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Abstract

The concept of light-activated “caged” metal ioresviirst introduced for Ga
These high affinity coordination complexes arevatgd by UV light to release calcium
ions intracellularly and have found widespreadinsgnderstanding the many roles of
calcium in biological processes. There is an unmeet for photocaging ligands for
biologically relevant transition metal ions. Dabed here are the first examples of
uncaging biologically important d-block metal iamsing photoactive ligands.

New nitrogen-donor ligands that contain a photeaatitrophenyl group within
the backbone have been prepared and evaluatdaeionetal binding affinity.
Exposure of buffered aqueous solutions of apo-cageetal-bound cage to UV light
induces cleavage of the ligand backbone reducieglémticity of the ligands.
Characterization of several caging compounds reveat quantum efficiency and metal
binding affinity can be tuned by modifications hetparent structure. The change in
reactivity of caged vs. uncaged metal for promotigdroxyl radical formation was
demonstrated using the vitro deoxyribose assay. The function of several cdehe
compoundsn vivo pre- and post-photolysis has been validated udiG§-7 cells. This
strategy of caging transition metals ions is pramgigor applications where light can
trigger the release of metal ions intracelluladystudy metal trafficking and distribution,
as well as, selectively impose oxidative stresgandetal toxicity on malignant cells

causing their demise.
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1. Keys for Unlocking Photolabile Metal Cages

The ability to control the spatial distribution at@mporal release of specific bio-
reactive molecules allows researchers to understandvarious chemical events mediate
biological processes. Caged or light-modulatedecues enable the use of light as a
non-invasive trigger to turn on such events. Emnt‘caged” was coined by Kaplan,
Forbush, and Hoffman in 1978 to describe theirthagttivated ATP moleculé.Caged,
in this sense, means that the biological activitg molecule is blocked by the covalent
attachment of a photolabile protecting group onkeafunctional group of the molecule.
The molecule is thereby rendered inactive (i.eedagntil irradiation with UV light
alters the photolabile component to reveal thetionality of the molecule and restore its
biological activity. This strategy has been usedage various biomolecules, including
peptides, proteins, nucleic acids, effectors tegtilate gene expression, secondary
messengers, and nucleotide cofactors, just to reefee”*

Metal ions can also ellicit profound biological pesises, and it would be
desirable to control these responses by eitheasilg metal ions or altering their
reactivity on-demand in a similar fashion to thlghtrinduced uncaging of organic
molecules. Caging metal ions, however, requirégfarent strategy from the covalent
protecting group method used for organic moleculaghis chapter, we explore various

methods to cage metal ions, including transitiotatiens. We define two types of cages

2' ' ' % F CF G
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for metal ions: “locked” and “unlockable”. In tht®ntext, a locked metal cage refers to a
conventional definition of a cage compound wheeemetal ion is completely
encapsulated in a three-dimensional cavity provisked macropolycyclic ligandl.In
contrast, unlockable cages here refer specifitalghotocages in which the coordination

environment around the metal center changes ugbhdixposure.

NH; NH,
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R = H, CH, OH OH
ATP

1.1 Locked Metal Cages

The utility of locked metal cages in biology anddivine relies on the metal ion
remaining isolated from and unreactive with othggces in its environment. Some
examples are shown in Figure 1. In these case#hitbe-dimensional scaffold of the
ligand provides all of the donor atoms to coordiredy saturate the metal, and in doing
so imposes further steric and electronic restrdiai@nd those of their two-dimensional

counterparts. This cryptate effect provides imgiresthermodynamic and kinetic



stability to caged metal complex®&3.The synthesis of preassembled apo-ligands such as
the cryptand shown in Figure 1a is often tediou$law yielding? However, template
synthesis of molecules like diamsar in Figure 1¢h attner clathrochelates provides

efficient access to encapsulating ligahls.

a) b) NH» —|2+
2 %\
(0] @) NH

3 NH /NH
N
N\ O N0 N M
AN [ JIN
NH NHNH
(0] O
\_/ g)
NH,
preassembled self-assembled

For details on these compounds see references 80and

Due to the ease of synthesis and ability to vagyntiolecular scaffold of
clathrochelates paired with their kinetic and thedynamic stability, these complexes
have both biochemical and medicinal applicatiormsn& uses of these molecules include
complexation of radioactive metal ions for radiopy and diagnostics, encapsulation of
paramagnetic ions for magnetic resonance tomograyoydination of metals for HIV
therapy, and membrane transporters for metalibAscomprehensive review of all of

the applications of locked metal cages is beyordstiope of this dissertation, but further



information on this subject can be foundeference$ and 10.

1.2 Unlockable Metal Cages

The distinction between a locked metal cage anghéockable metal cage is that
the unlockable cage can be opened. Because vepecdically discussing photocages,
light is the key that opens the cage, and the ggo&opening the cage entails a change
in coordination environment of the metal ion. W&as the utility of locked metal cages
relies on the metal being unreactive with its emwment, the utility of unlockable metal
cages is that the reactivity of the complex withsiirroundings changes selectively upon
light exposure. The following sections describe twues of photocages that rely on light
to alter the coordination chemistry of a metal cterp In the Type 1 case, light reacts
with a photoactive component of the ligand to causbange in reactivity of the metal
center itself, whereas in the Type 2 case lighteawa change in reactivity of a ligand
that was once coordinated to the metal. Thisrdigtin is demonstrated by the cartoon in
Figure 2, where light is used as the key to untbekreactivity of either the metal ion or a

component of the cage.



<)

!
The bird in this cartoon represents a metal iontaedkey represents light. Light can

either unlock the metal ion or a component of thgecallowing it to interact with its
environment.

1.2.1 Unlockable Metal Cages Type 1: Photoactive Ligand

A potential application for caged metal complexe®iuse them as reagents to
alter metal ion bioavailability. Incorporating hgioactivatable agent into a chelating
ligand introduces a switch that can control theasé of the coordinated metal in a
spatial and temporal fashion. Such reagents dmeilaluable tools for studying cellular

processes related to metal ion uptake, distribustorage, usage, and trafficking.



1.2.1.1Calcium Cages

Calcium cages are the most prominent example dirdtedefinition of an
unlockable metal cage. In this design, a phottgadid high affinity ligand chelates €a
to render it biologically unavailable. Bioavaillatyi is restored when UV irradiation
leads to a photochemical change in the ligand bawipliberating products with a
diminished affinity for C&". In the late 1980s, the first calcium cages vaeneeloped
independently by two groupé* These cages, shown in Scheme 2, became
commercially available due to their applicabilibyliiological systems. Both compounds
utilize the same nitrobenzyl photochemistry, thotlghresulting photoproducts are quite
different. When nitr-2 is photolyzed, methanoteteased and a nitroso photoproduct
forms. The presence of a benzylic carbgraila to the conjugated nitrogen decreases the
affinity for calcium from a I§ of 160 nM to ~&M.** On the other hand, when DM-
nitrophen is exposed to UV light, the ligand baakdds cleaved, changing the binding
affinity from a Ky of 5 nM to 3 mM after photolysiS. Due to this dramatic post-
photolysis change in binding affinity, light can bged to control the time, location, and

amplitude of calcium release.
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Most calcium cages utilize a 2-nitrophenyl groughesphotolabile component of
the molecule. These photoactive moieties weredssd as protecting groups in organic
synthesis and today remain most prevalent in phabii@ cages. Their popularity stems in
part from their compatibility with a wide variety functional groups, including amides,
amines, carboxylates, hydroxyls, and phosph&tEsin addition, there are a number of
derivatives that are commercially available ortrely easy to synthesize.

The nitrophenyl compounds photolyze with near-Uyhticentered at 350 nm,
which lies in the UVA range (315-400 nm). Unlik&B (280—-315 nm) and UVC (100-
280 nm), UVA is not absorbed by DNA and therefapesinot directly cause DNA
damage. Depending on the intensity of the lighirs®, duration of exposure and cell
type, however, UVA light can damage DNA and othgdlutar components indirectly via
the formation of reactive oxygen spect&d’ Light toxicity can therefore be a serious
limitation of these compounds, and therefore @gsential that their photolysis be as
efficient as possible. Figure 3 shows some ofdtex generation calcium cages designed

to improve efficiency of photolysis.
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Two defining qualities of a photolabile group aequantum efficiency and
extinction coefficient. If a photolabile compoucan absorb light efficiently, then lower
exposure times are needed and in turn cellular dansareduced. One strategy used to
improve quantum efficiency is to increase the etion coefficient at 350 nm. This was
accomplished in calcium cages by incorporating mettsubstituents at the four and five
position of the ortho-nitrophenyl group. As showrfigure 3, the addition of methoxy
groups to NP-EGTA to form DMNPE-4, increases thenetion coefficient from 975 M
lem® to 5,120 M'em*.?° Unfortunately, this increase in the extinctioreffizient is not
accompanied by an increase in quantum efficiereyha value decreases from 0.23 for
NP-EGTA to 0.09 for DMNPE-4° Interestingly, DMNPE-4 was only the second
calcium cage reported that is capable of undergeffigent two-photon uncaging. The
first such cage was azid-1 (Figure 3), a membéh@hitr family and derivative of fura-
2, a fluorescent calcium sensor. Due to its flaoeat properties, azid-1 has an extinction
coefficient of 33,000 Mcmi* and photolyzes with an impressive quantum yieldrofy
to produce an amidoxime photoprodéicSimilarly, the incorporation of a
nitrodibenzofurane chromophore into the ligand bacle of EGTA increases the
extinction coefficient to 18,400 Mm?, as seen in NDBF-EGTA, which is significantly
higher than the extinction coefficient of NP-EGTANDBF-EGTA also has a very high
quantum yield of photolysis, 0.70, and is capalbtevo-photon uncaging?

Calcium cages have been used successfully in nypeg bf physiological

experiments and have been useful for studyingdles rof calcium in biological



processe$> This strategy has also been implemented to cegeBsf*, Mg?*, Cd”,
Mn?* and C4*.2*% However, there are few examples of these compimthe
literature for biologically relevant d-block metal$he following sections will give an

overview of the existing caged d-block metal comqsiand their applications.

1.2.1.2d-Block Metal Cages

When developing a caging ligand for transition rhitas, it is important to
consider preferences of donor atoms, size of te&tdrings, and complex geometry.
Binding affinity can be tuned by selecting donamas in accordance with the hard soft
acid base (HSAB) principle and by optimizing thenter and size of the chelate rings in
relationship to the size of the cation. In additithe binding geometry can aid in metal
ion selectivity as transition metal ions vary ieithumber of valence d-electrons, and in
turn, their preference for a certain binding geasneFinally, careful consideration of the
implications of the parameters discussed abovehotopysis efficiency and on the

desired reactivity pre- and post-photolysis is eyl

1.2.1.3Copper Cages

In an effort to expand the concept of caged metaipiexes beyond calcium to
biologically relevant transition metals, our graggently introduced a photosensitive
caged copper complex, [Cu(QKtage)]*® Our caging ligand, f¢age, has a nitrophenyl

group incorporated into a tetradentate ligand caaagdmf two amide and two pyridyl



nitrogens. Hcage binds Cii with an apparent Kof 16 pM at pH 7.4° Irradiation with
350 nm UV light cleaves the ligand backbone withimin to release bidentate
photoproducts with a diminished affinity for €¢Scheme 3). The high efficiency of
photolysis of Hcage, 0.73, is decreased to 0.32 upofi €oordination, indicating that
copper impairs photolysis but does not prevefft in the absence of light,
[Cu(OH,)(cage)] was shown to inhibit hydroxyl radical fation in anin vitro assay.
However, following light-induced uncaging, coppetalyzed hydroxyl radical formation
increased by 160%. This photoactive caged copper complex is thé éxample of

using light to alter the availability and reactydf a biologically relevant transition
metal. One drawback of,eage is that its 16 pM dissociation constant fof Gaunot
strong enough to prevent competition with coppadlrig proteins. To address this
problem, we developed a series 8t generation chelators to better understand thetsffe
of changes to the ligand backbone et&e on Cti binding affinity and photolysis
efficiency. Using the results of this study, wereleped a ¥ generation copper cage,
called 3Gcage, that has an apparenakpH 7.4 of 0.18 fM for Cli, a remarkable
improvement that should be strong enough to keppearosequestered in the presence of
endogenous copper binding protefhsLike H,cage, 3Gcage coordinates copper in a
tetradentate binding site until activation with Wyht cleaves the ligand backbone to
release bidentate photoproducts with diminisheiiafffor Cu**, as shown in Scheme 3.
In the dark, 3Gcage inhibits hydroxyl radical fotioa, while exposure to UV light

increases hydroxyl radical formation by more th@0%. [Cu(3Gcagejmay be a



useful tool for the delivery of metal ions to studtal trafficking pathways or to induce
oxidative stress as a chemotherapy strategy, thfigf8Gcage)] has not yet been
validated in a cellular system.

Fluorescent sensors for €42 Zn?*, 2°* and Cu ***?have been widely used to
investigate metal ion distribution. A common sttt is to design a probe such that
coordination to a particular metal ion increasasiéscence intensity, known as a “turn-
on” sensor. Developing this type of probe forOa challenging, since it is
paramagnetic and has a quenching effect on fluenesc Therefore, many Eprobes
have a “turn-off” mechanism, which offers less aacy and sensitivity. We developed a
new type of turn-on sensor, coucage, in which agdutive nitrophenyl group is
incorporated into the backbone of a coumarin-taggeddentate ligantf. Coordination
of CU#* dims the fluorescence output until irradiationhwitV light cleaves the ligand
backbone, which relieves the copper-induced quegdai provide a turn-on response,
Scheme 3. Coucage displays a selective fluoresaesponse for Gliover other
biologically relevant metal ions. ExperimentsiielMCF-7 cells show that it can be
used for detecting changes in intracellulaf‘Gipon the addition of a high concentration
of exogenous copper, indicating that coucage cbald useful tool for visualizing the
cellular distribution of labile copper to gain ight into the mechanisms of copper
trafficking. However, since the probe is destroypdn UV exposure, this strategy does

not provide real-time monitoring of cellular €dfluctuations. It instead reports on the

memory of where Cii had been available for chelation. This methoddtbe useful for



monitoring endogenous pockets of?Cprovided that adjustments can be made to the
ligand to increase its copper binding affinity dndmprove its quenching efficiency

prior to light activation.
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1.2.1.4Zinc Cages

Burdette and coworkers have set out to developccame complexes to facilitate
Zn** signaling research. For example, these tools earsbd to address discrepancies
about the relevance of synaptic zinc in neurotrassion. One current method for
releasing Zfi" into a biological system is to apply it exogengtislthe form of a Zfi
salt. This method has the potential to overwhdlendystem with biologically irrelevant
concentrations of zinc, that may induce a respansseen under more appropriate
biological concentrations.

One of the first photoactive cages reported toateeri* was CrownCast'
shown in Scheme 4. CrownCast has a crown ethept@cand photochemical properties
similar to that of Tsien’s nitr-2 calcium cage. aspphotolysis, a nitrosobenzophenone
(UNC) is formed, which has decreased metal bindeqgabilities. This decrease in
binding affinity is a result of the lone pair orethniline nitrogen being donated into the
benzophenone carbonyl oxygen. The apo-liganddalda of binding Cd, B&", SF*,
cd*, Mg®*, as well as Zf. The highest binding affinity was observed fofCand
lowest for Zif* with dissociation constants of 1/ and 161nM, respectively’

The next generation chelator, ZinCast-1 (Schembiddis Zri* in its tridentate
binding pocket with a IKof 14.3mM.*®> Upon exposure to UV light, ZinCast-1 operates
by the same photochemical mechanism as CrownGéast.formation of a ketone at the
benzylic position causes a decrease in electrosityern the aniline nitrogen producing

a weaker Zn—N bond. After irradiation, the resigtphotoproduct has a Zrbinding



affinity of 5.5 mM® ZinCast-1 has also been shown to bind"®ith a binding affinity
of 4.5nmM pre-photolysis and 1.8M post-photolysis, indicating very little change in
binding strengti{®

ZinCleav-1, shown in Scheme 4, is different thamtthio previously discussed
Zn** chelators in that its decreased binding affinftgrphotolysis is a result of cleavage
of the ligand backbone. Of the three, ZinCleawas the highest affinity for Zhwith a
Kq of 0.23 pM* After photolysis, it was estimated that the résglphotoproducts have
Zn** binding affinities >1501M for the 1:1 metal:ligand complexes and in the mavige
for the 2:1 metal:ligand complex&s.In addition, ZinCleav-1 has the most efficient
photolysis, with a quantum vyield of 0.0%4s compared to 0.087or ZinCast-1, and
0.005" for CrownCast.

Chen and coworkers developed a different scaff@idHeir zinc cage, in which a
phenolic Schiff base derivative is employed ascthiging molecule. When this molecule
is dissolved in organic solvent in the presencst@ichiometric amounts of base it was
estimated to have a 2.93 x*I™ (K4 = 0.34 mM) binding affinity for Zfi3" Upon
irradiation with 365 nm UV light, a 2-arylbenzoxde@hotoproduct is formed with a
decreased affinity for Zil, Scheme 4. This system is different than thosgipusly
discussed since a bidentate chelate cyclizes tmate metal binding upon irradiation. It
was also demonstrated that this phenolic Schifeluksivative binds other divalent metal
ions, such as B&(1.34 x 16 M™), Cc&* (6.28 x 16 M™Y), CU* (2.73 x 16 M™), and HG"

(2.23 x 16 M™Y).3" However, the reactivity of these metal ionvitro andin vivo pre-



and post-photolysis has yet to be determined.
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1.2.1.5Ilron Cages

Examples of naturally occurring unlockable cagetuitle some classes of
siderophores. Siderophores are high affinit}/ Eaelators produced by bacteria to
enable iron acquisitioff*° Butler and coworkers have investigated the pHatotcal
properties of marine siderophores called aquachétigain insight into the biochemistry
of iron in the upper-oceah. Aquachelins contain various fatty acid tails elteed to a
peptidic headgroup that is responsible for coottiimaFe€* via two hydroxamate groups
and oneb-hydroxyaspartate to form a 1:1°F@quachelin comple¥ In the presence of
UVA light, Fe** is reduced to P& and the siderophore backbone is cleaved abthe
hydroxyaspartate residue, as shown in Schefie a result, the conditional binding
affinity for Fe** decreases from ¥*M™ (K4 = 0.63 pM) pre-photolysis to ¥ M™ (K4
= 3.16 pM) post-photolysi¥. These findings show that siderophores not onlyiated
bacterial iron transport but their photolytic propes may affect the bioavailability of
iron.

A second class of photoreactive siderophores straity similar to aquachelins is
aerobactin. A major difference between the twilné aerobactin contains an
hydroxyacid in the form of citric acitf:* It is proposed that Féis coordinated through
two hydroxamate groups and a 3-ketoglutat&fé.Irradiation with UV light into the
ligand-to-metal charge transfer band (LMCT) resinitthe reduction of Fé and the
release of Cg Scheme 5. Unlike aguachelin, photolyzed aerabaetains a similar

affinity for F€’* as its unphotolyzed counterpart and promotesanmuisition’® Since



photolysis does not result in a change in bindiffigity, the repercussions of photolysis

on biological function remain to be resolved.
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Caged iron complexes could be useful to gain insighb iron homeostasis and
iron’s role in disease pathology. Burdette and mders developed FerricaSta
photosensitive macrocyclic compound that bind® Feorganic solvents. In a manner
similar to their first generation zinc cages, Fasit converts into the weaker binding
FerriUNC upon UV irradiation, as shown in SchemelBe quantum yield of photolysis
for this conversion is 0.01 for the apo-ligand &n@# for the metal compleéX.Both the
1:1 and 2:1 FerriCast:Eecomplexes are present in organic soluffodnfortunately,
metalated FerriCast decomposes in agueous sollitiating its utility under

biologically relevant conditions.

1/

FerriCast forms both the 1:1 and 2:1 ligand:mebahglex.
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1.2.1.6Platinum Cages

Cisplatin’s anticancer activity has been well ebséied since its fortuitous
discovery in the 1960%. Because of the overall success of cisplatin,shnds of
analogs have been synthesized. The clinical effaatss of many of these agents,
unfortunately, is restricted since they are toriboth healthy and cancerous tissue.
Drawbacks include dose-limitations caused by sesieie effects as well as intrinsic and
acquired resistance to the drug. Therefore, amifit approach to platinum drug design
is needed. This section will outline photoactivegs that can deliver Pt intracellularly in
a site and time specific manner, which could paoddigtalleviate the limitations of the
current drugs.

Photoactive drugs have been employed in photodyntrarapy (PDT), which
uses a photosensitizing drug and light of a spewiivelength to generate singlet
oxygen. The benefit of this method is that cytatepecies are localized at the site of a
tumor and healthy tissue is unaffected. PDT has Iseccessful in the treatment of
numerous cancers. The drawback of this methduhisaxygen is required to carry out
the cytotoxic mechanism, and yet many tumors apexig>° An advantage of the
potentially phototherapeutic agents discussedigsiiction is that they do not require
oxygen for cytotoxicity.

The first photoactivatable platinum drug-like malezwas the Pt complex
[PtCLl,(en)], shown in Figure 4, introduced by Bednarsid aoworkers® PtY

complexes are more inert to ligand substitutiomttreeir Pt counterparts, and therefore



must be reduced to their active' Rirm by extracellular and/or intracellular agepi®r
to reaction with DNA2>? If the rate of reduction of Btto Pt' can be increased at or
around a tumor relative to normal tissue, therefifectiveness of the drug could be
maximized. The [PtGly(en)] complex photoreduces with visible light. \e¢hihe
photoproducts were not characterized, the resuttimgplex was shown to bind DNA.
However, the unphotolyzed complex was also ablkertd DNA and there was no
difference in cytotoxicity observed for cells képthe dark as compared to those
exposed to light. The lack of stability of thisstrgeneration complex was attributed to

its very positive reduction potential, 75 E/mV.
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Next generation complexes were designed to incrisasstability in the dark, one
of which, transcis-[Pt(OAc)l,(en)] (where X = OAG in Figure 4), has a reduction
potential of -65 E/mV?* Unfortunately, the cytotoxicity difference betweeells kept in
the dark and those exposed to light was less gignif than expected. It was determined
that Pt -diiodo complexes are easily redudedivo by biological thiols to their toxic Pt
counterparts, making them inadequate as a phol®ldhig. These compounds may not
have operated as desired, but importantly, thegalex the possibility of releasing a
toxic platinum complex with light. By irradiatingto the ligand-to-metal charge transfer
(LMCT) band of the complex, a reductive eliminati@action is initiated>>® The
iodide leaving group is oxidized to a radical whsr@t" is formed. This platinum
species will either recombine with the iodide radlior initiate the oxidation of another
iodide forming a Ptcomplex. This class of compounds is differennttiee photocages
previously discussed since the metal is the phasigee component of the cage, as
opposed to a photolabile component of the ligaindthis respect, they could be
classified as Type 2 photocages.

In order to build P complexes that are more stable in the presencellofar
reductants, Sadler and coworkers replaced theeaggtiodups with azides, since platinum
azide complexes are known to undergo photoreduetimgnation®® Upon irradiation
with UVA light centered at 365 nm, the"Ptomplexes shown in Figure 5 undergo
photoreduction to Ptspecies. The mechanism of photoreduction is sirfoléhat

described above, except the azide radicals rageitpmpose into molecular nitrogen,



preventing the reoxidation of the platinum ceriter.
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Cis, trans,cis[Pt(N3)2(OH),(NHs)-]*’, shown in Figure 5, is soluble in aqueous
solution, stable in the presence of glutathioné, @motolyzes into a complex that binds
DNA and 5’-GMP. In addition, the photolyzed compinhibits the growth of human
bladder cancer cells as well as cisplatin-resistatis, while cells treated with the
complex and kept in the dark showed very littlevgitoinhibition >® Changing the N
ligands does not significantly affect the stabibifythese complexes; therefore,
derivatives with various amines have been syntkdsind characterized.

The distinct anticancer mechanismtiains-Pt' compared tais-Pt' complexes
has been known for some tirffe®? and thecis vs trans photoactive P complexes also
appear to show distinct anticancer properties ftloatis isomers. The alransisomer,

trans,trans, trangPt(Ns)o(OH)(NHs),]®3 (Figure 5) has enhanced water solubility



compared to the adlis version. In addition, its LMCT band is shiftediémger
wavelengths with a larger extinction coefficiei. the dark it is stable in the presence of
glutathione and is not cytotoxic to human cancéscdt binds 5’-GMP after exposure to
light and is as cytotoxic as cisplatin, albeit &idifferent mechanism of toxicity.
Derivatives of this complex have been studied iptd?’ Importantly, a derivative
where NH is replaced by a pyridine ligand is 90 times my®toxic than cisplatifi*

As an alternative to photoactivePtompounds, our group recently introduced a
Pt' photocaged complex, [Pt(cage)], in whicH Rtcoordinated to the photoactive
ligand, Hcage, through two amide and two pyridyl nitrog&hd&he intact complex is
unreactive toward ligand exchange reactions uativation with UV light (350 nm)
uncages a Pt complex that more readily exchangdigd@nds, as demonstrated in Scheme
7. When MCF-7 human breast carcinoma cells wesde¢d with up to 206M
[Pt(cage)] in the absence of light28% cell death occurred after 96 hours of treatmen
However, cytotoxicity increased by 65% with 2 mesibf irradiation and approached

the toxicity response of cisplatin.
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1.2.1.7Ruthenium and Rhodium Cages

RU' complexes such ass-[Ru(bpyk(H20),]** andcis-[Ru(phen)Cl,], are known
to be cytotoxic due to DNA bindintj;®® although, like cisplatin, cytotoxicity is not
localized to cancer cells. Therefore, Turro andaders developed a photolabile
octahedral RUcomplex cis-[Ru(bpyy(NHs),]%*,” shown in Figure 6. Like the Bt
compounds discussed above, the metal is actingegshiotosensitive component of the
cage. Irradiation of the complex in water resintthe loss of the NElligands and the
formation ofcis-[Ru(bpyk(OH,)(OH)]*. The photolyzed complex binds to 9-methyl-
and 1-ethyl-guanine as well as single-strandeddandble-stranded DNA. In contrast, no
DNA binding was observed in the absence of light.

Similarly, Morris and coworkers developed octahetd' complexes; such as

DDP,PHEN shown in Figure 6. These complexes are théymamically stable in the

dark but are susceptible to hydrolysis when exposéddV light to form species that



readily bind DNA. In vivo, DPRBPHEN was shown to be cytotoxic to cancer cellstand

inactivate an intracellular alphavirus Sindbis (8)Nollowing irradiation’?

cis -[Ru(bpy) 2(NHz)5]%* DDP,PHEN

17 7

1.2.2 Unlockable Metal Cages Type 2: Photoactive Metal

In the second type of unlockable cage, the metalacthe photo-protecting
group that cages a biologically active moleculée Toncept here is that irradiation
changes the coordination around the metal cent@ie¢ase (i.e. uncage) a molecule that
has biological activity. A key difference from Tg/d is that the bioactivity of the

released ligand is the focus, as opposed to chaidghke metal center.



1.2.2.1Ruthenium Cages

Recognizing that the R(bpy), core is photosensitive, Etchenique and coworkers
coordinated amine-containing neurochemicals to ajites on the octahedral Roenter
to keep them biologically unavailable. Irradiatioto the metal-to-ligand charge transfer
(MLCT) of the RU (bpy), center induces decomposition of the [Ru(bf¥),] complex,
where X is a neurochemical, to release [Ru(Ep§)] and one equivalent of
neurochemical, as shown in Scheme 8. Ru was emxlwycage various amine-
containing neurotransmitters including 4-aminopiyred(4AP), serotonin, butylamine,
tryptamine, and tyramin€. The compound where X is 4AP has been shown tmatpn
a biological system when [Ru(bp{3APY),] is irradiated with visible light > 480 nm and
one equivalent of 4AP is released. The free 4AfPpites the activation of a leech
neuron by blocking its Kchannels?

Later, triphenylphosphine, PRhwas utilized to form [Ru(bpy)PPh)(X)]. By
incorporating only one equivalent of an amine-conitg neurochemical, the quantum
yield of photolysis increased from 0.03 for [Ru(lf¥().] to 0.21 for
[Ru(bpyk(PPh)(X)]”> When X isg-aminobutyric acid (GABA), the main inhibitory
neurotransmitter in the brain, exposure to light®@ nm has been shown to activate
GABA ion channels in frog oocyteés. When applied in the dark, no cellular changes
were observed. The system in which non-leavinggsaccupy five of the six
coordination sites has been used to cage amins bkidglutamaté® In this case, one of

the bpy and the PRligands is replaced by a tridentate chelator(gyisazolyl)amine. To



the best of our knowledge, Ru-caged amino acide hat yet been testeal vivo.

There are a number of light-activated biomolectiie$ cage neurochemicals,
similar to that of the light-activated ATP molectg Kaplan, Forbush, and Hoffman.
Like many of the examples discussed in this chagitese strategies require UV light of
~ 300 nm to break & covalent bond, which may cause cellular photodamnain
advantage offered by Ru-based caging groups isfthrertheir longer wavelength

photoreactivity.

8" # 57.#0 +9"0 6

cis -[Ru(bpy) 5(4AP),]** cis -[Ru(bpy) o(OH,)(4AP)]**

1.2.2.2NO Cages
Nitric oxide (NO) is a signaling molecule implicdten various physiological
responses including blood pressure regulation,ateursmission, immune response, and

cell death’” Metal complexes containing a metal-nitrosyl (M-N@nd have been



implemented to liberate NO as a therapeutic agettt mvestigate the roles of NO in
biological pathways. The first metal-containing dé&easing drug, NgFe(NO)(CN}],
while clinically useful for the reduction of hypertsion, is not without drawbacks as the
loss of its ancillary ligands causes cyanide tayitt’® As a result, much effort has been
dedicated to the development of new metal complestsimproved stability to prevent
the loss of supporting ligands and for the congebliielivery of NO. In particular, the
known photosensitivity of many M-NO compounds malikgist an ideal trigger for the
release of NO in a spatial and temporal specifiomea

Mascharak and coworkers developed octahedral rmetaplexes containing
PaPyH (N,N-bis(2-carboxamide), a pentadentate ligand, IdO. Both the rutheniufh
and manganese compleXeshown in Figure 7, were found to be stable at
physiologically relevant pH and are activated Vit to release NO. Even though the
Ru analog is activated with UV light and the Mn lagais activated with visible light
(500 — 650 nm), both have biological applicatiotha activation of soluble guanylate
cyclase activityn vitro, trigger a concentration-dependent increase in BGMvascular
smooth muscle cells, and elicit vasorelaxant agtivi a rat thoracic rin§’

Variations of the coordinating ligands have beemnshto red shift the
wavelengths needed for photoactivation. The coatdhn of a dye to the metal center
not only alters the photochemical properties ofrttetal complex but also provides a
means to monitor cellular distribution. Along thdmes, Ford and coworkers

incorporated chromophores such as, AFchromopfdhaoresceifi*®® and



protoporphyrin 1€ into their metal complexes to increase light apgon and improve
NO release at longer wavelengths. Although NOasads not very efficient, these
complexes have a two-photon cross section thatlesdlD release with two-photon

excitation with 810 nm femtosecond pulsed light.

NO _l v NO _I 2

’I
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[Mn(PaPyg)(NO)] [Ru(PaPys)(NO)]Z*
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1.2.2.3CO Cages

Carbon monoxide (CO) is an important signaling roole that is implicated in
some of the same pathways as NO, as well as oftysigiogical processég. Like NO,
the controlled release of CO can be used to stuelydles of CO in various pathways or
administered as a therapeutic agent. In an dffazontrol the release of high
concentrations of CO, Schatzschneider and coworkrsduced a photolabile
octahedral Mn comple% shown in Figure 8. [Mn(CQtpm)]* has been shown to

release two equivalents of CO to myoglobin upoivatibn with 365 nm light.In vivo,



this compound is non-toxic to human colon cancés aethe dark, however in the

presence of light it displays photoinitated cytaty.®®

[Mn(CO) 5(tpm)] *

8 $9 : <%7

1.3 Summary and Outlook

As discussed in the previous sections, photolabé&al cages can be used as tools
for manipulating the bioavailability of metals deir coordinating ligands in order to
study biological pathways or for therapeutic pugsosThe remainder of this dissertation
investigates uncaging d-block metal ions using @qmctive ligand. In particular,

Chapter 2 details the first example reported inliteeature of photocaging a biologically
important d-block metal ion, Gli To better understand the scope of differentdgjical
applications for photolabile transition metal cagesfirst set out to answer the question:
can caged transition metals be used to induceleath only upon activation with light?

This question is answered in Chapter 3 with a pizttee Pf compound. Next, we



probed the question: can photocaged compoundsdoktastudy intracellular transition
metal distribution? Chapter 4 investigates thisgfion using a fluorescent photocaged
copper complex that provides a turn-on reponse Withactivation. Finally, Chapter 5
investigates how modifications to our parent cagimgcture can tune quantum

efficiency and metal binding affinity.



2. A Photolabile Ligand for Light-Activated Release of
Caged Coppef

2.1 Background and Significance

The redox activity of copper makes it an essegt&hctor in numerous enzymes
critical for life, but also renders it potentiatiyxic by promoting the formation of
reactive oxygen species (ROS) that lead to cellidative stres&>** Understanding
the trafficking pathways by which cells and orgamésacquire, maintain, and utilize
copper while suppressing its toxicity has importamifications for health and
diseas€?*® Copper’s pro-oxidant property is also medicingitgmising if it could be
harnessed to induce oxidative stress as a caneeratherapy strategy:”® New reagents
that could deliver copper intracellularly in a sied time specific manner would
therefore be useful both for targeted delivery 6fSRactive agents and for delineating
copper trafficking and utilization pathways. Towdingse goals, we present here a caged
copper complex in which a photoactive nitrophemglup is incorporated into the
backbone of a tetradentate chelator with high #jfifor copper. Activation with UV
light induces bond cleavage that releases bidentatgonents with low affinity for
copper (Scheme 9).

The concept of light-activated caged metal ions fivasintroduced for

ca* 12131518Caged calcium, in which stable coordination comedeare activated by
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UV light to release Cd ions intracellularly, have found widespread usanderstanding
the many roles of G&in neurotransmission, muscle contraction, andrdifeogical
processe$>*° The carboxylate-rich chelators used to cage Bave also been used for
s, B&t, Mg?t, Cdf*, Mn?*, and C8",2* while photo-cleavable cryptands have been
reported to release alkali idfignd a photoactive crown ether shows modest rélersi
photorelease of $t?° Because Cii—carboxylate complexes are themselves photoactive
to release C@and carbon-centered radicais;arboxylate ligands are not ideal for
caging copper. We therefore chose a nitrogenhispyridylamide ligand (ktage) for

our first-generation caged copper.



Scheme 9: Synthesis and Photolysis of [Cu(QMcage)]
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2.2 Materials and Methods
2.2.1 Materials and Instrumentation

All chemicals were purchased commercially and weggout further purification.
N-Methylmorpholine (NMM), 2-deoxy-ribose, ascorbic acid, 50% hydrogen peroxide,
trichloroacetic acid (TCA), and 2-thiobarbituridé@¢TBA) were purchased from Acros
Organics; picolinic acid, 2-(aminomethyl)pyridingcolinamide, and CuS&bH,O from
Sigma-Aldrich; nitrilotriacetic acid (NTA) from Fka; 3-amino-3-(2-
nitrophenyl)propionic acid from Alfa Aesar, and ketriazol-yloxytris(dimethyl-amino)
phosphoniumhexafluorophosphate (BOP) from Noval@othAll solvents were reagent
grade. Chromatographic purification was carriedaubasic aluminum oxide (50-200
micron) from Acros OrganicéH NMR and**C NMR spectra were collected on a Varian
Inova 400 spectrometer with chemical shifts rembibeppm and J values in Hz.
Elemental analysis was performed by Columbia AmnadytServices, Inc. IR spectra
were measured on a Nicolet 380 FT-IR. High-resotuytfast-atom bombardment (HR-
FABMS) mass spectra were recorded on JEOL JMS-SXuisirument. Liquid
chromatography-electrospray mass spectrometry (ISJAVas performed using an
Agilent 1100 Series apparatus with an LC/MSD trag@ a Daly conversion dynode
detector. A Varian Polaris C18 (1501L.0 mm) column was used and peaks were
detected by UV absorption at 254 nm. A linear geatifrom 10% A in B to 60% A in B
was run from 2 to 18 min with a total run time & @in, where A is MeCN / 4% 10 mM

ammonium acetate buffer and B is 10 mM ammoniuntededuffer / 2% MeCN. UV-



vis spectra were recorded on a Cary 50 UV-vis spphbtometer. Photolysis
experiments were performed using a screwtop quartette illuminated in a Rayonet

RPR-100 Photochemical Reactor containing 16 belsh 3500 A.

2.2.2 Synthesis
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2.2.2.1Pyridine-2-carboxylic acid {1-(2-nitro-phenyl)-2-[(pyridine-2-ylmethyl)-
carbamoyl]-ethyl}-amide (H.cage)

Equimolar quantities of picolinic acid (0.100 g803 mmol) and NMM (0.089
mL, 0.813 mmol) in CKCl, (3 mL) were added to a 50-mL round-bottom flaskipped
with a stir bar. The reaction mixture was cooleédraan ice bath for ten min then BOP
(0.360 g, 0.813 mmol) in Gi&l, (2 mL) was added. The reaction mixture was allotweed

warm to room temperature with stirring for 18 htekf18 h, one equivalent of 3-amino-



3-(2-nitrophenyl)propionic acid (0.171 g, 0.813 nijmbssolved in hot DMF (15 mL)
was added and the reaction mixture was stirredricadditional 18 h. NMM (0.089 mL,
0.813 mmol) and 2-(aminomethyl)pyridine (0.083 rAl813 mmol), both in C§Cl; (3

mL) were added to the reaction mixture. The resgltiolution was cooled over an ice
bath for ten min then BOP (0.360 g, 0.813 mmolLk,Cl, (2 mL) was added, and the
reaction mixture stirred for 18 h at room tempematdhe solvent was removed and the
resulting oil was taken up in GBI, (25 mL), filtered, and washed with saturated
agueous NacCl solution (310 mL). The organic layers were combined, drieerov
MgSOQ;, filtered, and solvent removal gave an oil thas\parified by chromatography
(basic alumina, EtOAc:hexanes, 8:2,/R0.37), giving a white crystalline solid (0.220 g
67%)."H NMR (CD;OD): d 8.69 (1H, dJ = 4.77), 8.42 (1H, d] = 4.93 ), 8.03 (2H, dd,
J=4.65J=7.97),7.95 (1H, td] =1.66,J = 7.68,J = 7.80), 7.74 (1H, d] = 6.77), 7.61
(3H, m), 7.53 (1H, ddj = 4.31,J = 11.17), 7.25 (1H, m), 7.17 (1H, = 7.88), 6.08

(1H, dd,J = 5.06,d = 7.09), 4.47 (2H, dd] = 15.91,J = 42.40), 3.11 (2H, qd,= 6.11,
=1480J=14.813= 14.81).13C NMR (CDCk): d40.5, 44.1, 47.6, 122.1, 122.2, 122.5,
124.9, 126.3, 128.3, 129.1, 133.6, 137.0, 137.2,31348.2, 148.5, 148.6, 149.6, 155.8,
164.0, 170.4; HR-FABMS: m/z 406.11 [M+Hlcalcd 405.14 for M = §H19NsO;; IR
(MeOH, cnmi): 3309, 1658, 1520, 1433, 1349, 731; UV-vis (3%Mein H,0, pH 6—

12), nm (M*cm™): 270 (8,500), 300 (1,800).
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A 50 mM aqueous solution of NaOH (9.38 mL) was addepwise to a

refluxing solution of Hcage (0.095 g, 0.234 mmol) and Cu$Eh,0 (0.058 g, 0.234
mmol) in 25 mL of EtOH. After refluxing for 1 h, ¢hsolvent was removed and the
residue was taken up in acetone and filtered. $\aporation gave blue, prism-shaped
crystals in 81% vyield. ESI-MS: m/z 467.0 [M+Hpr [Cu(cage)], calcd 466.06 for
C21H17CuNsOg; IR (neat, cm-1): 1579, 1556, 1515, 1375, 134481055, 716, 698, 672,
647; UV-vis (HO, pH 6-12), nm (M-1cm-1): 580 (112); Anal. caltat.

Cle17CUN504'2H201 C, 50.15; H, 4.21; N, 13.92; found: C, 51.86;41*25; N, 13.97%.

2.2.3 Deoxyribose Assay

The 2-deoxyribose assay was used to measure hydeaigal formatiorr® A

mixture of copper, ascorbic acid, and hydrogen xideogenerates hydroxyl radicals by

&



Fenton-like chemistry. Hydroxyl radicals attack @dyribose to form malondialdehyde
(MDA), which upon heating with TBA under acidic abtions produces a pink
chromophorel(nax = 532 nm). Chelators that prevent copper fromtiegavith ascorbic
acid and hydrogen peroxide result in less chromopfarmation. All assays were
performed using 20 mM NalRO, buffered to pH 7.4. The following reagents were
added sequentially to obtain a 1 mL buffered solutvith these final concentrations:
chelator (10-20riM), CuSQ, (10nM), 2-deoxyribose (15 mM), ¥D, (100mM), and
ascorbic acid (2 mM). For photolyzed samples, B®Osolutions of [Cu(OH)(cage)] in
20 mM pH 7.4 NakHP O, buffer were photolyzed in 1-cm screwtop quartzettes for 4
min in the photoreactor, then immediately dilutetbithe deoxyribose reaction mixtures
to obtain final Cu concentrations of . Stock solutions of CuSQascorbic acid, and
H,O, were prepared fresh daily, other solutions weepared weekly. The reaction
mixtures were stirred at 37 °C for 1 h, then 1 miTBA (1% w/v in 50 mM NaOH) and
1 mL of TCA (2.8% w/v in water) were added. The pamature was increased to 100 °C
for 20 min, then cooled to room temperature ancatisrbance at 532 nm was
recorded. Values are reported as fiere A is the absorbance without

chelator present and A is the absorbance with tdred@lded. The value for Cug@one

is A/Ap = 1. Error bars represent standard deviations freasurements done in at least

triplicate.



2.2.4 Quantum Yield

The quantum yields of #dage and [Cu(OgJ(cage)] photolysis were determined
by comparison to the quantum yield of 1-(o-nitropyl¥ethyl phosphate (cage)Rs
previously reported by Ellis-Davis and Kapf&@nSamples of btage (5001, Asso =
0.030), [Cu(OH)(cage)] (5007M, Azso= 0.040), or caged; PL mM, Agso= 0.065) in 20
mM NaH,PO, buffer pH 7.4 were irradiated in a Rayonet RPR-R@0tochemical
Reactor at 350 nm for 15 s. Photodegradation gé¢@ompounds was monitored by
LC-MS analysis. Aliquots of 3.0L of each sample before and after photolysis were
injected by autoinjector and run in triplicate. eTéxperiment was repeated to ensure
reproducibility. The quantum yield for each sam(le.mpid Was calculated by using
Equation 1:

. %Dsample A, cp

F =
amee % oeDcp  Agsample

(1)

whereF ¢, is 0.54, the previously determined quantum yield adtplysis for caged F°
%Dsample and %acp are the percent change in integrated peak &exghotolysis for

the sample and cageg Respectively, and Ay is the absorbance at 350 nm in a 1-mm

cuvette for caged;Rcp) and for the sample.

2.2.5 Potentiometric and Spectrophotometric Titrations

Kathryn Haas, a graduate student in the Franz déboy, performed the

&é



potentiometric and spectrophotometric titrationsodided below. Cliperchlorate
solutions (0.1 M) were prepared from solid Cu(@bH,O and standardized with 0.05
M EDTA to a murexide endpoint in ammonia buffera®H, HCIQ, and NaCIlQ
solutions (0.1 M) were prepared with boiled nanepdeionized water and were degassed
upon cooling to remove dissolved carbonate. NaQlbtions were standardized by
titration with both 0.2 M HCI and potassium hydragehthalate to a phenolphthalein end
point and were stored under Ar; HGIS«ock solutions were prepared from concentrated
perchloric acid and standardized by titration vatandard NaOH to a phenolphthalein
end point. All solutions were degassed with Ar46rminutes prior to each experimental
run.

Titrations were carried out at 25 °C with 0.1 M N@gsupporting electrolyte in a
3-mL cuvette equipped with a pH probe, titrator &pd stir bar, and blanketed in Ar to
preserve an inert environment. The glass-bulbg(@yion combination pH electrode
model 8103BN filled with 3 M NaCl) was calibratedhvpH 4 and 7 standard reference
buffers (RICCA Chemical Company). Solutions gtbige were prepared by dissolving
the compound in a minimum volume of MeOH and dilgtwith 0.1 M NaClQ in H,O.
Solutions of [Cu(OH)(cage)] were prepared in the range of 0.5 mM ksgalving the
complex, recrystallized from methanol, in 0.1 M N@E Initial volumes were between
2 and 2.2 mL. A Schott Titronic® 110 plus autatior kept under constant Ar sparge
was used to deliver 2 to 4 pL aliquots of acid asdthrough the titrator tip into the

reaction cuvette. The solutions were stirred amtt and allowed to equilibrate at least
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30 s after each addition before data were collectatfation data were fit using Specfit

software (Spectrum Software Associates, versior8G)0

2.2.6 Cognpetition Study of Nitrilotriacetic Acid (NTA) vs. Hocage for
Cu”’

Kathryn Haas, a graduate student in the Franz #boy, performed the
competition study described below. Solutions ai([CH,)(cage)] were prepared by
dissolving [Cu(OH)(cage)] that was recrystallized from methanol isfomM HEPES
(N-(2-hydroxyethyl)-piperazine-N'-2-ethanesulfoaimd) buffer, pH 7.4, with initial
concentrations ranging from 0.3-1.5 mM. The neactessel was a 3-mL cuvette and
initial solution volumes were 1 mL. All titrationgere carried out at 25 °C. Aliquots (1—
2 nL) of the competitive chelator NTA (100 mM) wergetted into [Cu(Ok)(cage)]
solutions and monitored spectrophotometricallyteAgach addition, solutions were
manually mixed and equilibrated for 5 min beforéadaere collected. Reported errors in

log b were calculated from the standard deviation af¢huns.

2.2.7 X-Ray Data Collection and Structure Solution Refinenent

Marina Dickens, a graduate student in the Franar&bry, collected and
analyzed the data for all crystal structures. Ritsms of [Cu(OH)(cage)] were grown
by slow evaporation of acetone. The crystal wasntexlion the tip of a glass fiber and

held in place by hardened Karo syrup. Data wereckad at 296 K on a Bruker Kappa
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Apex Il CCD diffractometer equipped with a graphitenochromator and a MoaKfine-
focus sealed tubé € 0.71073A) operated at 1.75 kW power (50 kV, 35)nie
detector was placed at a distance of 5.010 cm thenerystal. A total of 2655 frames
were collected with a scan width of 0.5° and aroskpe time of 90.0 sec/frame. The
frames were integrated with the Bruker SAINT v7.1&#tware package using a narrow-
frame integration algorithm. Empirical absorptiarrections were applied using
SADABS v2.10 and the structure was checked fordrglymmetry with PLATON
v1.07. The structure was solved by direct methoitls refinement by full-matrix least-
squares based of &sing the Bruker SHELXTL Software Package. All froyrogen
atoms were refined anisotropically. Hydrogen atefnsg hybridized carbons and
nitrogens were located directly from the differefr@irier maps; all others were

calculated.
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2.3 Results
2.3.1 [Cu(OH )(cage)] pK, and logb Determination

Potentiometric titrations for bothelage and [Cu(OfJ(cage)] were carried out
from low to high and from high to low pH with sirail results. Figure 9 shows the
potentiometric titration curves of;elage and [Cu(OkJ(cage)] (abbreviated as;Hand
CulL, respectively). Titration data ohbehge reveal no ionizable protons in the pH range
between 2-12. This is not surprising, based endlitire pK values of amide protons
(pKa > 20) and relevant substituted pyridine rings {gk2) *%°

Titration data for the [Cu(Ofj(cage)] complex show two ionizable protons below
pH 5. The pH-dependent spectra are shown in FigdireThese data were fit using

Specfit software according to the model in Tahlefiereb is defined by Equation 2 for

the general equilibrium reaction in Equation 3 veher= cag®.

- [CumLIHh] (2)
" Ul THY'
mCu +IL + hH == CulHn (3)

The Specfit program produced Ibgalues of 15.63 and 18.96 for the CuLH and CalLH
species respectively, which correspond to thgyafues of 4.83 and 3.33, consistent with

the deprotonation of both amides. Attempts toudelthe species CuLflwhich



represents the deprotonation of the coordinateémmoblecule in [Cu(Ob)(cage)], into
the model did not fit the data, indicating thasthBivent is not observable in the tested pH
range. The calculated speciation curve is showsigare 11.

An overall stability constant of lolg = 10.8 was calculated for [Cu(Q}cage)].
This value converts to a conditional dissociationstant, K, at 7.4 for Cu-cage of 16
pM. Titration of the common chelator nitrilotridmeacid (NTA) into a solution of
[Cu(OH,)(cage)], confirmed this value. A typical titratics shown in Figure 12. Data

were fit to the model shown in Table 2 with Spestftware.
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where L = cag@. b is defined in Equation 2.

Species Lodp h
CuL 10.80 £ 0.01 0 refined
CuLH 15.63+ 0.08 1 refined
CuLH, 18.96 +0.03 2 refined
CuOH -8.2 -1 constant
Cu(OH), -17.5 -2 constaht
Cu(OH) -27.8 -3 constaht
Cu(OH), -39.1 -4 constaht
OH -13.74 -1 constdfit




—=CuL
—-—H2L

2 T T T
0.00 1.00 2.00 3.00

moles of acid per moles of L

2" > ;=

Potentiometric titration curves of;,H (blue diamonds, [L] = 1.46 mM) and CuL (pink
squares, [CuL] = 1.33 mM), where L = c4geT = 25 °Cm= 0.1 M NaClQ.



Wavelength (nm)
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Titration was carried out from pH 2.7 to 12. T =5 [Cu] = [cage] = 0.71 mMn=
0.1M NacClQ.



100

CuLH, CuL
CuLH
75
50 +
25 +
O T T T
2.7 3.7 4.7 5.7
pH

Calculated species distribution for €wwomplexes of LL = cagé. Conditions as
described in Figure 9.
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L = cagé and b is defined in Equation 2

&

Cu NTA H

Species Lodp m h
CuL 10.79+ 0.06 1 0 refined
Cu(NTA) 12.7 1 0  constdfit
Cu(NTA), 17.4 1 0  constdft
NTAH 9.46 0 1  constafit
NTAH, 11.95 0 2 constdft
NTAH; 13.76 0 3 constdft
NTAH, 14.76 0 4 constdnt
CuOH -8.2 1 -1 constdfit
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Titration of NTA into a 0.39 mM solution of [Cu(QKcage)] in 50 mM HEPES buffer.
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2.3.2 Crystal Structure of [Cu(OH,)(cage)]

Recrystallization of [Cu(ObJ(cage)] from acetone in the presence of base
confirmed that 2 deprotonated amide nitrogens apgi?lyl nitrogens coordinate Glin
a distorted trigonal bipyramidal geometry, with ater molecule lying in the trigonal
plane at a Cu-O distance of 2.299(3) A. The ave@g-Nmigedistance of 1.943 A and
Cu—Nhyridine distance of 2.034 A are similar to other bispytayide C3* complexes”?
Figure 13 shows the fully labeled structure witlesebond distances and angles. Table
3 contains a summary of crystal data, intensitjectibn and structure refinement

parameters. Bond lengths and angles are listédhie 4.

)*
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ORTEP diagram of [Cu(Oficage)] showing 50% thermal ellipsoids. Selected bond
distances: Cu—-N1, 2.052(2); Cu—N2, 1.948(3); Cu-N843(3); Cu—N4, 2.013(3), Cu—
05, 2.295(3) A. Distance between the ortho H's dnadd C15 (H1-H15), 2.4955 A.
Selected bond angles: N2—Cu—N4, 172.8(1); O5—Cu4i3,0(1); O5—Cu—N1, 100.9(1);
N1-Cu—N3, 141.9(1); N2—Cu—N3, 92.9(1); N3—Cu—N4,88D; N1-Cu—N4, 100.7(1);
N2—Cu—-N1, 82.1(1); N2—Cu-05, 100.8(1); O5—-Cu—-N4385°.
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Identification code md54
Empirical formula G1H19N505Cu
Formula weight 484.95
Temperature 296(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/n
Unit cell dimensions a=7.7037(4) A a =90°

b=12.2546(8) A b =95.364(3) °
c=21.0831(12) A g=90°

Volume 1981.6(2) A

z 4

Density (calculated) 1.625 Mg/m

Absorption coefficient 1.149 mm

F(000) 996

Crystal size 0.12 x 0.05 x 0.04 Mm

Crystal color and habit Blue prism

Diffractometer Bruker Kappa Apex Il

Theta range for data collection 1.92 to 24.96°

Limiting indices -9<=h<=8, -14<k<=14, -25<=I<=25
Reflections collected 30154

Independent reflections 3429 [R(int) = 0.0815]
Completeness to theta = 24.96 98.9 %

Absorption correction Semi-empirical from equivaken
Max. and min. transmission 0.9555 and 0.8744

Solution method SHELXS-97 (Sheldrick, 1990)
Refinement method SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 3429/0/ 293
Goodness-of-fit on ¥ 1.152

Final R indices [I>2(1)] R1 = 0.0410, wR2 = 0.0983

R indices (all data) R1 =0.0664, wR2 = 0.1093
Largest diff. peak and hole 0.773 and -0.333%-A
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Cu(1)-N(2) 1.944(3) C(4)-H(4A) 0.93
Cu(1)-N@3) 1.943(3) C(5)-C(6) 1.510(5)
Cu(1)-N(4) 2.013(3) C(7)-C(8) 1.534(5)
Cu(1)-N(1) 2.054(3) C(7)-C(16) 1.536(5)
Cu(1)-0(5) 2.295(3) C(7)-H(7A) 0.98
0(1)-C(6) 1.241(4) C(8)-C(9) 1.517(4)
0(2)-C(9) 1.253(4) C(8)-H(8A) 0.97
0(3)-N(5) 1.202(4) C(8)-H(8B) 0.97
0(4)-N(5) 1.193(4) C(10)-C(11) 1.499(5)
0(5)-H(5A) 0.82 C(10)-H(10A) 0.97
0(5)-H(5B) 0.69(4) C(10)-H(10B) 0.97
N(1)-C(1) 1.324(5) C(11)-C(12) 1.370(5)
N(1)-C(5) 1.338(4) C(12)-C(13) 1.375(5)
N(2)-C(6) 1.317(4) C(12)-H(12A) 0.93
N(2)-C(7) 1.460(4) C(13)-C(14) 1.375(5)
N(3)-C(9) 1.306(4) C(13)-H(13A) 0.93
N(3)-C(10) 1.453(4) C(14)-C(15) 1.369(5)
N(4)-C(15) 1.341(4) C(14)-H(14A) 0.93
N(4)-C(11) 1.344(4) C(15)-H(15A) 0.93
N(5)-C(17) 1.457(4) C(16)-C(17) 1.389(4)
C(1)-C(2) 1.365(6) C(16)-C(21) 1.390(5)
C(1)-H(1A) 0.93 C(17)-C(18) 1.393(5)
C(2)-C(3) 1.372(6) C(18)-C(19) 1.367(5)
C(2)-H(2A) 0.93 C(18)-H(18A) 0.93
C(3)-C(4) 1.382(6) C(19)-C(20) 1.360(5)
C(3)-H(3A) 0.93 C(19)-H(19A) 0.93
CA-CO) 1.3716) C(20)-C(21) 1.380(5)
C(20)-H(208) 0.93 C(21)-H(21A) 0.93
N(2)-Cu(1)-N(3) 92.90(11) C(2)-C(1)-H(1A) 118.2
N(2)-Cu(1)-N(4) 172.75(11) C(3)-C(2)-C(1) 118.8(4)
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N(3)-Cu(1)-N(4)
N(2)-Cu(1)-N(1)
N(3)-Cu(1)-N(1)
N(4)-Cu(1)-N(1)
N(2)-Cu(1)-0(5)
N(3)-Cu(1)-0(5)
N(4)-Cu(1)-O(5)
N(1)-Cu(1)-0(5)
Cu(1)-0(5)-H(5A)

Cu(1)-0(5)-H(5B)

H(5A)-0O(5)-H(5B)

C(1)-N(1)-C(5)
C(1)-N(1)-Cu(1)
C(5)-N(1)-Cu(1)
C(6)-N(2)-C(7)
C(6)-N(2)-Cu(1)
C(7)-N(2)-Cu(1)
C(9)-N(3)-C(10)
C(9)-N(3)-Cu(1)
C(10)-N(3)-Cu(1)
C(15)-N(4)-C(11)
C(15)-N(4)-Cu(1)
C(11)-N(4)-Cu(1)
0(4)-N(5)-0(3)
0(4)-N(5)-C(17)
0(3)-N(5)-C(17)

N(1)-C(1)-C(2)

N(1)-C(1)-H(1A)

N(3)-C(9)-C(8)

N(3)-C(10)-C(11)

N(3)-C(10)-H(10A)

80.80(11)
82.02(12)
141.94(12)
100.70(12)
100.82(11)
117.00(12)
85.32(11)
100.95(11)
109.5
132(4)
109.9
117.8(3)
130.9(3)
110.7(2)
115.8(3)
116.6(2)
125.6(2)
120.2(3)
125.4(2)
113.3(2)
118.3(3)
127.9(2)
113.7(2)
120.8(3)
120.2(3)
118.9(3)
123.6(4)
118.2
115.0(3)
107.4(3)

110.2

C(3)-C(2)-H(2A)
C(1)-C(2)-H(2A)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
N(1)-C(5)-C(4)
N(1)-C(5)-C(6)
C(4)-C(5)-C(6)
0(1)-C(6)-N(2)
0(1)-C(6)-C(5)
N(2)-C(6)-C(5)
N(2)-C(7)-C(8)
N(2)-C(7)-C(16)
C(8)-C(7)-C(16)
N(2)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C(16)-C(7)-H(7A)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
0(2)-C(9)-N(3)

0(2)-C(9)-C(8)

N(4)-C(15)-H(15A)
C(14)-C(15)-H(15A)

C(17)-C(16)-C(21)

120.6
120.6
118.3(4)
120.8
120.8
119.3(4)
120.4
120.4
122.2(4)
116.2(3)
121.6(3)
127.4(3)
119.1(3)
113.5(3)
110.5(3)
111.9(3)
106.4(3)
109.3
109.3
109.3
116.6(3)
108.1
108.1
108.2
108.2
107.3
125.4(3)
119.5(3)
118.7
118.7

115.2(3)
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C(11)-C(10)-H(10A)
N(3)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
N(4)-C(11)-C(12)
N(4)-C(11)-C(10)
C(12)-C(11)-C(10)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12A)
C(13)-C(12)-H(12A)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13A)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14A)

N(4)-C(15)-C(14)

110.2
110.2
110.2
108.5
121.6(3)
115.8(3)
122.5(3)
120.0(4)
120

120
118.4(4)
120.8
120.8
119.2(4)
120.4
120.4

122.5(3)

C(17)-C(16)-C(7)
C(21)-C(16)-C(7)
C(16)-C(17)-C(18)
C(16)-C(17)-N(5)
C(18)-C(17)-N(5)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18A)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19A)
C(20)-C(19)-H(19A)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20A)
C(21)-C(20)-H(20A)
C(20)-C(21)-C(16)
C(20)-C(21)-H(21A)

C(16)-C(21)-H(21A)

126.6(3)
118.0(3)
123.1(3)
122.5(3)
114.4(3)
118.9(3)
120.6
120.6
120.0(3)
120

120
120.5(3)
119.7
119.8
122.3(3)
118.9

118.9



2.3.3 Photolysis of [Cu(OH,)(cage)]

When solutions of [Cu(Okj(cage)] in pH 7.4 phosphate buffer are exposed to
350 nm UV light, changes in its UV-vis spectra apparent within seconds, with a shift
in the d-d band centered at 580 nm indicating egaatzation of the coordination sphere
(Figure 14). Under our photolysis conditions, ukage of the ligand backbone is
complete within 4 min, as confirmed by LC-MS anayshown in Figures 15 and 16.
The band for the intact Cu complgxdisappears and is replaced by bands corresponding
to the expected photoprodu@&sind4, as confirmed by their mass spectra and by
comparison to a picolinamide standard3orThe uncaged copper is likely bound to
these photoproducts in solution, but with signifitta diminished affinity compared to
the intact ligand, as the logp values for picolinamide are only 2.87 and 5.40tlfar 1:1

and 1:2 species.
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Absorption spectra showing the changes in th& @d region for a 35@M solution of
[Cu(OHy)(cage)] in 20 mM NakPO, buffer pH 7.4 (t = 0) following 30 sec intervals o
photolysis for a total of 4 min of UV exposure. elpectra of CuSQalone and in the
presence of one and two equivalent of picolinanaigealso shown for comparison.
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Chromatography traces fortage 1), standard picolinamide), [Cu(cage)] 8), and
[Cu(cage)] + UV are shown here to compare to theetfor Hcage after 4 min of
exposure to UV light (kitage + UV), which gives major photolysis produgend4.

For each run, &L of a 100nM solution in phosphate buffer of,eage or photolyzed
H.cage (or 3L of 500M for the Cu-containing samples and picolinamideyaev
injected onto the LC/MS. Mass spectra extractechfthe ion chromatograms that are
associated with these LC traces are shown in Fitbire
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Positive-mode mass spectra extracted from thehoontatograms associated with the LC traces
in Figure 15. Primary ion values of m/z are cadtedl in all cases for m = (M¥Hand z = 1.1

is H,cage eluting ~ 18 min, calcd: 406.15, found: 408.dgrresponds to [Cu(cage)] eluting ~ 12
min, calcd: 467.12, found: 467.Bjs picolinamide ~ 5 min, calcd: 123.06, found: I2&nd4 is
the nitroso-containing photoproduct that elute®-+1n, calcd 284.11, found: 284.0.
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2.3.4 Quantum Yield

Comparison of the LC integrated peak areas indictiat after 15 s of UV
exposure, 31.8% of the caged 20.0% of Hcage, and 11.5% of [Cu(QMHcage)] had
been photolyzed. The calculated quantum yielg#hotolysis for Hcage and
[Cu(OH,)(cage)] are 0.73 and 0.32, respectively, whicliciaigs that coordination of the

ligand to C3* decreases photolysis efficiency but does not prsie

2.3.5 Effects of [Cu(OH,)(cage)] in the Deoxyribose Assay

In order to show that photolysis of [Cu(@ktage)] causes a change in the
reactivity of the caged vs. uncaged copper, we toogd the ability of the compounds
pre- and post- photolysis to generate’@adlicals by subjecting them to the deoxyribose
assay. Hydroxyl radicals, which are generatedimdhlsay by Fenton-like conditions of
copper, ascorbic acid, and®}, degrade deoxyribose to give thiobarbituric adiBA)-
reactive products with absorbance at 532 nm. \sabdié\/A, above 1 indicate the
promotion of OHformation, whereas values below 1 indicate anbitibin of OH
formation.

In order to show that ligands added to the reactotiure effect the amount of
TBA-reactive species by altering the coordinatiamieonment around copper, we tested
[Cu(OHy)(cage)] both pre- and post- photolysis ?Ceombined with one and two
equivalents of picolinamide and €wombined with one equivalent of NTA (Figure 17).

As expected, [Cu(Ofj(cage)] has an inhibitatory effect on Oldrmation, as shown by

*%*



an A/A, value less than 1. The photo-products, on therdthnd, increase the amount of
OH’ produced. The reactivity of the photo-productsaies that of control reactions run
with 1 or 2 equivalents of picolinamide. NTA, whibas a similar affinity for Cii as

H.cage at this pH, also promotes Gérmation by copper (Figure 17).
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Uncaging copper from [Cu(cage)] in pH 7.4 phospluatiéer by UV photolysis increases
OH’ production as measured by the increasesia far deoxyribose degradation. A and

Ao are the absorbance with and without ligand, sopA/A for CuSQ alone; lower

values indicate an inhibitory effect and highemes indicate a promotional effect of the

ligand with respect to copper’s reactivity for Optoduction. [Cu(cage)]* was

photolyzed for 4 min.
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2.4 Discussion

2.4.1 Stability of [Cu(OH y)(cage)]

Potentiometric titration of ktage shows that it contains no dissociable protons
between pH 2 and 12, as expected sincgvalles of similarly substituted pyridines are
below 2 and those of amide NH are above 12. Ipthsence of Cil, however, protons
are released fromJdage at pH 3.3 and 4.8, consistent with deprotonaif both amides
(Figure 9). Analysis of the pH-dependent spectrophotometniattdn of a 1:1 mixture of
H,cage and CU shows that the predominant species in solutiom ot 5-12 is the
neutral compound [Cu(Of{cage)] (Figures 10-11), with an overall stabikynstant of
logb = 10.8. This value converts to a conditional altsgtion constant, i at pH 7.4 for
[Cu(OH,)(cage)] of 16 pM, which was further confirmed bganpetition reaction
between Hcage and the common chelator nitrilotriacetic gbi@A), which has a I§ of
23 pM for C* at this pH (Figure 12). The 16 pM affinity of diinst-generation caged
copper, while significant, may not be strong enotmkeep copper sequestered in the
presence of endogenous copper-binding proteingXample, human serum albumin

binds CG* with 1 pM affinity at pH 7.4.

2.4.2 Crystal Structure of [Cu(OH,)(cage)]

Figure 13 shows that Elis coordinated to ktage through 2 deprotonated amide
nitrogens and 2 pyridyl nitrogens in a distortegdnal bipyramidal geometry, with a

water molecule lying in the trigonal plane. Thesafor this distortion in the trigonal
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bipyramidal geometry is due to a steric interactietween the protons on C1 and C15

of the pyridyl rings (Figure 13).

2.4.3 Efficiency of Photolysis

Figure 14 shows that within seconds of UV exposiieecoordination
environment around caged copper changes. Aftendtes cleavage of the ligand is
complete, as confirmed by LC-MS analysis shownigufe 15 and 16. Although, the
guantum yield of photolysis decreases from 0.73Hmage to 0.32 for [Cu(Ohicage)],
indicating that coordination by Gudecreases photolysis efficiency, it does not preve
it. In contrast, binding of Gain caged calcium complexes like NP-EGTA does not
significantly alter the quantum yield of photolysi§he quantum yield for jJdage is

similar to other caged compounds that release agrimleps upon photolysi§*%2

2.4.4 Hydroxyl Radical Formation

Thein vitro deoxyribose assay was used in order to show ti@blysis of
[Cu(OHy)(cage)] causes a change in the reactivity of cagedncaged Cii for
promoting OHformation. Ligands added to the reaction mixtufeat the formation of
the chromophore by altering the coordination emwinent around copper. As shown in
Figure 17, our caging ligand,ehge, provides 50% protection of deoxyribose
degradation compared to the background reacti@utfalone. On the other hand, the

ability of copper to undergo Fenton-like reactivaiyd promote OHormation increases

1



by 160% following light-induced uncaging.

The reactivity of the photo-products matches tiatontrol reactions run with 1
and 2 equivalents of picolinamide, indicating ttheise bidentate ligands improve the
catalytic properties of the metal with respect émten-like chemistry. NTA, which has a
similar affinity for Ci* as Hcage at this pH, also promotes Qioduction by copper
(Figure 17). This result highlights the fact tHarmodynamic stability of a metal
complex is not the fundamental factor dictatingtbamreactivity. Stability, redox
potential, and the availability of reactive coomtion sites all combine to modulate the

reactivity of the metal center for oxidative reaos.



2.5 Summary and Conclusions

In conclusion, we have presented a new photo-abtjaad that can cage copper
in a tetracoordinate binding site. Activation widlv light uncages the metal cargo by
cleaving the ligand backbone to release photopisduith diminished affinity for CH.
The ability of copper to undergo Fenton-like regtfiand promote OHformation
increases following light-induced uncaging. Thisipromising step in developing
compounds that are triggered by light to increasdative stress. The caged copper is a
neutral compound with a molecular weight under %@tich may be favorable for
cellular permeability. The stability of our firgeneration caged copper, while
significant, is likely too low to keep copper segtgged in cellular environments. Future
work in this dissertation is focused on improvihg stability of caged copper complexes,
as well as applying photoactive ligands to othetalse These new reagents will be
valuable tools for on-demand delivery of metal itmstudy mechanisms of metal ion
trafficking, as well as applications such as chdra@py where toxic metal ions could be

released to induce cell death.



3. A Caged Platinum(ll) Complex that Increases
Cytotoxicity upon Light Activation *

3.1 Background and Significance

Since the initial discovery of cisplatin’s cytotoity by Rosenberg in the 1960s,
platinum-based drugs, which now include carboplatid oxaliplatin as well as cisplatin,
have become a cornerstone of modern anticanceratherapy regimen¥? The clinical
effectiveness of these agents, unfortunately,ssicted by dose-limiting toxicity and
intrinsic or acquired resistance of some tumorignicant efforts to understand the
cellular response and tumor resistance mechanipiatmum drug&®**°have inspired
the development of new compounds to overcome tivegations. Strategies include
altering the coordinating ligands on platinum, dasig drug delivery systems that
distribute platinum compounds selectively to turoelts, and developing prodrugs that
release cytotoxic agents following an activaticeps?®*%’ In this area, substitution-inert
Pt¥ agents that are reduced intracellularly to adfitfecompounds are attractive for
diminishing off-target cytotoxicity and resistarif@More recently, Sadler and
coworkers introduced photoactivé“Pprodrugs in which the reduction occurs only upon

illumination with UV light>**%1%
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Photoactive compounds that can deliver cytotoximdrintracellularly only at the
irradiated site can potentially increase the spatjifof a drug and thereby minimize its
toxicity to surrounding healthy tissde''°Such a strategy is envisioned for surface-
associated diseases or for internal tissue acéesstendoscopic fiber optic
technology>® A drawback of the Pt complexes reported to date is their sluggish
photoactivation, which can take upwards of an ladWwV irradiation.

As an alternative to photoactive'Ptompounds, we present here a novel photo-
caged Pt complex in which a photoactive nitrophenyl grosgricorporated into the
ligand backbone. The tetradentate chelating ligampresses ligand-exchange reactions
to provide a nontoxic Pttomplex, [Pt(cage)]. Activation with light induseond
cleavage of the ligand, as shown in Scheme 12,wdoaverts neutral [Pt(cage)] into a
charged and exchange labilé Bomplex 8). Both properties may be beneficial for
cellular retention of the photolyzed compound. ¢miantly, photoactivation occurs
within minutes and induces significant photo-depsmdytotoxicity.

Photoactive nitrophenyl groups have been usedunttess examples to block
(i.e. “cage”) the biological activity of a variebf molecules such that exposure to UV
light turns on a biological functiolt***?This strategy is also being explored to develop
complexes that allow photoinitiated drug releaseafuplications in
photochemotherap¥®******The concept of light-activated caged metal ions firat
introduced for C&,*® and has only recently been expanded to biologidalportant d-

block metal ions like Cii and zif*.2>%¢**"Metal complexes themselves have also been

18



exploited as caging groups, for example ruthenioiggyridines that release bioactive
compounds by light-induced ligand dissociatidf®In these contexts, the terminology
“cage” refers to photocage, where light is usedftect a molecular change that alters a
biological response. It does not imply a geometoisfiguration and is in fact distinct
from the classical inorganic definition of cage,igthrefers to a polycyclic compound
having the shape of a cage, or an inclusion conghodie report here demonstrates that

a photoactive ligand can be used to unleash tleaytity of a metal-based agent.
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3.2 Materials and Methods
3.2.1 Materials and Instrumentation

Unless otherwise noted, chemicals were purchasadneocially and used
without further purification. The ligandzglage was synthesized and purified as
described previousif The peptide AcCMMMMPMTFK, which contains an N-temal
acetyl cap and a C-terminal amide, was preparestdndard solid-phase peptide
synthesis as reporteéd Spectra forH NMR were collected on a Varian Inova 400
spectrometer with chemical shifts reported in ppra & values in Hz. Elemental analysis
was performed by Columbia Analytical Services, Ihaquid chromatography/mass
spectrometry (LC/MS) was performed using an AgilEh®0 Series apparatus with an
LC/MSD trap and a Daly conversion dynode detecfoiarian Polaris C18 (150 1.0
mm) column was used and peaks were detected bybddtation at 256 nm. High-
resolution, fast-atom bombardment (HR-FABMS) maseca were recorded on JEOL
JMS-SX-102 instrument. All photolysis experimewere conducted by using a Rayonet
RPR-100 Photochemical Reactor containing 16 buldsaatts each), with a maximum
intensity output centered at 350 nm. To deternta@esburce intensity of the
photochemical reactor, chemical actinometry wasexout using potassium ferrioxalate

as a standartf’ The photon flux (source intensity) was determiteede 1.3 10'®

quanta & L™, which corresponds to 1.1710% watts/cnf or 6.48 10° einsteins/s.

11



3.2.2 Synthesis
3.2.2.1[Pt(cage)]

A 50 mM aqueous solution of NaOH (9.38 mL) was abdepwise to a
refluxing solution of Hcage (0.095 g, 0.234 mmol) andR&ClexH,O (0.090 g, 0.234
mmol) in 25 mL of EtOH. After refluxing for 18 khe solvent was removed and the
residue was taken up in acetone and filtered. €helting solution was purified by
preparative reverse-phase HPLC on a YMC C18 col(#B@” 200 mm I.D.) with a
linear 40-min gradient from 7—70% acetonitrile iater. The final yellow solid was
obtained in 63 % yield (0.088 g)*H NMR (500 MHz, CROD) 8.89 (ddJ = 20.0,J =
5.5, 2H), 8.37 (dd) = 8.0,J=1.2, 1H), 8.18 (t) = 7.3, 1H), 8.08 (t) = 7.4, 1H), 7.90 —
7.83 (m, 1H), 7.80 — 7.73 (m, 1H), 7.69Jt 6.4, 2H), 7.53 — 7.46 (m, 2H), 7.39 — 7.29
(m, 1H), 5.79 (dd, J = 4.9,= 3.2, 1H), 5.05 (dJ = 19.1, 1H), 4.65 (d] = 19.1, 1H),
3.12 (ddJ=14.7J=4.7, 1H), 2.77 (dd] = 14.7,J = 3.2, 1H). HR-FAB: m/z 599.0760
[M+H]* for [**Pt(cage)]; UV-vis (10 mM aqueous NgPD,, pH 7.4), 343 nm (4981 M
lem™); Anal. calcd. for GiH1/PtNsO45H,0: C, 36.63; H, 3.95: N, 10.17; found: C, 36.0;

H, 3.9; N, 10.0 %.

3.2.3 X-Ray Data Collection and Structure Solution Refinenent

Marina Dickens, a graduate student in the Franar&bry, collected and
analyzed the data for all crystal structures. &elbrange prisms of [Pt(cage)] were

grown by slow evaporation of acetongdH(1:1). The crystal was mounted on a Hampton
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Research Mounted CryoLoop with paratone oil. Dagaencollected at 296 K on a
Bruker Kappa Apex Il CCD diffractometer equippedhna graphite monochromator and
a Mo Ka fine-focus sealed tubé#£ 0.71073A) operated at 1.75 kW power (50 kV, 35
mA). The detector was placed at a distance of 5cdi@om the crystal. A total of 2655
frames were collected with a scan width of 0.5° amé&xposure time of 5.0 s/frame. The
frames were integrated with the Bruker SAINT v7.1&#tware package using a narrow-
frame integration algorithm. Empirical absorptianrections were applied using
SADABS v2.10 and the structure was checked fordnglymmetry with PLATON

v1.07. The structure was solved by direct methoitls igfinement by full-matrix least-
squares based oA &sing the Bruker SHELXTL Software Package. All froyrogen
atoms were refined anisotropically. Hydrogen atois hybridized carbons and
nitrogens were located directly from the differefr@irier maps; all others were

calculated.

3.2.4 Characterization of Photoproducts

Solutions of [Pt(cage)] were prepared in a minimamount of DMSO and
diluted into 10 mM phosphate buffer, pH 7.4, suwdt the final DMSO concentration is
less than 0.25%. Photoproducts were obtained btoplzing solutions of [Pt(cage)] for
2 min. All photolysis experiments were performadiscrewtop quartz cuvette

illuminated in the Rayonet photoreactor.
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3.2.5 Quantum Yield

The quantum yield of photolysis for [Pt(cage)] vdetermined by comparison to
the quantum yield of 1-(o-nitrophenyl)ethyl phoafgh(caged Pi) as initially reported by
Ellis-Davis and Kaplarl? Samples of [Pt(cage)] (L0M) or caged Pi (1 mM) in 20 mM
NaH,PO, buffer pH 7.4 were irradiated in a Rayonet RPR-B8@0tochemical Reactor at
350 nm for 15 s. Photodegradation of caged comgemwas monitored by LC-MS
analysis. Aliquots of 6.0L of each sample before and after photolysis wejected by
autoinjector and run in triplicate. The experimeais repeated to ensure reproducibility.
The quantum yield for the samplestmpig Was calculated by using the following

equation (Equation 4):

. %Dsample A, cp

F =
sampe T oDep A, sample

(4)

where ¢, is 0.54, the reported quantum yield of photolysiscaged Pi, %sample and
% cp are the percent change in integrated peak &exgpaotolysis for the sample and
caged Pi, respectively, anddis the absorbance at 350 nm in a 1-mm cuvettedged
Pi (cp) and for the sample.

An alternate method for calculating quantum efficigis outlined below. The
guantum efficiency for each sample (QE) was catedlaising the following equation

(Equation 5):



E = D[Pt(cage)]” Na (5)
irradiation time”~ source intensity

where N, is Avogadro’s number. The change in [Pt(cagejlcemtration, [Pt(cage)],
was determined by monitoring changes in absorbgpeetra at 320 nm. Samples of
[Pt(cage)] in 10 mM NabkPO, buffer pH 7.4 in a 1-cm pathlength quartz cuvettee
irradiated in a Rayonet RPR-100 Photochemical Readhotodegradation of [Pt(cage)]
was monitored by UV-vis analysis. Samples weretqiliped in 10 s intervals and
monitored until no further changes in the absorbamere observed. The concentration
of [Pt(cage)] at each time point was determineddlying the following equation
(Equation 6) for gicage

Avtotal = GDtcage' Cptcaget @hotoprodutsl (Qnitial 'CPtcagL; (6)

where Aqalis the absorbance at 320 NBageis 4561.7 M'cm™, epnotoproductdS 6677.4
M™cm™ and Gt is the initial concentration of [Pt(cage)] befamadiation. The value
for ephotoproductdvas determined from a completely photolyzed samjplee calculated
guantum efficiency of photolysis for [Pt(cage)] wletermined to be 0.42.

The calculated quantum efficiency using this mettlods not match the value
obtained using the method developed by Ellis-Danid Kaplan. The source of error is
the assumption that only the nitroso photoprodastdm absorbance at 320 nm without
considering the other compounds in solution. Tioeees the correct value is 0.75 and the

Ellis-Davis and Kaplan method will be used froméhen out.



3.2.6 Cell Culture

Lynne Hyman, a graduate student in the Franz labioraperformed all cell
culture experiments. All cell culture reagents]uing minimal essential medium
(MEM), Dulbecco's modified eagle medium (DMEM),debovine serum (FBS) and
trypsin-EDTA (0.25%) were purchased from Gibco. H.Belease Assay Kit was
obtained from Roche Diagnostics and assays weferperd on a Perkin Elmer Victor
1420 plate reader. MCF-7 cells were gracioushaibied from Dr. Mark Dewhirst's lab
(Duke University) and were cultured in complete medcontaining DMEM
supplemented with 10% (v/v) FBS. Cells were ind¢atiat 37°C with a fully humidified

atmosphere containing 5% GO

3.2.7 Cytotoxicity Assay

Lynne Hyman, a graduate student in the Franz labioraperformed the
cytotoxicity assay described below. For each expent, cells were seeded at a density
of 80,000 cells per well into a flat bottom 96-welate and incubated overnight. The
growth medium was carefully removed and the ceisawvashed once with phosphate
buffered saline (PBS). 20Q. solutions of cisplatin (dissolved in MEM) and (&4ge)]
(dissolved in MEM with no more than 0.1% DMSO) atieus drug concentrations were
added to the wells and incubated for 48, 72, and.96ontrol wells containing the
corresponding amount of DMSO as compared to thedBe)] wells were also prepared

and assayed. For samples exposed to UV light,rttieeglate was placed in the Rayonet



photoreactor for 2 min, then placed back in theilbator and left in the dark for 48, 72,
and 96 h. At the end of the incubation time, 10@&liquots of the medium were
removed, fractionated by centrifugation (1200 r@m0 min), and 70L of the solution
was placed in a 96-well plate. A 3Q-portion of PBS was added to each well, followed
by freshly prepared LDH reaction mixture (100). After 30 min of incubation at room
temperature in the dark, the absorbance of eacii@olat 490 nm was measured on a
plate reader. The percentage of cell death waslledéd using the formula in Equation

7:

experimental valt - low contro ,
high control - low control

100 718

% Cytotoxicity =

where the low control is the average absorbantepbttate wells containing MEM only
and the high control is the average absorbancaptitate wells containing 1% Triton X-
100 in MEM. All conditions were tested in at le&gtlicate with results presented as the

mean value + standard deviation.

3.2.8 DNA Gels

Kathryn Haas, a graduate student in the Franz daboy, loaded and ran all DNA
gels. Samples of pUC18 DNA (100 ng, either circolalinearized with EcoR1
restriction enzyme then gel purified) were incubatéth 0-300 M samples of

[Pt(Cage)] (and samples of [Pt(Cage)] that had Ipderiolyzed for 2 min prior to DNA
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incubation) at 37°C for 24-96 hours. After incubat samples were loaded with 5
DNA loading buffer onto a 1% agarose gel in 1X T&#l run at 30V for 16—30 h. Gels

were stained with ethidium bromide and visualizeohg a gel doc system (BioRad).

3.2.9 Reactions of [Pt(cage)] with ACMMMMPMTFK

Portions of [Pt(cage)] (0.5 mM, before and afteotolhysis) and
ACMMMMPMTFK (1.0 mM ) were combined in 10 mM pH 7phosphate
buffer:DMSO (9:1). Solutions were incubated at@&hd aliquots were removed after
24 h for analysis by LC/MS. A linear gradient frd®% A in B to 60% A in B was run
from 2 to 37 min, where A is MeCN / 4% 10 mM ammaniacetate buffer and B is 10
mM ammonium acetate buffer / 2% MeCN. Aliquotssd ni of each sample were
injected by autoinjector and run in triplicate. eTéxperiment was repeated to ensure

reproducibility.
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3.3 Results
3.3.1 Crystal Structure of [Pt(cage)]

[Pt(cage)] was prepared in one step by combiningneglar quantities of
H.cagé'’ and NaPtCl in basic ethanol. Recrystallization from aceton@tpermitted
analysis by X-ray crystallography that confirmedtttwo deprotonated amide nitrogens
and two pyridyl nitrogens coordinate thé Benter in square planar geometry. Figure 18
shows the fully labeled structure with select bdielances and angles. Table 5 contains
a summary of crystal data, intensity collection atrdcture refinement parameters.

Bond lengths and angles are listed in Table 6.
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ORTEP plot of [Pt(cage)] showing 50% thermal elios. Selected bond distances and
angles: Pt—=N1, 2.036(6); Pt-N2, 1.979(6); Pt—-N894(7); Pt—-N4, 2.036(6) A; N2—Pt—
N3, 93.7(3); N2—Pt—N1, 79.8(3); N3—Pt—N1, 173.4{&}:-Pt—N4, 173.7(3); N3—Pt-N4,
80.2(3); N1-Pt—N4, 106.4(3)
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Identification code md57a

Empirical formula G1H17Ns04P1t

Formula weight 598.49

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2lc

Unit cell dimensions a=28.696(2) A a=90°

b=9.8361(7) A  b=114.0590(10)°
c=16.3573(12) A g=190°

Volume 4215.8(5) A

z 8

Density (calculated) 1.886 Mg/m
Absorption coefficient 6.695 mt

F(000) 2304

Crystal size 0.48 x 0.11 x 0.09 Mm
Crystal color and habit yellow prism
Diffractometer Bruker SMART Apex Il
Theta range for data collection 2.43 t0 29.23°.

Index ranges -39<=h<=39, -13<=k<=8, -22<=|<=22
Reflections collected 34063

Independent reflections 5660 [R(int) = 0.0550]

Observed reflections (1 >21)) 3872
Completeness to theta = 29.23° 98.7 %

Absorption correction Semi-empirical from equivaken
Max. and min. transmission 0.5841 and 0.1414

Solution method SHELXS-97 (Sheldrick, 1990)
Refinement method SHELXL-97 (Sheldrick, 1997)
Data / restraints / parameters 5660/0/ 281
Goodness-of-fit on ¥ 1.138

Final R indices [I>2(I)] R1 =0.0485, wR2 = 0.1366

R indices (all data) R1=0.0788, wR2 = 0.1554
Largest diff. peak and hole 3.812 and -1.12¢%
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Pt(1)-N(2)
Pt(1)-N(3)
Pt(1)-N(1)
Pt(1)-N(4)
O(1)-C(6)
0(2)-C(9)
O(3)-N(5)
O(4)-N(5)
N(1)-C(5)
N(1)-C(2)
N(2)-C(6)
N(2)-C(7)
N(3)-C(9)
N(3)-C(10)
N(4)-C(15)
N(4)-C(11)
N(5)-C(21)
C(1)-C(2)
C(1)-H(1A)
C(2)-C(3)
C(2)-H(2A)
C(3)-C4)
C(3)-H(3A)
C(4)-C(5)
C(4)-H(4A)
C(5)-C(6)
C(7)-C(8)
C(7)-C(16)
C(7)-H(7A)
C(8)-C(9)
C(8)-H(8A)
C(8)-H(8B)
C(10)-C(11)
C(10)-H(10A)
C(15)-N(4)-C(11)
C(15)-N(4)-Pt(1)
C(11)-N(4)-Pt(1)
0(4)-N(5)-0(3)
O(4)-N(5)-C(21)
0(3)-N(5)-C(21)
N(1)-C(1)-C(2)
N(1)-C(1)-H(1A)

Al 9

1.979(6)
1.994(7)
2.036(6)
2.036(6)
1.237(10)
1.246(11)
1.181(11)
1.172(10)
1.340(9)
1.386(10)
1.310(10)
1.471(9)
1.301(10)
1.437(12)
1.331(10)
1.367(10)
1.483(12)
1.410(14)
0.9300
1.358(18)
0.9300
1.379(14)
0.9300
1.343(12)
0.9300
1.510(10)
1.509(12)
1.600(11)
0.9800
1.506(12)
0.9700
0.9700
1.495(13)
0.9700
116.5(7)
128.5(6)
115.0(5)
119.0(10)
120.8(9)
119.9(8)
119.8(9)
120.1
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C(10)-H(10B)
C(11)-C(12)
C(12)-C(13)
C(12)-H(12A)
C(13)-C(14)
C(13)-H(13A)
C(14)-C(15)
C(14)-H(14A)
C(15)-H(15A)
C(16)-C(21)
C(16)-C(17)
C(17)-C(18)
C(17)-H(17A)
C(18)-C(19)
C(18)-H(18A)
C(19)-C(20)
C(19)-H(19A)
C(20)-C(21)
C(20)-H(20A)
N(2)-Pt(1)-N(3)
N(2)-Pt(1)-N(1)
N(3)-Pt(1)-N(1)
N(2)-Pt(1)-N(4)
N(3)-Pt(1)-N(4)
N(1)-Pt(1)-N(4)
C(5)-N(1)-C(1)
C(5)-N(1)-Pt(1)
C(1)-N(1)-Pt(1)
C(6)-N(2)-C(7)
C(6)-N(2)-Pt(1)
C(7)-N(2)-Pt(1)
C(9)-N(3)-C(10)
C(9)-N(3)-Pt(1)
C(10)-N(3)-Pt(1)
0(2)-C(9)-N(3)
0(2)-C(9)-C(8)
N(3)-C(9)-C(8)
N(3)-C(10)-C(11)
N(3)-C(10)-H(10A)
C(11)-C(10)-H(10A)
N(3)-C(10)-H(10B)
C(11)-C(10)-H(10B)

0.9700
1.360(14)
1.396(15)
0.9300
1.367(16)
0.9300
1.361(12)
0.9300
0.9300
1.334(10)
1.382(11)
1.377(14)
0.9300
1.351(17)
0.9300
1.357(16)
0.9300
1.353(13)
0.9300
93.7(3)
79.8(3)
173.4(3)
173.7(3)
80.2(3)
106.4(3)
117.4(7)
114.2(5)
128.3(6)
117.2(7)
118.4(5)
124.3(5)
117.0(7)
127.3(6)
115.6(6)
124.3(9)
117.7(8)
117.8(8)
110.2(8)
109.6
109.6
109.6
109.6



C(2)-C(1)-H(1A)
C(3)-C(2)-Cc()
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2A)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
N(1)-C(5)-C(4)
N(1)-C(5)-C(6)
C(4)-C(5)-C(6)
O(1)-C(6)-N(2)
O(1)-C(6)-C(5)
N(2)-C(6)-C(5)
N(2)-C(7)-C(8)
N(2)-C(7)-C(16)
C(8)-C(7)-C(16)
N(2)-C(7)-H(7A)
C(8)-C(7)-H(7A)
C(16)-C(7)-H(7A)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20A)
C(19)-C(20)-H(20A)

120.1
120.4(10)
119.8
119.8
117.8(9)
121.1
121.1
121.1(9)
119.4
119.4
123.1(7)
114.6(7)
122.3(7)
127.4(8)
119.8(7)
112.8(7)
109.6(7)
110.6(6)
111.1(7)
108.5
108.5
108.5
118.9(7)
107.6
107.6
107.6
107.6
107.0
120.2(10)
119.9
119.9

H(10A)-C(10)-H(10B)
C(12)-C(11)-N(4)
C(12)-C(11)-C(10)
N(4)-C(11)-C(10)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12A)
C(13)-C(12)-H(12A)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13A)
C(12)-C(13)-H(13A)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14A)
C(13)-C(14)-H(14A)
N(4)-C(15)-C(14)
N(4)-C(15)-H(15A)
C(14)-C(15)-H(15A)
C(21)-C(16)-C(17)
C(21)-C(16)-C(7)
C(17)-C(16)-C(7)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17A)
C(16)-C(17)-H(17A)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18A)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19A)
C(20)-C(19)-H(19A)
C(16)-C(21)-C(20)
C(16)-C(21)-N(5)
C(20)-C(21)-N(5)

108.1
122.4(9)
121.8(9)
115.7(8)
119.4(10)
120.3
120.3
118.1(9)
121.0
121.0
119.3(10)
120.4
120.4
124.2(9)
117.9
117.9
118.7(8)
124.8(7)
116.5(7)
119.6(9)
120.2
120.2
120.0(11)
120.0
120.0
119.6(10)
120.2
120.2
179)7
124.5(8)
113.6(8)



3.3.2 Photolysis of [Pt(cage)]

To investigate the photoreactivity of [Pt(cageyjlusions of the complex
dissolved in pH 7.4 phosphate buffer were irradiatea Rayonet photoreactor and
monitored by UV-Vis spectrophotometry. As showrkigure 19, spectral changes are
apparent within seconds of illumination and exhditincrease at 320 nm that is
characteristic of a nitroso photoproduct. Theda daggest that the photoreaction and in
turn cleavage of the ligand backbone is comple@pproximately 2 min, as confirmed
by LC-MS analysis shown in Figure 20 and 21. Teakpfor intact [Pt(cage)R]
disappears and is replaced by a peak correspotalpigptoproducs, as confirmed by
their corresponding mass spectra. The reactiartisnlwas also analyzed on a high-
resolution electrospray ionization (HR-ESI) masscsgppmeter (model: Agilent 6224) to
obtain the exact mass and composition of the Ptagang photoproduct, found to be
422.0593 m/z, which corresponds exclusively tsHz;ONs *Pt (compound®) (see
Figure 21). Attempts to characterize the remaifiitagment(s), which must contain the
aromatic nitroso byproduct(s), were unfortunatedy successful. As seen in Figure 20,
no other discrete peak is observed in the UV chtogram, indicating that the missing
fragment from the reaction likely decomposes otterr reacts to produce a mixture of

species that are difficult to identify.
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UV-vis spectra of 8orM [Pt(cage)] in phosphate buffer at pH 7.4 photelyin 10 s
intervals for a total of 180 s (initial spectruntiate zero is green, final spectrum is red);
inset: Absorbance at 320 nm vs. irradiation timevshthat the compound is completely
photolyzed within 2 min.
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Chromatography traces for intact [Pt(cage)] (tap) fPt(cage)] after 2 min of UV
exposure (bottom), showing the complete transfaonaif starting compound to
photolyzed product. Mass spectra correspondiriged.C peaks confirm the identity of
[Pt(cage)] (calcd: 599.10, found: 599.1 m/z) andtpproduct3 (calcd: 422.06, found:
422.1 m/z). Primary ion values of m/z are calcwateall cases form = (M+H and z =
1.
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3.3.3 Quantum Yield

Comparison of the integrated peak areas indicétaidatter 15 s of UV exposure,
45.3% of the caged Pi and 65.4% of [Pt(cage)] rehiphotolyzed. The calculated
guantum yield of photolysis for [Pt(cage)] is 0.Which indicates that coordination of

the ligand to Pt does not decrease photolysis efficiency of theéncaligand.

3.3.4 Cytotoxicity Assays

The photolysis experiments described above inditetetwo bidentate
photoproducts remain coordinated t8 falowing illumination. In order to determine
whether such a product could induce cell deathtresged human breast carcinoma
MCF-7 cells with [Pt(cage)] and monitored cytotaiiof irradiated vs. non irradiated
samples. For comparison, cells were also treatédomplatin. As shown in Figure 22,
control cells exposed to 2 min of UV light remaiahle over the course of 96 h and
display no increase in cell death compared to &elid in the dark. As expected,
cisplatin induces cytotoxicity in a dose-dependaahner with concentrations ranging
from 50—-200nM. Exposure of cisplatin-treated cells to UV ligittly subtly increases
sensitivity of the cells to cisplatin cytotoxicit@n the other hand, cells treated with up to
200mM [Pt(cage)] and left in the dark remain viable otree 96 h timecourse, whereas
those that are also exposed to 2 min of UV irraoiieshow a significant increase in cell
death. These results suggest that intact [Pt(c#ége)i is non-toxic, but activation with

UV-light releases photoproducts that induce ceditden a light-dependent fashion.

0¢g



Control experiments usingzelage show that the ligand itself is cytotoxic, ewren
the dark. As shown in Figure 23, a 20@dose of Hcage causes nearly 60% cell death
within 48 h, even in the absence of UV irradiatid@ytotoxicity further increases when
the cells also receive 2 min of UV exposure, ewaghaearliest timepoint monitored in
these experiments (48 h). In contrast, cells édkatith 200mM [Pt(cage)] and

irradiation remain mostly viable at 48h, showingsi¢han 15% cell death.
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Results of cytotoxicity assay performed on MCFUmilan breast carcinoma cell line.
Cells were treated with 5-2@fM cisplatin or [Pt(cage)] and either left in theklar
exposed to UV light for 2 min (+ UV). Cell death svassessed by the LDH release assay

after 48, 72, or 96 h, as indicated. Control ogltd) received no drug treatment but
were exposed to UV light.
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H,cage and either left in the dark or exposed to igktifor 2 min prior to 48 h

incubation.
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MCF-7 cells were irradiated with UV light at vargitime intervals and then incubated
for 24 h prior to assessing cytotoxicity. Resuitlicate that an equal amount of LDH
was released under each condition, suggestingiediility is maintained, even when
cells are irradiated in the Rayonet Photoreactod fianin.
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3.3.5 DNA Binding

The binding of platinum drugs to DNA is believeda® the primary biological
interaction responsible for their anticancer prtipst® In an attempt to visualize such
interactions for [Pt(cage)] or its photoproductg, wsed agarose gel electrophoresis.
Intact [Pt(cage)] at concentrations up to 30 had no effect on the migration of either
circular or linear plasmid DNA through the gel, gagting that the compound does not
react with DNA to form platinum adducts, at leastier the conditions tested (Figure
25). This result was expected, given the stabdftthe tetradentate chelator designed to
minimize ligand exchange reactions. However, plyatd samples of [Pt(cage)] also

failed to cause a shift in DNA migration (Figure)25

00
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Agarose gel of circular plasmid DNA incubated wittact and photolyzed (+UV)
samples of [Pt(cage)]. No shift in the DNA bands @bserved. In contrast, incubation
with cisplatin shows the expected band shift.



3.3.6 Interaction of Ctr-1 Model Peptide with [Pt(cage)]

To show that photolysis of [Pt(cage)] causes a gban its reactivity we
monitored the ability of the complex to react wiie peptide ACMMMMPMTFK that
we have previously shown reacts with cisplatinboatatin, and oxaliplatif® As shown
by the LC/MS data in Figure 26, intact [Pt(cagdidws no interaction with
AcMMMMPMTEFK even after 24 h of incubation at 37 °On the other hand,
photolyzed samples show a decrease in signal itygos both 3 (compared to
photolyzed [Pt(cage)] samples without peptide) tduedpeptide (see Figure 27),
suggesting that a reaction has occurred. Furthermew peaks emerge in the UV
chromatogram that indicate a complex mixture otipits. While most of these species
were not able to be identified, one provided argjrimn peak in the mass spectrum at
1382.5 m/z, which is consistent with formation BE(AcCMMMMPMTFK)]*. This result
further confirms that the intact [Pt(cage)] is inerligand substitution, whereas the

photoproduct can react with biomolecules and shedidentate ligands.
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Reaction mixtures were incubated at°87with or without photolysis. Top: trace
recorded just after mixing at time zero. Middld:[2sample that was not photolyzed
shows no changes. Bottom: The UV trace for phottpet3 elutes at the same time as
[Pt(cage)], but is identified by its mass spectrimset: a characteristic mass spectrum
corresponding to elution time 19-21 min, identifeexithe expected isotopic mass
distribution for a [Pt(AcMMMMPMTFK)[complex. For all traces: the peptide absorbs
weakly at 254 nm, so provides a weak intensityaigompared to [Pt(cage)]. See
Figure 27 for analysis at 228 nm, where the peptitensity is greater.
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Chromatography data corresponding to the experistenwn in Figure 26, but

monitored at 228 nm, where the peptide has sigmfiabsorbance. The data are plotted
as the change in area under the curve for the citagraphy peak of the full-length
peptide centered at 24 min. This peak loses 60Bs aitensity only after incubating

with the photolyzed [Pt(cage)] species for 24 Wjaating light-dependent reactivity.



3.4 Discussion
3.4.1 Crystal Structure of [Pt(cage)]

Figure 18 shows that two deprotonated amide nitregad two pyridyl nitrogens
coordinate the Ptcenter in a square planar geometry. In comparis@ncopper
complex of this ligand, [Cu(Opl(cage)], has distorted trigonal bipyramidal geamet
that can be attributed to a steric interaction leetwthea hydrogens on the pyridyl
rings!’ The increased radius of'Rtompared to Clialleviates this steric clash to
accommodate the square planar arrangement prefeyréis & metal ion. The average
Pt—amide bond distance of 1.987 A and Pt—pyridsflastice of 2.036 A are similar to

those of [Cu(OH)(cage)], 1.943 A and 2.034 A respectively.

3.4.2 Photolysis of [Pt(cage)]

Analysis of reaction mixtures of [Pt(cage)] posbpilysis by LC-MS revealed
as the major product (see Figure 20-21), implyhag tigand cleavage occurs at two
sites. The products are slightly different frorngh observed for the apo-ligand or its
Cu(ll) complex, where the ligand is cleaved onlpaé positiort*” We hypothesize that
upon excitation of the nitrophenyl group, initiarx cleavage occurs to release the
picolinamide fragment shown coordinated to P3 Bnd a nitroso photoproduct that
subsequently undergoes a Norrish type Il photoieadt liberate the imine fragment
bound to Pt in compourlalong with nitroso-containing by-products (Scherg 1IThe

guantum efficiency for the photolysis of [Pt(cageds determined to be 0.75. The



ligand itself has a quantum efficiency of 0.73, e¥hindicates that coordination by'Pt

does not decrease photolysis efficiency, as preWabserved for [Cu(cage)}’

3.4.3 Cytotoxicity of [Pt(cage)] and Hcage in MCF-7 Cells

The combined results shown in Figures 22 and 2i@atel that coordination to 'Pt
actually mitigates an inherent cytotoxicity of figand. Furthermore, the timing
discrepancy in light-activated cell killing impliesfferent mechanisms of toxicity for
[Pt(cage)] and ktage, which photolytically decompose into differerganic fragments.
The observations that the carrier ligand’s toxigtyncreased by light-activation but can
be masked by metal binding suggests a possiblegyhetween the metal component
and ligand component that could be further expibiteimprove light-activated cell

killing.

3.4.4 DNA Platination Pre- and Post-Photolysis

The lack of evidence for light-dependent DNA plation requires further
investigation in order to understand the biologaetivity of 3 that induces the
cytotoxicity observed in Figure 22. Notably, othetraamine Ptcomplexes have shown

cytotoxicity in cancer cell line¥*



3.4.5 Interaction of Ctr-1 Model Peptide with [Pt(cage)]

Pt' interactions with sulfur-containing biomolecules &elieved to play various
roles in the uptake, excretion, resistance ancityxdf platinum drugs?? Current Pt-
based drugs are thought to enter cells by a coribmaf passive diffusion and
facilitated uptake by transporters that includegtiur-rich copper transport protein
Ctrl. We, and others, have shown that the methgsnah extracellular regions of Ctrl
are capable of coordinating Pt drugs and, espgdiathe case of cisplatin, inducing
complete loss of the carrier ligandg***'*Because such interactions are likely to
diminish the cytotoxic potential of Pt drugs, wereveurious to compare the difference in
reactivity of [Pt(cage)] pre- and post-photolysishna model Ctrl peptide.

The lack of interaction between the methionine-pelptide and [Pt(cage)]
implies that, prior to photo treatment, [Pt(cags)linlikely to enter cells via a Ctrl-
mediated pathway or be stripped of its carriemgya[Pt(cage)] is a neutral complex
with a molecular weight less than 500 g/mol, whmchy be favorable for passive
diffusion into cells. Like cisplatin, the [Pt(cg@§iphotoproductd) is a charged complex,
which makes it less likely to diffuse through bigical membranes and suggests that it
could become trapped in the cell to facilitatecigtotoxic effects. This change from a
neutral to charged complex may be another benkficigerty imparted by the

photoactivation of [Pt(cage)] in addition to th&&elentate-to-bidentate conversion.



3.5 Summary and Conclusions

In conclusion, we have presented an inéttd®mpound that upon irradiation
with UV light uncages a biologically active"Rtomplex by cleavage of the ligand
backbone. [Pt(cage)] was shown to be non-toxiatmdn breast carcinoma MCF-7 cells
in the dark, however upon irradiation its cytotatyicncreased by 65% and was similar
to that of cisplatin. [Pt(cage)] will be a valualb®l for delivering Pt intracellularly in a
site and time specific manner and represents amalive strategy for activating metal-

based drugs with light.



4. Detection of Cellular Copper(ll) by Light-Activated
Fluorescence Increase

4.1 Background and Significance

Copper, the third most abundant transition metgéhenhuman body, plays a
critical role in many fundamental physiological pesses; however, it also catalyzes the
production of highly reactive oxygen species trandge biomolecule$>*?*°Due to
copper’s dual nature, cells have developed seguliatory processes to control its
cellular distribution**>*# Alterations in copper homeostasis are linked to
neurodegenerative diseases such as Menkes andhWlisgases, Alzheimer’s, familial
amyotrophic lateral sclerosis, and prion dised%&%'%’Being able to visualize the
cellular distribution of copper in both its physigical oxidation states, Cand Ca",
would offer insight into how cells acquire, maimiaand utilize copper while suppressing
its toxicity. Whereas reliable fluorescence sessist for Ci, there are fewer options
for detecting Cti" in living cells?®

A common strategy in designing fluorescent proloesifetal ions is to link a
ligand to a fluorophore such that metal bindingsesuan increase in fluorescence only in
response to the target ion. Cell permeable flu@mtssensors have proven useful for

2+ 29,30,129

investigating intracellular metal ion distributiquarticularly for C&", ® zn?*, and

Cu*313213%The development of this type of “turn-on” sensmr €f*, however, is
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hampered by the fluorescence quenching effectisfpdramagnetic metal ion. As a
consequence, many Eisensors have a “turn-off” mechani$th**which is generally
less sensitive, gives false-positive results, dfefolimited spatial resolution. Several
examples of turn-on sensors have appeared rec¢éhtiy;***but limitations include
sensing mechanisms that operate only in organi@sbbr at non-physiological pH®
138.142)0w quantum vyields in aqueous solutidfipr potential off-target

response&® 14314614 harefore, there is a need to develop new strefiat provide a
fluorescent turn-on response in order to investigitracellular C&". We present here
coucage, a new type of fluorescent sensor thatWgdight to uncage a Cirdependent
fluorescence response.

Coucage is based on our previously reported cogaming ligand bHcage? but
adapted with coumarin as a fluorescence reporé&iistguenched upon €u
coordination.The nitrophenyl group incorporated into the backbohthe fluorescent
tetradentate chelator is the caging element thoaidsl activity until activated with light.
Exposure to UV light induces bond cleavage, as shiovscheme 13, which triggers
two-fold activity: release of copper by decreadiggnd denticity, and restoration of

fluorescence by disengaging the copper-inducedajueg.
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4.2 Materials and Methods
4.2.1 Materials and Instrumentation

Chemicals were purchased commercially and usedwuttturther purification.
The coumarin derivative 7-diethylamino-2-oxo-2H-@mene-3-carboxylic acid was
prepared as described in the literattffer purchased from Aldrich. All reactions were
carried out in the dark and glassware was covertdfail. Spectra for 1H NMR were
collected on a Varian Inova 400 spectrometer witdnaical shifts reported in ppm and J
values in Hz. Liquid chromatography/mass spectton{&€C/MS) was performed using
an Agilent 1100 Series apparatus with an LC/MSP &rad a Daly conversion dynode
detector. A Varian Polaris C18 (150L.0 mm) column was used and peaks were
detected by UV absorption at 256 nm. A linear ggatlfrom 3% A in B to 60% A in B
was run from 5 to 40 min with a total run time Gfdhin, where A is MeCN / 4% 10 mM
ammonium acetate buffer and B is 10 mM ammoniuntadeduffer / 2% MeCN. High-
resolution electrospray ionization (HR-ESI) masscéfa were recorded on an Agilent
6224 spectrometer. UV-vis spectra were recordea Gary 50 UV-vis
spectrophotometer and emission spectra were retorma Jobin-Yvon-Horiba
Fluorolog 3 fluorimeter in a 1 cm pathlength quar¢d. Excitation and emission slit
widths were 4 nm and emission spectra were collefctan 440 — 600 nm after
excitation at 430 nm. Photolysis experiments werégomed using a screwtop quartz
cuvette illuminated in a Rayonet RPR-100 PhotochahiReactor containing 16 bulbs,

each 3500 A.



4.2.2 Synthesis

+ 9 #
@R(Yo 0 o
OBT 0N o HN O<__NH HN O<__NH HN
0._0 N o O NH O
2 T + PYBOP, NMM HBr
TNH —— N N N > >NH N > ONH, N7
\ DMF, 18 HRS \ ) DMF, 18HRS Bz | |
CBz CBZ X X

amcage

4.2.2.13-(2-Amino-acetylamino)-3-(2-nitro-phenyl)-N-pyridin-2-ylmethyl-
propionamide (Amcage)

Carbobenzyloxyglycine (0.400 g, 1.912 mmol) and NNMAmethyl morpholine)
(0.420 mL, 3.824 mmol) in Ci€l, (6 mL) were added to a 150-mL round-bottom flask
equipped with a stir bar. Then PyBOP (benzotridzgl-oxytripyrrolidinophosphonium
hexafluorophosphate) (0.996 g, 1.912 mmol) in,Cki(4 mL) was added and the
reaction mixture was allowed to stir for 18 h atmotemperature. After 18 h, one
equivalent of 3-amino-3-(2-nitrophenyl)propioniad(0.400 g, 1.912 mmol) dissolved
in hot DMF (30 mL) was added and the reaction nmixtuas stirred for an additional 18
h. NMM (0.420 mL, 3.824 mmol) and 2-(aminomethyfjdine (0.196 mL, 1.912
mmol), both in CHCI, (6 mL) were added to the reaction mixture. PyBOBR96 g,
1.912 mmol) in CHCI; (4 mL) was then added, and the reaction mixtureedtfor 18 h
at room temperature. The solvent was removed @ desulting oil was taken up in

CHCl, (25 mL), filtered, and washed with 1N HCI(3L0 mL). The aqueous layer was



then adjusted to pH 12 and washed with,CH (4~ 10 mL). The organic layers were
combined, dried over MgSgfiltered, and solvent removal gave an oil thas\parified
by preparative reverse-phase HPLC on a YMC C18enl(250° 200 mm |.D.) with a
linear 40-min gradient from 7—70% acetonitrile iater, to give a white solid after
solvent evaporation. The white solid was thenahissl in CHCI, (15 mL) and
hydrobromic acid (> 33% in glacial acetic acidnfk) was added and the reaction
mixture was allowed to stir for 2 h at room tempera. After 2 h, the reaction mixture
was washed with $0 (4~ 10 mL). The aqueous layer was then adjusted t@éEnd
washed with ChCl, (4~ 10 mL). The organic layers were combined, drieero
MgSO,, filtered, and solvent removal gave a white sli®164 g, 31.7 %)*H NMR
((CD3),CO): d8.45 (1H, dJ = 3.97), 7.97 (1H, d] = 8.02), 7.72 (1H, d] = 7.62), 7.64
(2H, m), 7.53 (1H, t) = 7.62,J = 7.62), 7.21 (1H, d] = 7.64), 5.91 (1H, ) = 5.37, =
5.37), 4.43 (2H, dd] = 15.98,J = 40.76), 3.74 (2H, m), 3.06 (1H, dbiz 6.62,J =
14.52), 2.94 (1H, dd] = 4.79,J = 14.76). *C NMR ((CD3),CO): d 169.86, 169.75,
158.24, 148.83, 148.59, 137.67, 136.41, 133.29,202928.18, 124.31, 121.90, 120.97,

54.00, 46.47, 44.25, 39.94; LC-MS: m/z 358.1 [M+HW= C17H19N504.
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4.2.2.2Diethylamino-2-oxo-2H-chromene-3-carboxylic acid ({-(2-nitro-phenyl)-2-
[(pyridin-2-yImethyl)-carbamoyl]-ethylcarbamoyl}-me thyl)-amide (Coucage)

Portions of amcage (0.082 g, 0.229 mmol), 7-dietimpho-2-0x0-2H-chromene-
3-carboxylic acid (0.050 g, 0.191 mmol) and NMMO@mL, 0.382 mmol) in CkCl;
(10 mL) were added to a 50-mL round-bottom flaskipped with a stir bar. Then
PyBOP (0.099 g, 0.191 mmol) in GEl, (4 mL) was added and the reaction mixture was
allowed to stir for 18 h at room temperature. $hkvent was removed and the resulting
oil was taken up in C4Cl, (20 mL) and washed with 1IN HCI (410 mL). The aqueous
layer was then adjusted to pH 12 and washed witsQGH4 "~ 10 mL). The organic
layers were combined, dried over Mg§@iltered, and solvent removal gave a yellow
solid (0.040 g, 35%). Analysis by LC-MS and 1H NMRowed > 98% purity.’H
NMR ((CDs),CO): d 8.517 (1H, s), 8.308 (1H, d= 4.885), 7.821 (1H, d = 6.839),
7.638 (1H, d,J = 7.816), 7.533 (3H, m), 7.388 (1HJt= 7.816), 7.028 (2H, m), 6.714

(1H, dd,J = 2.931,J = 5.862), 6.437 (1H, d, = 1.954), 5.720 (1H, m), 4.269 (2H, m),



3.965 (2H, d,J = 4.885), 3.4655 (4H, ¢,= 6.839), 2.984 (2H, m), 1.111 (6HJtF
7.816); LC-MS: m/z 601.2 [M+H]+, M = £H3,NgO7; UV-vis (9:1 Hepes:DMSO, pH

7.4), nm (M*cm'): 430 (16004).

4.2.3 Photolysis of Coucage and [Cu(coucage)]

Solutions of coucage and [Cu(coucage)] were prepiar®:1 10 mM Hepes, pH
7.4:.DMSO. Photoproducts were obtained by photalyzolutions of coucage for 4
min. All photolysis experiments were performediacrewtop quartz cuvette illuminated
in a Rayonet RPR-100 Photochemical Reactor comigibé bulbs (14 watts each), with
a maximum intensity output at 350 nm. Reactiontsmhs were analyzed by LC-MS and
high resolution electrospray ionization (HR-ESIotatain the exact mass and

composition of the photoproducts.

4.2.4 Quantum Yield of Fluorescence

100mM stock solutions of coucage, coucage + UV, coucagdb equivalents of
Cu(CIlQy),, coucage + 50 equivalents of Cu(GJ§)coucage + 25 equivalents of
Cu(CIQy), + UV, and coucage + 50 equivalents of Cu(£43 UV were diluted to make
1, 2, 3, 4 and &M solutions in 9:1 10 mM Hepes, pH 7.4 : DMSO. $&m designated
“+ UV” indicate that they were irradiated for 4 mimthe photoreactor. The UV-vis
absorbance and fluorescence spectra were obtaneddh sample and repeated to

ensure reproducibility. Excitation was performéd30 nm and the integrated

)



fluorescence emission was recorded from 440-600 Amplot of the integrated
fluorescence intensity vs. absorbance was pregarezhch solution and the result was a
straight line. The data were compared to a flumesstandard in 0.10 M NaOH using
the following equation (Equation 8), whefrgis the quantum yield of the standard (0.95)
Grad is the slope of the integrated fluorescenmnsity vs. absorbance line found for
each solution, Grads the slope found for the fluorescein standand,the refractive
index of 9:1 10 mM Hepes:DMSO solvent system (188} r is the refractive index of
the fluorescein solution (1.33):

A Grad, A
Grack h

(8)

4.2.5 Quantum Yield of Photolysis

The quantum vyields of photolysis for coucage ana(§Gucage)] were determined
by comparison to the quantum yield of 1-(o-nitropyiethyl phosphate (caged Pi) as
previously reported by Ellis-Davis and Kapf@nSamples of coucage (10M in
DMSO), [Cu(coucage)] (100M coucage + 5 mM Cu(CIg), in DMSO), or caged Pi (1
mM in 10 mM Hepes pH 7.4) in 1-cm pathlength cue®itere irradiated in a Rayonet
RPR-100 Photochemical Reactor at 350 nm for 1hatdélegradation of the caged
compounds was monitored by LC-MS analysis. Aliquidt6.0 L of each sample before
and after photolysis were injected by autoinjeetad run in triplicate. The experiment

was repeated to ensure reproducibility. The quantield for each sample gample)



was calculated by using the following equation (&enn 9):

. %Dsample A cCp 9)

F =
sampe TP oDep A, sample

where cp is 0.54, the reference quantum yield of photslf& caged Pi, %sample
and % cp are the percent change in integrated peak &exgaotolysis for the sample
and caged Pi, respectively, angsfis the absorbance at 350 nm in a 1-mm cuvette for

caged Pi (cp) and for the sample.

4.2.6 UV and Fluorescence Spectra of Coucage

Solutions of 1-51M coucage in 9:1 10 mM Hepes, pH 7.4:DMSO were dsed
fluorescence and UV experiments. The reactionelegas a 3-mL cuvette and initial
solution volumes were at least 1 mL. All experitsenere carried out at 5. Aliquots

of Cu(CIlQy), were pipetted into coucage solutions and monitspattrophotometrically.

4.2.7 Conditional Binding Constant, K4

Fluorescence spectra of M coucage in aqueous solution (9:1 10 mM Hepes, pH
7.4:DMSO) with excitation at 430 nm displays an €m@n maximum at 479 nm that
decreases upon titration of Cu(G)® The conditional dissociation constang, kas

obtained from Equation 10, which relates fluoreseentensity to the concentration of



CU, [CUY:

Fo-F _ [Cu™] "

10
F-F Ka (10)

where F, F, and k are the relative fluorescence intensities of cgacaoucage in the
presence of a known concentration of Cand coucage saturated with3 (100
equivalents), respectively, and n is the numbegoiivalent binding sites on coucage.
By plotting log (k= F) / (F - ) vs. log [Cd"] the slope of the line is equal to n and log

(Kq) is equal to log[Cti] where log (5— F) / (F - k) = 0.

4.2.8 Method of Continuous Variation (Job’s Plot)

When carrying out the method of continuous varratite total concentration of
coucage and Ciliwere kept constant at M. All spectra were recorded in aqueous
solution (9:1 10 mM Hepes, pH 7.4:DMSO), excitatwas performed at 430 nm and
emission intensity was measured at 479 mgCu’") is plotted vs. adjusted fluorescence
intensity wheree is the mole fraction of Ciiand the adjusted fluorescence is equal to
the fluorescence intensity of sample solution mitesintensity of Cti alone, multiplied

by the mole fraction of Cii.

4.2.9 Metal Specificity Experiments

To monitor the effect of various metal ions on cage, the integrated

3



fluorescence response from 440-600 nm was recdrefede and after the addition of
various metals, following the addition of Cu(G)@to solutions containing a metal ion,
and after photolysis. Intitial sprectra were takef:1 10 mM Hepes, pH 7.4:DMSO.
Various metal ions: 1 mM NaCl, KCI, MggICaCh, ZnSQ, or 50 M MnSOQO,,
(NHg)2[Fe(OH)s(SDy)2], CoCh, NICl,, [(CH3CN),Cu]PFs were combined with 1M
coucage and allowed to equilibrate for at leasbdrh Solutions containing Feand Ci
were kept sealed under.NThen 50 M Cu(CIOy), was added into solution and the final

solution was irradiated with 4 min of UV light.

4.2.10Cell Culture

Lynne Hyman, a graduate student in the Franz laboraperformed all cell
culture experiments. All cell culture reagents]uing minimal essential medium
(MEM), Dulbecco's modified eagle medium (DMEM),debovine serum (FBS) and
trypsin-EDTA (0.25%) were purchased from Gibco. MTcells were graciously
obtained from Dr. Mark Dewhirst's lab (Duke Univigrsand were cultured in complete
medium containing DMEM supplemented with 10% (WBS. Cells were incubated at

37 °C with a fully humidified atmosphere containifp CQ.

4.2.1TFluorescence Imaging Experiments

Lynne Hyman, a graduate student in the Franz labioraperformed the

fluorescence imaging experiments described beldiliv& cell confocal images were



taken on a Zeiss Axio Observer widefield fluores@emicroscope under 20
magnification using a Plan Neofluar objective ledsCFP filter set (Zeiss no. 47,
BP436/20, FT455, BP480) was used to collect fluorescence emission dadaaeDAPI
filter set (Zeiss no49; G365, FT395, BP445/50) was used to irradiatepdas with UV
light (excitation centered at 365 nm with transamtte spanning 300—-400 nm).
Quantification and image processing were performigd MetaMorph. All microscope
settings, including transmission density, brighthesntrast and scan speed, were held
constant.

For each experiment, cells were seeded at a desfs#y,000 cells/well into a 12-
well MatTek glass bottom plate and incubated ogrhio ~60% confluence. The
growth medium was removed and the cells were washed with phosphate buffered
saline (PBS). 1 mL solutions of 5 uM coucage inNi&ith 10% DMSO were added to
the wells and incubated for 20 min. The cells wagain washed once with PBS and 2
mL of MEM was added. For samples treated witi"Quarious concentrations of CyCl
were added directly to the sample and the celleweaubated at 37 °C for 20 minutes.
For samples exposed to UV light, two methods weeelul) the entire plate was placed
in the Rayonet photoreactor for 4 min or 2) the gl@swere directly irradiated on the

microscope using the DAPI filter.



4.3 Results
4.3.1 Characterization of Photoproducts

When solutions of coucage and [Cu(coucage)] in Mepes, pH 7.4:.DMSO
are exposed to 350 nm UV light, cleavage of ligaadkbone is complete within 4 min,
as confirmed by LC-MS and shown in Figure 28. Alp#or the intact [Cu(coucage)]
complex is not observed as the binding affinitgoficage for Cti does not allow it to
stay intact as it travels through the LC-MS. Theme, when coucage in the presence of
two equivalents of Cll is injected into the LC-MS only a peak for coucésyebserved,
Figure 28. The peak for intact coucage disappaatssareplaced by peaks corresponding
to the expected photoprodudisind2, as confirmed by their mass spectra. The reaction
solution was also analyzed by high resolution etsgray ionization (HR-ESI) to obtain
the exact mass and composition of the photoprogdfaiad to be 318.1455 m/z, which
corresponds to {gH19N30,4 (compoundl) and 284.1033 m/z, which corresponds to

C15H13N303 (compound?).
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(Top) Chromatography trace from LC/MS analysis@fi{coucage)] prior to photolysis,
showing peak at 36.0 min for intact coucage (6@1/2. The copper complex does not
remain intact under the LC conditions, so onlyftiee ligand is observed. (Bottom)
Chromatography trace of coucage in the presen2eeqliivalents of Cu(CIg), after 4
min of exposure to UV light. The major products ai@8.1 min, 284.In/2 and2 (29.3
min, 318.1m/2. For each run, 6L aliquots of a 444vM solution of coucage or 238V
coucage + 47@M Cu(ClOy)2 in 9:1 10 mM Hepes, pH 7.4:MeOH were injected aht®
LC/MS.



4.3.2 Quantum Yield of Fluorescence

The calculated quantum yields of fluorescence éarcage and coucage + 25 or
50 equivalents of Cilipre- and post-photolysis are shown in Table 5.0 gf the
integrated fluorescence intensity vs. absorbancepsgpared for each sample at various

concentrations and the results were comparedItmeetcein standard using Equation 8.

Sample f

coucage 0.054
coucage + UV 0.036
coucage + 25 eq Cu** 0.018
coucage + 50 eq Cu** 0.016

coucage + 25 eq Cu” + UV 0.023
coucage + 50 eq Cu®* + UV 0.023

4.3.3 Quantum Yield of Photolysis

Comparison of the integrated peak areas indic&igtdatiter 15 s of UV exposure,
43.3% of the caged Pi, 24.5% of coucage, and 3b#Wu(coucage)] had been
photolyzed. The calculated quantum yields of phaislfor coucage and [Cu(coucage)]
are 0.51 and 0.68, respectively, which indicates ¢tbordination of the ligand to €u

does not decrease photolysis efficiency.



4.3.4 UV and Fluorescence Spectra of Coucage

The absorbance spectrum of @ coucage in aqueous solution (9:1 10 mM
Hepes, pH 7.4:DMSO) displays a peak in the visibgon centered at 432 nm. Addition
of 0, 510, 15, 20, 25, 30, 35, 40, 45 and BOCu(CIOy), shows a decrease in the peak
at 430 nm and an increase in the peak at 260 nraddibtional spectral changes are
apparent after the addition of 3M Cu**, Figure 29.

Fluorescence spectra of M coucage in aqueous solution (9:1 10 mM Hepes, pH
7.4:.DMSO) with excitation at 430 nm has an emissi@ximum at 479 nm that
decreases upon titration of Cu(G)@with maximum quenching observed after the
addition of approximately 50 equivalents (Figurg.3Uhe depressed fluorescence of
solutions containing coucage and’Cean be restored to nearly half the original initgns
by irradiation at 350 nm, as shown by the thickcsaé trace in Figure 30.

To ensure that the decrease in fluorescence ieddysreversible Cii binding,

1.5 M coucage was combined with 1M Cu(CIO,), to observe the quenched
fluorescence, then 10M EDTA was added into the reaction mixture. Thefescence
was nearly restored, as shown in Figure 31, ingigahat the decease in intensity is
caused by Ci and is reversible.

To investigate the effect of pH on [Cu(coucage)]M coucage was combined
with 10 equivalents of Cu(Cl in 9:1 10 mM Hepes:DMSO. The pH was adjusted
with 1 M NaOH to obtain solutions of pH 6, 7, 8a8d 11. Fluorescence spectra were

recorded at each pH. As shown in Figure 32, algetiie pH of the reaction mixture to



pH >8 causes a dramatic decrease in fluorescence. r@silt implies that at pH < 8 the
proton on the amide nitrogen closest to coumarirotsdeprotonated. However, at pH >
8 this amide is deprotonated bringing“Cim close proximity to coumarin and causing
additional quenching.
To identify the effect of Cti on the fluorescence intensity of the photoproducts

M coucage in the absence of metal was exposedriim UV light. As shown in Figure
33, the addition of 50 equivalents of Cto this photolyzed solution causes a 26%
decrease in intensity. In contrast,’Coauses a 70% decrease in fluorescence of intact
coucage. These results show that the presence’6h@s less of an effect on the

fluorescence output of the photoproducts comparetact coucage.
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Absorbance spectra ofrBM coucage in agueous solution (9:1 10 mM Hepesy g
DMSO) titrated with 10 equivalents Cu(CG)@ Coucage haslanax centered at 432 nm.
Titration of Cu(ClQ), causes a decrease in the peak at 432 nm andreaasedn the
peak at 260 nm.
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The fluorescence spectrum of 101 coucage in 9:1 10 mM Hepes, pH 7.4:.DMSO
(green line) decreases by half following additidrld niv Cu(CIOy), (orange line), then
nearly returns to initial intensity upon additioh X6 M EDTA (purple line). These
spectra show that the decrease in fluorescencéodDe’* is reversible upon the addition
of EDTA as a competitive chelator.
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1 nM coucage + 10vM Cu(CIQOy)2 in 9:1 10 mM Hepes:DMSO at pH 6 (black line), 7
(red line), 8 (blue line), 9 (yellow line), 11 (@m line). These results support the
hypothesis that at pH & the amide closest to coumarin is deprotonatedjimg C.f* in
close proximity for maximal quenching.
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Fluorescence spectra ofM coucage after 4 min of UV light exposure (topd tme),
then titrated with up to 56M Cu(CIlOy),, which causes a decrease in fluorescence. All
samples in 9:1 10 mM Hepes, pH 7.4:DMSO. InsetafRat intensity vs. equivalents of
CU?* shows that the photoproducts are completely sainaith Cd* at a concentration

of 25nM.



4.3.5 Conditional Binding Constant, K4

The affinity of coucage for Cu(Cl{p was assessed using fluorescence by
titrating copper into a solution of the ligand. eftonditional binding constant can be
obtained by plotting log (= F) / (F - §) vs. log [C&"], log (Kq) is equal to log[Cti]
where log (65— F) / (F - k) = 0. Figure 34 represents a typical plot of (Bg— F) / (F -
F¢) vs. log [Cd"] for coucage, which gives an apparentfét [Cu(coucage)] of 7.32

(0.89) M.
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Where 5, F and k are the relative fluorescence intensities of cgacaoucage in the
presence of a known concentration of Cand coucage saturated with® (100
equivalents), respectively. The slope of the lileast squares line is equal to the number
of equivalent binding sites on coucage and lgdgskequal to log[Cti] where log (B-F) /
(F-F)=0.



4.3.6 Method of Continuous Variation (Job’s Plot)

The binding of Cu(CI@), to coucage was assessed using fluorescence and the
method of continuous variation. The total concatiin of coucage and copper were kept
constant at M. As the mole fraction of copper in solution ieases the fluorescence
intensity at 479 nm decreases. A plot of adjufitestescence intensity vs(Cu*),
where adjusted fluorescence intensity is equdiédltiorescence intensity of sample
solution minus the intensity of Gualone, multiplied by the mole fraction of €wand
c(Cu?" is the mole fraction of Gii.  This plot maximizes at 0.5 mole fraction offCu

(Figure 35), indicating that Gliand coucage form a 1:1 complex.
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Job’s Plot of coucage and €pindicating formation of a 1:1 complex(Cu?") is the
mole fraction of Cé', and the adjusted fluorescence intensity is etgugie fluorescence
intensity of sample solution minus the intensityCof* alone, multiplied by the mole
fraction of C3*. The total concentration of coucage and’Quere kept constant at 1
HUM. All spectra were collected in agueous soluf@i 10 mM Hepes: DMSO) at pH
7.4,



4.3.7 Metal Specificity of Coucage

As shown if Figure 36, no significant fluorescembanges were observed when
high concentrations of various metal cations (1 &1, K*, Mg?*, C&*, Zn** or 50mM
Mn?*, F&*, Cd*, Ni**, Cu") were added into artM solution of coucage. Upon the
addition of 50mM Cu(CIQy), the fluorescence intensity decreases and is parestored

after 4 minutes of UV exposure.
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Blue bars: the unchanged fluorescence oflcoucage in the presence of 1 mM'Na
K*, Mg?*, C&* and Zri* or 50nM for others; Purple bars: quenched emission upon
addition of 50mM Cu?*; black bars: restored fluorescence after 4 mid\dfexposure.
All samples prepared in 10 mM Hepes buffer at pHwith 10% DMSO and excited at
430 nm.



4.3.8 Imaging Experiments and Effects of Coucage, Ci, and UV on
MCF-7 Cells

Cells incubated with coucage alone (Figure 37) shdugh fluorescence
response. Coordination of €uwims the fluorescence output until irradiationhatitV
light cleaves the ligand backbone, which relievesdopper-induced quenching to
provide a turn-on response (Figure 38-41). Theperments demonstrate that coucage
is cell permeable and can detect an increase raficieifular CG* at concentrations
ranging from 25-12%M exogenous copper.

Brightfield images after treatment with Gland UV exposure show that cells
remain viable throughout the imaging experimengé 42). In addition, Figure 43
shows that cells irradiated with UV light at varngitime intervals remain viable for at
least 24 hours.

To assess photobleaching under our experimentalitomms a CFP filter set was
used to continuously excite the sample at 436 nancaliect the emission intensity at
480 nm every 5 seconds. With this filter set, difghotocleavage of coucage is
negligible, so any loss in intensity can be attidolto photobleaching. Data were
collected for a total of 145 seconds and normalipetD0% to show that the emission
signal only decreases by 15% after 40 seconds@&it). For imaging experiments
described throughout this work, samples were iatadi for only 3 seconds before

collecting emission data, a timeframe for which tolteaching is not a concern.
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MCF-7 cells incubated for 20 minutes at 37 °C wi}® UM coucage, b) 1 uM coucage,
¢) 3 UM coucage, and d) 5 uM coucage.
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Fluorescence microscopy images of MCF-7 cells iatedb with a) 5 UM coucage. b)
Image of MCF-7 cells from a) incubated with 5 e@lénts of CuGl (25nmM). c¢) Image

of the cells irradiated with 4 minutes of UV ligf#0 nm) in a Rayonet photoreactor. d)
Bar graph representing the average intensity wiihated fields on 10 images collected
from each condition where the average intensityhefoackground from all 10 images
was subtracted to obtain the final value.
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Fluorescence microscopy images of MCF-7 cells iatedb with a) 5 UM coucage. b)
Image of MCF-7 cells from a) incubated with 10 emlents of CuGI (50 uM). c) Image
of the cells irradiated with 4 minutes of UV ligt80 nm) in a Rayonet photoreactor. d)
Bar graph representing the average intensity wiihated fields on 10 images collected
from each condition where the average intensithefbackground from all 10 images
was subtracted to obtain the final value.
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Fluorescence microscopy images of MCF-7 cells iatedb with a) 5 UM coucage. b)
Image of MCF-7 cells from a) incubated with 25 elents of CuGI (125 uM). c)

Image of the cells irradiated with 4 minutes of Wyht (350 nm) in a Rayonet
photoreactor. d) Bar graph representing the aeeirgtgnsity of illuminated fields on 10
images collected from each condition where theayeintensity of the background from
all 10 images was subtracted to obtain the finalea
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Fluorescence microscopy images of a) 5 uM coucagétdr the addition of 25
equivalents CuG] c) followed by 4 minutes of UV exposure on thefoczal microscope,
and d) after 4 minutes UV exposure with the Rayphetoreactor. Images b and ¢ show
the same field of cells before and after UV expesumages a) and d) are taken from the
same plate of cells, only at a different field edw. €) Plot showing the change in
fluorescence intensity of a single spot of illumethacells after UV exposure through the
DAPI filter on the confocal microscope (excitatioentered at 365 nm).
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Brightfield microscopy images of MCF-7 cells befajeand after b) UV irradiation for 4
minutes using the DAPI filter on the microscopeatfter 4 min of UV exposure in the
Rayonet photoreactor; d) after 20 min incubatioth50nmM CuCk. Images show that
the level of cell viability is maintained after UAhd CG* exposure during the timeframe
of the experiment.
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MCEF-7 cells were irradiated with UV light in the yranet Photoreactor at varying time
intervals and then incubated for 24 h prior to asi#®g cytotoxicity by an LDH assay,
which measures the amount of lactate dehydrogaeéesssed by damaged or dead cells.
The results show that 4 min of irradiation in theeyBnet Photoreactor does not cause a

decrease in cell viability.
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Cells were treated with M coucage and washed before imaging. The CFP &#ewas
used to continuously excite the sample at 436 ndncatiect the emission intensity at
480 nm every 5 seconds. With this filter set, difghotocleavage of coucage is
negligible, so any loss in intensity can be attidolto photobleaching. Data were
collected for a total of 145 sec and normalize@6% to show that the emission signal

only decreases by 15% after 40 seconds.
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4.4 Discussion
4.4.1 Spectral Properties

Coucage displays an absorbance band at 432 nrgitlesta corresponding
fluorescence emission maximum at 479 nm with a tynaryield of 0.054. Figure 30
shows that its fluorescence at pH 7.4 is quenclyetbbo when saturated with €u
giving a quantum yield of 0.016 and a conditionakdciation constant, J<of 7.3 £ 0.9
mM. The 1:1 coucage:CGliratio for complex formation was confirmed by thethod of
continuous variation (Figure 35).

The depressed fluorescence of solutions contaitbngage and Giican be
restored to nearly half the original intensity Inadiation at 350 nm, as shown by the
thick spectral trace in Figure 30. The emission imaxn of photolyzed samples shifts
slightly to 475 nm, with a quantum yield of 0.023e fluorescence of the photolyzed
products does not return to initial levels foreddt two reasons, the first being that the
guantum yield of photolyzed coucage itself (0.088pwer than the parent compound.
The second is that Gluretains some quenching effect on the photoprogdatttough to

a much lesser extent than on intact coucage (seed=83).

4.4.2 Metal Specificity of Coucage

Unlike the response observed with®Gwo significant fluorescence changes are
observed for coucage in the presence of other roati&ins, as shown in Figure 36 for

Na', K*, Mg®*, C&*, Mn**, F&*, C*, Ni**, Cu', and ZA*. When Ca'is added back to

&*



these solutions, the fluorescence decreases by(Figdre 36, purple bars), confirming
coucage’s high selectivity for Elover other biologically important metal ions. The
fluorescence can again be partially restored upadiation, as shown by the black bars

in Figure 36.

4.4.3 Photolysis of Coucage and [Cu(coucage)]

The increase in fluorescence upon irradiation af(fGucage)] is apparent
immediately, and cleavage of the ligand backbom®isplete in approximately 3 min.
The quantum yield of photolysis for coucage anccege in the presence of €is 0.51
and 0.68 respectively, indicating that coordinatigrCLf* does not decrease photolysis
efficiency, as previously observed for [Cu(cagé)nalysis of the reaction mixture by
liquid chromatography mass spectrometry (LC-MSkededl and2 as photoproducts

(Figure 28).

4.4.4 pH Dependence of Fluorescence Quenching

In order for coucage to bind tightly to €pall three amide protons must be
deprotonated. The fact that only 75% fluorescenmnaghing is achieved at pH 7.4
suggests that the amide proton closest to the camimsanot fully deprotonated at this
pH, setting up a HCu** competition that precludes maximum fluorescenanghing.
Indeed, increasing the pH of coucage/Qolutions above 8 dramatically decreases

fluorescence, leaving only a residual 10% signgbHyd (Figure 32). Although the

&1



greatest fluorescence quenching is observed atghigltoucage remains biologically

applicable since a Gliturn-off response is observed at pH 7.4.

4.4.5 Fluorescence Microscopy Imaging in MCF-7 Cells

To test coucage in living cells, we treated humiaast carcinoma MCF-7 cells
with coucage and Gliand observed the intracellular fluorescence afiiated vs. non-
irradiated cells using scanning confocal microscdWgF-7 cells incubated with coucage
alone initially show a high fluorescence respomaseshown in Figure 40a. After addition
of excess Cil to the cell culture media and incubation for 2@ ntihe intracellular
fluorescence signal decreases by 70%, indicatiag@if* has coordinated to coucage
inside the cells (Figure 40b). Ettreated cells exposed to UV light from a Rayonet
photoreactor for 4 min exhibit bulk fluorescencstogation up to 67% of the original
intensity, as seen in Figure 40c. Cells were alsaliated directly on the microscope
(Figure 41). Although this method provides a léissinct fluorescence increase, it
demonstrates the possibility of observing the tomrresponse within one field of view.
Control experiments in the absence of fluorophbsno background fluorescence and
photobleaching of coucage results in less thanr2ésity loss during the 3 s excitation
times used to collect images (Figure 44). Brighifienages after coucage, €pand UV

exposure show that cells remain viable throughloeitithaging experiment (Figure 42).
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4.5 Summary and Conclusion

In conclusion, we have presented a new strategadioieving a fluorescence
turn-on response to detect<in living cells. The sensor relies on a coumasigeted
ligand that selectively binds &uover other biometals to induce fluorescence quiegch
which is subsequently relieved upon UV irradiatiorprovide the turn-on response. In
essence, the strategy reports on the memory ofeM®éf had been available for
chelation by the M binder. Because the probe is destroyed duringehdout, this
strategy inherently cannot provide real-time maniig of cellular CG* fluctuations.
Experiments in live MCF-7 cells demonstrate thataame is cell permeable and can
detect an increase of intracellular®Cunder conditions of excess exogenous copper.
Copper is imported in its reduced ‘Qakidation state, and intracellularly is believed
mostly to remain in its reduced form. However,@llular microenvironments may
support Ca", and the coucage strategy introduced here migtittility in providing
snapshots of such € provided that improvements can be made to tkmtgo make it
more sensitive. Future investigations are theredoreed at improving the quenching
efficiency of the copper complex at physiologichl @nd increasing the binding affinity
in order to create a more sensitive probe, asagedipplying photoactive fluorescent

ligands to other biologically interesting metal son
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5. Development of Next-Generation Photolabile Copper
Cages with Improved Copper Binding Properties

5.1 Background and Significance

Copper is an essential element for life and playsrgortant role in many
physiological processes. Its redox activity makes essential cofactor in enzymes such
as Cu, Zn superoxide dismutase, cytochroridase, ceruloplasmin, tyrosinase,
peptidyl-glycyla-amidating monooxidase, and many othférsThe same property that
makes copper essential renders it potentially taxien there is an imbalance in its
cellular homeostasis, which can lead to the foromadif toxic reactive oxygen species
(ROS)® Metal-induced oxidative stress is associated sétveral neurodegenerative
diseases including Menkes and Wilson diseases eitrr’s disease, familial
amyotropic lateral sclerosis and prion dise4s&*?"'*Due to the potentially toxic
nature of copper, cells tightly regulate its ingtalar distribution*>°***Understanding
how cells traffic and utilize copper while suppiiegsts toxicity has important
ramifications for health and disea&>!°%*>*
It has been shown that copper levels are elevatadmerous malignancies and

directly correlate to cancer progression.In addition, cancer cells are known to have

elevated levels of oxidative stress due to an aseaeneration of RO$>**°which
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results in cells trying to adapt mechanisms to nadime oxidative stress and in turn they
may exhaust their cellular ROS-buffering capaleititr’**® Therefore, copper’s pro-
oxidant ability is medicinally promising if it cdre used to selectively induce oxidative
stress as a cancer chemotherapy strategy. Nevodsetbr controlling the spatial and
temporal release of copper intracellularly woulduseful for both the targeted delivery
of copper as a pro-oxidant to induce cell deathfandncovering its complex
involvement in healthy vs. disease states. Towsde goals, we have developed
photoactive caged copper complexes by incorporaingrophenyl group into the
backbone of copper-binding ligands. Our previgusported first-generation chelator,
nicknamedH,cage cages Cti in a tetradentate binding site until exposure Yolight
cleaves the ligand backbone to release photoprsatith diminished affinity for Ctf.2°

In addition to the change in binding affinity, pblyisis also causes a change in reactivity
of caged vs. uncaged copper, as we have showrely6lo increase in the ability of
copper to generate hydroxyl radicals under Fentandonditions following light-

induced uncaging. While these are promising steyards using light-activated
compounds to increase oxidative stress in a tastgasnner, bkcage is not without its
limitations. One of its drawbacks is that it do@$ completely suppress hydroxyl radical
formation pre-photolysis. Furthermore, its effeetdissociation constantg&at pH 7.4

of 16 pM is not strong enough to keep copper seqeasin the presence of endogenous
copper-binding proteins. For example, copper tates in serum predominantly bound

to human serum albumin, which has @&#f 1 pM for Cd" at physiological pH>®



To address these problems, we synthesized andctéiazad seven new
photolabile analogs of Jdage, the structures of which are shown in Figbre @ur
primary goals in this study were to investigate éffects of changes in the ligand
backbone of btage on Cti chelation and reactivity. Studies on severahefgecond-
generation analogs revealed that replacementle&st one amide nitrogen int¢hge
with a secondary amine improves the ligand’s affifor Cu#*. This information led to
the design of our best copper cage to date, thgeBeration chelator nicknamaGcage
As shown in Scheme 16, 3Gcage chelates coppertwatipyridyl nitrogens, an amide,
and a secondary amine. Exposure to UV light cledlve ligand backbone to release the
expected picolinamide(c) and nitroso-containingh{troso) fragments with weaker
copper affinity. 3Gcage not only has a signifitgithproved CG* binding affinity, it
also retains a high quantum efficiency of photdyand provides greater protection
against copper-promoted hydroxyl radical formapoe-photolysis, while maintaining

the increased reactivity post-photolysis.
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5.2 Materials and Methods

5.2.1 Materials and Instrumentation

Unless otherwise noted, chemicals were purchasadneocially and used
without further purification. ZinCleav-1 was kiydbrovided by S. Burdett&.All
reactions were carried out in the dark and glasswaeas covered with foil. The ligand
H.cagé® was synthesized and purified as described prelyiouSpectra forH NMR
were collected on a Varian Inova 400 spectromettr @hemical shifts reported in ppm
and J values in Hz. High-resolution, fast-atom bardment (HR-FABMS) mass spectra
were recorded on JEOL JMS-SX-102 instrument. Liguncbmatography/mass
spectrometry (LC/MS) was performed on an Agilem@@ Series apparatus with an
LC/MSD trap and a Daly conversion dynode detecfoiarian Polaris C18 (150 1.0
mm) column was used and peaks were detected bybgdtation at 280 nm. A linear
gradient from 10% A in B to 60% A in B was run fr@o 32 min with a total run time
of 42 min, where A is MeCN / 4% 10 mM pH 7 ammoniaoetate buffer and B is 10
mM pH 7 ammonium acetate buffer / 2% MeCN. UVspgectra were recorded on either
a Cary 50 UV-vis spectrophotometer or an SI Pha®(ifucson, AZ) model 420 fiber
optic CCD array UV-vis spectrophotometer in a 1qathlength quartz cell. Photolysis
experiments were performed using a screwtop quastette illuminated in a Rayonet
RPR-100 Photochemical Reactor containing 16 balhsh 3500 A. Reaction mixtures
were purified by preparative reverse-phase HPL@ ¥MC C18 column (250 200 mm

I.D.) with a linear 40-min gradient from 7—70% amtrile in water.
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5.2.2 Synthesis

4 9 #
NO, NO, NO,
o o o
HOBT O,N o H N
oo 0 o o, O NH O Os__NHHN OTNH HN
2 +
TNH TNH N X\, _PYBOP, NMM \H N7 HBr Ny N7
\ DMF, 18 HRS \ ) DMF, 18 HRS Caz L | « |
CBZ CBZ

amcage

-& & & 3-(2-Amino-acetylamino)-3-(2-nitro-phenyl)-N-pyridin-2-ylmethyl-
propionamide (Amcage)

Carbobenzyloxyglycine (0.400 g, 1.912 mmol) and NNOVA20 mL, 3.824
mmol) in CHCI, (6 mL) were added to a 150-mL round-bottom flaskipped with a
stir bar. Then PYBOP (0.996 g, 1.912 mmol) in,CH (4 mL) was added and the
reaction mixture was allowed to stir for 18 h atmotemperature. After 18h, one
equivalent of 3-amino-3-(2-nitrophenyl)propioniaca(0.400 g, 1.912 mmol) dissolved
in hot DMF (30 mL) was added and the reaction nmtwuas stirred for an additional 18
h. NMM (0.420 mL, 3.824 mmol) and 2-(aminomethyfjdine (0.196 mL, 1.912
mmol), both in CHCI, (6 mL) were added to the reaction mixture. PYBOR96 g,
1.912 mmol) in CHCI; (4 mL) was then added, and the reaction mixtureedtfor 18 h
at room temperature. The solvent was removed @ desulting oil was taken up in
CHCl, (25 mL), filtered, and washed with 1N HCI(3L0 mL). The aqueous layer was
then adjusted to pH 12 and washed withb,CH (4"~ 10 mL). The organic layers were

combined, dried over MgSfiltered, and solvent removal gave an oil thas\parified
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by preparative reverse-phase HPLC on a YMC C18wnl(250° 200 mm 1.D.) with a
linear 40-min gradient from 7—70% acetonitrile iater, to give a white solid after
solvent evaporation. The white solid was thenahesl in CHCI, (15 mL) and
hydrobromic acid (383% in glacial acetic acid) (15 mL) was added thredreaction
mixture was allowed to stir for 2 h at room tempeara. After 2 h, the reaction mixture
was washed with $0 (4~ 10 mL). The aqueous layer was then adjusted tal@rand
washed with CHCI, (4~ 10 mL). The organic layers were combined, drieero
MgSQ, filtered, and solvent removal gave a white s@i®164 g, 31.7 %)*H NMR
((CD3),CO): d8.45 (1H, d, J = 3.97), 7.97 (1H,H= 8.02), 7.72 (1H, d] = 7.62), 7.64
(2H, m), 7.53 (1H, t) = 7.62,J = 7.62), 7.21 (1H, d] = 7.64), 5.91 (1H, § = 5.37,d =
5.37), 4.43 (2H, dd] = 15.98,J = 40.76), 3.74 (2H, m), 3.06 (1H, db= 6.62,J =
14.52), 2.94 (1H, dd] = 4.79,J = 14.76). 3C NMR ((CD5),CO): d 169.86, 169.75,
158.24, 148.83, 148.59, 137.67, 136.41, 133.29,202928.18, 124.31, 121.90, 120.97,

54.00, 46.47, 44.25, 39.94; LC-MS: m/z 358.1 [M¥HJl = C;7H1gNsOs.
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8/ #

% N02
HO._O % \_ NH HN
PyBOP, NMM ,__in hot DMF ‘ i “NH
X CHoCly, 0°c, PyBOP NMM _~
CH,Cl,, 0°C,
| P 18h, rt _ N 2Clo,

18h, rt

| mcage

-& & & 2-Methyleneamino-but-2-enoic acid [2-[2-(1H-imidazb4-yl)-
ethylcarbamoyl]-1-(2-nitro-phenyl)-ethyl]-amide (Imcage)

Equimolar quantities of picolinic acid (0.100 g8303 mmol) and NMM (N-
methylmorpholine) (0.089 mL, 0.813 mmol) in &H, (3 mL) were added to a 50-mL
round-bottom flask equipped with a stir bar. TiRBOP (benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophospha@y@3 g, 0.813 mmol) in Ci€l, (2
mL) was added and the reaction mixture was allotwegtir for 18 h at room temperature.
After 18 h, one equivalent of 3-amino-3-(2-nitropkigpropionic acid (0.171 g, 0.813
mmol) dissolved in hot DMF (15 mL) was added arerbaction mixture was stirred for
an additional 18 h. NMM (0.089 mL, 0.813 mmol) dnstamine (0.091 g, 0.815 mmol),
both in CHCI, (3 mL) were added to the reaction mixture. PygQR23 g, 0.815
mmol) in CHCl, (2 mL) was then added, and the reaction mixtureedtfor 18 h at
room temperature. The solvent was removed ancethéting oil was purified by HPLC,
giving a yellow oil (0.053 g, 16%)*H NMR ((CDs),CO): d 9.86 (1H, d,J = 7.49), 8.73
(1H, s), 8.67 (1H, dJ = 4.33), 8.00 (1H, d] = 7.58), 7.95 (2H, d] = 7.42), 7.78 (1H, d,

J=7.86), 7.65 (1H, t] = 7.60,J = 7.60), 7.57 (1H, m), 7.50 (1H,X= 7.74,] = 7.74),
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7.32 (1H, s), 5.96 (1H, m), 3.52 (2H)t= 6.41,J = 6.41), 3.06 (1H, dd] = 6.88,] =
14.87), 2.93 (3H, m)}C NMR ((CDs),CO): d: 170.40, 163.59, 149.82, 148.62, 137.55,
137.47, 133.58, 133.43, 131.78, 128.93, 128.43,622824.35, 121.97, 116.36, 46.89,

39.89, 37.99, 24.52; LC-MS: 409.2 m/z [M++HM = CygH20N604.

| Os__NH HN
X" 07 NH HO NH  tpa HBTU,NMM _ T L
- o
KI(N DMF,100°C, NH AN SO
18h
o) NO, o

r
NO, NH, o)
gt -~ O

O5N
Macrocage

-& & &' 7,14-Bis-(2-nitro-phenyl)-1,4,8,11tetraaza-cycloteddecane-2,5,9,12-tetraone
(Macrocage)

Macrocage was synthesized on a Protein Technol&#8sautomated peptide
synthesizer using Fmoc-Gly-Wang resin (AdvancednChech) (0.048 g, 0.033 mmol).
Fmoc was removed using 20% piperdine in DMF. Cioggl of Fmoc-3-amino-3-(2-
nitrophenyl)propionic acid (0.028 g, 0.066 mmolgd&moc-Gly (0.029 g, 0.099 mmol)
were carried out using O-benzotriazole-N,N,N’,Ntréenethyl-uronium-hexafluoro-
phosphate (HBTU) (0.038 g, 0.099 mmol) and NMM (5, ®.045 mmol) in DMF (10
mL) for 30 min. The uncyclized peptide was ob¢gimy treating the resin-bound
molecule with a 95% trifluoroacetic acid (TFA) stdun for 2 hours. TFA was removed

and the resulting oil was washed (3 mL) with diethyl ether. The resulting oil and
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NMM (5 mL, 0.045 mmol) in DMK200 mL) were added to a 500-mL round-bottom
flask equipped with a stir bar. Then HBTU (0.03®®99 mmol) in DMF (5 mL) was
added and the reaction mixture was allowed tdatit8 h at 106C. Solvent removal

gave an oil that was purified by HPLC, giving a tetsolid (0.003 g, 16.4%). Analysis
by LC-MS and HR-FAB showed > 98% purity. HR-FAB/2499.1578 [M+H]; exact

composition: GoH23NgOg [M+H] ™.

OzN% %
O-N =
Ho. O HoN oH 2 N
PyBOP. NMM ,__ in hot DMF HN OH /\i)
S CH:Cl, 0°C, N Yo PYBOP, NMM = N
| 18h, rt | CH,Cly, 0°C,
= N

18h, rt

3arm-3

-& & &+Pyridine-2-carboxylic acid [2-(bis-pyridin-2-ylmethyl-carbamoyl)-1-(2-nitro-
phenyl)-ethyl]-amide (3arm-3)

Equimolar quantities of picolinic acid (0.010 g081 mmol) and NMM (0.009
mL, 0.081 mmol) in ChkCl, (3 mL) were added to a 50-mL round-bottom flaskipped
with a stir bar. Then PyBOP (0.042 g, 0.0813 mnmolPH,Cl, (2 mL) was added and
the reaction mixture was allowed to stir for 18t lnc@m temperature. After 18 h, one
equivalent of 3-amino-3-(2-nitrophenyl)propioniaca(0.017 g, 0.081 mmol) dissolved
in hot DMF (15 mL) was added and the reaction nmtwuas stirred for an additional 18

h. NMM (0.089 mL, 0.813 mmol) and di-(2-picolyl)ame (0.015 mL, 0.081 mmol),



both in CHCI, (3 mL) were added to the reaction mixture. PygQPB42 g, 0.081

mmol) in CHCl, (2 mL) was then added, and the reaction mixtureedtfor 18 h at

room temperature. The solvent was removed andtiresoil was purified by HPLC,
giving a yellow oil (0.036 g, 44%)*H NMR (CD;OD): d 8.76 (ddJ=10.9,J=5.2,

2H), 8.66 (dJ = 4.5, 1H), 8.37 (dd] = 11.1,J = 4.6, 1H), 8.07 - 7.88 (m, 5H), 7.81 (dd,
J=13.8J=7.3,1H), 7.62 - 7.53 (m, 5H), 7.53 - 7.47 (Hl), 5.92 (dd,) = 7.8, = 4.5,
1H), 5.17 (dd,) = 55.6,J = 18.2, 2H), 5.06 - 4.96 (m, 2H), 3.39 - 3.36 (), 3.14 -

3.08 (m, 1H)*C NMR (CD;0D): d 172.33, 164.49, 155.59, 154.92, 148.41, 147.69,
145.05, 141.74, 139.79, 137.57, 136.48, 133.32,6112828.43, 126.74, 125.61, 124.87,
124.47, 123.86, 123.02, 121.87, 53.23, 51.14, 31.84VIS: 497.1 m/z [M+H], M =

Co7H24N60s.

NO,

Br-
o) o]
N
OTNH HN | OTNH HN
EEEEE——
y KoCOg 1t, (7
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N

3arm-1

NO,

-& & &- 3-[2-(Bis-pyridin-2-ylmethyl-amino)-acetylamino]-342-nitro-phenyl)-N-
pyridin-2-ylmethyl-propionamide (3arm-1)

Amcage (0.029 g, 0.081 mmol), bromoacetic acidi®.0L, 0.178 mmol) and

K2CO; (0.045 g, 0.324 mmol) in DMEO mL) were combined in a 50-mL round-bottom



flask equipped with a stir bar and the reactiontorxwas allowed to stir for 18 h at
room temperature. The solvent was removed ancethéting oil was taken up in
CHCl, (20 mL) and washed withJ® (4" 10 mL). The organic layers were combined,
the solvent was removed and the resulting oil wagipd by HPLC, giving a yellow oll
(0.022 g, 49.6 %). Analysis by LC-MS attd NMR showed >98% purity. *H NMR
((CDsOD): d8.76 - 8.71 (m, 3H), 8.67 - 8.65 (m, 1H), 8.5954(m, 1H), 8.26 - 8.22
(m, 1H), 8.18 (tdJ = 7.8,J= 1.6, 2H), 8.12 - 8.07 (m, 1H), 8.02 (t= 8.0, 1H), 7.95
(dd,J=9.0,J=7.7, 2H), 7.73 - 7.60 (m, 8H), 7.53 (ddd; 15.5,J = 7.1,J = 1.4, 2H),
5.82 (t,J = 6.8, 1H), 5.03 (s, 2H), 4.60 @@= 5.9, 2H), 4.27 (s, 2H), 3.60 (@= 7.3,
2H), 2.96 (d,J = 6.9, 2H). LC-MS: 540.1 m/z [M+H]M = CygH2eN;Os. Analysis by
LC-MS and'H NMR showed > 98% purity. HR-FAB: m/z 540.23554M]"; exact

composition: GoHzgN;O,4 [M+H] ™.

l* #
HoN NO,
Tl o~
||—|OBT H-N OH OZN (0] N/ |
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3Gcage

-& & &1 Pyridine-2-carboxylic acid {1-(2-nitro-phenyl)-3-[(pyridin-2-ylmethyl)-
amino]-propyl}-amide (3Gcage)

Equimolar quantities of picolinic acid (0.05 g, @.4amol) and NMM (0.04 mL,



0.40 mmol) in CHCI; (2 mL) were added to a 25-mL round-bottom flaskipped with

a stir bar. The reaction mixture was cooled oveicarbath for ten min then PyBOP (0.21
g, 0.40 mmol) in CKCl, (2 mL) was added. The reaction mixture was alloteegarm

to room temperature with stirring for 18 h. Afteé8 i, one equivalent of 3-amino-3-(2-
nitrophenyl)propionic acid (0.08 g, 0.40 mmol) dis®d in hot DMF (5 mL) was added
and the reaction mixture was stirred for an addéld.8 h. NMM (0.04 mL, 0.40 mmol)
and PyBOP (0.21 g, 0.40 mmol), both in &1 (2 mL) were added to the reaction
mixture. The resulting solution was cooled overanbath for ten min then the reaction
mixture stirred for 18 h at room temperature. Téwction mixture was again cooled over
an ice bath for 30 min then NaBKL.51 g, 4.0 mmol) was added. The reaction méxtur
was allowed to warm to room temperature and coetirstirring for 10 min. The solvent
was removed and the resulting oil was taken upHpQI,; (15 mL) and washed with
saturated sodium bicarbonate’ (30 mL). The organic layers were combined, drieero
MgSQ,, filtered, and solvent removal gave a yellow dib the resulting oil equimolar
guantities of p-toluenesulfonyl chloride (0.078g0 mmol) and triethylamine (0.056
mL, 0.40 mmol) in CHCI, (2 mL) were added with stirring for 2 h. Afteh22-
(aminomethyl)pyridine (0.04 mL, 0.40 mmol) was adl@dad reaction mixture stirred for
18 h at room temperature. The solvent was remawneddhe resulting oil was taken up in
CH.Cl; (15 mL) and washed with 1N HCI (35 mL). 1 N NaOH (20 mL) was added to
the aqueous layer and washed with,CH (4~ 10 mL). The organic layers were

combined, dried over MgSgfiltered, and solvent removal gave an oil thas\parified



by HPLC, giving a white solid (0.04 g, 25 %). Aysik by LC-MS and HR-FAB showed
> 98% purity. HR-FAB: m/z 392.1726 [M+H]exact composition: £H2:Ns03

[M+H] "

NH HN
OH 4>
2h, rt OH PyBOP NMM
CH,Cl,,18h, 1t N
/

1Gcage

5.2.2.7 2-(2-Nitro-phenyl)-N-pyridin-2-ylmethyl-2-[(pyridin -2-ylmethyl)-amino]-
acetamide (1Gcage)

2-bromo-2-(2-nitrophenyl)acetic acid (BNPA) was thesized using a procedure
from Bayley et al®® Equimolar quantities of BNPA (0.100 g, 0.385 mjraid 2-
(aminomethyl)pyridine (0.04 mL, 0.385 mmol) in €& (3 mL) were added to a 50-mL
round-bottom flask equipped with a stir bar andrémsection mixture was allowed to stir
for 2 h at room temperature. After 2 h, NMM (0.08%, 0.770 mmol) and 2-
(aminomethyl)pyridine (0.04 mL, 0.385 mmol), bothGH,Cl, (6 mL) were added to the
reaction mixture. PYBOP (0.200 g, 0.385 mmol) iH,Cl, (4 mL) was then added, and
the reaction mixture stirred for 18 h at room terapre. The solvent was removed and
the resulting oil was taken up in @El, (25 mL), filtered, and washed with saturated
aqueous NaCl solution (3 x 10 mL). The organic tayeere combined, dried over

MgSO;, filtered, and solvent removal gave an oil thas\parified by chromatography
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(silica, EtOAc:hexanes, 3:1 with 1% triethylamifd,= 0.30), giving a white crystalline
solid (0.06 g, 42%)H NMR (CD;OD): 8.51 (1H, m), 8.45 (1H, m), 7.96 (1H, dts
1.27,J = 8.16), 7.58 (4H, m), 7.42 (1H, ddbi= 1.68,J = 7.26,J = 8.20), 7.33 (1H, d] =
7.83),7.26 (1H, d) = 7.85), 7.14 (2H, m), 4.72 (1H, s), 4.58 (2H, dlg,5.45,] = 15.95,
J=15.97J=15.97), 3.92 (2H, gl = 14.01). 3C NMR: 170.67, 158.63, 156.89,
149.18, 149.03, 148.88, 136.78, 136.64, 133.83,483332.02, 128.79, 125.31, 122.36,
122.30, 122.25, 122.00, 63.54, 53.27, 44.67; LC-N\8%8.1 m/z [M+H], M =

C20H19N50s.

5.2.3 Quantum Yield of Photolysis

The quantum yields of photolysis for 3Gcage anciill) complex were
determined by comparison to the quantum yield @#-bitrophenyl)ethyl phosphate
(caged Pi) as previously reported by Ellis-David &aplan®® Samples of 3Gcage (500

M) with and without one equivalent of CuCJr caged Pi (1 mM) in NaiR O,
buffered to pH 7.4 were irradiated in a Rayonet RIPR Photochemical Reactor at 350
nm for 15 s. Photodegradation of the caged compmwad monitored by LC-MS
analysis. Aliquots of 3.0L of each sample before and after photolysis wejected by
autoinjector and run in triplicate. The experimemass repeated to ensure reproducibility.
The quantum yield for each samples@émple) was calculated by using the following

equation (Equation 11):

%)



. %Dsample  A_cp

F =
ame % opDep Ay sample

(11)

where cp is 0.54, the reference quantum yield of photsli& caged Pi, %sample
and % cp are the percent change in integrated peak #&exgaotolysis for the sample
and caged Pi, respectively, angsfis the absorbance at 350 nm in a 1-mm cuvette for

caged Pi (cp) and for the sample.

5.2.4 Deoxyribose Assay

The 2-deoxyribose assay was used to measure hydesigal formatiorr> A
mixture of copper, ascorbic acid, and hydrogen xideogenerates hydroxyl radicals by
Fenton-like chemistry. Hydroxyl radicals attack @dyribose to form malondialdehyde
(MDA), which upon heating with TBA under acidic abtions produces a pink
chromophore. Chelators that prevent copper froratirgg with ascorbic acid and
hydrogen peroxide result in less chromophore foignaAssays were performed in a 96-
well plate using 20 mM NajPO, buffered to pH 7.4. The following reagents werdextl
sequentially to obtain a 100 buffered solution with these final concentratipolselator
(20 mM), CuSQ (10nM), 2-deoxyribose (15 mM), #D, (100nM), and ascorbic acid (2
mM). For photolyzed samples, 16M solutions of [Cu(OH)(cage)] or [Cu(3Gcage)]
in 20 mM pH 7.4 NakPQO, buffer were photolyzed in screwtop quartz cuveibegt min

in the photoreactor, then immediately diluted itite deoxyribose reaction mixtures to

*%*



obtain final concentrations of I in Cu. Stock solutions of CuSQascorbic acid, and
H,0, were prepared fresh daily, other solutions weepared weekly. The reaction
mixtures were shaken in a plate reader at 37 °Q fgrthen 100 of TBA (1 % w/v in
50 mM NaOH) and 1061 of TCA (trichloroacetic acid) (2.8 % w/v in wajexere
added. The 96-well plate was placed over a 100 &@mbath for 20 min, then cooled to
room temperature and the absorbance at 490 nmegasded. Values are reported as
A/A, where A is the absorbance without chelator present argltAa absorbance with
chelator added. The value for Cusgone is A/A = 1. Error bars represent standard

deviations from measurements done in at leastdaia.

5.2.5 General Spectroscopic Methods for Determining Appagnt
Binding Constants

Solutions were prepared in 10 mM HEPES (N-(2-hygledlryl)-piperazine-N'-2-
ethanesulfonic acid) buffered to either pH 7 or. 7T4e reaction vessel was a 3-mL
guartz cuvette and initial solution volumes wemall All titrations were carried out at
25°C. Aliquots were pipetted into the reaction mietand monitored
spectrophotometrically. After each addition, siolng were manually mixed and
equilibrated for 10 min before data were collect&drations were repeated in at least
triplicate to ensure reproducibility. Associatioonstants of copper or zinc ion with Cage
compounds (Cage) were calculated assuming 1:1rgrafiCage and metal, M, in the

presence of a competitive chelator, L.

*1



The apparent CGiiand Zi5* binding constants of Cage compounds were
determined from competition experiments betweem €ayge ligand and a ligand (L) of
known affinity for either Ct" or Zrf* at a selected pH. The equilibrium expressions for
the chelation of M by either Cage or L, shown iruipns 12 and 13 give rise to the
formation constants for each ligand (Equation 1d Bquation 15). An equilibrium
constant for the exchange reaction{Hquation 16) of metal between Cage and L can
be calculated based on the known concentratiotstalfM, Cage, and L added to
solution and from the concentration of metal cagmmex, [M(Cage)], and competitive
ligand metal complex, [M(L)], determined from thesarbance spectra. The apparent
binding constant is then obtained by solving eqfal K¢vicagey, Where Kuwn is the

known conditional binding constant of L at the st pH.

M+L [M(L)] (12)
MCage [M(Cage)] (13)
Kmmwn = [IM(L) ] (14)
[M][LT
MEage) = [M(Cage)] (15)
[M][Cage]

[M(Cage)] + nL  [M(L)n] + Cage (16)

<[M(L) y)[Cage]= K&vwn (17)

LIT[M(Cage)] Kgucagey
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5.2.6 Competition Study of Nitrilotriacetic Acid (NTA) vs. Caged
Compounds for Cuf*

Kathryn Haas, a graduate student in the Franz déboy, performed the NTA
competition study described below for all cage agsiexcept 3arm-1 and 3Gcage.
Titrations to determine the apparent Cage copgdntaf K ¢cycagey Were performed
with NTA (logKcunray = 10.68 at pH 7.4) as a competitive chelator fof'CSolutions
of 0.5-1 mM [Cu(Cage)] were titrated with at ledsb equivalents of NTA using a 100

mM NTA stock solution.

5.2.7 Competition Study of Ethylenediaminetetraacetic Aaill (EDTA)
vs. 3Gcage for Ca"

Solutions of [Cu(3Gcage)with an initial concentration of 0.2 mM were pregé
in 10 mM HEPES buffered to pH 7.4. Aliquots of ¥ of the competitive chelator
EDTA (5 mM) were pipetted into [Cu(3Gcagejolutions and monitored
spectrophotometrically. The apparent copper bindifigity for 3Gcage, Kcu@ccagey

was calculated using Equations 12—-17 and a ¢agkora) = 15.81 at pH 7.40.

5.2.8 Comptzetition Study of 4-(2-pyridylazo)resorcinol (PAR) vs. Cage
for Zn“"

The Zrf* apparent binding constants of Cage ligands wasméted by
competition with PAR® All titrations were performed in 10 mM HEPES at BH The

spectrum of PAR was recorded as the backgroundnthe addition of Zfi a new
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peaks forms at 500 nm due to the formation of Zl€PAR)] complex. To ensure that
the 2:1 PAR:ZA" complex is formed over the 1:1 complex an exce&6 equivalents)
of PAR was used. Cage ligands were then titratedsolution and the absorbance
spectra were recorded after each addition. Thareppbinding constant was obtained

by solving Equation 17 for &ncagejywhere 10gKznpary2) = 12.34.

5.3 Results
5.3.1 Binding Studies

Out of the derivatives synthesized only 3Gcagg@0.18 +0.03 fM) binds C&'
more tightly than Kcage at physiological pH. As shown in Table 8ding constants
were only calculated for ligands that could atieasnpete with NTA for Cti, which at
pH 7.4 has a Kof 23 pM. A typical titration is shown in Figudé.

Cage analogs were also screened for their abilippbrdinate Zf and apparent
binding constants were calculated (Table 8) usiAR Rs a competitive chelator. 3arm-1

has the highest binding affinity among the analegk a Ks¢of 0.92 +0.16 nM.
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Apparent binding constants {§ for Cu#* and Zr¥* and photolysis quantum yields for

apo ligandsK cagd and their metal complexeB fucage)) Of Ho.cage analogs, where M =
CU?* for Hycage and 3Gcage and M =“Zffior ZinCleav-1. Values that are not available

are labeled “na”.

KqCfor CU* at pH 7.4

K q¢for Zn** at pH 7

M M Foage  Fmeage)
H,cage® 1.60" 1¢* 20.93 +1.76 0.73 0.32
Imcage na 13.69 .58 na na
Amcage 2.00" 10° 21.57 +2.02 na na
3arm-3 na 12.55 6.81 na na
3arm-1 na 0.92 8.16 na na
3Gcage 0.18 £ 0.03 na 0.66 0.43
ZinCleav-£°  0.05 0.0015 0.024  0.0055
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Titration of 4nL aliquots of 5 mM EDTA into 0.200 mM solution a€{i(3Gcage)]in
HEPES buffer, pH 7.4.



5.3.2 Photolysis of Cage Compounds

Photolysis was only monitored for 3Gcage as ihesdnly compounds with a
CU?* binding affinity greater than #dage at physiological pH.

To analyze the photolysis of ouf §eneration cage a 10® [Cu(3Gcage)]
solution in pH 7.4 phosphate buffer was irradiatatth UV light centered at 350 nm. As
shown in Figure 47, changes in the UV-vis speatesapparent within seconds as a shift
in the d-d band centered at 570 nm indicates ayamization of the coordination sphere.
Cleavage of the ligand backbone is complete wighimin, as confirmed by LC-MS
analysis (data not shown). The chromatographi& peahe intact Cu complex
disappears and is replaced by peaks corresponulthg expected photoproducts and

their copper-bound forms, as confirmed by their sreggectra.
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UV-vis spectra of 10&iM [Cu(3Gcage)] irradiated with UV light in 10 second intervals
for a total of 180 seconds. a) An increase in dimme at 320 nm is consistent with the
formation of a nitroso photoproduct. Inset: A ppbthe absorbance at 320 nm vs. UV
exposure indicates that the photolysis of [Cu(3@¥fds complete in approximately 60
seconds. b) Changes in the d-d band centeredatrindicate a change in the copper

coordination sphere upon UV exposure.
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5.3.3 Quantum Yield

As shown in Table 8, photolysis efficiency was ocdyculated for 3Gcage as it is
the only compound with a Glibinding affinity greater than #dage at physiological pH.

Comparison of the integrated peak areas indicétaidatter 15 s of UV exposure,
43.3% of the caged Pi, 37.9% of 3Gcage, and 43f3@u{3Gcage)] had been
photolyzed. The calculated quantum yields of physislfor 3Gcage and [Cu(3Gcage)]

are 0.66 and 0.43, respectively.

5.3.4 Effects of [Cu(3Gcage)] in the Deoxyribose Assay

In order to show that photolysis of [Cu(3Gcage)js=s a change in the reactivity
of the caged vs. uncaged copper, we monitoredtiieyaf the compounds pre- and
post- photolysis to generate Otddicals by subjecting them to the deoxyribosayss
Hydroxyl radicals, which are generated in this ggsaFenton-like conditions of copper,
ascorbic acid, and #0,, degrade deoxyribose to give thiobarbituric adiBA)-reactive
products with absorbance centered at 532 nm. Yaltid/A, above 1 indicate the
promotion of OHformation, whereas values below 1 indicate anbitibin of OH
formation.

In order to show that 3Gcage effect the amountBA-Feactive species by
altering the coordination environment around coppertested [Cu(3Gcage)] both pre-
and post- photolysis (Figure 48). As expected({p)(cage)] has an inhibitatory effect

on OH formation, as shown by an AjAralue less than 1. The photo-products, on the
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other hand, increase the amount of @kbduced.
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Results of the deoxyribose assay for'@kbduction, where A andgfare the absorbance
with and without ligand, so A/f= 1 for CuSQ alone; lower values indicate an
inhibitory effect and higher values indicate a potimnal effect of the ligand with respect
to copper’s reactivity for OHproduction. Prior to photolysis, [Cu(3Gcadé)jhibits OH
production better than [Cu(cage)], whereas bothpmmmds promote Ohbroduction at
similar levels after 4 min of UV photolysis (indied by *).
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5.4 Discussion
5.4.1 Cu® Binding Studies

A limitation of H,cage, our first generation copper cage, is itsNiGlfssociation
constant for Ctf at physiological pH, which is likely not tight emgh to keep copper
sequestered in the presence of endogenous coppkendpproteins. One of the primary
goals of the current study was therefore to devalbmher affinity compound while
maintaining all of the beneficial properties ofddge, like its high quantum efficiency
and post-photolysis reactivity. The copper commekl,cage, [Cu(OH)(cage)], has a
distorted trigonal bipyramidal geometry. This diitin in geometry is attributed to a
steric interaction between tlaehydrogens on the pyridyl rings. We hypothesize t
alleviating this steric clash to allow a favorabtpiare planar arrangement might improve
the binding affinity for Cé". Therefore, one of the pyridyl rings (labelednti @ in
Figure 49) was replaced with either a primary aniingive Amcageor an imidazole to
give Imcage

To investigate the binding affinity of the cage laiga, a competition experiment
was performed between the cage ligand and the coneim&ator nitrilotriacetic acid
(NTA), which at pH 7.4 has adof 23 pM. Since our goal was to identify composind
with better affinity than btage, binding constants were only calculated f@ards that
could at least compete with NTA for €u Imcage falls into the category of ligands
unable to compete with NTA for €U On the other hand, Amcage is able to compete

with NTA for copper, but has a Kd of 200 pM thastgdl weaker than ktage.

11



The lackluster binding of Amcage and Imcage isljilceie to both electronic and
steric effects. The conversion of nitrogen 1 fwiemary amine may alleviate the steric
hindrance between tleehydrogens on the pyridyl rings obthge. However, a pyridyl
nitrogen is a better electron donor than a prinaamyne, therefore this conversion may
contribute to Amcage’s decreased binding affingycampared to $¢age. In Hcage,
nitrogens 1 and 2 form a 5 membered ring, 2 arar® &t 6 membered ring, and 3 and 4
form a 5 membered ring with copper. This 5-6-%ystem has been shown to favor

CU* binding!®**®? Imcage has a 5-6-6 ring system that is less &blerthan the 5-6-5

ring system for Cf binding*1%?
NO,
o
N G
7 Nl 4N/
75 =

Manipulations of the pyridyl nitrogens to form Ingeaand Amcage were found to
be unfavorable for Ciibinding. Since [Cu(Ob)(cage)] has a water molecule as the
fifth donor atom, the incorporation of additionabr atoms to the ligand backbone may

be beneficial for copper binding. Therefore, weided to investigate the effect of

13



adding additional pyridyl rings to the ligand baokle. A methyl-pyridine was added to
nitrogen 3 (Figure 49) to for®arm-3 and two methyl-pyridines were added to the
primary amine on Amcage to gidarm-1. In Hycage, deprotonation of amide 3 is
needed to stabilize copper in its tetradentateibgndocket. Substitution at this site
occupies the electrons that were once donatedppero As a result, 3arm-3 is unable to
compete with NTA for copper, establishing that sitbitson at this site is not favorable
for copper binding. The incorporation of two mdthpyridines to Amcage produces a
ligand with six donor atoms: three pyridyl nitrogetwo amides, and a tertiary amine.
Unfortunately, 3arm-1 was also found to be a weakeper chelator than NTA.
Therefore, we determined that all of the modificai we made to our ring system hinder
copper binding more than the steric interactiothefa hydrogens on the pyridyl rings of
H.cage.

Due to the fact that macrocyclic ligands are kndavhe more stable than their
linear counterparts, we synthesizaedcrocagein an attempt at improving the €u
binding affinity of the ligand backbone. Macrocagel its copper complex are
unfortunately only soluble in DMF; very minimal aords of water can be added before
precipitation occurs. For this reason, competiBaperiments with NTA were not
performed. A similar compound to macrocage thadahe nitrophenyl groups has been
reported by Margerum and coworke?3.A pH higher than 13 is needed to form the
macrocyclic copper complex, but EPR analysis shawaticopper coordinates to four

deprotonated amides and is stable down to pH 8veler, at physiological pH this same
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coordination is not observed, causing a decreabmding affinity and a higher
probability of ligand exchange reactions. Dueht® lack of water solubility and
incompatibility with physiological pH, macrocagellwiot be an affective copper chelator
for our purposes.

The most well-known ligands for photocaging metals are those used to cage
calcium; however, these chelating structures asedan carboxylate-rich binding
domains that are not ideal for our system sincg@eom this coordination environment
can act as a pro-oxidant and photolysis releasesa@®carbon centered radics.
While there are few examples of photocaged d-nuetaplexes, Burdette and
coworkers recently publishéfinCleav-1 as a photolabile Zf chelator*® This
tetradentate ligand contains two tertiary aminastaro pyridyl amines, as shown in
Figure 45. We found that ZinCleav-1 binds coppénaatightly since NTA could not
compete with ZinCleav-1 for copper. ZinCleav-bislt on the framework of EBAP
(ethylene-bisa,a’-(2-aminomethyl)pyridine), which has a reportegftir C/** of 3.1
pM.*** These examples suggest that replacing the amidégage with amines could
improve copper binding. Any improvement in coppierding, however, needs to be
evaluated along with other implications these modifons have on other properties of
the complex. For example, the copper complexin€CEav-1, which only contains
neutral donor atoms, has a 2+ charge overall tlagtlmit its ability to diffuse across
cell membranes. The photolytic efficiency, as désed further below, is another

important parameter that may be altered by ligaodification.



5.4.2 Zn?** Binding Studies

While most of the cage analogs show feeble bingiogerties for Ctf, they
were also screened for their ability to coordiraé’. The Zrf* apparent binding
constants were measured by titrating solutionZo{PAR)], where PAR is 4-(2-
pyridylazo)resorcinol, with various cage derivativeThe ZA" complexes of the cages
lack a spectroscopic signal, therefore by monitptive decrease at 500 nm of the
[Zn(PAR)] complex upon the addition of the cage chelat@pparent binding constants
can be obtained.

Table 8 shows the apparent binding constants @kudiusing the PAR titration
data. While none of our derivates bind zinc asngjly as ZinCleav-1, which has g®06f
1.5 pM>® 3arm-1 has the highest affinity among the sedeZff* with a Ky¢of 0.92
nM. However, to keep zinc sequestered in a bicklgystem, a binding constant of at

least pM is requiredf®

5.4.3 Photochemistry

Ortho-nitrophenyl groups have been used in count@amples for caging
biological molecules by covalent modification dkey functional group required for
biological activity. The caged molecule is therdlgiogically inactive, but exposure to
UV light releases the photolabile protecting groaipestore biological activity. Like
C&”* cages, our Cii cages are designed so that a nitrophenyl groimedsporated into

the ligand backbone of a high affinity copper ct@iguch that bond cleavage induced by



UV light releases bidentate compounds with a lofmiay for copper, as shown in
Scheme 16. In this case the nitrophenyl groupdsriporated to control the spatial and
temporal release of the metal cargo.

An important quality of a photolabile group is @santum efficiency. Because
nitrophenyl groups are activated by near-UV li@d&d nm), it is important to have high
guantum efficiency to keep exposure times shortramimize cellular damage. One
way found to improve quantum efficiency in calcigages is to increase the extinction
coefficient at 350 nm by incorporating methoxy gitbges at the four and five position
of the ortho-nitrophenyl groufj. Increasing the photons absorbed at the photolysis
wavelength maximizes photolytic efficiency, meaniess light is needed to photolyze an
equivalent amount of compound.

Our findings above show that the replacing the asidith amines may be
beneficial with respect to Cu(ll) affinity. Howewve comparison of the quantum
efficiencies of Hcage (0.73 and 0.32 for apo and Cu-bound, resgdgtivs. ZinCleav-1
(0.024 and 0.0055 for apo and Zn-bound, respegdigeiggests that such an alteration
has a negative impact on photolysis efficiency.cdge is thirty times more efficient than
ZinCleav-1 in the absence of metal, and nearlygirtes more efficient in the metal-
bound form, even though ZinCleav-1 has the morerfave dimethoxy-substituted
ortho-nitrophenyl group (Figure 45). This diffecenin efficiency may be due to the fact
that the amide at position 2 iné¢hge (see Figure 48) is a better leaving group tinan

secondary amine of ZinCleav-1. To test this higpsis, we used 1Gcage, a ligand



similar to Hcage, but with a primary amine as the leaving gratyposition 2 instead of
an amide. We found that bond cleavage does notr @dgth 1Gcage even after hours of
UV exposure whereas,ehage is completely photolyzed in 4 min (data nawat). This
result further supports our hypothesis that theifepagroup plays a major role in the
cleavage efficiency of the ligand and indicate¢ twaverting both amide nitrogens to

amines is not an ideal strategy for improving copjages.

5.4.4 Design of ¥ Generation Cage

While it seems unfortunate that none of the deeiwatescribed above bind copper
more tightly than the parentehge at physiological pH, several key results were
obtained: replacing one of the pyridyl nitrogentrang the 5-6-5 chelate ring system, or
substituting at nitrogen 3 (Figure 49) are all negadesign factors with respect to
copper binding. The most significant improvemamt@* binding is to replace the
amides for amines, but this change dramaticallyedeses photolysis efficiency. In order
to improve copper binding while maintaining phoggyefficiency, we therefore
designed the third-generation chelaB&cage with an amide as the photolysis leaving
group at position 2 and a secondary amine at pos&i

Initial assessment of ElUbinding by 3Gcage with NTA indicated that NTA was
too weak of a competitive inhibitor; therefore, tqgparent binding constant was
obtained by titration with EDTA. Analysis of thpextral changes shown in Figure 46 as

EDTA is titrated into a solution of [Cu(3Gcage)provides a l¢for 3Gcage of 0.18 +
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0.03 fM at pH 7.4, an improvement ovesddge’s Ktof 16 pM by more than 4 orders of
magnitude. In addition, 3Gcage shows a selectfoitylCU** over Zrf* as a 10-fold

excess of Zfi cannot displace Glifrom [Cu(3Gcage)]

5.4.5 Efficiency of Photolysis

Figure 47 shows that within seconds of UV exposhieecoordination
environment around caged copper changes. Cleafdhe ligand backbone is complete
within 3 min, as confirmed by LC-MS analysis (data shown). The quantum yield of
photolysis for 3Gcage and its copper complex, @t 0.43 respectively, is similar to
that of Hcage (0.73) and [Cu(Gi{cage)] (0.32). Combined, these results confhat t
changing the amide that is not involved in the phlysis mechanism (position 3 in Figure
49) to a secondary amine does not hinder photogffitsency but does significantly

improve copper binding.

5.4.6 Hydroxyl Radical Formation

In order to assess how the reactivity of [@Gx8ge)] is affected, we used the
deoxyribose assay to monitor the ability of the ptawr pre- and post-photolysis to
generate hydroxyl radicals in the presence #d+and a reductant. Fenton-like
conditions propagate hydroxyl radical formation wi@f* is reduced by ascorbic acid
and reacts with pD, to degrade deoxyribose. The degraded deoxyrithasereacts with

thiobarbituric acid to afford a pink chromophorattis measured spectrophotometrically.

3&



Ligands added to the reaction mixture that pretlemtreduction of Cif attenuate the
formation of hydroxyl radicals and in turn chromopd formation. As shown in Figure
48, 3Gcage provides 70% protection of hydroxyl catiformation as compared to €u
alone. This outcome is an improvement ovezdde, which only provides 50%
protection. The photoproducts of 3Gcage, on therdband, increase hydroxyl radical
formation above the level observed for’Calone. The reactivity of the photoproducts
of [Cu(3Gcage)] matches that of photolyzed [Cu(@¥tage)], indicating that the
bidentate chelators produced post-photolysis imgitbe catalytic properties of the metal

with respect to Fenton-like chemistry.
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5.5 Summary and Conclusion

In conclusion, an analysis of seven new analogstadphenyl-containing ligands
reveals that 3Gcage is the most promising photeatigand for Cé* to date. 3Gcage
coordinates copper in a tetradentate binding Baeihcludes two pyridyl nitrogens, one
amide nitrogen, and one amine. The placementechthide as the leaving group for
nitrophenyl photoactivation was found to be a kesttire for achieving a high quantum
efficiency for photolytic activity. The ability afopper to participate in Fenton-like
chemistry and catalyze the production of hydromglicals from HO, and ascorbic acid
was analyzed by using the deoxyribose assay. eldahk, 3Gcage inhibits hydroxyl
radical formation, on the other hand, after expesarUV light hydroxyl radical
formation increases by more than 300%. The 0.18dpber binding affinity of our'3
generation chelator is a great improvement fromfiost-generation ktage chelator and
should be strong enough to keep copper sequestetieel presence of endogenous
copper binding proteins. Our new caged copper ¢exripas a low charge (+1) and a
molecular weight less than 500 g/mol, which mayseful for cellular application and
cell permeability. This is a promising step towdseloping photolabile compounds
that can deliver metal ions in a spatial and termjpmanner to induce oxidative stress as
a chemotherapy strategy or to study metal traffigkpathways. Future work will be
aimed at expanding ouf"jeneration chelator library as well as investiggithe

biological application of these compounds.
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Appendix A. Mechanism of Photochemical Bond Cleavayg

O Proton
+.0 'S _OH transfer
N Oﬂ» N OFL—» N —— NQ—» NO + HX
! | J ¢ N ;\ o H

XRH X R X *R R O

X = leaving group
R = non-leaving group

Appendix B. Suggested Mechanism for the Photolysaf
[Pt(cage)]

(6] N
N /N
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/ N\
Z°N N7
\l 2
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