)L | GAGSGVVIA-TVIVIT AG 6.09 43.82

Table2.10 Consensusequences singlelettercodefor 9 proteases=ssentiabminoacidsof

theconsensusequencearebold. (http://www.lifetein.om/peptideanalysistool.html)
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The resin was preloed into the peptide synthesis tube and swelled in dichloromethane
(DCM) for 20 minutes and then filtered. DCM was washed away by five consecutive of N,N
Dimethylformamide (DMF) washings. A mixture of Fmoc protected amino acid and O
BenzotriazoleN,N,N',Ntetramethyuroniumhexafluorephosphate (HBTU) as coupling agent
were added, swirled 30 minutes, and then filtered. This step was repeated once. Excess amino
acid and the coupling agent were washed away by five DMF washings. Then 20% piperidine in
DMF wasused for Ndeprotection. Subsequent amino acid coupling was performed after N
deprotection. The oligopeptides used as consensus sequence were synthesized using amino acid
by amino acid from @erminus to Nterminus3. The peptide synthesis process is stdcally

represented in FigureZb.
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Swell resin in Dichloromethane

Sy O
HoN
- O)LN)}(OH 2 \/hN O Resin
= e g
Coupling solution mixture of
HBTU, DIEA in DMF

Y ow,
| > OAN/H(N\/PW O Resin
S 0

H

N- deprotection
0.0 reor [
N
R H
N—Trityl——Resin H3C CH3
HoN R

O )\ _CH
Fmoc—NM Ha ’ N/
LA

Acylation
Repeat Deprotection, 4 HBTU DIEA
coupling of next amino acid N
until the required peptide sequence (;[ N + Excess Reagents
is resulted N’ 9
\
v OH

DMF Washings

\J

-, 8% u g
N Trityk—Resin
- - N)}( %N—/_
H O R H

Figure 2.26 Schematic representation of solid phasptple synthesis process
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2.5.6. Coupling of TCPP to the Oligopeptide Consensus Sequences

TCPP is connected to the-tdrminal of the oligopeptides while it was still on the resin,
following same coupling conditions as for an amino acid.

Finally, the TCPP conjugated oligopeptide was then cleaved off the resin and agtetbleain
protecting groups werremoved using a mixture oFA, TIPS and water (95: 2.5 : 2.5). TGPP
oligopeptide was precipitated in cold ether and collected by centrifuging at 10000rpm. After
preciptation, several DMF washings wetarried out to remove the excess of unreacted TCPP
and other reagentdhree firal ether washings werearried out, in order to remove leftover

DMF.

2.5.7. Nanoplatform Synthesis

The published synthesis procedure (from Wang et al. (2014), is reproduced here. 200 mg
of dopamine coated Fe/Fe304 nanoparticles were dispersed in 5 mMBf ZD0 mg of
dopamine coated Fe/Fe304 nanoparticles were dispersed in 5 mL of DMF. A solution of 3 mmol
of Cy5.5, 3.3 mmol of EDC, 1 mmol of DMAP in 1 mL of DMF was added to this dispersion.
After sonicating for 1 h, the nanoparticles were precipitatea imagnet, and thoroughly washed
with DMF (1 mL x 10). The TCPligopeptide was linked to the primary amine groups of
Fe/FeOs-bound via an amide bond [20]. Note that these sequences also contain GAG and AG as
peptide linkers. The recovered nanopartickee redispersed in 5 mL of DMF, and to this
dispersion, 2 mmol of TCPP linked peptide sequence, 2.2 mmol of EDC, 1 mmol of DMAP in 2
mL of DMF were added. After sonicating for 1 h, the nanoparticles were precipitated by a
magnet (0.55T), and thoroughly sleed with DMF (1 mL x 10). After drying in high vacuum,

170185 mg of nanoplatform can be obtained. The composition of the nanoplatform was
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analyzed by means of UVis spectroscopy (Agilent HP 8543A). After combining all washing
fractions and subsequenthgent removal in high (682nm) = 5.17) were taken up in 1.0 ml
methanol and quantitatively measured taking advantage of their high absorption coefficients. The
nanoplatforms were dispersed in PBS, and TCPP and cyanine 5.5 were measured by UV/Vis
spectroscop as well, using dopamine coated Fe/Fe3@aoparticles in PBS as the reference.
The ironcontent of the nanoplatforms was independently determined using the ferrozine assay.2
This resulting data, together with the size of the Fe/Fe@@wparticles, enadd the calculation

of the average ratio of TCPP and cyanine 5.5 per nanoparticle.

2.5.8.Standard procedure of preparing proteaseassaygwithout serum)

3.0 mg of nanoplatformweredissolvedin 3.0 ml of PBS. The dispersionwas sonicated
for 10 min. The resultingdispersionis chemicallystablefor 14 daysat 4°C. 900 mg of dextran
weredissolvedin 90 ml of PBS.Stocksolutionsof all 9 enzymeswverepreparedoy consecutive
dilution of commerciallyavailableproteasefEnzo Lifesciences)3 ml of PBS-dextan (10 mg
dextranin 1.0 ml of PBS)aremixedwith 75 lof the nanoplatforndispersion(3.0mgin 3.0ml
of PBS,seeabove)and 30 u lof eachof the proteasest everyconcentratiorlevel in PBS.The
dispersionswere incubatedat 25°C for 60min, followed by the recordingof a fluorescence

spectrumat 25°C usinga Fluoromax2spectrometef ¢w=421nmAex = 620—680nm).
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2.5.9.Standard procedure of preparing proteaseassayqwith inactivated serum)

3.0 mg of nanoplatformweredissolvedin 3.0 ml of PBS. The dispersionwas sonicated
for 10 min. Theresultingdispersions chemicallystablefor 14 daysat 277 K. 900 mg of dextran
weredissolvedin 90 ml of PBS.Stocksolutionsof all 9 enzymeswverepreparedoy consecutive
dilution of commerciallyavaileble proteasefEnzo Lifesciences)3 ml of PBS-dextran(10 mg
dextranin 1.0ml of PBS)aremixedwith 75y lof the nanoplatforndispersion3.0mgin 3.0ml
of PBS, seeabove),30 u lof inactivatedserum,and 30 p lof eachof the proteasest every
conceltrationlevel in PBS.The dispersionsvereincubatedat 25°C for 60min., followed by the
recordingof a fluorescencespectrumat 25°C using a Fluoromax2spectrometef & = 421nm,
Aem = 620 — 680nm).Inactivationof serumwasachievedby heatingto 56°C in anincubatorfor
45min., taking the heatingtime of the serumfrom RT to the chosentemperaturento account,
makingsurethatthe serumis heatedor a minimum of 30min. Inactivatedserumtestednegative

with all nine nanoplatformgor proteaseneasuremasemployedn this study.
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Chapter 3 - Nanoplatforms for the Detection of Arginase
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3.1. Abstract

The enzyme arginase, which is overexpressed in many solid tumors, is able to degrade
the amino acid arginine. -arginine deficiency is resulting in an impaired immune system. Two
nanoplatforms for arginase detection were designed and synthe8pnéul.feature a central
dopaminecoated irofiron oxide nanoparticle to which sulfonated cyanine 7.0 or cyanine 7.5 is
tethered via stable amide bonds. both nanoplatforms, cyanine 5.5 is linked to théehNninal
of the peptide sequence GRRRRRRRA&ginine (R) reacts to ornithine (O) in the presence of
arginase Il. This chemical transformation occurs without proteolytic cleavage of the
oligopeptide. This is the first example for
of arginase whin an hour. It is noteworthy that the nanoplatforms for arginase detection do not
show a fluorescence increase when incubated with the enzymedittase, which also uses
arginase as substrate, but is indicative of an immune response by the hosteto atahc
infections. The arginase activity was determined in a syngeneic mouse model for aggressive
breast cancer (4T1 tumors in BALB/c mice). It was found that the arginase activity is

systemically enhanced, but especially pronounced in the active tunamseg

Keywords: Posttranslational sensor, arginase detection, iron/iron oxide nanojmasiete

nanoplatform, fluorescence detection
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3.2. Introduction

Arginase metabolizes-arginine to Lornithine and urefl]. Besides its fundamental role
in the hepatic urea cyclarginase is a key player in the immune syst@nmumansarginasd is
constitutively expressed in polymorphonuclear neutrophils, mtedsiring inflammation and
responsible for the dowregulation of nitric oxide synthesis by converting arginine to ornithine.
Arginasemediated Larginine depletion is capable of suppressing T efthune responses,
leading to inflammatiorassociatedmmunesuppression, which is a hallmark of aggressive solid
tumors[2]. Furthermore, karginine insufficiency is also responsible for dysfunction of natural
killer (NK) cells, which are vital for early host defense against infections and tuBjors
Arginase can be found in mammalian bodies in two isoforms: arginase | and arginase II.
Whereas arginase | is (mainly) a liver enzyfdé, arginase Il can be found, in varying
concentrations, in tissupb]. Arginase lhas been recognized as a biomarker for paticre
adenocarcinompb]. Arginase Il is expressed in canassociated fibroblasts and indicates tissue
hypoxia and predicts poor outcome in patients with pancreatic cptjcedowever, since fast,
reliable and sensitive plate reader tests for arginattibnare notavailable to date, numerous
potential other applications for this technology can be envisif8je@olorimetric arginase tests
kits are commercially available. The most sensitive test to data has a limit of detection (LOD) of
2 x 107" moles L}[9]' In this UV/Vis-absorptiorbased assay, arginase reacts with arginine and
undergoes a series of reactions to form a colored prodwet=(570 nm). The aim of this
endeavor is to design a fluorescetased arginase sensor that is equally seas#is the

technically more complex immunoassays (target LOD:@abmolar)[10].
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Figure3.1: X-ray structure of Arginase Il (1PQ3)
(http://www.rcsb.org/pdb/pv/pv.do?pdbid=1PQ3&bionumber=1, accessed on 02/12/2016).

Arginases | and Ibelong to the family of ureohydrolases. Mammalian arginase 1l is active as a
trimer [11]. It requires a manganese cluster to maintain its functior* Moordinates and
activates HO, thus enabling it to act as effective nucleophile. It is noteworthyatigatase |1,
contrary to NGreductase, is not only able to transform free arginine to ornithine, but to catalyze
the same reaction if arginine is part of am oligopeptide. The transformation of arginine into
ornithine proceeds stepwise and most likely na@dom pattern. It ends when all seven arginine
units in GRRRRRRRG (pl: 12.78)2] have been transformed into GOOOOOOOG (pl: 5.52).
Assuming a random reaction pattern also means that 176 different reaction intermediates can be

formed.
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Scheme 3.1: Bnsformation of GRRRRRRRG into GOOOOOOOR (Gglicine, R: L
arginine, O: Lornithine; stereochemistries not shown)). In each step, urea is hydrolytically
cleaved off Larginine to form Lornithine. Note that the left side of the oligopeptide is bound to
dopamine, which is anchored at the surface of the central iron/iron oxide nanoparticle of the

nanoplatform.

The posttranslational arginase sensors utilize cyanine dyes as FRET (Forster Resonance Energy
Transfer) probegl3]. Cyanine 5.5 (donor) and cyann&.0/7.5 (acceptors) form attractive
FRET-pairs, as indicated in Scheme 2, because of the significant spectra overlap between the
fluorescence spectrum of cyanine 5.5 and the absorption spectra of both, cyanine 7.0 and 7.5.
Furthermore, all cyanine dyeseacharacterized by their large molecular extinction coefficients

and their narrow absorption and emission bdtdg It should be noted that cyanine dyes have

very short fluorescence lifietes in the range of 200 to 3&in watef15]. Therefore, theyra
essentially not quenched by oxygen. Cyanine dyes have reasonable fluorescence quantum yields

ranging between 5 and 10 percent in aqueous buffermaib [16].
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Scheme 3.2: Spectral overlap between the potential Forster Resonance Transfer paies Cya
5.5/Cyanine 7.0 and Cyanine 5.5/Cyanine 7.5. The absorption and emission spectra of the
cyanines are normalized. From this estimation, the spectral overlap in both FRET pairs appears

to be of the same order of magnitude. Information freww.lumiprobe.comwas utilized in

preparing this scheme.
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Figure 32: Cyanine Dyes used in this study. The extended structure of cyanine 7.5 is marked in

gray. The synthesis of the cyanineedys described in the Experimental section.
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3.3.Results and Discussion

The nanoplatforms for arginase detection were designed from the following components:

1) The central Fe/R®s core/shell nanoparticle. As transmission electron mics¢dEM)
indicates,the average Fe(0) core diameter of the FH&k@anoparticles is 0.5 nm and
the FeOs shell thickness of 3£D.5 nm. The polycrystalline nanoparticles were synthesized
synthesized by thermal decomposition of G®f in the presence of oleylamine and
hexadecylammonium chloride (HADxHCI) usingottadecene (ODE) as solvEit]. The
optimization of this synthetic procedure by Dr. Hongwang Wang is described in the

“Synthetic Procedures s @sent as organidy eedtimgvwof theD o p a n
Fe/FeOs-nanoparticles, because, as a typical catechol, it strongly adhers to the- Fe(lll)
centers of magnetite (K®4), with a binding constant of (conservatively estimatedf10ol
1118]. Dopamine also increases the watipersibility of the inorganic nanoparticles to > 5
g L-1[19], which is mandatory for their use in aqueous buffers.

2) Either cyanine 7.0 or cyanine 7.5 was tethered by means of stable amide bonds to the primary
amine functions of dopamine. Both néairared dyes were selected as FRET acceptors,
together with cyanine 5.5 as FRET donor (see below). It is noteworthy that the fluorescence
lifetime of cyanines in water is too short to observe signifigdagmonic quenching effects
(also known as dipolsurface energy transfer (SETRO]) between the central Fede
nanoparticle and the attached cyanines. This is a substantial design change in comparison
with earlier nanoplatforms from the Bossmann group, in which tetracarboxypbenpylyrin

(TCPP), was useds a fluorophore. TCPP shows fluorescence lifetimes in the nanosecond

range, which increases SET significantly. The number of cyanine 7.0 or 7.5 FRET acceptors
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3)

per nanoparticle was estimated ta30based on their Viabsorption spectra, andsauming

that the spectra did not significantly changed when attached to the inorganic nanoparticles.
Cyanine 5.5 was tethered to by means of the oligopeptide GRRRRRRRf&)&Rthe
dopaminecovered Fe/F©s; nanoparticles. The synthesis of the oligopgtiand the
attachment of GRS to the primary amine functions of the dopamioated nanoparticles

were performed following procedures that were previously optimized in the Bossmann group
[21, 22] Cyanine 5.5 was attached to thed¥minal glycine of GRS while the oligopeptide

was still bound to the resin, thus eliminating the possibility of unwanted side reactions. As
shown in Scheme 2, cyanine 5.5 was chosen as FRET donor. Based on UV/Vis spectroscopy,

we have estimated that #% cyanine 5.5lyes were attached to the inorganic nanoparticles

via GR/G tethers.

Figure 3.3: Transmission Electron Micrographs of the nanoplatforms for arginase detection,

recorded by Assistant Prof. Dr. Emily McLaurin using the FEI Tecnai G2 Spirit BioTWIN,

120KV (GATAN digital imaging system and HAADF detector) TEM of the Nanotechnology

Innovation Center at Kansas State University. A: dopaiodsed Fe/F€, nanoparticles; B:
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dopaminecoated Fe/F©s nanoparticles featuring GR-attached cyanine 5.5 and tethered
cyanine 7.5; C: dopamineoated Fe/FH©4 nanoparticles featuring GR-attached cyanine 5.5
and tethered cyanine 7.0). C: dopamooated Fe/F€4 nanoparticles featuring GR-attached

cyanine 5.5 and tethered cyanine 7.0).

Upon excitation a680 nm, cyanne 5.5 reaches its excited singlet state, which spectrally
overlaps with the absorption spectra of both, cyanine 7.0 and cyanine 7.5. The general equation

for FRET processes is:

0O Equation 1

E: FRET efficiency, kr: rate of energy transfers:kadiative decay rate;’ks : rate const
any other occurring deactivation processes, r: distance betweenatmhacceptor, R Forster

radius at which the energy transfer efficiency is 50%.

The Forster radii for cyanine dyes are ranging from 5 ameh B3]. The maximal length
of both oligopeptides G and GGG is 3.2 nm. Considering the principal geometrythod
nanoplatform, cyanine 5.5 can easily undergo FRET with both, cyanine 7.0 and cyanine 7.5,
because it is within the Foérster radius of more than one FiE&ptor. Since FRET processes
feature a P dependence of the distance between donor and accefpamges in tether mobility
will directly either decrease or increase the FRET efficiency. It is our paradigm that the

chemical transformation from arginine to ornithine is causing exactly this effect.
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3.3.1.Calibration of the Nanoplatforms

Nanoplatfom 1 (FRET pair cyanine 5.5 / cyanine 7.0) and nanoplatform 2 (FRET pair cyanine
5.5 / cyanine 7.5) were dispersed in PBS phosphate buffered saline) (Img / mL). The
dispersion was then sonicated fdrmin. 7 O L qf this stock solution was added to a series of

3 0 pakginase dilub n's i n ofaéxBadRBE (10mg/ml) solution The concentration was
ranging from 5.22 x 10to 5.22 x 10° moles of arginase Il per liter dix PBS. Recombinant
Arginase |l waspurchased from Sigma/Aldrich. After adding the nanoplatform for arginase
detection, the dispersion was incubated &iC3ibr 1h. The resulting fluorescence was then
measured using a Fluoromax 2 spectrofluorometer @, 25citation wavelength 68@m. The

results are shown in Figur8<} to 3.11.
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Figure3.4: Steadystate fluorescence spectra of nanoplatform 1 (FRET pair cyanine 5.5 / cyanine
7.0) in PBS. Dark green line: PBS; light green line: 5.22 % MiGarginase |l in PBS; brown line:
nanoplatform 1n PBS in the absence of arginase after 1h of incubation°ax; ®fue line:

nanoplatform 1 in PBS after incubation with 5.22 £ M arginase Il in PBS at 3C.

70



As Figure3.4 shows, dual fluorescence from cyanine 3= 723nm) and cyanine 7.0
(Amax = 794nm) is observed. After incubation with arginase I, an increase in cyanine 7.0
fluorescence is discerned, which indicates that FRET increases upon conversion of arginine to
ornithine. It is noteworthy that the fluorescence of nanoplatform 1 incredtsdincubation
with arginase II. | earlier studies, it was found that arginine was capable of forming a complex
with a cyanine dye, which resulted in fluorescence quendBig A similar effect is observed
here, with the exception that cyanine 5.5athéred to GKG, which results in
binding constant. The fluorescence quantum yield of nanoplatform 1 increases upon conversion

of arginine to ornithine, because the latter does not form complexes with cyanine 5.5.
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Figure3.5: Steadystate fuorescence spectra of nanoplatform 1 (FRET pair cyanine 5.5 / cyanine
7.0) in PBS. Fluorescence spectra for the whole calibration (5.22 M1t 5.22 x 10 M of
arginase Il in PBS, incubation at°87for 1h). Dark blue line: 5.22 x QM or arginasdl; blue

line: 5.22 x 10 M; light blue line: 5.22 x 18 M; pink line: 5.22 x 16 M; red line: 5.22 x 18°
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M; brown line: 5.22 x 18! M, gray line: 5.22 x 1%? M; black line: 5.22 x 18* M of arginase I

in PBS.
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Figure3.6: Steadystate fluorecence spectra of nanoplatform 1 (FRET pair cyanine 5.5 / cyanine
7.0) in PBS. Fluorescence spectra for the whole calibration (5.22 M0 5.22 x 10 M of
arginase Il in PBS, incubation at°87for 1h). Dark blue line: 5.22 x M or arginase llplue
line: 5.22 x 10’ M; light blue line: 5.22 x 16 M; pink line: 5.22 x 16 M; red line: 5.22 x 18°
M; brown line: 5.22 x 18 M, gray line: 5.22 x 18? M; black line: 5.22 x 18° M of arginase |

in PBS.
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Most interestingly, the observed FREETficiency is strongest after 1h of incubation with the
highest arginase Il concentration and weakest in the absence of arginase. This finding is
providing experimental evidence in favor of our paradigm7G@ossesses the higher mobility

than GRG. Furthemore, complex formation between cyanine 7.0 and arginine is not observed.

A B FRET
Cyanine 7.0 Arginase

—»

Cyanine 5.5

Scheme 3.3: Paradigm for the observed FRET efficiency as a function of arginase Il
concentration in nanoplatform 1. Black dots: glycine; brown dots: arginine, light blue dots:
ornithine. A: FRET is inefficient before reaction of the tether with arginase Il. B: FRET is

strongest when virtually all arginine units have to be converted to ornithine.

The calibration curve for nanoplatform 1 is shown in Figdire Plotting the quogint of
the integrated fluorescence bands of cyanine 5.5 (710 to 730nm) and cyanine 7.0 (760 to 840nm)
vs. the decadic logarithm of arginase Il concentration yielded the best (=most sensitive) results.
Based on the experimental error of ¥/ percent (rel,)the LOD of nanoplatform 1 under the

experimental conditions described here is picomolar.
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Figure 3.7: Calibration curve for nanoplatform 1 measuring arginase Il (Sigma/Aldrich) activity
in PBS. The plot shows the quotient of the integrated fluorescleands of cyanine 5.5 (710 to
730nm) and cyanine 7.0 (760 to 840nm) as a function of log10 of arginase Il concentration. The
error from three repetitions was determined to 7% (rel.). Based on this error, the LOD (limit of
detection) of nanoplatform 1 Ecomolar.

Nanoplatform 2 (FRET pair cyanine 5.5 / cyanine 7.5) was tested/calibrated using the
same protocols and procedures as described for nanoplatform 1. The only principal difference
between the two nanoplatforms is that cyanine 7.5 is tetheré tdopamine coated Fedr
nanoparticles instead of cyanine 7.0. Although both nanoplatforms are very similar in their
chemical composition, we cannot exclude minor differences in nanoparticle diameter, dopamine
coating and tethering efficacy to fluoreatelyes and G#&. However, they should not account

for the major differences in photophysical behavior between the two nanoplatforms.
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The most striking difference between the photophysical behaviors of nanoplatforms 1 and
2 is that the latter does not et increased FRET efficiency with increased arginase Il
concentration and incubation time. For nanoplatform 2, a significant fluorescence increase over
the whole observed fluorescence range is observed. This permits the calibration of nanoplatform
2. However, due to the absence of FRET, its LOD is only a0 of arginase Il concentration,

which is two orders of magnitude less than the LOD of nanoplatform 1.
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Figure3.8: Steadystate fluorescence spectra of nanoplatform 2 (FRET pair cyanine 5.5reyan
7.5) in PBS. Dark green line: PBS; light green line: 5.22"X MiGarginase Il in PBS; brown line:
nanoplatform 2 in PBS in the absence of arginase after 1h of incubatiofCati8ie line:

nanoplatform 2 in PBS after incubation with 5.22 ¥ M argnase Il in PBS at 3T.
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Figure3.9: Steadystate fluorescence spectra of nanoplatform 2 (FRET pair cyanine 5.5 / cyanine
7.5) in PBS. Fluorescence spectra for the whole calibration (5.22 M1t 5.22 x 10 M of
arginase 1l in PBS, incubation 7°C for 1h). Dark blue line: 5.22 x M or arginase II; blue

line: 5.22 x 10’ M; light blue line: 5.22 x 18 M; brown line: 5.22 x 18 M; gray line: 5.22 x 10

10M; black line: 5.22 x 18 M of arginase Il in PBS.

76



10000

8000\

6000 k\
4000 \\\

2000 BTN S

fluorescence intensity

0

750 800 850 900
wavelength / nm

Figure 3.10: Steadystate florescence spectra of nanoplatform(PRET pair cyanine 5.5 /
cyanine 7.5in PBS. Fluorescence spectra for the whole calibration (5.22 Ml 5.22 x 10"
M of arginase Il in PBS, incubation at°87for 1h). Dark blue line: 5.22 x M or arginasdl;
blue line: 5.22 x 10 M; light blue line: 5.22 x 18 M; brown line: 5.22 x 18 M; gray line: 5.22

x 101° M; black line: 5.22 x 18' M of arginase Il in PBS.
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Figure3.11: Calibration curve for nanoplatform 2 measuring arginase |l (SignraAjdactivity
in PBS. The plot shows the quotient of the integrated fluorescence bbaoganine 5.5 and
cyanine 7.5over the complete fluorescence range (700 to 900nm) as a function of logl0 of
arginase |l concentration. The error from three repestivas determined to 5% (rel.). Based on

this error, the LOD (limibf detection) of nanoplatformig 101° M.

What could be the reason for the observed differences? According to reference 24,
cyanine dyes form complexes with cationic aromatic compouwskish results in fluorescence
guenching. Besides arginine, a fraction of the dopamine ligands at i0e $teface of the
central nanoparticle is also quaternized in PBS. Both cyanine dyes are negatively charged in

PBS, due to the deprotonation of theilfgnic acid group. The only chemical difference between
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cyanine 7.0 and cyanine 7.5 is the existence of two additional fused benzene rings. Apparently,
the presence of extended aromatic ring systems in cyanine 7.5 units favors their adsorption at the
dopaminecoated interfaces. This enables more efficient fluorescence deactivation of cyanine 7.5
and, therefore, distinctly less fluorescence occurring from cyanine 7.5. However, this does not
explain the observed fluorescence increase of nanoplatform 2 imdteased arginase I
concentration and incubation time. Therefore, we have to assume that complex formation

between arginine and cyanine 7.5 occurs as well.

A B

Cyanine 5.5

Arginase Cyanine 7.5

— -

Scheme 3.4: Paradigm for the observed FRET efficiency as a function of arginase Il
concentratia in nanoplatform 2Black dots: glycine; brown dots: arginine, light blue dots:
ornithine. A: FRET can acur between cyanine 5.5 and ‘hé&fore reaction with arginase II.
However, complexation of both cyanines with quaternized arginamel dopamininits
decreases their fluorescence quantum efficiencies. B: FR/E&etcyanine 5.5 and cyanine 7.5
does not occur after conversion of arginine to ornithine in the tether. However, the total
fluorescence efficiency of both cyanine dyes increases due to redoicgdex formationwith

guaternized organic bases.
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3.3.2.Arginase Il Concentration in Mouse Tissues

The tissue samples of BALB/c mice bearing 4T1 mammary tumors were obtained from
Dr. Tej B. Shrestha in the group of Prof. Dr. Deryl L. Troyer, DMV, Depaninof Anatomy &
Physiology at Kansas State University. The animal handling procedures are described in detail in
referencg25]. The mouse tissue was harvested after the mice were euthanized 26d after tumor
initiation in mammary fatpad #11. The mouse uesswas then homogenized following
procedures that were previously established in collaboration with the group of Dr. Troyer, DVM
[26]. All measurements of arginase Il in tissue samples were performed 29nQ Q of p
PBS/Dextran3 0 pL of t i s s befnanoplatforncltdisparsiah in PBS/dextran.
Assay control s wer e using 290t @Bigsue extrdct. TR S/ D e X
solutions/dispesions were incubated for 60 miat 37C, followed by mesuring their
fluorescence spectra at’®susing a Fluoromax 2 device. The results are summarized in Figures

3.12 t03.14 and Tabl&.1.
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Figure 3.12: Steadystate fluorescence spectra of nanoplatform 1 (FRET pair cyanine 5.5 /
cyanine 7.0) in PBS/Dexn (3.0 mL) in the presence of BOtissue extract froncore regions
of murine 4T1 tumors. Blue lines: nanoplatform 1 in the presence of tissue extract after 1h of
incubation at 3%7C. Black line: nanoplatform 1 in PBS after 1h of incubation 8€C3Gray line:
f 1l uor es c ktissueextract frol@ €ofe regions of murine 4T1 tumors in PBS/Dextran (3.0
mL).

As summarized in Figurd.12, allfive tumor core samplesobtained from BALB/c mice
bearing4T1 mammary tumors show similar fluorescence behavior, which translated into
similar arginae Il concentrations. The exact concentrations were calculated using the calibration
curve for nanoplatform 1 (Figu&7) and are summarized in Taldd. These measuremeraie

making use of the “ratiometric prthersame pinhee ” by
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and then calculating the ratio betwetbem[27]. The major advantage of ratiometric detection
methods is that the measurement is becoming virtually independent of the influence of the exact

nanoplatform concentration and the biologicalnwain the fluorescence measurements.
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Figure 3.13: Steadystate fluorescence spectra of nanoplatform 1 (FRET pair cyanine 5.5 /
cyanine 7.0) in PBS (3.0 mL) in the presence qilL3fissue extract frontboundary regions of
murine 4T1 tumors. Blue lines: nanoplatform 1 in the presence of tissue extract after 1h of
incubation at 37TC. Black line: nanoplatform 1 in PBS after 1h of incubation 8C3Gray line:

fl uor es c ktssueextmdt frodr®qundary regions of murine 4T1 tumors.
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It is noteworthy that four tissue samples from Hwandary regions of murine 4T1
tumors result in similar photophysical behavior of nanoplatform 1, whereas one tissue sample
was clearly different,asulting in a different fluorescence measurement. Since this is a syngeneic
mouse model (possessing an intact immune system), it is very likely that one mouse developed a
(weak) immune response to the tumor, resulting in a lower local arginase Il acAvity.
comparison between the fluorescence spectra of tumor core samples and tumor boundary
samples in Figure8.12 and3.13 clearly indicates that the intensity of the fluorescence spectra
resulting from each tissue group are different. This may be caustt [presence of different
proteins in tumor core and boundary regions. Neverthelessatibenetric principle is working
well, permitting a direct comparison of the arginase Il concentrations in both kinds of tissue (see

Table3.1).
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Figure 3.14: Stadystate fluorescence spectra of nanoplatform 1 (FRET pair cyanine 5.5 /
cyanine 7.0) in PB§ 3. 0 mL) i n t h dssup exeractefronpresunaalbly n8nd p
cancerous regions of murine 4T1 tumorsBlue lines: nanoplatform 1 in the presence of tissue
extract after 1h of incubation at 7. Black line: nanoplatform 1 in PBS after 1h of incubation at
37°C. Gray | i ne: I tlssueexteast rommpesumably ro@lefous regions of
murine 4T1 tumors.

Principally, the fluorescence occurring fromanoplatform 1 in the presence of
nanoplatform 1 is similar as observed with tumor core and boundary tissue samples @lgures
and 3.13). However, differences in total fluorescence intensity can be discerned here as well.
Again, the ratiometric princlps permits the comparison of all findings shown in Fig@t&2 to

3.14.
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Table 3.1: Calculated Arginase Il Concentrations in Tissue Samples Collected from BALB/c
Mice Bearing 4T1 Tumors in a Mammary Fatpad. Nanoplatform 1 was used to collect the

fluores@nce data, as described above.

Tissue . 0Q_ Arginase Il
"O'Q: Concentration / M

Tumor core 1 1.77 1.2 x 10’
Tumor core 2 1.78 1.1 x 10’
Tumor core 3 1.67 3.9x 10’
Tumor core 4 1.74 1.8 x 10’
Tumor core 5 1.73 2.1x10°
Tumor boundary 1 1.15 7.1x10%
Tumor boundary 2 1.19 5.1x 10°
Tumor boundary 3 1.16 7.0 x 107
Tumor boundary 4 1.15 7.1x10%
Tumor boundary 5 1.38 9.8 x 10’
Presumably healthy 1.68 3.8 x 10’
tissue from tumor mouse 1

Presumably healthy 1.74 1.8 x 10’
tissue from tumor mouse 2

Presumably healthy 1.61 4.8 x 10’
tissue from tumor mouse 3

Presumably healthy 1.65 4.1 x 10’
tissue from tumor mouse 4

Presumably healthy 1.73 2.1x10
tissue from tumor mouse 5
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3.4.Conclusions

Nanoplatorms for arginase detecting were developed, comprised of a central, dopamine
covered Fe/FH®4 nanoparticle and the FRET pairs cyanine 5.5 / 7.0 (nanoplatform 1) and
cyanine 5.5/ 7.5 (nanoplatform 2). Cyanine 5.5 was tethered to the central nanogartitie
oligopeptide GRG. Cyanine 7.0was linked directly to the central inorganic nanoparticle.
Nanoplatform 1 performed superior, permitting arginase |l detection down to picomolar levels,

while providing a very wide range of measurement from 5%taa.0*? M.

We have utilized nanoplatform fbr the determination of arginase Idvels in tissue
extracts fromdT1 tumor bearing white mice with exact immune system. Most interestingly, the
arginase Il concentration in the boundary region betweenrtandpresumably healthy tissue is
on average3.5 times higherthan in the tumor core regignand 2.2 times higher than in
presumably healthy tissue. From this data, two potentially important conclusions can be drawn:
1) The immune suppression is highesthe cancer boundary regions. This is of importance for
novel approaches to immunotherapy, which have to target the boundary region to be successful.
2) There is a systemic immunodepression effect in cancer, which influences the biochemistry of
the wholeorganism. Although immunodepression is strongest in the boundary region, itas by n

means limited to that region.
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3.5. Methods

Cyanine 5.5 and dopamine coated core/ shell iron/ iron oxide nanoparticles were synthesized
following the same procedure esplained in chapter 2.

3.5.1. Cyanine 7.0 synthesis

3.5.1(A) Synthesis of 42,3,3trimethyl -3H-indol-1-ium-1-yl)butane-1-sulfonate

05,0 1,2-dichlorobenzene
S\o 1200C
+ P %/
4 (] /
038(HC)s

2,3 3-trimethyl-3H-indole  1,2-oxathiane 2,2-dioxide 4-(2,3 3-trimethyl-3H-indol-1-ium-1-yl)butane-1-
sulfonate

Figure 3.15: Reaction scheme for Synthesis-(#,38,3trimethyl3H-indol-1-ium-1-yl)butane 1-
sulfonate

6.37g 2,3,&rimethyl3H-indole and 10.89 g 1;8xathiane 2,alioxide(1/2 ratio) were
dissolved in 30 mL of 1:Aichlorobenzene, the reaction mixture was stirred at°@@nder
Argon for 12 hours. After cooling to room temperature, produas collected via vacuum
filtration, and followed by washing with ether (3 x10 mL). 5.9 8,3trimethyt3H-indol-1-

ium-1-yl)butanel-sulfonate was obtained as prodia2,29].

3.5.1(B) Synthesis of (ER-chloro-3-(hydroxymethylene)cyclohexl-enecabaldehyde

o Cl O
cyclohexanone (E)-2-chloro-3-(hydroxymethylene)

cyclohex-1-enecarbaldehyde
Figure 3.16: Reaction scheme for Synthesis ofXEhloro-3-(hydroxymethylene)cyclohek-

enecarbaldehyde
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A solution of 40 mL DMF in 40 mL of CEClz was chilled in a ice bath, and 37 mL of
POCEk in 35 mL of CHCI> was added dropwise with stirring. Upon the completion of addition,
10 g of cyclohexanone was added via a syringe. The formed solution was refluxéf€Cdo63
hours. After cooling to room temperature, the solution was poured onto 200g crushedl ice, an
allowed to stand overnight. The yellow solid was collected by vacuum filtration, and further

recrystallized in acetorf@2,29] 36% yield.

3.5.1(C) Synthesis of sodium -{E)-2-((E)-2-(2-chloro-3-((E)-2-(3,3-dimethyl-1-(4-
sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene}3,3-

dimethylindolin -1-yl)butane-1-sulfonate (cyanine 7.0)

c o Ac,0
e +  HOTX H - R
ﬁ Anhydrous / &:H SO.N
) .
“0,S(H,C)s NaOAc O3S(H2C)4 (CH,)4SO3Na
4-(2,3,3-trimethyl-3H-  (E)-2-chloro-3-(hydroxymethylene) sodium 4-((E)-2-((E)-2-(2-chloro-3-((E)-2-(3,3-dimethyl-1-
indol-1-ium-1- cyclohex-1-enecarbaldehyde (4-sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-
yl)butane-1-sulfonate 1-ylidene)ethylidene)-3,3-dimethylindolin-1-yl)

butane-1-sulfonate (cyanine 7.0)

Figure 3.17: Reaction scheme for Synthesis of sodit(f)42-((E)-2-(2-chloro-3-((E)-2-(3,3
dimethyt1-(4-sulfonatdoutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)
3,3-dimethylindolin1-yl)butanel-sulfonate (cyanine 7.0)

0.5 g compound +42,3,3trimethyl3H-indol-1-ium-1-yl)butanel-sulfonate, 0.122 g
compound (ER-chloro-3-(hydroxymethylene)cycluex1-enecarbaldehyde and 0.12 g NaOAc
were heated in 13 mL of acetic anhydride at @ for 40 min. After cooling to room
temperature, the green solution was poured into 15 mL saturated lithium bromide water solution.

The mixture was stirred at room temaieire for 30 min. 30 mL of methylene chloride was added

88



to extract the product. The organic phase was washed with water (10 x10 mL), and then dried
over anhydrous MgSQ After evaporation of solvent, the product was purified by column
chromatography (Sta gel, eluted with ethyl acetate/ethanol 3/1 to 1/1 then

CH:Cl./ethanol/acetic acid 1/1/0.0B)2, 29]. 56% yield.

3.5.2. Synthesis of sodium 4(E)-2-((E)-2-(2-((2-carboxyethyl)thio)-3-((E)-2-(3,3-dimethyl-
1-(4-sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl) cyclohex2-en-1-ylidene)ethylidene} 3,3

dimethylindolin -1-yl)butane-1-sulfonate

COOCH

TEA
in Dry DMF
20Hr
COOH >
+ HS” >

\

o
|
"O38(H.C)y

Cyanine 7.0 (water soluble, symmetric) 3-mercaptopropanoic acid sodium 4-((E)-2-((E)-2-(2-((2-carboxyethyl)thio)-3-
((E)-2-(3,3-dimethyl-1-(4-sulfonatobutyl)-
3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)
ethylidene)-3,3-dimethylindolin-1-yl)butane-1-sulfonate

Figure 3.18 Reaction scheme for Synthesis of sodiwE)-2-((E)-2-(2-((2-carboxyethyl)thio)
3-((E)-2-(3,3-dimethy}1-(4-sulfonatobutyl3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en 1-

ylidene)ethylideneB,3-dimethylindolin1-yl)butanel-sulfonate.

300mg of cyanine 7.0 wat er sol ubl e of 3mgrcampropacid (1.5 52pulL
equi val e n to triethyachineq(0D5pequivalent) weraixed in 2mL of dry DMF and
stirred at room temperature for BBurs under dark conditions. 10ml of ice cold ether was added
dropwise to the reaction mixture, to precipitate out the product. Precipitated product was

separated and dried under high vacyga29]
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3.5.3.Cyanine 7.5 (water soluble) synthesis

3.5.3(A) Synthesis of 4(1,1,2trimethyl -1H-benzo[e]indo}3-ium-3-yl)butane-1-sulfonate

e 1,2-dlchlor00benzene O
s’
o 130°C O \
+ —
l\l\+
CH.), SO+
1,1,2-trimethyl-1H-  1,2-oxathiane 2,2-dioxide (CHa)s SO

benzo[elindole 4-(1,1,2-trimethyl-1H-benzo[e]
indol-3-ium-3-yl)butane-1-sulfonate

Figure 3.19 Reaction scheme for Synthesis o6{141,2trimethyl1H-benzo[e]indoi3-ium-3-
yl)butanel-sulfonate

A 50 mL two necked round bottom flask fitted with a magnetic stirrer and a condenser
was flame dried. 1,1;&imethyl1H-benzo[e]indole (1.0g, 4.78mmol) was dissolved in dry o
dichlorobenzene (10 mL). Hautanesultone (0.58mL, 5.73nol) was added drewise under a
continuous flow of argon. The reaction mixture was, then, allowed to heat up%@& 18024h.
The reaction mixture was allowed to cool down to room temperature to obtain a blue colored
precipitate. The precipitate wasttmated with icecold diethyl ether (40mL) for 15min. The
precipitate was filtered through frit glass, washed with cold diethyl ether (3 x 5mL), dried in

vacuum yielding 41,1,2trimethyl1H-benzo[elindoi3-ium-3-yl)butane 1-sulfonatg22,29]
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3.5.3B) Synthesis of Cyanine 7.5 (water soluble, symmetric), sodium(2-((E)-2-((E)-2-
chloro-3-((E)-2-(1,1-dimethyl-3-(4-sulfonatobutyl)-1H-benzo[e]indot2(3H)-

ylidene)ethylidene)cyclohexi-en-1-yl)vinyl) -1,1-dimethyl-1H-benzo[e]indo}t3-ium-3-yl)

O AC2O O
(S I) Anhydrous
O NaOAc
%/ + HO™ ™ H —_

|
"03S(H,C)y

; 0. -3- dium 4-(2-((E)-2-((E)-2-chloro-3~((E)-2-
4-(1,1,2-trimethyl-1H-benzo[e] ~ (E)-2-chloro-3-(hydroxymethylene) SO ,
L e » cvclohex-1-enecarbaldehyde (1,1-dimethyl-3-(4-sulfonatobutyl)-1H-benzo[e]indol-
indol-3-ium-3-yljbutane-1-sulfonate ¢ y 2(3H)-ylidene)ethylidene)cyclohex-1-en-1-yl)
vinyl)-1,1-dimethyl-1H-benzo[e]indol-3-ium-3-yl)
butane-1-sulfonate

Figure 3.20 Reaction scheme for Synthesis of sodiw{24(E)-2-((E)-2-chloro-3-((E)-2-(1,1-

dimethyt3-(4-sulfonatobutyl1H-benzo[e]indol2(3H)-ylidene)ethylidene)cyclohek-en-1-

yhvinyl)-1,1-dimethyt1H-benzo[e]indoi3-ium-3-yl)

0.58g compound +41,1,2trimethyt1H-benzo[e]indoi3-ium-3-yl)butanel-sulfonate,
0.122 g compound (E}-chloro-3-(hydroxymethylene)cyclohek-enecarbaldehyde and 0.12 g
NaOAc were heated in 13 mL of acetic anhydride af@@or 40 min. After cooling to rao
temperature, the green solution was poured into 15 mL saturated lithium bromide water solution.
The mixture was stirred at room temperature for 30 min. 30 mL of methylene chloride was added
to extract the product. The organic phase was washed with (#&tetd0 mL), and then dried
over anhydrous MgSQ After evaporation of solvent, the product was purified by column
chromatography (Silica gel, eluted with ethyl acetate/ethanol 3/1 to 1/1 then

CH:Cl>/ethanol/acetic acid 1/1/0.08)2,29] 54% yield.
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3.5.4 Synthesis of sodium 42-((E)-2-((E)-2-((2-carboxyethyl)thio)-3-((E)-2-(1,1-dimethyl-
3-(4-sulfonatobutyl)-1H-benzo[elindol2(3H)-ylidene)ethylidene)cyclohexil-en-1-yl)vinyl) -

1,1-dimethyl-1H-benzol[e]indo}3-ium-3-yl)butane-1-sulfonate

TEA
in Dry DMF
20Hr
COOH >
N HS™ >
/ |
"O3S(H,C)4 (CH,)4SO3Na
Cyanine 7.5 (water soluble, symmetric) 3-mercaptopropanoic acid sodium 4-(2-((E)-2-((E)-2-((2-carboxyethyl)thio)-3-

((E)-2-(1,1-dimethyl-3-(4-sulfonatobutyl)-
1H-benzo[e]indol-2(3H)-ylidene)ethylidene)

cyclohex-1-en-1-yl)vinyl)-1,1-dimethyl-1H-
benzo[e]indol-3-ium-3-yl)butane-1-sulfonate

Figure 3.21 Reaction scheme for Synthesis of sodiw24(E)-2-((E)-2-((2-carboxyethyl)thio)
3-((E)-2-(1,1-dimethy}3-(4-sulfonaobutyl}1H-benzo[e]indol2(3H)
ylidene)ethylidene)cyclohek-en-1-yl)vinyl) -1,1-dimethyt1H-benzo[e]indol3-ium-3-
yl)butanel-sulfonate

250mg of cyanine 7.% wat er s ol ubl e of 3sgrecapiopropacidc(].5 39pulL
equi val en to triethyachine§ 13 eduivalent) were mixed in 2maf dry DMF and
stirred at room temperature for 20@urs under dark conditis. 10mLof ice cold ether was
added dropwise to the reaction mixture, to precipitate out the product. Precipitated product was

separated and dried under high vacyga29]

3.5.5. Synthesis of GFG and GOrG oligopeptide sequences

The GRG and GG consasus sequence were synthesized by standard solid phase
peptide synthesis. Tritylesin was used as a matrix polymer solid support. Peptide synthesis was
completed in the same peptide synthesis tube by the repetitive steps in addition of specific amino
acid, filtration and washings, accordingly. Commercially availablgéefiinal protected €

terminal amino acids are used for the syntHesis
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The resin was preloaded into the peptide synthesis tube and swelled in dichloromethane
(DCM) for 20 minutes and thefiitered. DCM was washed away by five consecutive of -N,N
Dimethylformamide (DMF) washings. A mixture of Fmoc protected amino acid and O
BenzotriazoleN,N,N',N'tetramethyuroniumhexafluorephosphate (HBTU) as coupling agent
were added, swirled 30 minutesnd then filtered. This step was repeated once. Excess amino
acid and the coupling agent were washed away by five DMF washings. Then 20% piperidine in
DMF was used for Mleprotection. Subsequent amino acid coupling was performed after N
deprotection. Bdt GR,G and GOG consensus sequences were synthesized using amino acid by

amino acid from @erminus to Nterminug28].

3.5.6. Coupling of Cyanine 5.5 to th&R7G Oligopeptide Sequence

Cyanine 5.5 was coupled to thet&minal on the GFG sequence follomg same
coupling conditions as for an amino acid.

Finally, the cyanine 5.5 conjugated @3Rconsensus sequence was cleaved from the resin
and also the side chain protecting groups were removed using a mixture of TFA, TIPS and water
(95: 2.5 : 2.5). Cy58R7G was precipitated in cold ether and collected by centrifuging at
10000rpm. After precipitation, several DMF washings were carried out to remove the excess of
unreacted cyanin®.5 and other reagents. Three final ether washings were carried out, itborder

remove leftover DMF.
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3.5.7. Coupling of Cyanine 5.5 to th&O;G Oligopeptide Sequence
Cyanine 5.5 was coupled to thet&minal on the G&5 sequence following same coupling
conditions as for an amino acid.

Finally, the cyanine 5.5 conjugated @&consensus sequence was cleaved from the resin
and also the side chain protecting groups were removed using a mixture of TFA, TIPS and water
(95: 2.5 : 2.5). Cy5850,G was precipitated in cold ether and collected by centrifuging at 10000
rom. After precipiation, several DMF washings were carried out to remove the excess of
unreacted cyanine5.5 and other reagents. Three final ether washings were carried out, in order to

remove leftover DMF.

3.5.8. Sensor 1 development
The published synthesis procedureitirdVang et al. (2014)s reproduced here.

125 mg of dopamine coated FefBe nanoparticles were dispersed in 2 mL of DMF. A
solution of 3mmol of sodium-4E)-2-((E)-2-(2-((2-carboxyethyl)thio)3-((E)-2-(3,3-dimethyt1-
(4-sulfonatobutyl3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en1-ylidene)ethylideneB, 3
dimethylindolin1-yl)butanel-sulfonate (cyanine 7.0), 3.2 mmol of EDC, 1.7 mmol of DMAP in
1 mL of DMF was added to this dispersion. After sonicating for 1 h, the nanoparticles were
precipitated by centrifuggion (10,000 RPM for 20 min), and thoroughly washed with DMF (1
mL x 10). The recovered nanoparticles were redispersed in 2 mL of DMF, and to this dispersion,
2.6 mmol of Cyanine 5.5 linked GR7G peptide sequence, 3 mmol of EDC, 2.6 mmol of DMAP
in 1 mL of DMF was added. After sonicating for 1 h, the nanoparticles were precipitated by a
magnet (0.55T), and thoroughly washed with DMF (ImL x 10). After drying in high vacuum,

90-100 mg of nanoplatform was obtained.
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3.5.9. Sensor 2 development
The published sythesis procedure (from Wang et al. (2014), is reproduced here.

125 mg of dopamine coated FefBe nanoparticles were dispersed in 2 mL of DMF. A
solution of 3mmol of sodium-&-((E)-2-((E)-2-((2-carboxyethyl)thio)3-((E)-2-(1,1-dimethy} 3-
(4-sulfonatobuti)-1H-benzo[e]indol2(3H)-ylidene)ethylidene)cyclohek-en-1-yl)vinyl) -1,1-
dimethyl1H-benzo[e]indol3-ium-3-yl)butanel-sulfonate (Cyanine 7.5), 3.2 mmol of EDC, 1.7
mmol of DMAP in 1 mL of DMF was added to this dispersion. After sonicating for 1 h, the
nanoparticles were precipitated by centrifugation (10,000 RPM for 20 min), and thoroughly
washed with DMF (1 mL x 10). The recovered nanoparticles were redispersed in 2 mL of DMF,
and to this dispersion, 2.6mmol of Cyanine 5.5 linked GR7G peptide seq@emue] of EDC,

2.6 mmol of DMAP in 1 mL of DMF was added. After sonicating for 1 h, the nanoparticles were
precipitated by a magnet (0.55T), and thoroughly washed with DMF (1mL x 10). After drying in

high vacuum, 94.00 mg of nanoplatform was obtained.
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Chapter 4 - Combinatorial phenotypic screen uncovers unrecognized family of

extended thioureainhibitors with copper-dependentanti-staphylococcal activity
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4.1. Abstract
The continuous rise of multdrug resistant pathogenic bacteria has become a significant

challenge for the health care system. In particular, novel drugs to treat infections of methicillin
resistant Staphylococcus aureus strains (MRSA) are needed, but traditional drug discovery
campaignshave largely failed to deliver clinically suitable antibiotics. More than simply new
drugs, new drug discovery approaches are needed to combat bacterial resistance. The recently
described phenomenon of copgaEpendent inhibitors has galvanized researgioexg the use

of metalc oor di nating mol ecul es t o harness coppe
therapeutic purposes. Here, we describe the results of the first concerted screening effort to
identify copperdependent inhibitors of Staphylococcusreus. A standard library of 10000
compounds was assayed for astaphylococcal activity, with hits defined as those compounds

with a strict coppedependent inhibitory activity. A total of 53 copp#pendent hit molecules

were uncovered, similar to tle®pper independent hit rate of a traditionally executed campaign
conducted in parallel on the same library. Most prominent was a hit family with an extended
thiourea core structure, termed the NNSN motif. This motif resulted in colgpendent and
copperspecific S. aureus inhibition, while simultaneously being well tolerated by eukaryotic
cells. Importantly, we could demonstrate that copper binding by the NNSN motif is highly
unusual and likely responsible for the promising biological qualities of thesgaunds. A
subsequent chemoinformatic metaalysis of the ChEMBL chemical database confirmed the
NNSNs as an unrecognized staphyl ococcal i nhi
chemical screening libraries. Thus, our cogpesed screen has pen able to discover
inhibitors within previously screened libraries, offering a mechanism to reinvigorate exhausted

molecular collections.
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4.2. Introduction

The advent of high throughput screening (HTS) technologies thirty years ago
revolutionized drug discovery effortsHaving apparently exhausted the readily identifiable
repertoireof natural antibacterials derived frasoil bacteria, HTS strategiéggan a renaissance
in drug discovery, promising an effectivainlimited supply of novel compounds combat the
emerginghreat of antibiotic resistan¢é]. However, despite evaxpandingcompound libraries
and highly efficient screening methodologiegw classes of synthetic antibiotics have yet to
materialize. The increasing concerns of returning a preantibiotic era haveproven severe
enough to warrant attention and action bygopernmental agenci¢g,3).

Of the sixteen antibiotic classes used clinically, all but two were derived from
environmental sources, and there is growing interesdtimning to natural inspirationd.,4-6].
Among these inspirations lies metakdiated innate immunity, by which the innate immune
system directly modulates environmental levels of metals such as manganese, iron, zinc, and
copper at the site of infectiofv,8. Through limitation, in the case of iron, zinc, and manganese
or oversaturation, in the case of copper, the intrinsic properties of these ions are utilized to form
a crucial line of defense against pathogens. Growing bodies of evidence point topvgrceco * s
essentiality in particular. In many systems, includihgcobacterium tuberculosi®seudomonas
aeruginosalisteria monocytogeneandStreptococcus pneumonjdeacterial copper resistance
is linked to virulencef99  conver sel vy, atteppati bor ®f’ 't hei t hi
weakens the phagocytic respengromoting bacterial survivfl0,1]]. All sequenced bacteria
possess at least a rudimentary level of copper resistance madh@evarying from simple
expression of an efflux punji3] to a complex network including pumps, sequestration

proteins, oxidases, chaperonasd transcriptional regulatofd4]. As free copper levels are
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buffered below one ion per cell in both prokarydte§] and eukaryotefgl 6] that even obligate
intracellularb act eri a retain resistance machinery fu
an enviromental and immunological insytt2].

Recent advances in our understanding of c
rise of reports detailing the phenomsenof copperdependent antibiotics. These compounds are
highly inhibitory in the presence of copper, yet impotent in its absence. Example inhibitors have
been described for Gram negatiy#g] Gram positive$18 and mycobacterigl9] as well as
eukaryotictargets including pathogenic fundQ] and cancer cell21-23]. The broad range of
potential targetable pathogens, coupled with the wide array of novel mechanisms of action, has
generated interest in exploitingopper ' s ant i[2% tHoweverpuntd posvy t i e s
discoveries have been largely serendipitousbased upon established mdtaiding motifs;
though well suited for chemical probes, these scaffolds are often poorly adaptable to therapeutic
uses. Exploring the full potential of coppmediated therapeutics requires new motifs and a
directed discovery effort to identify preof-principle compounds.

Here, we demonstrate for the first time the power of a cofgqmersed HTS screening
campaign. This approach is uniquely able to uncover neawaictions between copper ions and
compounds in existing chemical libraries, and their subsequent synergistic inhibitory activities.

A copperbiased combinatorial screen agaifsaphylococcus aureugvealed nearly twice as
many hits as a traditional, cogrblind campaign. A reoccurringxtended thiourea motif,
dubbed NNSN, featured novel copjpending properties, and was revealed by UV/Vis and NMR
analysis to participate in a new interaction between the ligand and copper iomaditiisvas
highly inhibitory againstS. aureusn a coppetdependent and coppspecific manner, yet was

well tolerated in cell culture. Finally, despite their presence in many screening libraries, a
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chemoinformatic metanalysis demonstrated NNSNs as previously unrecognized
anistaphylococcal agents, confirming the ability of coppeised screens to discover new

compounds hiding in existing chemical space.

4.3. Methods
4.3.1. Bacterial strains, antibiotics and compounds

S. aureusclinical isolate SA3 (resistant to ampicillirglindamycin, erythromycin,
penicillin, and tetracycline) was characterized by and obtained inidedsfied manner from
UAB Laboratory Medicine. Bacteria were routinely grown in Mueller Hinton (MH) medium
(Oxoid Ltd, Basingstoke, Hampshire, England) ongint at 37°C before inoculating plates
according to assay conditions unless otherwise stated. All experiments were performed in 96
well plates using MH medium or RPMB40 medium supplemented with trace metals. The trace
metal mix was prepared as a 16d0@ stock solution containing 3 mM EDTA, 50 mM Mg(Cl
0.7 mM CaC4, 80 mM NaMoQ, 168 mM Cod, 0.55 mM MnC4, 0.7 mM ZnSQ, 2 mM
FeSQ. All screened compoundsere randomly taken from our 4®0 inhouse compound
i brary (Chembr i dgdgad anline IiBrarg ymbvhii2ldagl.eoihsCoppear t 2
sulfate and all other commercial compounds were purchased from -Bigneh. Copper
treated assays were supplemented with 50 mM Gu@@ss otherwise indicated. Other metals

were used at 100 mM or as indiedt
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4.3.2. High throughput screening assay

The HTS assay was woducted as published previoud$8]. Briefly, all compounds were
screened at 10 mM in duplicate plates run in parallel, one containing only mediurc@ppes
conditions) and one contang medium supplemented with 50 muUSQ. S. aureusvas added

to each well to achieve a final optical density @ypof ~ 0.001 to 0.004 (1 : 1000 dilution of an
overnight cultire) in a total volume of 160 mlAll steps were performed using the Precision
automated microplate pipetting system (BioTek). Plates were sealed with parafilm (Millipore) to
minimize evaporation and incubated on a Heidolph Titramax 1000 plate shaker at 450 rpm at 37
9C for 8 hours. Optical density, as a quantitative surrogate mafkbacterial growth, was
determined using a Synergy HT plate reader (BioTek). Background correction was performed
against wells containing only medium and compounds that decreased the gré@vthuréus

were identified and further analyzed.

4.3.3. HTSdata analysis

An in-house algorithm was utilized for analysis. The software package used MySQL and
PHP as a server backend, and a web accessible HTML interface as the front end. Hits were
defined based upon number of standard deviations (1 SD = 20%}Heooverall mean, which
averaged 94% across all coppeplete samples after blank correction and normalization to
positive controls. Independent hits were compounds with less than 34% growth (3 SDs from the
mean) in both standard and copper supplemerdaditions. Copper dependent hits had under
34%growth in the copper replete plate, with at least 40 percentage points (2 SD) more growth in
copper trace plates (e.g., 20% growth inr€plete and 460% growth in Grace plates). Inverse

hits were the oppas, with under 34% growth in trace plates and at least 40 percentage points
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more growth in replete plates. Substructure analysis was completed using the Open Babel 2.3.2
chemistry toolbox, as installed on a Linux servelTd@ SMARTS search string for nayclic
thioureas was “[N;!R]C(=S)[N;!R],"” whil e the

“IT#T7]1 [ #6]1 [ N; ' R] C(=S) [ N; ! Rdycliccarmnsiamdaoitrogeh® bot h c

4.3.4. Structure Activity Relationship (SAR) Studies (SARby-catalogue)

Active molecules were grouped based on the occurrence of structural motifs identified
during visual and computational inspection of their chemical structures. Representative
compounds and additional derivatives of each group were ordered from www. hid@iead
Activity was confirmed in dose response curves, of which we also determined the MIC (for
details see below). Additional compounds featuring respective key motifs were identified in the
Chembridge Hit2Lead online library using the search feature gedvion the website

(www.hit2lead.com).

4.3.5. Determination of the minimal inhibitory concentration (MIC)

Compounds were reconstituted in sterile DMSO (Sigxtaich) typically at a
concentration of 10 mM, then aliquotted, and storeeB@fC. In some istances, a decline in
potency of the compounds was noted over a period of 6 months and after repeatedly freezing and
thawing reconstituted compounds. Compounds were diluted wel6in 2-fold increments,
typically covering a concentration range from 870to 10 mM. Control wells containing media
only (sterility control) and media with cells in the absence of compound with or without 50 mM
copper were included as well. Assay conditions and incubation procedure were similar to that of

the pilot screen. Desresponse curves were analyzed by determining thedQ8ing a plate
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reader (Synergy HT, BioTek). Data was analyzed as the average value of 3 wells with identical
conditions and normalized to the proper growth controls. MIC was defined as the coraentrati
at which growth was reduced by at least 85%. Additional transition metals were assayed in
Roswell Park Memorial Institute 1640 medium without phenol red (RPMI; Life Technologies)
and supplemented with a 1 : 1000 dilution of a coffpess trace metal migRPMI1640 + TM) to

promote growtlj27].

4.3.6. Eukaryotic toxicity assessment

THP-1 cells were grown in standard RPMI plus 1B&S. Cells were plated in RPMI at 100 000

cells per well in a total volume of 200 mL in a 96 well plate, and challenged withamd in

the presence or absence of 15 mM Cu for 24 hours. This copper concentration was well tolerated
by THP-1 cells in our system and lies within the physiological range ppeolevels in blood

(1025 mM) [2§]. Viability was read using a Guava flowtometer, through gating on live

populations as assessed through forward and side scatter measurements.

4.3.7. Characterization of metal complexation and structure modeling.

The binding constants of CuBr in TrizAkdCl (pH = 7)/methanol (90/10 v/v) to
compounds were determined according to thethod of Benesi and Hildebrarj@9]. The
binding of Cu(ll) and Cu(l) enhances the ¥sorption band of AR®i at Amax= 235 nm. The
differences in UVabsorption ahmax = 235 nm were used to calculate the bindiogstants KB.
UV/Vis spectra of 8.3, 17, 41, 83, 170 and 410 nM of A&*Were recorded in the absence and
presence of 10 mM CuBr (Siga#ddrich, ACS grade) at 283 K in TrizradCl (pH =

7.0)/methanol (1 : 1 v/v) using a Varian Cary 500 UV/NIRR spectrophtometer and 4.0 mL
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quartz cuvettes. The measurements were performed under argon to avoid Cu(l) oxidation to

cu(ll).

4.3.8. NMR Titrations:

H-NMR spectra were recorded using a Bruker Avance I, 600 MHz Md&trometer
at 298K. Compound AR®i was disselved in deuterated acetone (6.25 mM), total volume: 400
gl Cu(l) was added f r dMnCuBringdéuterated asetomeuStnLofin o f

CH3OD was added as internal standard (peak not shown).

4.3.9. ChEMBL database metaanalysis.
The ChEMBILdD relational database, version 20, was downloaded as the provided virtual
machine (MyChEMBL(30, 3. All SQL searches were conducted from a Linux command line

interface
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4.4. Results
4.4.1. Copperbiased HTS environment uncovers numerous coppetdependent hits.

4.4.1(A) Nearly twice as many hits discovered through coppebiased screen as in a

@mpound Lib@
£+l /\ -Cu

1/ —\]

Incubate plates

y V

OD600 Viability Readout
Growth (+) or Inhibition (-)

traditional screen.

+ Cu - Cu
@ No effect @
@ Independent Hits @
@ Dependent Hits @
@ Inverse hits @

Figure 4.1 Parallel combinatorial scheme. Compounds from a master library are assayed twic
in parallel, with one plate containing added copper sulfate, and the other containing only base
medium. After adding S. aureus, both plates are incubated and viability is determined via
ODG600. Hits were classified by comparing growth values in bothgpltite specific criteria used

are detailed in the Methods.
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Metatbased antibiotics have not yet advanced to clinical or veterinarian use and are
therefore an attractive alternative to conventional antibiotics. Surprisingly, high throughput
screening (HTS¥olutions for the discovery of novel metalated antibacterial activities do not
exist. We focused our screen on compounds that display antibacterial properties through the
interaction of copper because of its potential physiological relevance in thextcarf
coppernediated innate immune functiofig, 24, competitiveness ovether physiological metal
ions[32], and intinsic antibacterial propertig83]. To reveal novel copper binding compounds
not active in the absence of copper, we conducted aglasateen, in which compounds were
tested both under standard, traditional conditions, as well as in the presence of copper (Figure
4.1). This strategy allowed us to comprehensively determine the spectrum of effects that copper
ions might have on the ah#cterial properties of potential bacterial inhibitors with copper
related activities (enhancing or mitigating). Screening only in the presence of copper and testing
only hits for their activity in the absences of copper would have missed a group of caisipou
that we classify as inverse hits. We chose to screen at 50 mM copper to enable detection of
compounds with weaker coppeependent activity (classified as secondary and tertiary hits), in

order to better inform SAR, hit cluster expansion, and hitip@ation strategies.

Screening our 10 000 compound test library against a clinically isolatedabistantsS.
aureusstrain (SA3) identified 129 total hits, or 1.29% of the overall number of compounds.
Comparison of the hits from bo the tracecoppe screen (Figure4.2A) and copper
supplementedcreen (Figurd.2B) revealed 70 compounds (54%) that were similarly inhibitory
under both screening conditions (copper independent hits) and 6 compounds (5%) that lost their

antibacterial properties in thegsence of copper (copper inverse hits).Importantly, 53 molecules
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(41%) were found only in the presence of copper, demonstrating that -cupeated
antibacterial activities occur rather frequently. Of the coplegendent hits, over half (28) met

our crteria for a primary hit, i.e., more than 90% inhibition. These coepgppendent hits
represent hitherto unrecognized inhibitors, given that conventional screening campaigns for

antibiotics do not contain sufficient and physiological quantities of coppé@s. io

Figure 4.2: Combinatorial screening results.

(A) Growth values of all 10 000 compounds in standard screening medium as normalized to
plate controls. The red lines represent three standard deviations above and below the mean
growth value as a cutofor hits.

(B) Growth values of all compounds in medium with copper added, as normalized to plate
controls. Red, green, and blue circles are Primary (gredfi®, and greater than 2 SD below

the—Cu plate), Secondary (10%growth < 20%, and greater thah SD below the-Cu plate),
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and Tertiary (20% g r o w B4Bo, and greater than 2 SD below #t&u plate) dependent hits;
grey boxes are independent hits; and orange diamonds are inverse hits. Some outliers may have
fallen below the lower ceff line but wee classified as inactive because they didmeet hit

criteria.

4.4.1(B) Copper-dependent hits display significantly different chemical properties
compared to the library as a whole

Unfortunately, there is often a great disparity between moleculesdeginable activities and

mol ecul es that are ‘“‘druggabl e’ . To concent
coefficient (c log Px 5, hydrogen bond donors 5]10.Bed hyd
criteria were later extended to include topological polar surface area (®3AD A2 and

rotational bonds (RBx 10. To visualize our results in aggregate, we compared Ro5 values of
dependent hits, independent hits, inverse hits, and the screened library as a whole. Molecular
weight only varied slightly between groups, and all were statistically indistinguishabiettie

library as a whole (Figuré.3A). Rotational bonds and c log P veduwere slightly significantly

different when comparing coppdependent hits to the screenixdary (p = 0.0122 and 0.0116,
respectively), though all three categories clustered toward the top of the ¢ log P and bottom of
the RB ranges (Figures3B and4.3C). Topological polar surface area (tPSA) differed greatly
between dependenité and all other categories (pG3<0001), with the dependent hit median

tPSA 38% lower thathe library average (Figuse3D). The most striking comparison, however,

came fromnumbers of hydrogen bond donors and acceptors. The screened library had a
relatively even distribution oboth acceptors and donors (Figur@E), with a median of 4

acceptors and 1 donor; while the median of cojjegendent hits clustered tightly at ypril
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acceptor and 2 donor@igure 43G). These structural differences may enable assembly or

construction of custoriibraries targeted towards enhanced cogpeding molecules.
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Figure 4.3: Lipinski Rule of Five characteristics.

Aggregate (A) moleculaweight, (B) rotational bonds, (C) calculated LogP (cLogP), and (D)
topological polar surface area (tPSA) properties of cedppendent hits (Cu Dep), copper
independent hits (Cu Ind), and inverse hits (Inv).

All groups were compared to the screened ljpes a whole (Library) using a one way ANOVA

and Dunnett’s multiple comparisons test. *
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Figure 4.3: Lipinski Rule of Five characteristics.
(E) Heatmap comparisons of the hydrogen bond acceptors and donorsthétkeintire screened

library, (F) coppeindependent hits, and (G) copgpendent hits.

4.4.2. Extended thiourea structure comprised a wekltstablished hit cluster
4.4.2(A)Novel NNSN motif associated with coppedependent antistaphylococcal activity

While our data indicates that the presence of physiologically relevant trace elements,
specifically copper, reveals new hit molecules within a given compound collection, it is also
important to demonstrate that the identifféts found by this alternative rtteod are functionally
relevant and responsive to optimizations. To substantiate this, we began a substructure analysis
of our coppeirdependent hits with the goal to identify repeatedly occurring chemical motifs and
use such motifs as starting points fotuhe SAR analysis. Thioureas (Figure 4.4A) dominated
our coppetdependent hits, comprising 45 of the 53 total hits, or 85%. Such a high proportion
greatly contrasted with the library as a whole, which featured only 570 thioureas in total (5.7%).

Further, hioureas were not found to be generally acbué rather possessed a specific copper
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dependent activity, as only 7 of the 70 coppelependent hits contained a thiourea motif. This
fraction was not significantly different in proportion from the entibedry as judged by a chi
squared analysis ( p = 0.119). Thus, not only did the screening conditions appear to have
enriched our results specifically for the thiourea motif, but also have identified thioureas as the
first example of a discrete chemical swbsture identified by HTS that possesses strictly metal
dependent antibacterial activities.

Interestingly, 12 of the 45 thioureas featured an extendedthiourea structure, which we
dubbed NNSNmotif (Figure 4.4B). No NNSMmotif was found among the coppedependent
hits. All 12 coppedependent NNSN molecules featured a linear thiourea structure,
complemented by a heterocyclic ring system (pyrazolyl, tetrazolyl, thiazolyl, pyridinyl,
pyrimidinyl or pyrazinyl) to form the full NNSN motif (Figure 4.4C). Moidar flexibility
appeared to be essential for activity since rigid NNSN motifs with a cyclic thiourea structure as
in triazolethiones (Figure 4.4D), imidazopyrimidirteiones (Figure 4.4E) or pyridoyrimidine-
thiones (Figure 4.4F) were inactive. A substure search within the structures of all 10 000
randomly pickedmolecules that were included in our screen identified 30 totalolaiNNSN

motifs; thus, the screen discovered 40% of all possible NNSN molecules.
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Figure 4.4: A novel coppdyinding NNSN motif and side groups.

47 copperdependent hits contained a thiourea (A), with 12 featuring an extended NNSN motif
(B) that consists of the thiourea base group paired with one of 6 possible heterocyclic nitrogen
containing ring structures (C). Compals with a rigid and inflexible NNSN maotif (D, E and F)

conferred no activity. (G) Full structure of AF8I.
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4.4.2(B) Adamantyl-bearing pyrazolyl-thioureas (APTSs) yielded fruitful structure activity
relationship analysis

In order to probe whether NNSdbmpounds have the potential of being further developed
towards early lead status, we conducted a limited structure activity relationship study on 9
commercially available pyrazolhiourea derivatives featuring an adamantly group (Figure 4.
5). Adamantyl learing pyrazolythioureas (APTs) were chosen because adamantyl substituents
are known to improve drug stability and plasma -idf by impeding the access of hydrolytic
enzymes through restricting or altering intramolecular reacfi8éy,and because adhantyl
groups have no significant reactivity allowing us to link activity differentials to other
substituent$36] No activity was observed in medium without copper for any of these molecules,
but in coppersupplemented medium the compounds had minimumbitory concentrations

(MICs) between 0.3 and 10 mM (Figure 4.5).

Among the analogs tested, ABT (Figure 4.4G) exhibited excellent copmpendent
inhibition of S. aureus (Figure 4.6A), with rminimum inhibitory concentration of 0.3 mM.
Additionally, APT-6i was relatively benign toward THP cells, a human monocyte cell line
(Figure 4.6A). Activity was also entirely coppspecific, with no observed inhibition when
growth media was supplemented with other transition metals such as Mn, Fe, Co argu# (Fi
4.6B). However, the presence of additional metals did not preclude activity, as full inhibition was

restored upon emcubation of Zn and Cu with ARBi (Figure 4.6B).
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were purchased from the supplier (ChemBridge) and examined for antimicrobial activity.
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Figure 4.6: APT6i exhibits stark copper dependency and specificity.

(A) Inhibitory effects of APT6i againstS. aureugblack squares) and THP cells, a human
monocyte line (open circles). ARG is active only in the presence of copper (orange line). (B)
Activity of 10 pM APT-6i againstS. aureusgrown in RPMI to betterresolve metal
dependenciesCu is included at 50 uM, and Fe, Mn, Co, and Ze mcluded at 100 puM.
Inhibition is strictly coppespecific, and occurs in the presence of other ions, such as a Cu/Zn
coincubation All values are normalized to the respective 0 mM compound control (either with or

without copper), and expressed as peiages of survival.
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4.4.3. Pyrazolyl-thioureas are functionalized through unique coppeicoordination

chemistry

To further examine the interaction between A&tTand copper, we analyzed the meligand

complex using UWis spectroscopy andH-NMR. UV-Vis titrations are a straightforward
method to visualizenetaH i gand compl ex formation, and reve,;
235 nm, with intensity strongly dependent on the A®P'€oncentration (Figure 4.7A). This peak
represents an energy shift in electron orbitals, indicative of complex formatiomlagebsent p

bonding between the copper ion and ligand. Further analysis through the-Bidebsrand

method[29] produced linear plots, confirming a 1 : 1 stoichiometry within the ligaredal

complex (Figure 4.7B). The binding constant of CuBr and &P1h Trizma/methanol was

calculated to KB= 476700 + 1200 (L moL).
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Figure 4.7: APT6i forms a unique copper compled) UV/Vis absorption spectra of compound

APT-6i in the presence of 3.8:1M Cu(l)Br in in TrizmaHCI (pH=7)/methanol (90/10 v/v).
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Concentrations of APT6i were 8.3nM, 17 nM, 41 nM, 83 nM, 170 nMand410 nM (B) Benesi
Hildebrand plots for determining the binding constant and molar absorption coefficients -of APT

6i with CuBtr.

As we were unable to obtain crystal structures of the)@ufl APT-6i complex, we relied on
1H-NMR-titration with CuBrin deuterated acetone to discern the structure formed in solution
(Figure 47C). Intriguingly, thetH-NMR titration confirmed that thebserved 1. complexation
geometry is clearly different frormanonical Cu(l}thiourea complexes, which usually feature at
leasttwo thiourea ligands per metal cation. It is especially notewattiay both thioamide
groups, but not the thiocarbonyl group, tadat in the observed complexation. Following the
shift of peakposition 4 from d = 5.931 to 5.984 ppm with increasing Cercentréion (Figure
4.7E), it is apparent that one of the aromaacbons of the pyrazole unit is in close proximity to
Cu(l) in solution, assuming that a GBID molecule (added as internatandard) is also
coordinated to Cu(l) in order to obtain a slightlistorted tetrahedral geometry. The solution
structure of the APBi-Cu(l) complex is the basi®if the molecular modeling (FigureB4A—C).
From ourmodeling, itbecomes clear that siditiant conformational changes are required to

accommodate the complexation of a cera(l) cation (Figure 4 B and C).
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Figure 4.7 (C) Overlay of the 1HFNMR spectra (Bruker Avance Ill, 600 MHz, 298 K) of
compound APT6i without CuBr (bottan), with 50 mM CuBr (middle), and with 200 mM CuBr

(top) in deuterated acetone. Peak assignments correspond to panel D with A = adamantyl. The
arrow indicates a copper responsive peak shift.

(D) Structure of APT6i showing relevant peak assignments antchwith panel C.
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Figure 4.8:The APT-6i and copper complex has unique coortlimaon c hemi str y. The
geometry was determined using UV Vis aRENMR, shown in Fgure. 4.7.

(A) The (minor) resonance structure of ABIilis abk to form a complex with Cu(l).
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Figure 4.8

(B) 3D representation of uncomplexed ABiTusing te CHARMM force field, showing a
relatively linear structure. Nepolar hydrogens are removed for clarity.

(C) 3D model of the AP=BI/Cu(l)/CH:OD complex. Coordination twists the molecule from a
linear structure to a bent configuration. Copper is repredess the orange sphere, with a D1
methanol added to the coordination complex. Yellow sphere represents sulfur, blue are nitrogen

atoms, grey are carbon atoms and white are polar hydrogens.
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More importantly to drug discovery efforts, this novel compten could potentially
reopen the door to a wide array of otherwise unattractive compounds. Although thioureas readily
complexes metal ions, and are thus logical candidates for discovery by the paradigm detailed
here, they are often regarded as undelgratue to common hepatotoxicity and thyroid
peroxidae inhibition[37].Sul f ur > s | ack of participation in
of bioisoteric substitution of other functional groups or atoms, negating toxicity while retaining
complexation hility and antibacterial activity. Previous reports offer precedent, though results
are expectedly mixed: some substitutions, such as cyanoguanidines, retained activity or increased
therapeutic indices,38 whilethers lost biological activity39]. A conceted SAR effort would

likely produce new metatomplexing northioureas.

4.4.4. Metaanalysis reveals NNSNs as previously unrecognized antistaphylococcal agents
Having identified the NNSN motif as a promising and novel copependent
antibacterial strcture, we examined whether this motif had previously been recognized for its

therapeutic potential. We conducted a rraatalysis of published activities using the ChEMBL
database, a publically available relational database containing over 13millionyaetoatds of
1.4million compounds, taken from multiple sources including 2700 PubChem BioAssays and
tens of thousarglof primary literature report8(@]. The database facilitates tracking individual
compounds through a large number of systems, such asebiaral assays, whole cell screens,
and in vivo data, against prokaryotic and eukaryotic targets. Although ChEMBL does not
generally include inactive hits, it is a rich repository of bioactive compounds in a variety of

contexts.
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Figure 4.9 Chemoinformat search of the ChEMBL databagéehe ChEMBL chemoinformatic
database was queried with the NNSN motif for similar molecules. Though the limited screen
described here revealed 12 NNSNs with significant antibacterial effects, only a single NNSN

with activity againstS. aureusdelow 10 uM was found within the database.

Querying the NNSN motif against the database returned 608 hits with recorded activity
(Figure 4.9). Narrowing the search to only whotdl activities agains. aureugeturned only
57 hits.Most of these activities, however, were pulled from batch synthesis efforts reported in
the literature, rather than from a directed screening campaign. Of the entire set, 39 had reported
MICs below 500 mM, and only 5 had MICs below 50 mM; of these, osipgle compound had
a MIC below 10 mM.40 Given that HTS are limited to testing only one concentration, often at 10
mM, it is likely none of these compounds would have been found individually in a screening

campaign, and, hence, would not have been idedtés a hit series.
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4.5. Discussion

In this study, we report the results of the first high throughput screening (HTS) campaign
for the discovery of coppatependent antibacterial inhibitors. This strategy not only resulted in a
much greater number ofrgmising hit molecules than traditional screening methods, but also
specifically revealed a previously unknown $eties, whose ansitaphylococcal activity escaped
previous detection despite being present in many screening libraries.

Though metal completion screens could hypothetically proceed using any of the first
row transition metals (Mn, Fe, Co, Ni, Cu, and Zn), copper offers the most attractive and most
viable vehicle for synergistic inhibi tbuton. Co
ultimately stem from its relative proclivity toward stable ligand complexation when compared to
other transitiormetal ions. This phenomenon is described by the IrWilliams series, where
complex stabilities are their lowest with manganese, inciagseriodic fashion until maximum
stability at copper, rad finally decline at zind41]. Functionally, this gives copper a higher
affinity for sulfur, oxygen, and nitrogen than any other physiclalty relevant transition metal
[42]. This affinity, combhed with copper’s high redox- poten
proteins such as superoxide dismutases or cytochrome c oxidases, and as such is key to the
normal function of both prokaryotic and eukaryotic cells. However, copper ions in excesg readil
displace or replace crucial metalloenzyme cofactors, attack vulnerablsutwm clusters, and
directly damageaccessible amino acid residu¢ss. Cumulatively, these effects heavily
interfere with cellular function; as a result, all sequenced bagbessess at leasbme level of
copper resistandd.?].

As an antimicrobial, copper assaults numerous sites within the cell. Many bacteria

have had specific targets identifigd.g., dehydratases in E. cdi3], aerobic nucleotide
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synthesis inStreptococcupneumonia[44], and heme biosynthesis Meisseria gonorrhoeae

[49], but outside of general mechanisms suchatacking irorsulfur clusters in proteins,

specific points of failure vary widely from organism to organism. The detected sduocectdy

is simply the **weakest I ink," "’ or -dependert c o mp
inhibitors feature a similar variety of mechanisms, especially if acting through general copper
overload (as inlte case of $iydroxyquinoline[20]. More targeted compounds may be capable

of additional mechanisms agll. GTSM, for example, acts upon the electron transport chain of

N. gonorrhoeagwith its spectrum of activity hypothesized to be explained through a particular

b act e rrdliamga’ os aerobic respirationl[7,25. Yet, GTSM is also a potent copper
dependeninhibitor of S. pneumoniaéef. 25; unpublished observationa)facultative anaerobe

lacking an electron transport chairhus, additional modes of action must be at play, inigat

mult-f acet ed mechanism of act i paratdigm of ohd @ruggeh t h e
target has dominated since its proposgl Paul Ehrlich a century ago,46 copjpependent
inhibitors may offer an alternative: since multiple individual targetuld be vulnerable,
development of resistance would be much ndifecult than against traditional, single target

antibiotics.

The al |l ur e -batterial proppriees has notagamtnoticed 17-20,25,4749].
Unfortunately, free copper ions lelittle therapeutic valuelue to their erratic reactivityp0—
53]. To pharmacologicallgontrol the activity of copper ions and direct thena specific target,
numerous chemosynthetic efforts hasygnthesized copper complexes with greatly enhanced
antibacterialactivities[47,54-58]. However, many of these rely on metal bindigtifs that had

analytical and technical purposes, rather tmaedicinal applications. Subsequent synthesis
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efforts often prioritizeadvancing the frontiers of orgameetallochemstry (e.g. mixedligand
complexes), leaving biological considerations as a secorfdans. Consequently, structure
activity relationship studies, suchs exemplified by the clinically ed metalloantibiotic
bacitracin[59], are extremely rare. While powal in its own right, the agnosticisrof this
chemosynthetic strategy toward biological considerationgedes its applicability to HTS
discovery. Though we hausegun exploring how to harness the potential of coppehatate
based metalloantibiotics, avstill need HTS solution® probe the existing chemical space for
novel metalrelated activities to facilitate discovery and development of innovatwetat

oriented therapeutics.

4.6. Conclusion

In summation, our work details the first concertedbaotic HTS discovery effort to harness the

activity of an unconventional antimicrobial, copper. These unique inhibitors have, until now,
largely gone unnoticed within conventional screening libraries, offering a way to repurpose and
reprobe existing chemia | collections. Though therapeutic
potential can be readily exploited through combination with small organic molecules, offering a

promising new approach in the battle for novel antibacterials.
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Appendix A - Spectral Analysis(Chapter 2)
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Figure Al 1H-NMR of (4-carboxyphenyl)porphyrin (TCPP) (Varian, 400 MHz).
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Appendix B - Massspectrd Predictions (Chapter 4)

Calculated molar peaks for{E125CIN4S
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(3) Mass spectrum of &H2sCINsS and Cu(l) complex formed at micromolar concentration
range: (1:1 ratio)

(4) The structure consistent with the complex formed at micromolar concentration range: (1:1

ratio)
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Calcuhted peaks for £H26N4sOCIS
480.079084384 100.0
480.998798585 37.0905660322
482.071687129 90.1116654203
482.968631521 32.9262775276
484.043056234 26.3941213765

Found peaks for £H26N4OCIS
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Figure B5 Mass spectrum dE2:1H26CICUNsOS
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Calculated peaks for£Hs¢Clo.CuNsS,

Found peaks for HsoCl2CuNsS,
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Figure B6 Mass spectrum d€42Hs0Cl2CuNsS, complex

145

800

m/z




é 1 C42H50CI2CuN8S [M] o

90

60+

\/

30+

828 831 834 837 840 843
m/z

Figure B7 Mass spectrum d€42Hs0Cl2CuNsS; complex

cl
/
N
~NH ~ /
. >—N N
</ H
, S Cui—sS
N N‘</
N HN:

Cl

Figure B8 Complex structure of £Hs0Cl.CuNsS, consistent with the mass spectrum
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Calculated peaks forAHz2N4S
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Figure B9 Mass spectrum dE24H32N4S
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Figure B10 Mass spectrum dE24H3oN4S
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Peaks found for £H34CuN+OS complex formed at micromolar range
489.17425 7.155

490.12755 2.745

491.16090 4.1840
492.10877 1.5401
493.06142 0.5680

Peaks calculated for2@143:CuN4sOS complex formed at miemolar range
489.174254513 100.0

490.127536823 38.3361417666

491.160909315 58.4683003114

492.108754866 21.5264145111

493.061392146 7.93871550432
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30+
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Figure B11 Mass spectrum dZ24H34CuN+OS complex formed at micromolar range
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Peaks calculateaf C4H3sCuN4sOS complex formed at millimolar range:
879.428774413 100.0

880.345468124 78.881

881.351093445 86.012

Peaks found for £H34CuN+OS complex formed at millimolar range:
879.42878 100.0

880.34551 78.6593452815

881.35110 85.9995952992
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Figure B12 Mass spectrum d€24H3sCuNsOS complex formed at millimolar range
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