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CLEAVAGE OF LIPIDS AND DNA BY METAL IONS AND COMPLEXES

DOMINIQUE EBONY WILLIAMS

Under the Direction of Dr. Kathryn B. Grant

ABSTRACT

Metal ions and complexes utilized as cleavage agents have influenced many synthetic
approaches of scientists to assist in the cleavage and transformation of biomolecules. These
metal-based synthetic cleavage agents have potential applications in biotechnology or as
molecular therapeutic agents. Herein, we have examined Ce(IVV) metal ion and complexes as
acidic hydrolytic agents in lipid hydrolysis reactions (Chapter 2 and 3), and a copper(ll) complex
that photo-oxidizes DNA upon exposure to ultraviolet light (Chapter 4). In Chapter 2 we
examined the hydrolysis of sphingomyelin vesicles by Ce(NH;)2(NO3)s (Ce(1V)) and compared
the results to twelve d- and f-block metal salts, hydrolysis of mixed lipid vesicles and mixed
micelles of sphingomyelin by Ce(1V), and hydrolysis of phosphatidylcholine vesicles by Ce(IV),
using either MALDI-TOF mass spectrometry or colorimetric assays. In Chapter 3, we described

the study of a Ce(IV) complex based on 1,3-bis[tris(hydroxymethyl)methylamino]propane as a



potential acidic hydrolytic agent of phospholipids using colorimetric assays and NMR
spectroscopy. The hydrolytic agent provided markedly enhance hydrolysis at lysosomal pH (~
4.8), but suppress hydrolysis when pH was raised to near-neutral pH (~ 7.2). This was due to the
pK, values of the donor atoms of the ligand, in which the metal’s electrophilicity was reduced to
a greater extent at ~ pH 7.2 compared to ~ pH 4.8. Chapter 4 describes the synthesis and study of
a Cu(ll) complex based on a hexaazatriphenylene derivative for photo-assisted cleavage of
double-helical DNA. Scavenger and chemical assays suggested the formation of DNA damaging
reactive oxygen species, hydroxyl and superoxide radicals, and hydrogen peroxide, in the
photocleavage reactions. Thermal denaturation and UV-vis absorption studies suggested that the

Cu(Il) complex binds in a non-intercalative fashion to duplex DNA.

INDEX WORDS: Hydrolysis, Cerium(1V), Phospholipid, DNA, Photocleavage, External
binding, Copper(11)/I redox, Hydroxyl radical
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CHAPTER 1
INTRODUCTION
1.1. Prelude

There have been tremendous efforts to simulate the wonders of nature, such as the intricate
functions of natural enzymes. Enzymes have roles in relatively all biological functions and the
sustentation of life. The chemistry of enzymes involves electrostatic, nucleophilic, and metal ion
catalysis. Furthermore, optimal activity, employment of metal cofactors, flexibility and self-
organization of the functional groups are substantial properties inherent in natural enzymes.*
However, these physical and chemical properties of enzymes are difficult to mimic in synthetic,
non-enzymatic catalytic systems.

Great effort has been made toward the engineering of small-molecule, metal-based synthetic
hydrolytic agents to simulate the intricate functions of natural hydrolases. The utilization of
metal ions and complexes as synthetic mimics is advantageous because most active sites of
hydrolases contain two or more metal ions. Due to strong Lewis acidity of lanthanide metal
centers, they have been employed as robust hydrolytic agents for the cleavage of
macromolecules, such as phospholipids and nucleic acids. Herein, in the introduction of my
research | will discuss the structures and mechanisms of natural phosphodiesterases, and
lanthanide metal ions and complexes utilized as hydrolytic agents. Subsequently, I will discuss
my challenging and gratifying journey toward constructing a biomimetic model of acidic
phospholipase based on cerium(1V) and my brief efforts to study a synthetic, metal-based

photonuclease.



1.2. Inspired Inquiry into Natural Phosphodiesterases

Living organisms employ enzymes to accelerate reactions necessary for the sustentation of
life. There are enzymes responsible for selective binding to corresponding substrates and
acceleration of the rate of the hydrolytic breakdown of cellular macromolecules into their
monomeric building blocks. These enzymes are known as hydrolases, and many of the active
site of these enzymes utilize two or more metal ions located 3 - 5 A apart from each other.? The
roles of the metal ions are to bind and activate the substrate, and for some, to activate the
nucleophile in enzymatic reactions. Typical metal centers of hydrolases are Zn**, Mg, Ni**,
Mn?*, and Fe*.2 In most of this dissertation, | will focus on hydrolases known as
phosphodiesterases that are responsible for the hydrolytic cleavage of phosphate ester bonds of

macromolecules.
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Figure 1.1 Structures of the trinuclear active site of three phosphodiesterases.?

Figure 1.1 shows three common trinuclear phosphodiesterases, alkaline phosphatase,
phospholipase C, and P1 nuclease. Alkaline phosphatase is responsible for the non-specific
cleavage of the phosphate monoester bonds of macromolecules, such as nucleic acids and
phosphorylated proteins, and is capable of performing enzymatic reactions under both acidic and
alkaline conditions.” The active site of this enzyme contains two zinc metal ions and one

magnesium metal ion. The Mg®" is not involved in catalysis, but serves an ancillary role in the



enzymatic reaction.” In the absence of Mg?*, alkaline phosphatase exists as an inactive
symmetric dimer, but in the presence of Mg?*, alkaline phosphatase exists as an active
unsymmetric dimer.> The two Zn?* metal ions have a major role in catalysis and are responsible
for binding and activating the substrate, and activating a serine nucleophile.? The Lewis acidity
of the Zn?* ions assists in the deprotonation of the hydroxyl group of serine, by decreasing the
pK, of serine hydroxyl group from 13.60 to 5.5, to furnish an alkoxide nucleophile.??

To catalyze the hydrolytic cleavage of nucleic acids and phospholipids, nature utilizes
nucleases and phospholipases, respectively. Nucleases have significant roles in nucleic acid
metabolism, the replication and repair of DNA, and gene expression.” Phospholipases have
essential roles in phospholipid metabolism and the signal transduction pathway.> Phospholipase
C and P1 nuclease are trinuclear zinc enzymes with similar active sites (Figure 1.1) and reaction
mechanisms. Dissimilarity between these two enzymes is their substrates, single-stranded DNA
and RNA are P1 nuclease substrates and phospholipids are substrates of phospholipase C. An
additional difference is a glutamate is replaced with an aspartate residue in P1 nuclease
compared to phospholipase C.? Even though these enzymes have different substrates, they have
very similar reaction mechanisms. Since most of my research has been dedicated toward the
search for a phospholipid hydrolytic cleavage agent, | will focus solely on phospholipases in this

introductory segment.

Figure 1.2. Phospholipases specificity to phosphatidylcholine (R; and R, represents long chain
fatty acids).



Phospholipases catalyze the hydrolytic cleavage of specific phospholipid bonds. Figure
1.2 shows phospholipase specificity for the phosphoglyceride phosphatidylcholine.
Phospholipases A; and A, produce fatty acid and lysophosphatidylcholine by the hydrolysis of
the acyl ester bond of at either the sn-1 or sn-2 position. The role of phospholipase B is to
hydrolyze both acyl ester bonds of phospholipids. Phospholipase C hydrolyzes the phosphate
ester on the side of the glycerol unit of the phospholipid to produce 1,2- diacylglycerol and
phosphocholine. Alternatively, phospholipase D hydrolyzes the phosphate ester bond on the

polar head group side to produce phosphatidic acid and choline.®

Major characteristics of lipids are their hydrophilic (head group) and hydrophobic
(backbone) moieties which provide the lipid with an amphiphilic-type character. There are two

main groups of phospholipids, phosphoglycerides and sphingolipids.
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Figure 1.3. Phosphoglycerides (top) contain a glycerol backbone, two fatty acid chains (R), and
a phosphorylated alcohol. The alcohols (R;) present in phosphoglycerides are choline (1),
ethanolamine (2), serine (3), and inositol (4).

Phosphoglycerides contain a glycerol backbone with two fatty acid chains (hydrophobic moiety)

and a phosphorylated alcohol (hydrophilic moiety). The four common phosphoglycerides

(Figure 1.3) are phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and



phosphatidylinositol that include the polar head groups, choline (1), ethanolamine (2), serine (3),

and inositol (4), respectively.
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Figure 1.4. The structure of the sphingolipid sphingomyelin. R; represents long chain fatty acid
hydrocarbons of variable lengths.
The two major lipids that make up 50 % of the lipids in the membrane bilayer of eukaryotic cells
are the phosphoglyceride phosphatidylcholine and sphingolipid sphingomyelin (Figure 1.4).”
Phosphatidylcholine and sphingomyelin contain the same phosphocholine polar head group, but
have different backbones. In contrast to phosphoglycerides, sphingomyelin contains a
sphingosine backbone made up of an amino alcohol with unsaturated hydrocarbon chains.*
Phospholipases C and D, and sphingomyelinase are considered phosphodiesterases which
hydrolytically cleave the phosphate ester bonds of phospholipids. Their hydrolysis products
include diacylglycerol and phosphatidic acid from the degradation of phosphoglycerides by
phospholipase C and phospholipase D, and ceramide from the degradation of sphingomyelin by
sphingomyelinase. As a messenger in signal transduction, diacylglycerol activates protein kinase
C, a membrane-bound protein involved in cell growth, by increasing the affinity of the enzyme
for calcium ions.”® Phosphatidic acid plays a role as a lipid second messenger and is a major
intermediate in the synthesis of phosphoglycerides and triacylglycerols.* Ceramide acts as a
signaling molecule and mediator of cell differentiation.***°
Phosphatidylcholine-preferring phospholipase C isolated from Bacillus cereus has been

studied extensively. Phospholipase C catalyzes the cleavage of the phosphate ester bond of

phosphatidylcholine to produce diacylglycerol and phosphocholine. This enzyme requires



divalent cations and has optimum activity at neutral pH.%** The active site (Figure 1.1) contains
a trinuclear zinc center coordinated to an aspartate, five histidines, a glutamate, and a

tryptophan.?®
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Figure 1.5. General mechanism of phosphatidylcholine-preferring phospholipase C.2

The choline of the substrate binds to a glutamate, tyrosine, and phenylalanine residues of the
enzyme, and these three residues create substrate specificity (Figure 1.5).? The Zn; and Zns
metal ions are bridged by an aspartate residue and an oxygen species (Figure 1.1).%® The
mechanism of this reaction (Figure 1.5) starts with the formation of an enzyme-substrate
complex by the substrate displacing the bridging —OH between Zn; and Zns. In addition,
displacement of the free water (OH;) on Zn, occurs. The nucleophile is a water molecule that is
deprotonated by a general base, aspartate residue. The roles of the zinc ions are to activate the
substrate by neutralization of the negatively charged oxygens on the phosphate group, and
stabilization of the trigonal bipyramidal transition state formed by the hydroxide anion attack on
the phosphorous center of the substrate. The collapse of the transition state leads to the two

products diacylglycerol and phosphocholine.?



Phospholipase D is located in the plasma membrane and is responsible for the cleavage of
the phosphate ester bond on the side of the polar head group of glycerophospholipids to produce
the second messenger phosphatidic acid and an alcohol. Streptomyces phospholipase D, which
includes an a-B-a-B-o sandwich structure, belongs to the phospholipase D superfamily.'? All
enzymes from this family, including mammalian and bacterial, contain one or two copies of the
conserved HxKxxxxD (HKD) (x = any amino acid) motif."? Streptomyces phospholipase D
contains two motifs, one located in the N- and C-terminal regions of the enzyme. The residue
His170 (N-terminal HKD motif) acts as a nucleophile in the hydrolysis reaction, and His 448 (C-
terminal HKD motif) supports the formation of a substrate-enzyme complex and acts as a general
acid in hydrolysis. There are two aspartate residues in the active site that interact with His448

and His170 by hydrogen bonding and ion-pair interactions.*?
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Figure 1.6. First step of lipid hydrolysis by phospholipase D starts with a histidine (His;7o)
residue located in the N-terminal HKD motif acting as a nucleophile by attacking the phosphorus
atom of the substrate. R = diacylglycerol and R’ = polar head group.*?
The first step of the conversion of phospholipid to phosphatidic acid and an alcohol by
phospholipase D, starts with the nucleophilic attack of the lipid’s phosphorus atom by the
nitrogen atom of the imidazole ring of His170.*? The alcohol released from the substrate is
protonated by His448." The phosphatidyl-histidine intermediate thus formed is attacked by an
activated water molecule.> Phosphatidic acid is then released from the enzyme.*?

Unlike Bacillus cereus phospholipase C, lysosomal phospholipase C does not require

metal cations for activity and has optimum activity at a pH of 4.4."* Lysosomal phospholipase C



has not been studied as extensively as B. cereus phospholipase C, and no molecular mechanism
has been proposed for the enzyme. Similar to lysosomal phospholipase C, lysosomal
phospholipase Az, which hydrolyzes the fatty acyl ester bond of phospholipids, does not need
metal ions for activity and has optimal activity at lysosomal pH (~ 4.8). However, in contrast to
lysosomal phospholipase C, this enzyme has been studied extensively. This enzyme is a 45 kDa
water-soluble glycoprotein containing a single peptide chain.*® The amino acid residues Ser198,
Asp360, and His392 belong to the catalytic triad of the enzyme. Serinel98 is part of a strand-
turn-helix that forms an acyl intermediate, thus to act as a nucleophile in the hydrolysis
reaction.”® In addition, lysosomal phospholipase A, contains four cysteine residues which are
responsible for maintaining the tertiary structure of the enzyme’s catalytic triad.*®
1.3. The Superiority of Ce(IV)-mediated Hydrolysis of Macromolecules

Great effort has been made toward the engineering of small-molecule, metal based
synthetic hydrolytic agents to simulate the intricate functions of natural hydrolases. The
utilization of metals in these synthetic mimics is advantageous because most hydrolase’s active
sites contain two or more metal ions. Lanthanide metal ions and complexes utilized as
hydrolytic catalysts have influenced many synthetic approaches of scientists to assist the
hydrolysis of biomolecules. A reason lanthanides show great promise as synthetic hydrolytic
agents is they are hard acids that interact preferably with hard bases (PO,* group of the
phosphate ester linkage).** Yet, one lanthanide, cerium(IV) [Ce(1V)] has caught the attention of
many scientists due to high electrophilicity, the ability to promote hydrolysis at low and high pH
values, high coordination number (up to 12), high charge density, and fast ligand exchange
rates.***" Cerium(1V) metal ions and complexes have assisted in the hydrolysis of not only

phosphate ester bonds, but also amides, carbon esters, and organophosphorus compounds.
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Figure 1.7. Ce(IV)-assisted hydrolysis of the substrates phosphatidylcholine (5), a dipeptide
(Gly-Phe) (6), adenosine 3°,5’-cyclic monophosphate (CAMP) (7), bis(4-nitrophenyl) phosphate
(BNPP) (8), dimethyl phosphate (DMP) (9), dimethyl phosphonoformate (DMPF) (10), 2,3-
bisphosphoglycerate (BPG) (11), and adenylyl (3°-5”) adenosine (ApA) (12).

Compounds (Figure 1.7 and Table 1.1) hydrolyzed by Ce(1V) are phospholipids (5),****°

peptides (6),% activated (8) and inactivated (9, 10) synthetic phosphate ester-containing

15,16,21-26

derivatives, nucleic acids (7, 12),%*?"*? antiviral phosphonoformates (10),* and 2,3-

bisphosphoglycerate (11).*
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Table 1.1. Ce(1V)-assisted hydrolysis of macromolecules and other phosphate

ester-containing compounds.

Substrate® Concentrations Temp | pH Rate or yield (%) | Ref.
Substrate | Ce(IV)

PC (5) 2 mM 10 mM 37°C |48 21 % (20 h) 19

Gly-Phe (6) | 10 mM 10mM [50°C [7.0 [9.7x10°s? 20

CAMP (7) | ---° 10mM [30°C |70 [1.0x10"s? 32

BNPP(8) [0.05mM [1mM 37°C |35 [80x10°s” 35

DMP (9) 1 mM 10mM [60°C |18 |[53x10%s” 36

DMPF (10) | 10 mM 25mM |25°C |19 [52x10"s? 33

BPG (11) 0.1mM 9.8mM |37°C |74 83 % (5 h) 34

PC = phosphatidylcholine, Gly- Phe = glycine and phenylalanine dipeptide, cAMP

= adenosine 3’,5’-cyclic monophosphate, BNPP = bis(4-nitrophenyl) phosphate,

DMP = dimethyl phosphate, DMPF = dimethyl phosphonoformate, and BPG = 2,3-

bisphosphoglycerate

PPaper does not give substrate concentration

(n) are correlated to structures shown in Figure 1.7

In search of an acidic hydrolytic agent, Kassai et al. reported twelve metal ion salts-
assisting the hydrolytic cleavage of the phosphate ester bonds of L-a-phosphatidylcholine (PC)
(5, Figure 1.7) at lysosomal pH (pH 4.8) and cytosolic pH (pH 7.2).%° Out of twelve lanthanide
and transition metal salts tested, the tetravalent metal ions Ce(1V), Zr(1V), and Hf(IV) produced
the most inorganic phosphate from PC after a 20 h reaction at 60 °C and ~ pH 4.8. Most
importantly, the study demonstrated that Ce(I'VV) was superior compared to the other tetravalent

metal ions, in terms of metal-assisted inorganic phosphate production from PC in the order of
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Ce(1V) >>> Zr(1V) > Hf(1V). Additionally, Ce(I1V) was found to produce substantially more PC
phosphate ester bond cleavage at acidic pH (~ 4.8) compared to neutral pH (~ 7.2), whereas the
metal ions Pd(11), Yb(III), Eu(ll), and La(lll) preferentially hydrolyzed PC at neutral pH
compared to lysosomal pH (~ 4.8). Notably, high levels of hydrolysis by Ce(1V) was still
observed when the temperature was decreased to core body temperature, 37 °C (Table 1.1).*
The reason for superior levels of hydrolysis at mildly acidic pH values compared to the other
metal ions, Ce(IV) is a stronger Lewis acid and more capable of forming catalytically active
metal bound hydroxide nucleophiles at mildly acidic pH.*® The reasoning underlying low
hydrolysis at neutral pH compared to mildly acidic pH was suggested to be due to the formation
and precipitation of less active, lower net positive charge Ce(1V) hydroxo species with reduced

Lewis acidity.

Takarada et al. explored twenty-three metal ions (lanthanide, alkaline-earth, and
transition metals) as potential synthetic peptidases to hydrolyze the amide bonds of the dipeptide
Gly-Phe (6, Figure 1.7) at 80 °C and pH 7.%° Similar to phosphatidylcholine hydrolysis, Ce(1V),
Zr(1V), and Hf(IV) enhanced the hydrolytic amide bond cleavage of the dipeptide the most,
generating hydrolysis yields of ~ 90 %, ~ 25 %, and ~ 19 %, respectively.”® Not only was
Ce(1V) superior over the other metal ions, but it selectively promoted the hydrolysis of Gly-Phe
over cyclization. In contrast, Zr(1V), Hf(1V), and the other metal ions afforded similar
hydrolysis and cyclization rates under the same reaction conditions. Notwithstanding, Ce(IV)
promoted enhance levels of amide cleavage under relatively milder conditions (pH 7.0 and 50
°C) (Table 1.1), and was capable of hydrolyzing tripeptides and tetrapeptides. An explanation
for Ce(IV) superiority in metal-assisted amide bond hydrolysis of peptides is its strong Lewis

acidity which lowered the pK, of the N-terminal amino group from 8.08 to 6.23.%°
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This allows the Ce(I'V) metal ion to coordinate to the amino group at pH 7.0 which directs
coordination to the carbonyl oxygen to form a stable five-membered ring.?° There is additional
metal coordination to the carboxylate at the C-terminus of the peptide.*® Due to complex
formation, the substrate’s amide bond is efficiently activated by Ce(IV) and the electrophilicity
of the carbonyl carbon is increased, which leads to nucleophilic attack by a hydroxide ion and
the formation a tetrahedral intermediate (Figure 1.8). The collapse of the intermediate will then
lead to the respective amino acid products.”® Takarada et al. also noted slower hydrolysis of
peptides containing metal-coordinating side chains, such as in Gly-Asp, compared to peptides
without.?® They postulated that the Lewis acidity of Ce(IV) decreased due to the additional
coordination to the extra carboxylate group from the side chain of aspartate. This resulted in less
efficient substrate activation.”® The group also noted that the tri- and tetra-peptides presented
similar hydrolysis rates compared to the dipeptides, and were preferentially cleaved at the N-
terminal amide bond due to the formation of a stable five-membered ring between the amino and
carbonyl carbon of the substrate.?

There are many examples of Ce(1V) displaying superiority over other metal ions toward
the hydrolysis of the phosphate ester bonds of nucleic acids. An example is Ce(IV)-assisted
hydrolysis of cyclic adenosine 3°,5’-monophosphate (cCAMP) (7, Figure 1.7, Table 1.1) for which

cleavage at the 5°-O-P end of the substrate is preferred.* Cleavage was 10*-fold faster compared
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to the trivalent form of cerium [Ce(I11)] and 10™*-fold faster compared to cCAMP hydrolysis in the
absence of any catalyst (pH 7.0 and 30 °C).3? The pseudo-first-order rate constant for Ce(IV)-
assisted hydrolysis was 6.1 min™ with a half-life of 7 s. Additionally, Ce(1V) provided relatively
constant hydrolytic cleavage rates from pH 2 to pH 8. Sumaoka et al. attributed the superior
levels of hydrolysis over a wide pH range to the existence of metal-bound hydroxide species at

low and high pH values compared to the other metal ions tested in this study.*

In another example, Moss et al. investigated Ce(IV)-, Zr(1V)-, and Hf(IV)-assisted
hydrolysis of the DNA model substrate bis(4-nitrophenyl) phosphate (BNPP) (8, Figure 1.7,
Table 1.1) in homogeneous acidic aqueous solutions (~ pH 3.5 and 37 °C).* Similarly, Ce(IV)
provided 10-fold and 27-fold faster phosphate ester bond cleavage compared to Zr(I1V) and
Hf(1V), respectively.®® The prowess of Ce(1V) also led Moss et al. to study Ce(1V)-assisted
hydrolysis of another DNA model substrate, dimethyl phosphate (DMP) (9, Figure 1.7, Table
1.1), in acidic homogeneous aqueous solutions (pH 1.8 and 60 °C).*® Compared to the half-life
of DMP at pH 7 and 60 °C without catalyst, Ce(IV) produced a 2 x 10%-fold rate enhancement

and reduced the half-life of DMP to 22 min.%®

The above findings also led Moss et al. to turn their attention to Ce(IV)-assisted
hydrolysis of the carbon ester- and phosphate ester-containing substrate phosphonoformate
diester (10, Figure 1.7, Table 1.1), a potential antiviral agent.** Enhanced hydrolytic cleavage of
dimethyl phosphonoformate (DMPF) by acidic homogeneous solutions of Ce(1V) in D,0 at pD

1.9 was followed by *H- and **C-NMR spectroscopy.
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Figure 1.9. Scheme of Ce(lV)-assisted hydrolysis of DMPF.

Their findings show Ce(1V)-assisted hydrolysis of DMPF to be selective, and kinetically
preferred, toward the cleavage of the carbon ester (C-O) bond of DMPF (step 1, Figure 1.9).
Subsequently, the metal assisted decarboxylation of the cleaved product provided methyl
phosphate (step 2, Figure 1.9). Ce(IV)-assisted hydrolysis of DMPF was compared to other
tetravalent metal ions (Zr(1V), Hf(1V), and Th(1V)) at pD values between 1.7 — 3.1.* The group
discovered a strong correlation between the metal ions speciation in aqueous solution and the

regioselective cleavage of either the phosphate ester (P-O) bond or the carbon ester (C-O) bond

of DMPF.
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Figure 1.10. Two possible DMPF cleavage mechanisms: Attack of the carbon ester to form a
five-membered ring (A) or attack of the phosphate ester to form a four-membered ring (B).*
The interactions between dinuclear Ce(1V) hydroxo species present in acidic agueous
solutions and DMPF afforded a kinetically preferred transition state, after the metal bound
hydroxide anion nucleophile attacked the carbon atom of the C-O bond to form, a five-
membered ring (A, Figure 1.10).% If the hydroxide anion attacked the phosphorus atom of the

P-O bond a less stable transition state, a four-membered ring, would have formed (B, Figure
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1.10).® Similar selectivity was shown for Th(1V), for which monomeric and dimeric hydroxo
species dominated in the acidic solution. However, Th(IV) did not have the ability to promote
decarboxylation of the cleaved DMPF to produce a final methyl phosphate product (step 2,
Figure 1.9). Unlike Ce(IV) and Th(IV), Zr(IV) and Hf(IV) exist as tetrameric and octameric
hydroxo species and selectively cleaved the P-O bond of phosphonoformate in acidic solutions.*
The allosteric effector 2,3-bisphosphoglycerate (BPG) (11, Figure 1.7, Table 1.1) was
also reacted with Ce(1V) metal ions.>* BPG plays a biological role in the regulation of
hemoglobin binding affinity toward oxygen. Zhu et al. tested seventeen metal ions toward the
hydrolysis of BPG by monitoring product production with **P-NMR spectroscopy and a
molybdenum blue phosphate assay.** The seventeen metals tested included all the trivalent
lanthanides and Ce(I1V). Again, Ce(IV) cleaved BPG more compared to the other metals tested.
The higher product production by Ce(1V) was postulated to be due to enhance substrate
activation. Cerium(IV) activated BPG by binding to and then neutralizing the negatively
charged oxygens of the phosphate group. This step activates the substrate toward nucleophilic
attack by a metal bound hydroxide ion. Additionally, with this particular substrate, hydrolysis
occurred preferentially at the 2° phosphate ester bond because of the additional interactions

between the carboxylate of the substrate and the metal ion.

In my review of the literature, | have described Ce(1V) superiority as a catalyst for
enhanced hydrolysis of certain phosphate ester and amide containing substrates. However, there
is one instance where Ce(IV) was relatively mediocre in the enhancement of phosphate ester
bond hydrolysis. This occurred in the case of the hydrolysis of adenylyl (3°-5") adenosine, a
diribonucleotide (ApA or RNA) (12, Figure 1.7).}"*" Even though all lanthanide metals tested

showed some hydrolytic activity toward ApA, Ce(1V) did not lead in the hydrolysis ranking.
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The lanthanide(111) (Ln(111)) metal ions Tm**, Yb**, and Lu** enhanced the hydrolysis of APA at
pH 7.2 and 30 °C more than Ce(1V). For example, Lu®*" provided ~ 11 fold faster hydrolysis

compared to Ce(IV) which provided a rate constant of 1.8 x 10 min™.%’
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Figure 1.11. Proposed mechanisms of cerium(IV)-assisted hydrolysis of DNA (1) vs.
lanthanide(I11)-assisted hydrolysis of RNA (2)."

In order to account for this finding, Komiyama et al. took an in-depth look into the
mechanisms of enhanced DNA and RNA hydrolysis by lanthanide metal ions.'” While metal-
assisted hydrolysis of DNA entails the metal-bound hydroxide anion, for RNA the 2’-OH
belonging to the ribose acts as a nucleophile in the hydrolysis reaction (Figure 1.11).*" The
second step was the same for both substrates and entailed the metal ion acting as an acid catalyst
by the removal of the 5°-OH from the 2° phosphate ester end of the substrate.'” The second step
is rate-limiting for both RNA and DNA. However, the differences exhibited in the first step
attribute to the contrast in rankings of metal ions toward enhance b cleavage of DNA vs. RNA.
While the high charged density and strong Lewis acidity of Ce(1V) promoted higher levels of
DNA hydrolysis, the larger radii lanthanides (Tm**, Yb**, and Lu®*") promoted higher levels of
RNA cleavage. For RNA hydrolysis, the first step is intramolecular attack by the 2’-OH of the

substrate, in which it is not as essential for substrate activation and stabilization of the
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intermediate compared to DNA hydrolysis by metal ions. However, the second step in RNA
hydrolysis is more effectively carried out by the Ln(I11) metal ions which display metal-bound
water pK, values in the range of 8 — 9 compared to ~ - 1 value of Ce(IV)-bound water. The
Ln(I11) metal ions are therefore better acid catalysts than Ce(IV) in releasing the 5’-OH of the

RNA substrate.*’

1.4. Insight into Cerium and Metal Enhanced Hydrolysis Reactions

With an atomic number of 58 in the periodic table, the lanthanide cerium is one out of the
fifteen rare earth elements. Cerium is ranked 25™ in abundance out of all the elements and 65
ppm can be found in the earth’s crust.® Cerium is unique compared to the other lanthanide
metals. Not only does the element exist in a stable +3 oxidation state, but it has a +4 oxidation
state. The other lanthanides exist only in a stable +3 oxidation state with the exception of
europium, can exist in stable +3 and +2 oxidation states. The cerium +3 oxidation state has an
electronic configuration of [Xe] 4f *, and +4 oxidation state has one less electron and displays
xenon’s noble gas electronic configuration [Xe] 4f°. Cerium was discovered in 1804 by a
Swedish geologist, Wilhelm Hisinger, and by Swedish and German chemists, Jons Jacob
Berzelius and Martin Klaproth.*® Cerium was named after an asteroid that was named after the

Roman Goddess of agriculture, Ceres.*®

The versatility of cerium has allowed the metal to be employed in a plethora of materials
and synthetic techniques. In the mid-1800’s, 65 mg three times per day of cerium(III) nitrate
were prescribed to female patients to rid them of morning sickness.®® It was also prescribed to
alleviate unrelated stomach pain and gastrointestinal problems.*® Cerium(l11) oxalate was
prescribed to relieve seasickness and coughing associated with tuberculosis.*® Today, cerium is

scarcely used in the preceding medical applications, but is utilized in topical creams to treat full
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thickness burns in South America and Europe. The metal has found a niche in synthetic organic
and inorganic chemistries and in material science. For example, cerium in the form of Ce(IV)O;
can be found in many optical devices and is used in catalytic converters to assist in cleaning
vehicle exhaust. Additionally, cerium’s unique redox chemistry, in which the metal
interconverts between its stable +3 and +4 oxidation states, has led to the development of cerium
complexes as one-electron oxidizing agents. Thus, Ce(IV) has been utilized by synthetic organic
chemists to assist in carbon-carbon and carbon-heteroatom bond formation, and as an oxidation
catalyst to convert alcohols to corresponding ketones and aldehydes with high yields and short

reaction times.%*°

Ce(IV) is commercially available as cerium ammonium nitrate [Ce(NH4)2(NOs)s], cerium
ammonium sulfate [Ce(NH4)4(SO4)4], cerium dioxide (CeO,), cerium hydroxide [Ce(OH),], and
cerium sulfate [Ce(SO4)2]. The Ce(IV) metal ion salt Ce(NH4)2(NO3)es is most commonly used

in hydrolytic cleavage reactions.

Figure 1.12. Structure of hexanitratocerate.

X-ray diffraction data of Ce(NH,4)-(NOs)s revealed hexanitratocerate anions, [Ce(NOs3)e]*

(Figure 1.12), which are neutralized by the two ammonium cations.**? The bidentate
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coordination by each of the six NO3™ anions presents a total Ce(IV) coordination number of
twelve and an icosahedral geometry. Both Ce(SO4,), and Ce(NH,4)4(SO4)4 have been used for
assisted hydrolysis of 2,3-bisphosphoglycerate and dipeptides, respectively.?** However, when
compared to Ce(NH4)2(NOs)s, Ce(SO4), and Ce(NH4)4(SO4)4 provided lower hydrolysis yields.
Two reasons have been postulated for this difference. The higher stability constant of Ce(IV)
sulfate may suppress the formation of Ce(I1V) hydroxo species, and therefore, hydroxide
nucleophiles needed for hydrolysis are less likely to form.3* The second reason is that the sulfate
anions are shown to act as competitive inhibitors in the hydrolysis reactions by binding to the
metal ion and thus reducing substrate-metal interactions. The other Ce(1V) precursors, CeO, and
Ce(OH), are not suitable for hydrolysis reactions because they are insoluble in water.*

Many questions arise pertaining to Ce(1V) superiority over other metal ions in enhancing
phosphate ester and amide bond hydrolysis. The first question that needs to be answered is: what
are the properties that distinguish Ce(1V) from other metal ions, in particular trivalent lanthanide
and tetravalent metals, for the enhancement of hydrolytic cleavage reactions? The three main
answers are: Ce(1V) displays high Lewis acidity, has a stable trivalent state, and favors high
coordination numbers.

1.4.1. Lewis acidity: substrate activation and formation of active polynuclear metal

hydroxo species

Enhancement of phosphate ester and amide bonds hydrolysis by Ce(1V) is mainly due to
the high Lewis acidity of the metal ion. The metal ion has a high Lewis acidity because of its

high charge density, presenting a +4 charge and a 0.97 A ionic radius.?*
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Figure 1.13. pK, values for water bound metal ions in aqueous solutions. pK, values taken from
ref. 46. *Determined in aqueous solutions with ionic strength greater than 0. "Median number
from a range of pK, values.

This substantial quality of Ce(IV) is illustrated by Figure 1.13, which displays the pK, values of
water bound to Ce(IV) and other metal ions. Previous studies have shown Ce(IV) to be superior
over the Ln(111) metal ions in the hydrolytic cleavage of substrates with Ce(1V) followed by
Zr(1V) and Hf(1V) promoting the most hydrolytic cleavage.'®?*** This trend correlates to the
pK, values of the metal-bound water, -0.7, -0.3, and -0.1 assigned to Ce(1V), Zr(1V), and Hf(1V),
respectively.** The trivalent lanthanide metal ions displayed pK, values in the range of ~ 8 — 9.
The metal ions common in natural hydrolase enzymes, Mg(Il) and Zn(ll), displayed pK, values
of 11.4 and 9.5, respectively. Trivalent lanthanide metal ions are typically inactive in acidic
solution because of the requirement for basic conditions to generate an active hydroxide
nucleophile. Thus, in acidic solution Ln(I11) metal ions have primarily water molecules bound.
Alternatively, the low pK, of Ce(IVV) bound water promotes hydrolysis at low and high pH

values, since there is always an active hydroxide nucleophile even under very acidic solutions.
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Cerium(IV) is capable of forming high concentrations of active mononuclear and
polynuclear hydroxo species in solution at low and high pH values. Before I go in-depth into the
aqueous solution chemistry of Ce(1V), I will present a short lesson on the formation of metal
hydroxo species in solution.

M™ + H,0 > M(OH)™* + H30" (1.1)

The coordination of a water molecule to a metal ion (M™) will lead to the deprotonation
of the water molecule to produce a metal bound hydroxide [metal hydroxo species, M(OH) "]
and a hydronium ion (Equation 1.1).* The greater the charge density of the metal ion, the more
susceptible the water molecule is to deprotonation.*® The formation of polynuclear species in
aqueous solution is commonly seen for trivalent and tetravalent metal ions at applicable pH
ranges.**

2M(OH)** > My(OH),** (1.2)
Equation 1.2 shows the condensation of two mononuclear metal hydroxo species (M(OH)*)
into one polynuclear metal hydroxo species (M2(OH),**).** The metal ions are held together by
hydroxo bridges .* This tetracationic binuclear species is common for Ln(l11) metal ions at the

appropriate, typically basic pH.

Ce(IV) + H,O == [Ce(OH)]** + H* logK = 1.1 (1.3)
Ce(IV) + 2H,0 == [Ce(OH),]** + 2H* logK = 0.3 (1.4)
2Ce(IV) + 2H,0 == [Ce,y(OH),]** + 2H* logK = 3.6 (1.5)
2Ce(IV) + 3H,0 == [Ce,y(OH)3]** + 3H* logK = 4.1 (1.6)

2Ce(1V) + 4H,0 = [Cep(OH)4]** + 4H* logk =35  (L.7)
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6Ce(1V) + 12H,0 == [Ces(OH)12]**" + 12H* logK =15.4  (1.8)

The aqueous solution chemistry of the Ce(IVV) metal ion was studied in acidic solutions
containing 3 M NaClO,. Six equilibria were then formulated (Equations 1.3 — 1.8).%
Mononuclear, Ce(OH)*" and Ce(OH),*", and polynuclear, Cez(OH),%*, Ceo(OH)s™*, Ces(OH),*,
and Ces(OH)1,™%*, hydroxo species were present in the acidic perchlorate solution of Ce(IV).
Komiyama et al. identified polynuclear Ce,(OH),* as the catalytically active species for the
hydrolysis of cCAMP (7, Figure 1.7) and dinucleoside monophosphate thymidylyl (3°-5°)
thymidine in homogeneous acidic solutions (less than pH 2.5; 1 mM Ce(IV))."" In the same
solution, the mononuclear species Ce(OH),*" is present at even higher concentrations. However,
this species was less involved in the hydrolysis reaction.’” Additionally, Komiyama et al.
suggested that the same polynuclear Ce,(OH),*" was involved in DNA hydrolysis by
heterogeneous solutions of insoluble Ce(1V) hydroxo gels under neutral conditions, since
hydrolysis rates were similar when compared to homogeneous acidic solutions of Ce(IV). The
tendency of Ce(I1V) metal ions to form binuclear species at low and high pH provides more
efficient substrate activation compared to mononuclear species. Thus, two metal ions each
binding to a negatively charged phosphate oxygen atom enhance the electrophilicity of the
phosphorus atom (activation of the substrate) of the phosphate linkage more compared to one

metal ion.*’

4+

H

0
HO—M<0>M—OH
H

Figure 1.14. Structure of the tetracationic binuclear Ce(1V) hydroxo complex Ce,(OH)4**, the
active species for hydrolysis of CAMP and thymidylyl (3°-5") thymidine."’
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The tetracationic binuclear Ce(IV) hydroxo complex Ce,(OH),** has two hydroxo-
bridges (Figure 1.14). The higher the pH, the more Ce(IV) is prone to the formation of insoluble
polynuclear hydroxo clusters. For this reason, there have been limited studies on the catalytic
active species of Ce(IV) toward the hydrolysis of substrates in aqueous neutral solution because
of precipitation of this metal ion as Ce(IV) hydroxo clusters at pH values greater than 4.°
However, in homogeneous solutions aided by excess imidazole buffer under near-neutral
conditions (pH 6 - 8) and Ce(IV) concentration of ~ 0.1 mM, Maldonado and Yatsimirsky found
the monocationic binuclear Ce(1V) hydroxo species Ce,(OH);" to be present in solution.*®
Possible complex formation between the metal ion and buffer prevented the formation of
insoluble Ce(1V) hydroxo clusters, making it possible for speciation to be studied by
potentiometric titration method.

1.4.2. Stable trivalent state allows for stronger substrate activation

The high Lewis acidity of Ce(IV) provides more favorable conditions for substrate
activation compared to other metals. However, the most distinguishable quality of the metal ion
in assisting hydrolysis is the stability of the metal’s trivalent state, which contributes to the
electron accepting ability of Ce(IV) in substrate activation. This notable feature of Ce(IV) was
established in a series of spectroscopy studies conducted by Shigekawa et al.*”*® Core level
spectroscopies, such as photoelectron spectroscopy or X-ray absorption near edge structure
(XANES), can provide details of the local electronic structure around an atomic site to offer
insight into bonding interactions. First, monitoring the binding energy by photoelectron
spectroscopy of phosphorus 2p orbital’s core level spectra of a DNA model substrate, diphenyl
phosphate (DPP) (9, Figure 1.7), showed higher binding energy when coordinated to Ce(IV)

metal ion compared to other metals.*” The higher binding energy displayed by the DPP-Ce(IV)
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complex suggested that the metal ion withdraws electrons from the phosphodiester bond more
compared to the other metal ions tested (La(lll), Eu(l11), and Lu(lll)). Further studies by
XANES showed that upon complex formation, Ce(IV), which has an electronic configuration of
[Xe] 4f °, displayed 0.67 — 0.69f electrons when coordinated to DPP.* Thus, Ce(1V) partially
withdraws an electron from the phosphate linkage into its 4f orbital. Ce(l11) metal ion was also
tested and showed no electronic transfer from DPP.*® These spectroscopy studies suggest that
Ce(1V) binds to DPP by slight covalent interactions by withdrawing electrons from the
phosphate residue of the substrate. The main reason for this notable quality that distinguishes
Ce(IV) from Ln(IIT) and other tetravalent metal ions is the metal’s stable trivalent state which
allows this partial electron transfer to occur. Whereas, the tetravalent metal ions Zr**and Hf*",
and most Ln(I11) metals do not have stable trivalent and divalent states, respectively. Thus,
these metal ions can only interact with the substrate electrostatically. This explains why Zr**
and Hf**, as Ce(1V), decrease the pK, of water to a value less than 1, but assisted hydrolysis of
phosphatidylcholine 20 fold less,™ peptides ~ 4 — 5 fold less,”® and BNPP 10 — 27 fold slower®
compared to Ce(IV). Insummary, Ce(1V ) stable trivalent state allows for a partial electron
withdrawal from the substrate, and consequently, allows efficient substrate activation by
enhancing the electrophilicity of the phosphorus atom.

1.4.3. High coordination number: nucleophiles and acid/base catalysis

Ln(I11) metal ions typically have a coordination number of 8 - 9, but Ce(IV) is known to
have coordination numbers up to 12. This provides Ce(IV) with a higher probability for a
coordinated water to act as a nucleophile for the cleavage of the substrate, even when the metal
ion is complexed to a ligand and/or substrate.”> Even better, there is a higher chance for a

coordinated water to be present for acid/base catalysis to assist in the hydrolysis reaction.” In
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summary, superior Ce(1V)-assisted hydrolysis is mainly due to the high Lewis acidity, electron
withdrawing ability provided by its stable trivalent state, and high coordination numbers, which
leads to other advantages, such as providing hydrolysis at low and high pH, acid/base catalysis,
and substrate activation.

1.5. The Mechanism and Limitations of Cerium(1V)-assisted Hydrolysis

Figure 1.15. Mechanism of Ce(1V)-assisted hydrolysis of phosphate ester bonds.

A general mechanism for Ce(IV)-assisted hydrolysis of phosphate ester bonds is shown
in Figure 1.15." The first step entails the cationic binuclear Ce(1V) hydroxo species functioning
as a strong Lewis acid and forming a complex with the substrate. Thus, both Ce(IV) metal ions
coordinate to one of the free oxygen atoms of the phosphate ester linkage of the substrate.'” This
step neutralizes the negatively charged oxygen, and enhances the electrophilicity of the
phosphorus to activate the substrate toward nucleophilic attack. The second step involves the
nucleophilic attack of the activated phosphorus center by one of the unbridged hydroxyls
coordinated to one of the Ce(IV) metal ions.!” Nevertheless, in this step the cationic binuclear
Ce(1V) metal center is responsible for stabilization of the transition state which then collapses to
provide products. Additionally, there is the possibility that in preparation for nucleophilic attack
of the phosphorus center a water bound to Ce(1VV) may assist in the hydrolysis by acting as an

acid catalyst.'’
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The Ce(1V) metal ion has shown itself to be a superior agent in enhancing hydrolysis
reactions. However, Ce(1V) can present certain limitations. Aqueous solutions of Ce(1V) are
susceptible to the formation of insoluble polynuclear hydroxo clusters as the pH increases above
4.*® However, these reaction conditions are not practical for broader applications.'® One way to
escape these confinements is to perform hydrolysis in acidic homogeneous aqueous solution, less
than pH 4. However, the former approach is not practical for biological applications. A more
practical and advantageous way to eliminate some of the confinements of working with Ce(IV) is
through the formation of a complex with a ligand that help control metal speciation in aqueous

solutions.

1.6. Ligands Can Tune, Provide Selectivity, and Enhance Phosphate Ester Bond Hydrolysis
by Ce(1V)

Complex formation between the Ce(IVV) metal ion and a ligand can, in theory, eliminate
certain confinements and improve the catalytic stability of the metal ion in aqueous solution.
The ligand can prevent precipitation of the metal ion at pH values greater than 4 while providing
hydrolytic active Ce(1V) species with a definite composition.'® Additionally, ligands can
enhance and tune hydrolysis, and provide selectivity for the hydrolysis process. As an example,
Branum et al. designed a selective DNA hydrolase mimic.?® Ce(IV) in the presence of two mole
equivalents of the polyaminocarboxylate derivative ligand HXTA (12, Figure 1.16) facilitated
double-stranded hydrolysis of supercoiled plasmid DNA (produced 63 % nicked and 20 % linear
after 12 h at 37 °C) and preferentially cleaved at the 3’- phosphate end of the DNA restriction

fragments phosphate ester linkage at pH 8 and 37 °C.%
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Figure 1.16. Structures of polyaminocarboxylate ligands utilized in Ce(IV)-assisted hydrolysis
of DNA. 5-methyl-2-hydroxy-1,3-xylene-a,a-diamine-N,N,N’, N -tetraacetic acid (HXTA) (12),
1,3-diamino-2-hydroxypropane-N,N,N’, N -tetraacetic acid (HPTA) (13), and
ethylenediaminetetraacetic acid (EDTA) (14).

The ligand HXTA contains four carboxylate groups and a central phenol moiety to afford
a phenoxo-bridged dicerium complex comprised of two 6-membered chelate rings and four 5-
membered chelate rings. The ligand was a key contributor to the regioselective cleavage of the
DNA restriction fragments. The other significant role of the ligand was to facilitate double-
stranded hydrolysis of supercoiled plasmid to produce linear DNA. This was attributed to the
formation of the dicerium complex, which provided more efficient Lewis activation of both
strands of DNA.?® DNA hydrolysis by Ce(1V) and HXTA was then compared to
polycarboxylate ligands capable of forming mononuclear and binuclear Ce(1V) complexes, and
Ce(IV) in the absence of ligand.”” The ligand HPTA (13, Figure 1.16) was also capable of
forming binuclear complexes with Ce(IV) by the coordination of two metal ions to the alkoxo
bridge of the ligand. This produced 33 % linear DNA product from supercoiled plasmid DNA
after 3 hat pH 8 and 55 °C.* Interestingly, the 1:1 complex (Ce:HPTA) and Ce(IV) in the
absence of ligand did not cleave supercoiled plasmid DNA under the same reaction conditions.
Additionally, EDTA (14, Figure 1.16), which forms mononuclear complexes with Ce(IV),

provided only 2 % linear DNA from supercoiled plasmid DNA after 3 h at pH 8 and 55 °C.?’ In

summary, the results of Branum et al. suggested that the ligands HPTA and HXTA directed the
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formation of a binuclear Ce(IVV) metal ion center, which provided efficient Lewis activation of
the substrate. The complexes mimicked natural DNA hydrolases by preferentially cleaving the
3’-phosphate end of DNA restriction fragments and by providing linear DNA products from
supercoiled DNA.

An exceptional example of a Ce(IV) complex used as a hydrolytic catalyst is a two-step
site selective DNA hydrolysis method called ARCUT which utilizes the ligand EDTA.3**° The
first step employs a double-duplex invasion strategy* which entails selective activation of the
target DNA cleavage site by the addition of two pseudo-complementary oligonucleotide strands
to duplex DNA. Therefore, the addition of the two strands creates “hot spots”, transforming the
double-stranded target DNA into single-stranded DNA. The second step involves the addition of
a homogeneous solution containing one mol equivalent of Ce(IV) and EDTA, which selectively
cleaves single-stranded DNA over double-stranded DNA under physiological conditions (pH 7
and 37 °C).* The group also noted that Ce(1V) in the absence of EDTA formed heterogeneous
solutions containing Ce(1V) hydroxide gels, and the process lost its selectivity and randomly
cleaved single- and double-stranded DNA at relatively the same rate. The ARCUT method was

also successful in site-selective cleavage of human genomic DNA.*

Table 1.2. Ce(IV)-assisted hydrolysis of BNPP by Ce(IVV) complexes
Ligand TCC)|pH |k (M's™? | References
(Ce(IV): Ligand)

HXTA (2:1) 37 80 |0.1 28
Palmitate in micelle solution | 37 70 |13 21
(2:1)

Ce-MPGN 25 70 |03 15
(4:1)

EDDA bridged by two -CD | 25 70 |23 25
(1:1)

Phen bridged by two B-CD 35 7.0 |[2.3x10° 26
(1:1)

% Values taken from reference 26
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Bracken et al. studied BNPP (8, Figure 1.7) hydrolysis by Ce(IVV) complexes in micellar
solutions.?* Brij medium provided the micelles and along with the ligands in Figure 1.17 (15 -

17) were able to provide stable homogeneous aqueous solutions of Ce(1V) at pH values greater

than 5.
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Figure 1.17. Structures of ligands utilized for Ce(IV)-assisted hydrolysis of BNPP. The ligands
are n-octanoyl-N-methyl-D-glucamine (15), palmitate (16), and 4-(1-hexadecynyl)-2,6-
pyridinedicarboxylate (17). R; = n-C;H15, Rz = n-CysH33, and Rz = n-Cy4Ha0.

The ligands (15 - 17, Figure 1.17) mediated Ce(IV)-assisted hydrolysis of BNPP at high rates
over a broad pH range. In addition, Ce(IVV)-enhanced hydrolysis was controlled as a function of
pH by the donor atoms of the ligands.”* At a metal to ligand ratio of 1:1, Ce(IV) and 15 (Figure
1.17) enhanced hydrolysis of BNPP at similar rates compared to Ce(1V) in the absence of ligand
at pH 4.0 and 5.0.2' Hydrolysis by Ce(IV) in the absence of ligand could not be tested at pH
values greater than 5 because of metal ion precipitation. Alternatively, 1:1 and 2:1 metal to
ligand ratios of Ce(IV) and 15 allowed Branum et al. to study the rate of BNPP hydrolysis up to
pH values of 9.0 and 11.0, respectively. The rate of BNPP by the Ce(IVV) complex decreased as
pH increased at both ligand to metal ratios. Ce(IV) in the presence of 16 (Figure 1.17) reduced
hydrolysis compared to Ce(1V) in the absence of ligand at pH 4.0. However, as pH increased to
7, the rate of hydrolysis in the presence of 16 was increased to 2.6 x 10% s (Table 1.2, 2:1
Ce(1V) to 16), which in this study was the highest hydrolysis rate compared to the other

complexes and Ce(1V) in the absence of ligand.** The ligand 17 (Figure 1.17), which is capable

of forming two 5-membered chelate rings by the bidentate carboxylates, increased Ce(IV)



hydrolysis as a function of pH at metal to ligand ratios of 1:1 (pH 7.0 — 12) and 2:1 (pH 9.0 —

11).2

Bonomi et al. were interested in the design of a synthetic catalyst to mimic a natural
enzyme. Towards this end, they investigated a multivalent synthetic catalyst with flexible and
self-organized metal chelating thiolate groups on the surface of gold nanoparticles (Ce(1V)-

MPGN) (Figure 1.18)."
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Figure 1.18. Synthesis and design of monolayer protected gold nanoparticles (MPGNS)
decorated with thiolate ligands containing polycarboxylate groups.

Remarkable hydrolytic activity towards the cleavage of BNPP was exhibited by Ce(1V)
coordinated to the tridentate carboxylates of the thiolated ligands on gold nanoparticles. Inthe
absence of a catalyst, BNPP has a hydrolytic half-life of 2000 years at pH 7 and 25 °C.
However, the catalyst (Ce(IV)-MPGN) gave a 2.5 million-fold rate enhancement in BNPP
hydrolysis (4.5 x 10°s™) at pH 7 and 25 ° C (Table 1.2). There was no detected BNPP
hydrolysis by Ce(IV) in the presence of the polycarboxylate ligand (R, Figure 1.18) under the
same reaction conditions.™

Other groups researched ligands (18 and 19, Figure 1.19) bridged by B-cyclodextrin
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derivatives that provided neutral homogeneous aqueous solutions and enhanced substrate binding

between Ce(1V) and BNPP.2>%
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18 19

Figure 1.19. B-cyclodextrin derivatives (R) bridged by ethylenediamine-N, N ’-diacetic acid
(EDDA) derivative (18) and phenanthroline derivative (phen) (19).

One hydrolytic agent was constructed from B-cyclodextrin (7- membered sugar ring) dimers
bridged by an ethylenediamine-N,N’-diacetic acid (EDDA) linker (18, Figure 1.19).* The B-
cyclodextrin provided hydrophobic interactions and improved binding affinity to the substrate,
and contributed to a 520 fold increase in the rate of BNPP hydrolysis.”> EDDA was responsible
for complex formation with Ce(IV) metal ion through its bidentate carboxylate groups. To
improve hydrolysis rates, Zhao et al. switched to a N-donor phenanthroline derivative (phen) to
bridge the p-cyclodextrin dimers (19, Figure 1.19).%® The tetradentate ligand coordinates Ce(IV)
to form three 5-membered chelate rings. This hydrolytic agent provided a second-order rate
constant of 2.3 x 10 M's™ for BNPP hydrolysis at pH 7.0 and 35 °C and increased BNPP
hydrolysis ~ 100 fold compared to the Ce(IV) hydrolytic agent containing B-cyclodextrin dimers
bridged by EDDA under the same reaction conditions (Table 1.2).2® B-Cyclodextrin dimers
bridged by Ce(IV) phen complex produced the fastest hydrolytic cleavage of BNPP compared to

all other Ce(1V) complexes tested (Table 1.2).

1.7. Potential Applications of Ce(1V) Metal lon and Complexes as Phospholipase Mimics

and as Therapeutic Agents to Alleviate Phospholipidosis

The investigation of Ce(1V) metal ion and complexes as DNA hydrolase mimics has

given rise to significant advances in our understanding of metal-assisted phosphate ester

18,19,53-56

hydrolysis. Lipid hydrolysis by the metal ion has been studied scarcely. Nevertheless,
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lipids play essential roles in biological systems as energy-storage molecules and chemical
messengers in cell signaling and regulation, and as major components of the biological
membranes that surround cells and organelles.**!° Most vital functions of lipids are provided by
the products produced from lipid degradation by phospholipid-specific hydrolases called
phospholipases. Examples of lipid hydrolysis products are diacylglycerol (23, Figure 1.20) and
phosphatidic acid (22, Figure 1.20) from the degradation of phosphoglycerides (Figure 1.3) by
phospholipase C or phospholipase D, and ceramide from the degradation of sphingomyelin
(Figure 1.4) by sphingomyelinase. These products from lipid degradation have vital biological
roles, such as intermediates in lipid synthesis and secondary messengers in signal

transduction.*°

Our research group has shown that Ce(IV)-assisted hydrolysis provided enhance levels of
hydrolytic cleavage of the phosphate ester bonds of the naturally occurring phospholipids,

phosphatidylcholine and sphingomyelin.*
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Figure 1.20. Ce(lV)-assisted hydrolysis of phosphatidycholine (PC) produced the products,
choline (20), phosphocholine (21), phosphatidic acid (22), diacylglycerol (23), and phosphate
(24). Ry represents long chain fatty acid hydrocarbons of variable lengths.



33

Employment of MALDI-TOF mass spectrometry to detect choline (20, Figure 1.20) and
phosphocholine (21), and colorimetric assays to quantitate inorganic phosphate (24) and choline,
Kassai et al. have shown phospholipase C and phospholipase D-type activity for Ce(IV)-assisted
hydrolysis of lipid vesicles of L-a-phosphatidylcholine (PC).** Additional products that may be
produced from the reaction are 1,2-diacylglycerol (23) and phosphatidic acid (22) (Figure 1.20).
Hydrolysis of PC by Ce(IV) generated ~ 12 % phosphate and ~ 31 % choline hydrolysis yields
after 20 h at 37 °C and ~ pH 7.2."° At slightly acidic conditions, ~ pH 4.8, hydrolysis yields of
phosphate and choline increased to 21 % and 43 %, respectively.*® Thus, it would be reasonable
to employ Ce(IV) metal ions and complexes as lysosomal or cytoplasmic phospholipase mimics
to study signal transduction pathways, probes to study lipid model systems, or even as potential
therapeutic agents to reverse the build-up of phospholipids in acquired or genetic forms of
phospholipidosis.

Acquired and genetic forms of phospholipidosis are known as drug-induced
phospholipidosis and lysosomal storage disease, respectively. Both of these disorders result
from the impairment of phospholipid/lipid degradation, but the mechanisms and basis of the two
are different. Drug induced phospholipidosis is caused by cationic amphiphilic drugs (CADS).
CAD:s have similar structural features as phospholipids; the drugs contain hydrophobic and
hydrophilic moieties. In addition, CADs typically include a primary or substituted amine.*’
Thus, these drugs can easily concentrate in the lysosome and act as competitive inhibitors of
phospholipases to reduce the degradation of phospholipids. Another way phopholipidosis could
be aided by CADs is by the formation of lipid-drug complexes which causes the phospholipid to

be less receptive to degradation.’
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Figure 1.21. Cationic amphiphilic drug, chloroquine

An example, chloroquine (Figure 1.21) is an anti-rheumatic and antimalarial drug that inhibits
phospholipases A and C and bears a net positive charge at acidic pH.>" Thus, this weakly basic
compound can enter, become ionized and trapped inside the lysosome.*’

In lysosomal storage disorders (LSDs), phospholipidosis is caused by a defective enzyme
with reduced or eliminated activity, the result of mutation in a gene that codes for a specific
enzyme.>" There are forty recognized LSDs. An example is Niemann-Pick Disease (NPD) types
A and B, which are the neurological and non-neurological forms of NPD, respectively. The
defective SMPD1 gene results in the production of inefficient and defective acid
sphingomyelinase that displays reduced activity which leads to the accumulation of the lipid
sphingomyelin in lysosomes.>®

The impairment of phospholipid metabolism results in the accumulation of lipid
substrates inside lysosomes and lamellar bodies constructed from undegraded lipids.>’
Lysosomes are cellular organelles that have an acidic pH (~ 4.8) environment, and are
responsible for intracellular digestion and recycle of macromolecules. Lamellar bodies are
intracellular concentric structures that have a mildly acidic environment similar to lysosomes,
but typically serve as storage vesicles and transporters of surfactant proteins in type 11
pneumocytes.”’ The accumulation of phospholipids in lysosomes and lamellar bodies can have a
variety of negative consequences. Histopathological and histochemical changes occur that

adversely affect organs and tissues, such as the lung, brain, kidney, and cornea.>” Additionally,
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lipid accumulation could result in the lysosome rupture and leakage of acidic hydrolases into the
cytoplasm.>” The disrupted lipid metabolism in LSDs and drug-induced phospholipidosis can
create respiratory infections which is a pulmonary complication developed from the
accumulation of phospholipids in the lung.>® Phosphatidylcholine constitutes to 70% of
pulmonary surfactant and the accumulation of this phospholipid can reduce surface tension in the
lung.>®

Symptoms caused by drug-induced phospholipidosis can be reversed by stopping
medication intake.”” However, there is no cure for the recessive genetic LSDs. Current
treatments for LSDs are lavaging (washing of the organs), bone marrow transplantation,
splenectomy, and enzyme replacement therapy.®®®* Enzyme replacement therapy is the most
successful out of the four, however, not all defective enzymes have been pinpointed for every
LSD.®%%! Additionally, a person with LSD on enzyme replacement therapy can still experience
the common complications caused by phospholipidosis.®®®*
1.8. Conclusions

Ce(IV) increased hydrolysis yields of inorganic phosphate and choline from PC 1.8 and
1.4 fold, respectively, upon lowering the pH from ~ 7.2 to ~ 4.8. The metal ion released 21 % of
phosphate and 43 % of choline from PC after 20 h at 37 °C and ~ pH 4.8. These results are
significant in the search for a therapeutic agent that can alleviate the symptoms of
phospholipidosis, in which phospholipids accumulates in the mildly acidic environment of the
lysosome.*® However, there are limitations to the hydrolytic efficiency of Ce(IV).
Complexation of Ce(1V) to a ligand can prevent precipitation, create active species with definite
compositions, tune hydrolysis, and create selectivity.*>'® Taking clues from natural lysosomal

phospholipases, an ideal Ce(1V) complex would be required to promote sufficient hydrolysis at
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the acidic pH of the lysosome, but suppress hydrolysis significantly at cytosolic pH. Even
though the single layer of the lysosome’s membrane protects the cell from damage that could be
caused by the Ce(1V) complexes, further protection would be provided by the pH dependency of
the hydrolytic agent. Therefore, the goal of the research described in this dissertation is to
construct a synthetic acidic hydrolytic agent. The studies reported here are directed toward
designing Ce(1V) complexes that have acidic phospholipase-type activity (Chapter 3). In
addition to this work, this dissertation describes experiments involving Ce(IV)-assisted
hydrolysis of the sphingolipid sphingomyelin (Chapter 2) and a copper(ll) hexaazatriphenylene
complex that photo-oxidizes DNA upon exposure to ultraviolet light (Chapter 4).
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CHAPTER 2

EVALUATING METAL ION SALTS AS ACID HYDROLASE MIMICS: METAL-
ASSISTED HYDROLYSIS OF PHOSPHOLIPIDS AT LYSOSOMAL PH

(This is verbatim as it appears in Cepeda, S. S.; Williams, E. D.; Grant, K. B., Biometals
2012 25, 1207-1219. Dr. Cepeda performed the sphingomyelin hydrolysis by the 12 metal ion
salts reactions at 60 °C with and without Triton X-100, and the turbidity measurements. All
other experiments were contributed by the author of the dissertation. Other contributions by the
author are conception of lipid hydrolysis experiments and minor revisions to the manuscript.
The manuscript was prepared by Dr. Kathryn B. Grant and revised by all included authors.
http://link.springer.com/article/10.1007%2Fs10534-012-9583-1)

2.1. Abstract

Niemann-Pick disease and drug-induced phospholipidosis are lysosomal storage
disorders in which there is an excessive accumulation of sphingomyelin in cellular lysosomes.
Here we have explored the possibility of developing metal-based therapeutic agents to reverse
phospholipid build-up through phosphate ester bond hydrolysis at lysosomal pH (~ 4.8).
Towards this end, we have utilized a malachite green/molybdate-based colorimetric assay to
quantitate the inorganic phosphate released upon the hydrolysis of sphingomyelin by twelve d-
and f-block metal ion salts. In reactions conducted at 60 °C, the yields produced by the
cerium(1V) complex Ce(NH,;)2(NO3)s were superior. An Amplex® Red-based colorimetric assay
and mass spectrometry were then employed to detect choline. The data consistently showed that
Ce(1V) hydrolyzed sphingomyelin more efficiently at lysosomal pH: i.e., yields of choline and
phosphate were 54 + 4% and 22 + 5% at ~ pH 4.8, compared to 8 + 1% and 5 + 2% at ~ pH 7.2.
Hydrolysis at 60 °C could be significantly increased by converting sphingomyelin vesicles to
mixed lipid vesicles and mixed micelles of Triton X-100. We then utilized cerium(lV) to cleave
sphingomyelin at 37 °C (no Triton X-100). Although choline and phosphate levels were

relatively low, hydrolysis continued to be considerably more efficient at lysosomal pH. A
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comparison to phosphatidylcholine was then made. While the yields of choline and phosphate
produced by phosphatylcholine were higher, the ratio of ~ pH 4.8 hydrolysis to ~ pH 7.2
hydrolysis was usually more favorable for sphingomyelin (37 °C and 60 °C).

2.2. Introduction
An acid hydrolase is a lysosomal enzyme that is responsible for the hydrolytic breakdown

of macromolecules into their original, monomeric building blocks. Enzymatic activity is optimal
at lysosomal pH (~ pH 4.8) and significantly lower in the cell cytoplasm (~ pH 7.2). When a
particular acid hydrolase is impaired, pathogenic levels of the corresponding macromolecular
substrate build-up in lysosomes, causing lysosomal storage disease. Examples include Niemann-
Pick disease (NPD) types A and B (Schuchman and Desnick 2008) and drug-induced
phospholipidosis (Hruban 1984; Reasor 1989; Reasor and Kacew 2001; Anderson and Borlak
2006). In these disorders, serious respiratory complications can be brought on by the occurrence
of high levels of the phosphoglyceride phosphatidylcholine (PC; 1 in Figure. 2.1) in the
lysosomes of pulmonary cells (Hruban 1984; Reasor et al. 1988; Padmavathy et al. 1993;
Gonzalez-Rothi et al. 1995; Ikegami et al. 2003; Buccoliero et al. 2004; Buccoliero et al. 2007).
Additional clinical symptoms can arise from the accumulation of the sphingolipid sphingomyelin
(SM; 2 in Figure. 2.1) in the cellular lysosomes of multiple organ systems (Reasor et al. 1988;

Padmavathy et al. 1993; Schuchman and Desnick 2008).
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Figure 2.1 Metal-assisted hydrolysis of phosphatidylcholine (1) or of sphingomyelin (2) at
phosphate ester bonds A and B releases inorganic phosphate (3) and choline (4). M+ = metal ion;
R1 and R, = long chain fatty acid hydrocarbons of variable length.

Drug-induced phospholipidosis is an acquired disorder in which the administration of
cationic, amphiphilic medications (e.g., the antiarrhythmic drug amiodarone, the antidepressant
fluoxetine, and the aminoglycoside antibiotic gentamicin) reduce the activity of the lysosomal
acid phopholipases Al, A2, and/or C (Hruban 1984; Reasor et al. 1988; Reasor 1989;
Padmavathy et al. 1993; Gonzalez-Rothi et al. 1995; Reasor and Kacew 2001; Anderson and
Borlak 2006; Buccoliero et al. 2007). In addition to pulmonary complications, clinical

manifestations sometimes include inflammation, fibrosis, and/or nephrotoxicity.
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In the inherited, metabolic lysosomal storage disorder Niemann-Pick disease, autosomal
recessive mutations in the gene coding for acid sphingomyelinase (ASM) (Schuchman and
Desnick 2008) lead to a total or partial loss of enzyme activity. ASM is a phosphodiesterase
whose normal role is to hydrolyze the phosphate ester bond on the ceramide side of the
phosphorous atom in sphingomyelin. Thus, there is an extensive accumulation of sphingomyelin
in the lysosomes of multiple organ systems, with lysosomes of phagocytic cells of the monocyte-
macrophage system (e.g., bone marrow, lymph nodes and spleen) containing the most lipid.
Although ASM displays low levels of phoshodiesterase activity against PC (Freeman et al.
1985), there is no generally accepted explanation linking the genetically compromised lysosomal
acid hydrolase to the build-up of phosphatidylcholine that occurs in pulmonary lysosomes
(Schuchman and Desnick 2008). In the severe infantile form of Niemann-Pick disease (Type A),
acid sphingomyelinase activity is less than 5% of normal. As a result of the lysosomal
accumulation of phospholipid, afflicted patients present with hepatosplenomegaly, compromised
pulmonary function, and rapid neurodegeneration that leads to death by age two or three
(Schuchman and Desnick 2008). While the symptoms of drug-induced phospholipidosis are
reversed by the termination of drug therapy (Reasor and Kacew 2001), there is no cure for
Niemann-Pick disease (Schuchman and Desnick 2008).

One approach to decreasing phospholipid accumulation in lysosomal storage disease is to
assist the impaired lysosomal enzyme with the hydrolysis of phospholipid phosphate ester bonds.
Thus, in ASM knockout mice, enzyme replacement therapy involving intravenous administration
of recombinant human ASM has been shown to reduce lipid storage in reticuloendothelial organs
such as the liver, spleen, and to a lesser extend, the lung (Schuchman and Desnick 2008). Due in

part to its large size, ASM is unable to cross the blood-brain barrier, and as a result, neurological
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symptoms are not improved. ERT is further limited by the need to generate large amounts of
fully glycosylated enzyme (Schuchman, 2007). In order to achieve more widespread distribution
of therapeutic agent, new treatment approaches relying on small-molecules can be considered.
The pH of the interior of lysosomes is approximately 4.8, and is thus considerably more
acidic than the surrounding cytoplasm (~ pH 7.2). In order to avoid the hydrolysis of normal
phospholipids outside of the lysosome, it would therefore be ideal for a small-molecule,
hydrolytic agent to have optimal activity at ~ pH 4.8, with considerably less reactivity at pH 7.2.
Towards this end, our research group is exploring the use of metal ions and complexes as pH
dependant, acid hydrolase mimics. In a previous report, we utilized metal ion salts of Ce(1V),
Zr(IV), Hf(1V), Co(Il), Cu(ll), Eu(111), La(l11), Ni(11), Pd(11), Y(I11), Yb(I11), and Zn(Il) in an
attempt to hydrolyze the phosphoglyceride phosphatidylcholine (1) (Kassai et al. 2011).
Colorimetric assays were used to quantitate inorganic phosphate (3) and choline (4) produced by
metal-assisted hydrolysis of phosphatidylcholine phosphate ester bonds. This work showed that
cerium(lV) gave rise to considerably more phospholipid hydrolysis than the eleven other metal
ion salts, with high levels of cleavage at lysosomal pH (~ 4.8) compared to ~ pH 7.2. In the
present report, the twelve metal ion salts were used to target the phosphate ester bonds of the
sphingolipid sphingomyelin (2). In hydrolysis reactions run at 60 °C and 37 °C, a systematic
comparison to phosphatidylcholine was then carried out. Consistent with the phosphatidylcholine
data, cerium(IV) was found to generate superior levels of sphingomyelin hydrolysis. While the
cleavage of phosphatidylcholine proceeded in higher yields, the ratio of ~ pH 4.8 hydrolysis to ~
pH 7.2 hydrolysis was usually greater in the sphingomyelin reactions. To the best of our
knowledge, the present work represents the first example of a research study that has reported on

successful, metal-assisted cleavage of a naturally occurring sphingolipid.
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2.3. Experimental

2.3.1. Materials and methods

All chemicals were of the highest available purity and were utilized without further
purification. De-ionized, distilled water (ddH,O) was used in the preparation of aqueous
reactions and buffers. Sphingomyelin (Brain, Porcine; catalog number 860062P, MW = 760.22
gmol™) and L-a-phosphatidylcholine (Egg, Chicken; catalog number 840051P, MW = 760.19
gmol™) were purchased from Avanti Polar Lipids, USA. The metal ion salts Ce(NH4)2(NO3)s,
ZrCly, HfCl;, CoCly-H,O, CuCl,-2H,0, EuCl;-6H,0, LaCls-H,O, NiCly-6H,0, K;PdCly,
YCl;3-6H,0, YbCl3-6H,0, and ZnCl, were acquired from The Aldrich Chemical Company
(purity > 99%). Piperazine and Triton X-100 and were from Fluka (Sigma-Aldrich, USA).
QuantiChrom™ Assay and Malachite Green Phosphate Assay Kits (catalog numbers DIPI1-500
and POMG-25H, respectively) were purchased from BioAssay Systems, USA. An Amplex®
Red Sphingomyelinase Assay Kit (catalog number A12220) was from Invitrogen, USA. Choline
chloride, tris(hydroxymethyl)aminomethane (Tris) and 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) were obtained from Sigma-Aldrich.

2.3.2. Preparation of micelles and lipid vesicles

Porcine brain sphingomyelin was added to a round-bottomed flask and was dissolved in 1
mL of chloroform. The chloroform was evaporated to dryness in vacuo overnight. In order to
form lipid vesicles, a 120 mM solution of the phospholipid was prepared by adding pre-heated
ddH,0 (55 °C). The solution was sonicated for 20 min at 55 °C, a temperature above the gel-to-
fluid transition temperature (Tn) range displayed by naturally occurring sphingomyelins (30-45
°C; Bar et al. 1997). Triton X-100 (10% in water (w/v), 0.16 M) was added to the sphingomyelin

solution and was reacted for 30 min at room temperature to change the phospholipid vesicles (0
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mM Triton X-100, final concentration) into mixed lipid vesicles (11.4 mM Triton X-100, final
concentration), and mixed micelles (43.3 mM Triton X-100, final concentration) (Alonso et al.
1981). The Triton X-100:sphingomyelin molar mixing ratios of these solutions equaled 0.0 (0
mM:120 mM); 0.10 (11.4 mM:111.5 mM); and 0.79 (43.3 mM:55.1 mM). The conversion of the
SM vesicles to mixed vesicles and mixed micelles of Triton X-100 was confirmed by recording
turbidity measurements (Alonso et al. 1981; Figure 2.S1 in Electronic supplementary material).
Micelles and lipid vesicles of L-a-phosphatidylcholine were prepared as previously described
(Kassai et al. 2011).

2.3.3. Lipid hydrolysis

A 1:1 (v/v) ratio of a 100 mM aqueous solution of metal ion salt, (Ce(NH4)2(NO3)s,
ZrCls, HfCly, CoCl-H,O, CuCly-2H,0, EuCls-6H,0, LaClz-H,O, NiCly-6H,0, K,PdCly,
YCl;-6H,0, YbClIs-6H,0, or ZnCl,) was combined with an buffer solution (200 mM aqueous
piperazine or HEPES) to prepare a series of metal/buffer cocktails. By adding HCI and/or 50%
NaOH (w/v) solutions, the piperazine and HEPES cocktails were adjusted to final pH values of ~
5.2 and 7.2, respectively. Two hundred microliters of each cocktail were then transferred to a
volume of lipid solution, either 17 pL of the 0 mM Triton X-100 solution, 18.3 pL of the 11.4
mM Triton X-100 solution, or 37 uL of the 43.3 mM Triton X-100 solution. After being brought
to a final volume 1000 pL with ddH,O, individual reactions contained 2 mM of sphingomyelin
or of phosphatidylcholine, 0 mM, 0.2 mM or 1.6 mM Triton X-100, 10 mM metal ion salt, and
20 mM of piperazine ~pH 4.8 or of HEPES ~pH 7.2. The resulting solutions were allowed to
react at 37 °C or 60 °C for 0 h and 20 h time intervals. In negative control reactions, metal ion
salt solutions were replaced by equivalent volumes of ddH,O. Average reaction pH values were

calculated using pre- and post-reaction pH measurements.
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2.3.4. Colorimetric detection of inorganic phosphate

A malachite green/molybdate-based colorimetric assay kit (BioAssay Systems) was used
to detect inorganic phosphate released upon metal-assisted hydrolysis of sphingomyelin and
phosphatidylcholine (Cogan et al. 1999). Depending on the metal ion salt employed, an aliquot
of the hydrolysis reaction was diluted from 6.7 to 173.7 fold with ddH,O. A total of 167 pL to
300 pL of the resulting aqueous solution was further diluted to a final volume of 500 pL with
malachite green/molybdate reagent and reacted at rt for 30 min. The absorbance of the
colorimetric product thus obtained was then measured at 620 nm in a UV-1601 Shimadzu
spectrophotometer against a ddH,O blank. In order to correct for the presence of background
levels of inorganic phosphate, the absorbance recorded for the hydrolysis reaction at thet = 0 h
time interval was subtracted from the corresponding absorbance recorded at the t = 20 h time
interval. The same calculation was performed for the parallel, negative control reaction run in the
absence of metal. The absorbance difference of the reaction run in the absence of metal was then
subtracted from the absorbance difference of the reaction run in the presence of metal. For each
set of reaction conditions tested, the absorbance difference values were determined over multiple
trials. The concentration of inorganic phosphate was then quantitated using linear plots generated
by treating inorganic phosphate standards with the malachite green/molybdate reagent (Figure.
2.S2 in Electronic supplementary material).

2.3.5. Colorimetric detection of choline

Reagents obtained from an Amplex® Red Sphingomyelinase Assay Kit (Invitrogen) were
used to detect free choline released upon metal-assisted hydrolysis of sphingomyelin and
phosphatidylcholine (He et al. 2002). In a typical procedure, an Amplex® Red reaction cocktail

was prepared by mixing 2850 uL of 1X Tris buffer, 40 uL of Amplex® Red, 30 pL of
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horseradish peroxidase, 30 uL of choline oxidase with 60 pL of ddH,O. Depending upon the
original concentration of metal ion salt and on the reaction temperature, a total of 13 pL to 80 pL
of the hydrolysis reaction was diluted to 1000 puL with ddH,O. Then, a total of 40 uL of the
resulting solution was treated with 80 uL of the Amplex® Red cocktail and incubated for 55 min
at 37 °C. The reactions were further diluted 6.3 with ddH,0. Free choline was then gquantitated
with the UV-1601 Shimadzu spectrophotometer by measuring absorbance at 570 nm against a
ddH-,0 blank. In order to account for background levels of free choline, the absorbance recorded
for the hydrolysis reactions at the t = 0 h time interval was subtracted from the corresponding
absorbance recorded at the t = 20 h time interval. Concentrations of free choline were then
quantitated over multiple trials using linear plots generated by treating choline chloride standards
with the Amplex® Red reagents (Figure 2.S3 in Electronic supplementary material).

2.3.6. MALDI-TOF mass spectrometry

A total of 2 mM of sphingomyelin (without Triton X-100, sonicated) was treated at 60 °C
and ~ pH 4.8 (20 mM piperazine buffer) or ~ pH 7.2 (20 mM HEPES buffer) for 20 h in the
absence or presence of 10 mM of Ce(NH4)2(NOs)s. Cerium(IV) hydrolysis reactions were then
quenched by the addition of 1/5 volume of 0.5 M EDTA pH 8. Matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectra were recorded by the Georgia State
University Mass Spectrometry Facility as follows. A total of 1 pL of lipid hydrolysis reaction
was mixed with 10 pL of saturating amounts of 2,5-dihydroxybenzoic acid (DHB) matrix in 50%
acetonitrile/50% ddH,O water. One uL of the resulting solution was transferred to a MALDI-
TOF plate and air-dried. Mass spectra were then recorded using a 4800 MALDI-TOF/TOF™
analyzer (Applied Biosystems, Foster City, CA) in a reflectron-positive mode with delayed

extraction. lonization was achieved with a Nd:YAG 355-nm over an average of 500 random
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shots. The instrument’s reflectron positive mode was calibrated using a 4700 Proteomics
Analyzer calibration mixture (Applied Biosystems). Spectra were processed with Data Explore
Software (Applied Biosystems).
2.4. Results and Discussion

2.4.1. Sphingomyelin hydrolysis by metal ion salts at 60 2C, colorimetric detection of

inorganic phosphate

The goal of our first experiment was to quantitate the amounts of inorganic phosphate (3)
released upon metal-assisted hydrolysis of the two phosphate ester bonds of the sphingolipid
sphingomyelin (Bonds A and B in 2, Figure 2.1). Small-molecule metal ion salts of Ce(1V),
Zr(IV), Hf(1V), Co(Il), Cu(l1), Eu(lll), La(lil), Ni(11), Pd(11), Y(I11), Yb(I11), and Zn(Il) were
selected based on the ability of these metal centers to hydrolyze p-nitrophenol-activated and/or
unactivated amide and/or phosphate ester linkages in biologically related molecules (Ghirlanda
et al. 1993; Matsumura and Komiyama 1994; Moss et al. 1995; Scrimin et al. 1998; Moss and
Jiang 2000; Scrimin et al. 2000; Takarada et al. 2000; Franklin 2001; Liu et al. 2001; Milovic
and Kostic 2003; Suh 2003; Zhu et al. 2004; Grant and Kassai 2006; Kassai et al. 2011; Katada
and Komiyama 2011). Our objective was to identify a metal ion salt with strong activity at
lysosomal pH (~ 4.8) accompanied by appreciably less hydrolysis at cytoplasmic pH (~ 7.2).
Lipid vesicles of porcine brain sphingomyelin were prepared by sonication. Treatment of the
vesicles with the nonionic surfactant Triton X-100 at surfactant:sphingomyelin molar mixing
ratios of 0.10 and 0.79 afforded sphingomyelin-surfactant mixed vesicles and mixed micelles,
respectively (Alonso et al. 1981). The lipid solutions were then used to prepare individual
reactions consisting of 2 mM of sphingomyelin, 20 mM piperazine buffer pH 4.8 or 20 mM

HEPES buffer pH 7.2, and 10 mM of one of the twelve metal ion salts. Hydrolysis was allowed
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to proceed at 60 °C for 20 h, after which inorganic phosphate was colorimetrically quantitated

with the triarylmethane dye malachite green (Cogan et al. 1999).
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Figure 2.2. Averaged hydrolysis yields plotted as a function of Triton X-100:sphingomyelin
(SM) molar mixing ratio and pH for malachite green detection of free phosphate released in
hydrolysis reactions. A total of 2 mM of sphingomyelin was treated at 60 °C and ~ pH 4.8 (20
mM piperazine buffer) or at 60 °C and ~ pH 7.2 (20 mM HEPES buffer) for 20 h in the presence
of 10 mM of Ce(NH4)2(NOs)s, ZrCls, HfCl4, CoCl,-H,0, CuCl,-2H,0, EuCls-6H,0, LaCls-H,0,
NiC'z-GHzO, KdeC|4, YC|3'6H20, YbC|3'6H20, or ZI’]Clz.
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Figure 2.3. Averaged hydrolysis yields plotted as a function of Triton X-100: sphingomyelin
(SM) molar mixing ratio and pH for A) malachite green detection of free phosphate (data taken
from Fig. 1) and B) Amplex® Red detection of free choline. A total of 2 mM of sphingomyelin
was treated at 60 °C and ~ pH 4.8 (20 mM piperazine buffer) or at 60 °C and ~ pH 7.2 (20 mM
HEPES buffer) for 20 h in the presence of 10 mM of Ce(NH4)2(NOgs)s, ZrCly, or HfCly. The
number of trials: > 6 (A) and > 3 (B). Error bars represent standard deviation.

As shown in Figures 2.2 and 2.3A, four of the twelve metal centers (Ce(1V), Zr(1V),
Hf(1V), Pd(11)) hydrolyzed sphingomyelin (2), to release detectable levels of inorganic phosphate
(3). The identities of the four most reactive metals, as well as their ordering and pH preferences,
were in agreement with our previous colorimetric study of the phosphoglyceride
phosphatidylcholine (1) (Kassai et al. 2011). For both phospholipids, the levels of cleavage

generated by Ce(IV) were overwhelmingly superior and relative activity was in the order Ce(IV)

>>> Zr(1V) > Hf(IV) ~ Pd(11) (Figures 2.2 and 2.3A; Kassai et al. 2011).
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In our analyses of 12 metal ion salts, we found that the ability of a given metal ion to
accelerate phospholipid hydrolysis could be correlated to the relative acidity of its metal-bound
water (Figure 2.2; Kassai et al. 2011). The pKa value of water is lowered from 15.7 to —1.1 for
Ce(1V); -0.3 for Zr(1V); 0.2 for Hf(1VV) (Wulfsberg 1991); and 1.0 for Pd(Il) (Burgess 1978). In
the case of the inactive ions Co(ll), Cu(ll), Eu(lll), La(lll), Ni(l1), Y(I11), Yb(lI1), and Zn(1I)
(Figure 2.2), the pKas of metal-bound water range from 7.3 to 9.9 (Burgess 1978). Previously
published NMR and Fourier transform (FT) Raman spectra show that Ln(l11) metal cations
coordinate to phospholipids such as sphingomyelin and phosphatidylcholine primarily at a free
oxygen atom (Hauser et al. 1976) on the polar head group phosphate (Yuan et al. 1996a; Yuan et
al. 1996b). Taken together with our data, the observations are consistent with a mechanism
frequently described in the literature (Bracken et al. 1997; Moss and Jiang 2000; Kassai et al.
2011). To accelerate hydrolysis, cerium(l1V) and other metal ions act as strong Lewis acids that
bind to the negatively charged phosphate oxygen in the polar head group of the phospholipid
(activating the phosphorous atom towards nucleophilic attack), while delivering a hydroxide
nucleophile to the activated phosphate ester bond.

In general, the averaged levels of cleavage produced by metal ion centers Ce(IV), Zr(I1V),
and Hf(IV) were higher at lysosomal pH (~ 4.8) compared to cytoplasmic pH (~ pH 7.2)
(Figures 2.2 and 2.3A). We concurrently observed moderate amounts of metal ion precipitation
at ~ pH 4.8 accompanied by significantly more turbidity as pH values were increased to pH 7.2
(Kassai et al. 2011). These trends point to a possible relationship between metal ion speciation
and phosphodiester hydrolysis yields. The effect is best understood in the case of cerium(lV).
The aqueous chemistry of cerium(1V) is characterized by metal ion speciation that involves the

formation of polynuclear Ce(1V)-hydroxo species, gels, and precipitates. At acidic pH values,
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Ce4(OH)15™ has been shown to display high activity towards phosphodiester hydrolysis
(Maldonado and Yatsimirsky 2005). However, as reaction pH is raised above ~ 4.0, catalytically
active Ce(IV) hydroxide gels or precipitates begin to form and there is gradual speciation of
Ce4(OH)15™ into Ces(OH)14™ and Ces(OH)1s™. The lower net positive charges acquired by the
Ce(1V) hydroxo species reduce their Lewis acid strength, accounting for the decline in the rate of
phosphate ester hydrolysis that occurs at higher pH values (Bracken et al. 1997; Maldonado and
Yatsimirsky 2005).

In the above reactions, the nonionic surfactant Triton X-100 was utilized in order to study
the effects of lipid dynamics and structure on sphingomyelin cleavage yields. The data in Figures
2.2 and 2.3A show that the amounts of inorganic phosphate released by Ce(IV), Zr(IV), and
Hf(1V) were usually increased upon the Triton X-100-induced transition of pure sphingomyelin
vesicles (0.0 surfactant:sphingomyelin molar mixing ratio) to Triton X-100-sphingomyelin
mixed vesicles (0.1 surfactant:sphingomyelin molar mixing ratio) and to mixed micelles (0.79
surfactant:sphingomyelin molar mixing ratio). These trends can be addressed as follows. Triton
X-100 and other detergents are known to significantly increase the permeability of sonicated
lipid vesicles to small-molecules (Alonso et al. 1981). At sub-micellar concentrations, Triton X-
100 has been shown to reduce the gel-to-fluid transition temperature of PC bilayers, increasing
their fluidity (Gofii et al. 1986). A second factor concerns the relative accessibility of scissile
phosphate ester bonds. In micelles, all of the polar head groups of the constituent phospholipid
are near the micellar surface. Alternatively, in lipid vesicles, approximately 40% to 50% of the
polar head groups are on the inner leaflet of the bilayer, and are therefore less accessible to

interaction with hydrolytic agent (Reid Kensil and Dennis 1981; Scrimin et al. 1998).
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2.4.2. Sphingomyelin hydrolysis by metal ion salts at 60 2C, detection of free choline by

colorimetry and mass spectrometry

In addition to inorganic phosphate (3), hydrolysis of the two phosphate ester bonds of
sphingomyelin (Bonds A and B in 2, Figure 2.1) should theoretically afford free choline (4). The
dihydroxyphenoxazine dye Amplex® Red (Invitrogen) was therefore employed to detect the
latter cleavage product. A total of 2 mM of sphingomyelin at surfactant:sphingomyelin molar
mixing ratios of 0, 0.10, and 0.97 was reacted for 20 h at 60 °C with 10 mM of Ce(1V), Zr(1V),
or Hf(IV) metal ion salt as previously described. The sphingomyelin hydrolysis reactions were
then treated with choline oxidase and horseradish peroxidase, catalyzing the oxidation of the
Amplex® Red dye to resorufin (Amax = 572 nm). Yields of free choline were then quantitated
with a UV-visible spectrophotometer.

As shown in Figure 2.3B, the metal ion salts reacted with sphingomyelin in the general
order Ce(I1V) > Zr(IV) > Hf(IV), reflecting the increasing pKa values of metal-bound water
(Ce(IV) < Zr(IV) < Hf(1V)). The amounts of free choline produced by cerium(1V) at lysosomal
pH (~ 4.8) were significantly higher compared to reactions employing neutral media and/or the
other metal ion salts (Zr(IV) and Hf(IV)). The choline data also helped to confirm that metal-
assisted hydrolysis of Triton X-100-sphingomyelin mixed vesicles (0.1 surfactant:sphingomyelin
molar mixing ratio) and mixed micelles (0.79 surfactant:sphingomyelin molar mixing ratio)
proceeded more efficiently than hydrolysis of pure sphingomyelin vesicles. Finally, choline,
which requires only one cleavage event (Bond B in 2, Figure 2.1), was always produced in
higher yields than inorganic phosphate, which requires cleavage of both sphingomyelin

phosphate ester bonds (Figure 2.3).
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Figure 2.4. MALDI-TOF mass spectra of 2 mM of sphingomyelin (SM; no Triton X-100)

treated at 60 °C for 20 h in the presence of 10 mM of Ce(NH,4)2(NOs3)s and: A) ~ pH 4.8 (20 mM
piperazine buffer) or B) ~ pH 7.2 (20 mM HEPES buffer). M = matrix

Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry was used to further examine sphingomyelin hydrolysis reactions with cerium(IV)
metal ion salt (60 °C, 20 h, no Triton X-100; Figure 2.4). The MALDI-TOF mass spectra

confirmed that free choline is a major product (choline m/z = 104.0 to 104.1 obsd, 104.1 calcd
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for [C5H14N101]“). Consistent with the colorimetric data (Figures 2.2 and 2.3), the choline peak
in the pH 4.8 reaction (relative abundance 100%, Figure 2.4A) was more prominent than at pH
7.2 (relative abundance ~ 35%, Figure 2.4B). In parallel controls in which Ce(1V) was replaced
by ddH,O, the relative abundance of the choline peak was ~ 10% (Figures 2.54B and 2.54D in
Electronic supplementary material).

2.4.3. Hydrolysis of sphingomyelin and phosphatidylcholine by cerium(lV), a

systematic comparison

Under normal, physiological conditions, sphingomyelin and phosphatidylcholine
constitute approximately 50% of the phospholipid content in the bilayer membranes of
eukaryotic cells (Niemela et al. 2004). Although SM and PC both contain phosphocholine as a
polar head group, there are significant structural differences between the two phospholipids. In
the sphingolipid sphingomyelin, the glycerol diester backbone of the phosphoglyceride
phosphatidylcholine is replaced by a sphingosine unit that participates in extensive
intramolecular and intermolecular hydrogen bonding (Chiu et al. 2003; Niemela et al. 2004). A
second distinguishing feature concerns the fatty acid units, with sphingomyelin being
significantly more saturated than phosphatidylcholine. As a result, bilayers of SM and PC have
different structural and dynamic properties. This encouraged us to carry out a more extensive
comparison of the two lipids. In these experiments, hydrolysis reactions consisting of 2 mM of
sphingomyelin or of phosphatidylcholine, 10 mM of Ce(NH,4)2(NOs)s, and 20 mM of piperazine
buffer pH 4.8 or of HEPES buffer pH 7.2 were allowed to sit at 60 °C for 20 h (no Triton X-100).
Because a therapeutic agent should also be active at normal, core body temperature, a second set

of solutions was reacted at 37 °C. The malachite green/molybdate- and Amplex® Red-based
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assays were then used to detect and quantitate the average amounts of free phosphate (Figure

2.5) and free choline (Figure 2.6) released upon Ce(1V)-assisted hydrolysis.

70

60

50

40

30

20

10

Hydrolysis Yield (%)

70

60

50

40

30

20

10

A) Lipid at 60 °C, Total Phosphate

- | SM, pH 4.7-4.9
- = SM, pH 7.1-7.2
- "1 PC, pH 4.7-5.2
. ig) I PC, pH 6.9-7.2
] T

] i

1 (4

] I (8)

] (12) .

[

rIj

| [ |
SMpH4.8 SMpH7.2 PCpH4.8 PCpH7.2

B) Lipid at 37 °C, Total Phosphate

] SM, pH 4.8-5.1
[ SM, pH 7.0-7.4
] PC, pH 4.8-5.1

= PC, pH 7.1-7.3

3

b

(17)

3

Lyge vy Py ety v ey

L
—=—

| | [ |
SMpH4.8 SMpH7.2 PCpH4.8 PCpH7.2

Figure 2.5. Averaged hydrolysis yields plotted as a function pH for malachite green detection of
free phosphate. A total of 2 mM of sphingomyelin (SM) or 2 mM of phosphatidylcholine (PC)
was treated for 20 h at A) 60 °C or at B) 37 °C. Reactions were run in the presence of 10 mM of
Ce(NH4)2(NO3)s and 20 mM piperazine buffer (~ pH 4.8) or 20 mM HEPES buffer (~ pH 7.2).
The number of trials (n) appears in parenthesis. Error bars represent standard deviation. The 60
°C PC data (a) have been reported previously (Fig. 3 in Kassai et al., 2011).
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Figure 2.6. Averaged hydrolysis yields plotted as a function pH for Amplex® Red detection of
free choline. A total of 2 mM of sphingomyelin (SM) or 2 mM of phosphatidylcholine (PC) was
treated for 20 h at A) 60 °C or at B) 37 °C. Reactions were run in the presence of 10 mM of
Ce(NH)2(NO3)s and 20 mM piperazine buffer (~ pH 4.8) or 20 mM HEPES buffer (~ pH 7.2).
The number of trials (n) appears in parenthesis. Error bars represent standard deviation. The 60
°C PC data used to prepare Figs. 5A and 6A have been reported previously (Kassai et al., 2011).



62

The 60 °C and 37 °C data shown in Figures 2.5 and 2.6 display trends consistent with our
initial colorimetric experiments (Figures 2.2 and 2.3; Kassai et al. 2011). Cerium(1V) hydrolyzed
pure lipid vesicles of sphingomyelin and phosphatidylcholine more efficiently at mildly acidic
pH compared to near-neutral values, with the amounts of choline being significantly higher or
equivalent to free phosphate. A new finding concerned the relative susceptibilities of the two
phospholipids towards hydrolysis. Under all of the reaction conditions tested,
phosphatidylcholine generated more choline and phosphate than sphingomyelin. Treatment of
phosphatidylcholine with Ce(IV) at 60 °C and ~ pH 4.8 accordingly released choline and
inorganic phosphate in 70 + 4% and 42 + 5% vyields (Figures 2.5A and 2.6A), values that are 1.3
and 5.5 fold higher than SM hydrolysis yields at ~ pH 4.8. When the reaction temperature was
lowered from 60 °C to 37 °C, measurable hydrolytic activity was still observed (Figures 2.5B and
2.6B). In the phosphatidylcholine reactions, the amounts of choline and inorganic phosphate
were 41 + 3% and 17 + 3%, yields that were 3.4 and 3.8 fold higher than SM hydrolysis at the
same pH. In parallel controls in which the metal solutions were replaced with equivalent
volumes of ddH,0, levels of choline and inorganic phosphate were considerably lower (Figure
2.S5 in Electronic supplementary material; Kassai et al. 2011).

A number of factors are likely to contribute to the relative susceptibilities of
sphingomyelin and phosphatidylcholine towards metal-assisted hydrolysis. Published NMR and
FT Raman structural data show that the polar head groups of SM and PC are approximately
parallel with respect to the bilayer surface due to the gauche conformation of the choline O-C-C-
N+ backbone. The head group of PC lies almost exactly along the surface. In the case of SM,
however, intramolecular hydrogen bonding between the OH group of sphingosine and the

phosphate ester oxygen on the ceramide side of phosphorous causes the polar head group to tilt
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15 degrees towards the interior of the bilayer (Niemel& et al. 2004). The interaction between the
phosphate oxygen and the sphingosine hydroxyl reduces the binding of Ca(ll) to sphingomyelin
relative to phosphatidylcholine (Shah and Schulman 1966). The hydrogen bond also decreases
the ability of SM to hydrogen bond to water, lowering the overall hydration state of the polar
region of SM (Schmidt et al. 1997; Chiu et al. 2003; Niemela et al. 2004). Interestingly, the
enzymatic activity of the acid hydrolase phospholipase A, has been correlated to levels of
phospholipid bilayer hydration (Oliver et al. 1995). Because water is also required in metal-
assisted hydrolysis reactions, the reduced levels of sphingomyelin hydration that arise from
intramolecular hydrogen bonding could explain why this phospholipid less susceptible to
cerium(1V) hydrolysis than phosphatidylcholine.

A second explanation takes into account the effects of membrane fluidity on hydrolysis
yields. The fatty acid chains of the sphingomyelin and phosphatidylcholine preparations used in
this study have an average of 0.2 and 1.28 double bonds per molecule, respectively. The higher
fatty acid saturation state of SM coupled with extensive intramolecular and intermolecular
hydrogen bonding afforded by the NH and OH groups of sphingosine result in significant
differences in the dynamic properties of SM and PC bilayers (Niemeld et al. 2004). For example,
sphingomyelin membranes have reduced fluidity, with suppressed lateral and rotational diffusion
rates (Niemela et al. 2004) and average gel-to-fluid transition temperatures (~ 37 °C; Bar et al.
1997) that are significantly higher than phosphatidylcholine. Ruiz-Arglello et al. (2002) have
demonstrated that the rate of acid sphingomyelinase hydrolysis can be enhanced by using
phosphoglycerides to increase the fluidity of SM bilayers. The authors proposed that higher rates
of sphingomyelin diffusion increased the probability of an interaction between the enzyme and

substrate. Similarly, in our Ce(1V) reactions with SM (Figures 2.2 and 2.3) and PC (Kassai et al.
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2011), hydrolysis yields were substantially increased upon the addition of sub-micellar
concentrations of Triton X-100, a non-ionic surfactant that increases the fluidity of PC bilayers
(Goiii et al. 1986). Taken together, the above information suggests that the differences in
membrane dynamics exhibited by sphingomyelin and phosphatidylcholine have an influence on
Ce(1V) hydrolysis levels. When using Ln(l1l) cations to cleave unilamellar vesicles of a p-
nitrophenol-activated anionic lipid, Moss and co-workers observed that cleavage yields could be
increased by the high transverse diffusion (flip-flop) rates occurring above the Ty, of the lipid
vesicles (Scrimin et al. 1998). In contrast to anionic and other charged lipids that promote flip-
flop by repelling one another electrostatically, the translocation of PC, SM, and other neutral,
zwitterionic phospholipids across the bilayer is extremely slow, even at temperatures above the
Tm (Moss 1994; Contreras et al. 2010). Furthermore, hydrolysis of phosphate ester bonds of SM
and PC would yield ceramide and diacylglycerol, respectively (bonds A and B; Figure 2.1).
Ceramide increases the flip-flop rates of other lipids in the bilayer, but diacylglycerol has no
effect (Contreras et al. 2010). While it is possible that accelerated lateral diffusion makes a
significant contribution to the relatively high levels of phosphatidylcholine hydrolysis produced
by Ce(1V), it is less likely that transverse diffusion of PC from the inner to the outer membrane

leaflet plays an major role.
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Figure 2.7. Ratio of averaged hydrolysis yields at ~ pH 4.8 to averaged hydrolysis yields at ~ pH
7.2 for 2 mM of sphingomyelin (SM) or 2 mM of phosphatidylcholine (PC) treated with 10 mM
of Ce(NH,)2(NOz3)s. The averaged hydrolysis yields used to calculate the ratios and the number
of trials (n) are in Figs. 5 and 6. Error bars represent standard deviation.

In Figures 2.5 and 2.6, we have established that cleavage of phosphatidylcholine
proceeds in higher yield than sphingomyelin. In order to be effective in the treatment of
lysosomal storage disease, a small-molecule, hydrolytic agent should display optimal levels of
activity at lysosomal pH (~ 4.8) accompanied by low amounts of cleavage under near-neutral
conditions. This prompted us to compare the differential levels of phospholipid hydrolysis
produced by Ce(NH,4)2(NOs)s at the two pH values. In Figure 2.7 are hydrolysis ratios calculated
using the data from Figures 2.5 and 2.6. Thus, for sphingomyelin and phosphatidylcholine
reactions at 60 °C and 37 °C, yields of inorganic phosphate and choline hydrolysis at ~ pH 4.8

have been divided by corresponding yields at ~ pH 7.2 (Figure 2.7). A high ratio is desirable,

because it indicates that phospholipid cleavage at ~ pH 7.2 is suppressed with respect to cleavage
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at ~ pH 4.8. All of the ratios in Figure 2.7 are above 1, indicating that cerium(lV) hydrolyzes
lipid vesicles of sphingomyelin and phosphatidylcholine more efficiently at lysosomal pH.
Interestingly, under any given set of reaction conditions, the averaged sphingomyelin ratios of ~
pH 4.8 hydrolysis to ~ pH 7.2 hydrolysis are usually greater (Figure 2.7). The causes underlying
the latter phenomenon have yet to be determined and continue as a subject of research in our
laboratory. Factors such as phospholipid bilayer hydration, cation binding, and gel-to-fluid
transition temperature are sensitive to changes in pH (Hauser and Phillips 1979; Chemin et al.
2008) and, in theory, can play a role. However, sphingomyelin and phosphatidylcholine are
predominately zwitterionic over a wide pH range (~ pH 3 to pH 13), with minimal protonation of
the phosphate ester oxygen. (In PC monolayers, only 2.6% of the phospholipid molecules are
protonated at pH 2.5 (Moncelli et al. 1994).) As a result, binding of Ln(l1l) cations to PC is
independent of pH between pH 3.0 and pH 10.0 (Hauser and Phillips 1979), the hydration of SM
is unaffected from pH 3.0 to pH 7.0 (Chemin et al. 2008), and the gel-to-fluid transition
temperature of PC is constant from ~ pH 4.5 to pH 7.0 (Furuike et al. 1999). It is therefore
conceivable that many of the physical parameters pertinent to SM and PC bilayers remain
relatively constant over the ~ 4.8 to ~ 7.2 pH range employed in our study.
2.5. Summary and Discussion, Concluding Remarks

There has been considerable interest in using metal ions and complexes as tools to effect
the reversible, hydrolytic cleavage of biological molecules under non-denaturing conditions of
temperature and pH (Takarada et al. 2000; Franklin 2001; Milovic and Kostic 2003; Suh 2003;
Grant and Kassai 2006; Liu and Wang 2009; Kassai et al. 2011; Katada and Komiyama 2011).
The overwhelming majority of the studies in this area have focused on the hydrolysis of the

phosphodiester bonds of nucleic acids and the amide bonds in peptides and proteins.
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Alternatively, there are only a few published examples of metal-assisted lipid hydrolysis. In
these experiments, rare earth or transition metal ions or complexes were utilized to cleave
unactivated, phosphate ester bonds of the naturally occurring phosphoglycerides
phosphatidylcholine (Kassai et al. 2011) and phosphatidylinositol (Matsumura and Komiyama
1994; Liu et al. 2001) and the p-nitrophenol activated phosphate ester and ester bonds of
synthetic lipid analogs (Ghirlanda et al. 1993; Moss et al. 1995; Scrimin et al. 1998; Moss and
Jiang 2000; Scrimin et al. 2000). Herein we have employed simple metal ion salts in an attempt
to hydrolyze the phosphate ester bonds of the sphingolipid sphingomyelin (2 in Figure 2.1). In
support of previous studies on peptide amide and phosphate ester bond hydrolysis (Takarada et
al. 2002; Zhu et al. 2004; Kassai et al. 2011), cleavage of sphingomyelin by cerium(lV) was
found to be overwhelmingly superior to other metal ion centers (Figures 2.2 and 2.3). A
comparison to phosphatidylcholine was then made (Figures 2.5 and 2.6). For both lipids,
considerably higher levels of phosphate ester bond hydrolysis occurred at lysosomal pH (~ 4.8)
compared to near neutral, cytoplasmic pH (~ 7.2). At pH ~ 4.8, treatment of PC with
Ce(NH4)2(NOs)s at 60 °C released choline and inorganic phosphate in 70 = 4% and 42 + 5%
yields (Figures 2.5A and 2.6A), values 1.3 and 5.5 fold higher than SM. Addition of the
solubilizing agent Triton X-100 to sphingomyelin and phosphatidylcholine vesicles significantly
increased the efficiency of Ce(IV)-assisted hydrolysis (Figures 2.2 and 2.3). At 37 °C, yields of
choline and inorganic phosphate were 41 + 3% and 17 + 3% and 3.4 and 3.8 fold higher
compared SM hydrolysis vyields at the same pH (Figures 2.5B and 2.6B). While
phosphatidylcholine was more susceptible to hydrolysis by Ce(1V), the ratio of pH 4.8 hydrolysis

to 7.2 hydrolysis was usually more favorable in the case of sphingomyelin (Figure 2.7).
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Several factors can account for the hydrolytic activity of cerium(IV). By virtue of its high
charge density, Ce(IV) is a strong Lewis acid (Bracken et al. 1997; Maldonado and Yatsimirsky
2005). As a result, cerium(IV) has high affinity for the oxygen atoms in amide, ester, and
phosphate ester bonds. Furthermore, lanthanide ions form complexes with high coordination
numbers and rapid ligand exchange rates compatible with catalytic turnover (Franklin 2001). As
we have mentioned, Ce(IV) lowers the pKa value of water from 15.7 to -1.1 (Wulfsberg 1991),
and is therefore expected to be capable of generating hydrolytically active hydroxide
nucleophiles under mildly acidic to neutral conditions. As reaction pH is raised above ~ 4.0, the
lower net positive charges acquired by Ce(IV) hydroxo species reduce their Lewis acid strength,
accounting for the decline in the rate of phosphate ester hydrolysis that occurs at higher pH
values (Maldonado and Yatsimirsky 2005).

Cerium(IV) is capable of enhancing phosphate ester bond hydrolysis at lysosomal pH
with low concurrent hydrolysis under near neutral conditions. This is consistent with a small-
molecule approach to treating Niemann-Pick and other lysosomal storage diseases. In principal,
the pathogenic lysosomal build-up of sphingomyelin and phosphatidylcholine could be reversed
with minimal damage to the rest of the cell. Interestingly, the administration of Ce(lll) and
Ce(lV) oxides and salts to Winstar rats causes cerium ions to selectively localize in the
lysosomes of multiple organ systems (Berry 1996; Berry et al. 1997; Manoubi et al. 1998).
Similar to other lanthanides, cerium displays low to moderate cellular toxicity and has existing
therapeutic applications. Examples have included cerium(lll) nitrate, an active component of
commercially topical creams used to treat full-thickness burns, and the anti-emetic agent
cerium(l11) oxalate (Fricker 2006). Indeed, complexes based on cerium(IVV) may one day be

useful as therapeutic agents to treat the symptoms that arise from phospholipid build-up in



69

lysosomal storage disease. Towards this end, our current research is focused on identifying

coordinating ligands that optimize Ce(IV) speciation and phospholipid hydrolysis yields. We are

also evaluating hydrolytically inert liposomes as drug transport vehicles to enhance bilayer

permeability and increase the selective delivery of cerium(IV) to lysosomes (Bareford and

Swaan 2007).
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2.7. Supporting Information

2.7.1. Turbidity measurements to monitor the conversion of lipid vesicles to micelles.
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Figure. 2.51. Absorbance at 500 nm plotted as a function of Triton X-100:sphingomyelin molar
mixing ratio. Error bars indicate standard deviation.

Lipid vesicles of porcine brain sphingomyelin were prepared in pre-heated ddH,O as
described in the main manuscript (120 mM sphingomyelin, final concentration). In order to
promote the conversion of the lipid vesicles to lipid vesicles and then to micelles [1, 2],
increasing volumes of a 50 mM solution of the single-chain, nonionic surfactant Triton X-100
were combined with a fixed volume of the lipid vesicle preparation. The Triton X-
100:sphingomyelin molar mixing ratios of the resulting series of solutions ranged from 0 to 1.25.
Following a 30 min equilibration period at room temperature, piperazine buffer was added. The
solutions were then diluted to 1000 mL with ddH,O (2 mM sphingomyelin, 20 mM piperazine,
final concentrations) and equilibrated at room temperature for 1 h. A turbidity profile was then
generated by using a UV-1601 Shimadzu spectrophotometer to read for absorbance at 500 nm
against a water blank. As shown in Figure 2.S1, the increase in absorption between molar mixing

ratios of 0.0 and 0.12 points to the reorganization of sphingomyelin phospholipid vesicles (molar
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mixing ratio of 0.0) into larger, mixed lipid vesicles of Triton X-100 and sphingomyelin [1, 3].
The subsequent decrease in absorption between molar mixing ratios of 0.12 and 0.65 indicates a
gradual conversion of the mixed lipid vesicles to optically transparent mixed micelles (molar
mixing ratios of 0.65, 0.80, and 1.25) [1, 3, 4].

2.7.2. Inorganic phosphate standard curves

The yields of free phosphate produced by metal-assisted hydrolysis of sphingomyelin
and phosphatidylcholine were determined using inorganic phosphate standards containing 1.5
mM of a metal ion salt, 3.0 mM of buffer (HEPES or piperazine), and from 0 to 11 uM of
inorganic phosphate. A total of 400 pL of each standard solution was reacted with 100 uL of the
malachite green/molybdate reagent and read for absorbance at 620 nm as described in the main
manuscript. The concentration of inorganic phosphate was then determined from the slope of the
resulting linear plot (Figire 2.52). The y intercept of each plot was set equal to zero to correct for
background levels of inorganic phosphate. Percent hydrolysis yields were calculated using the
formula: (calculated concentration of inorganic phosphate / 2.0 mM theoretical concentration of

inorganic phosphate) x 100.
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Figure 2.S2. Representative standard curves used for the determination of free phosphate in
sphingomyelin and phosphatidylcholine hydrolysis reactions. Standard solutions contained: 1.5
mM of Ce(NH,;)2(NO3)s, 0 to 11 uM of inorganic phosphate and: A) 3.0 mM of piperazine or B)
3.0 mM of HEPES buffer.

2.7.3. Choline standard curves

The yields of free choline produced by metal-assisted hydrolysis of sphingomyelin and
phosphatidylcholine were determined using choline chloride standards containing 0.5 mM of a
metal ion salt, 1.0 mM of buffer (HEPES or piperazine), and 0 to 0.07 mM of choline chloride. A
total of 40 uL of each standard solution was reacted with 80 puL of the Amplex® Red cocktail
and read for absorbance at 570 nm as described in the main manuscript. The concentration of

free choline was then determined from the slope of the resulting linear titration curve (Figure
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2.S3). Percent hydrolysis yields were calculated using the formula: (calculated concentration of

choline / 2.0 mM theoretical concentration of choline)*100.
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Figure 2.S3. Representative standard curves used for the determination of choline in
sphingomyelin and phosphatidylcholine hydrolysis reactions. Standard solutions contained: 0.5
mM of Ce(NH,;)2(NO3)s, 0 to 0.05 mM of choline and: A) 1.0 mM of piperazine or B) 1.0 mM of
HEPES buffer.
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Figure 2.54 MALDI-TOF mass spectra of 2 mM of sphingomyelin (SM; no Triton X-100)
treated for 20 h at 60 °C and: ~ pH 4.8 (20 mM piperazine buffer) in the presence (A) and
absence (B) of 10 mM of Ce(NH,)2(NO3)s or ~ pH 7.2 (20 mM HEPES buffer) in the presence
(©) and absence (D) of 10 mM of Ce(NH4)2(NO3)s. M = matrix.

The following Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)

mass spectra are of sphingomyelin hydrolysis reactions (60 °C, 20 h, no Triton X-100; Figure

2.S4). The data were acquired as described in the main manuscript. In the presence of 10 mM of

cerium(IV) metal ion salt, the MALDI-TOF spectra show a strong free choline peak (choline m/z

=104.0 to 104.1 obsd, 104.1 calcd for [CsH4N;0:]") in the pH 4.8 reaction (relative abundance

100%, Figure 2.S4A) and an intermediate peak in the pH 7.2 reaction (relative abundance ~
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35%, Figure 2.S4C). In parallel no metal control reactions, the relative abundance of the choline
peak is ~ 10% (Figures 2.S4B and 2.S4D). Accordingly, very little free choline and inorganic
phosphate were detected when the control reactions were treated with the Amplex® Red and
malachite green/molybdate reagents, respectively (Figure 2.S5A). At m/z = 184.0 in the no metal
control mass spectra (Figures 2.S4B and 2.S4D), there is a small to intermediate peak
corresponding to phosphocholine (caled for [CsH;sN,O4P;]'" 184.1), indicating that heat
treatment (60 °C, no metal) may promote background hydrolysis of phosphate ester Bond A of

sphingomyelin (Figure. 2.1).



2.7.5. Hydrolysis yields in control reactions run in the absence of metal ion salts
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Figure 2.S5. Averaged yields plotted as a function of pH for background hydrolysis of
sphingomyelin (SM) and of phosphatidylcholine (PC) in the absence of metal. Malachite
green/molybdate detection of free phosphate and Amplex® Red detection of free choline for: A)
SM at 60 °C; B) & C) SM and PC at 37 °C. A total of 2 mM of lipid (no Triton X-100) was
treated for 20 h in 20 mM piperazine buffer pH 4.8 or in 20 mM HEPES buffer pH 7.2. The
number of trials (n) appears in parenthesis. Error bars indicate standard deviation.

The following hydrolysis reactions are negative controls in which metal solutions were
replaced with equivalent volumes of ddH,O. A total of 2 mM of sphingomyelin or of
phosphatidylcholine was treated for 20 h at: (i) 60 °C or at 37 °C and ~ pH 4.8 (20 mM
piperazine buffer), and at (ii) 60 °C or at 37 °C and ~ pH 7.0 (20 mM HEPES buffer). Free
inorganic phosphate and free choline were detected using the malachite green/molybdate- and
Amplex® Red-based colorimetric assays described in the main manuscript. As shown in Figure
2.S5, the amounts of choline and inorganic phosphate generated in the no metal control reactions
are less than ~ 2% to 3% in total yield.
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CHAPTER 3

AN ACIDIC HYDROLYTIC AGENT: EFFICIENT HYDROLYSIS OF
PHOSPHATIDYLCHOLINE BY A CERIUM(IV) COMPLEX AT LYSOSMAL PH

3.1. Abstract

We investigated a total of seven ligands to control and tune hydrolysis of liposomes of
phosphatidylcholine (PC) by cerium(1V) metal ion. Phosphate ester bond hydrolysis by Ce(1V)
at ~ pH 4.8 displayed a trend of increasing phosphate production going from acidic to more basic
ligands. This trend was correlated to the electrophilicity of the metal ion being less affected by
the basic ligands compared to the acidic ligands. To maximize phosphate ester bond hydrolysis
of PC at 37 °C, a Ce(NH4)2(NO3)s concentration profile was conducted and displayed optimal
levels of hydrolysis at metal salt concentration of 1.75 mM compared to concentrations lower
than 0.75 mM and higher than 3.00 mM. Complexes of 1,3-
bis[tris(hydroxymethyl)methylamino]propane (BTP) and Ce(NH4)2(NO3)s provided enhanced
levels of hydrolysis at lysosomal pH (~ 4.8) and reduced levels of hydrolysis at near-neutral pH
(~ 7.2). 'H-NMR spectroscopy studies of Ce(1V)-induced chemical shift changes on the
methylene protons of BTP as a function of pD showed BTP coordinated to Ce(IV) and not
coordinated to Ce(IV) at ~ pD 7.6 and ~ pD 5.1, respectively. Comparison of lipid hydrolysis
reactions to pK, values of BTP and NMR studies suggested that the ligand have little effect on
the electrophilicity of the metal ion which assisted 42 %, 54 %, and 67 % inorganic phosphate
from 35 uM PC (37°C and 20 h) at 1:2, 5:1, and 4:1 Ce(IV) to BTP ratios at ~ pH 4.8. When
reaction pH was increased to ~ 7.2, complex formation was apparent between the complexes, and
the pH 4.8 to 7.2 phosphate ester bond hydrolysis ratio increased from 2.1 to 9.6 for the 5:1

Ce(IV) to BTP complex compared to Ce(lV)-enhance hydrolysis in the absence of ligand.
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3.2 Introduction

Small-molecule, metal based synthetic hydrolytic agents have potential applications in
biotechnology or as molecular therapeutic agents. The lanthanide cerium(IV) has caught the
attention of many scientists due to the high electrophilicity, formation of active polynuclear
hydroxo species in aqueous solution, the ability to promote hydrolysis at low and high pH, high
coordination number (up to 12), high charge density, and fast ligand exchange rates.*” Ce(I1V)
metal ion and complexes have assisted the hydrolysis of not only phosphate ester bonds, but also
amides, and organophosphorus compounds. Some compounds hydrolyzed by Ce(IV) are

14-15

peptides,® DNA,** cyclic nucleotides,*** activated and inactivated synthetic phosphate ester-

1.3,13,16-20 antiviral phosphonoformates,®* the allosteric effector 2,3-

containing derivatives,
bisphosphoglycerate,®” and phospholipids.?® The hydrolytic ability of Ce(1V) is attributed to the
electron-withdrawing ability of the ion which contributes to enhanced substrate activation.® Not
only can Ce(1V) enhance the electrophilicity of phosphate ester bonds, the metal ion transforms
water into a potent nucleophile. Ce(1V)-bound water has a pK, of ~ - 0.7 (a pK, range of ~8 - 9
is known for H,O-Ln(111) ions).?* The high coordination numbers of Ce(IV) provide a higher

probability for a coordinated water molecule to act as a nucleophile toward hydrolytic cleavage

of phosphate ester and amide bonds.®

Complex formation between Ce(IV) and a ligand can not only prevent precipitation of
metal hydroxides at pH values greater than 4, but also provide active species with definite
compositions, and in some cases, tune hydrolysis and create hydrolytic selectivity. ! &0 12 16. 1920
2% There are numerous examples of hydrolytic cleavage by Ce(1V) complexes. Branum et al.

demonstrated a selective DNA hydrolase mimic where a dicerium complex based on a

polyaminocarboxylate ligand produced linear plasmid DNA and preferentially cleaved of DNA
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restriction fragments at the 3°-O-P end.’® Other investigators researched p-cyclodextrin ligands
that provided neutral homogeneous aqueous solutions of Ce(IV) and enhanced binding affinity
between Ce(IV) and the DNA model substrate bis(4-nitrophenyl) phosphate (BNPP).**% As an
additional example, Bracken et al. increased the stability, pH sensitivity, and cleavage selectivity
for the hydrolysis of BNPP by Ce(IV) complexes in micellar solutions. Thus, the ligand extended
hydrolytic cleavage of BNPP over a broader pH range while still maintaining high rates.
Cerium(IV) hydrolytic activity was controlled as a function of pH by the donor atoms of the
glucamine, palmitate, and pyridinedicarboxylate ligands utilized.'® An additional example of
Ce(1V) complexes used as hydrolytic agents is the site-selective DNA cleavage method of
Komiyama et al.* In this approach, homogeneous solutions of 1 mole equivalents of Ce(IV) and
EDTA selectively cleaved single-stranded DNA over double-stranded DNA under physiological
conditions.*® The group also noted that Ce(IV), in the absence of EDTA, formed insoluble
hydroxide gels in solutions. The process then lost its selectivity and randomly cleaved single-

and double-stranded DNA at relatively the same rates.*

The investigation of Ce(IVV) metal ions and complexes as agents for DNA hydrolysis has
been studied over the past two decades.* *** In contrast, lanthanide metal-assisted hydrolysis of

lipids has been studied rarely.®" 2>28

Lipids play vital roles in biological systems as energy-
storage molecules and chemical messengers in cell signaling and regulation, and are major
components of the biological membranes that surround all cells and organelles.?*** Some of the
vital functions of lipids are provided by the products of lipid degradation by phospholipid-
specific hydrolases called phospholipases. Examples include diacylglycerol and phosphatidic

acid from the degradation of phosphoglycerides by phospholipases C or D, and ceramide from

the degradation of sphingomyelin by sphingomyelinase. Diacylcglycerol activates protein kinase
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C by increasing the affinity of the enzyme for calcium(l1) ion. Phosphatidic acid is a secondary
messenger in signal transduction and is a major intermediate in the synthesis of
phosphoglycerides and triacylglycerols. Ceramide acts as a signaling molecule and mediator of

cell differentiation.?®!

It would be reasonable to employ Ce(IV) metal ions and complexes as
lysosomal or cytoplasmic phospholipase mimics to study signal transduction pathways, as probes
to study the permeability and dynamics of lipid bilayer systems, or even as potential therapeutic

agents to reverse the build-up of phospholipids in acquired or genetic lysosomal storage disease

(phospholipidosis).
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0! o +_CH M 0 * CHy; HO, OH
RENGZTTNTTR 4 2H,0 == H > N ® + TR 4 ROH
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1 2 3 4

Figure 3.1. Metal-assisted hydrolysis of the phosphate ester bonds of a phospholipid (1) releases
inorganic choline (2), phosphate (3), and ROH (4). ROH = diacylglycerol for
phosphatidylcholine and ceramide for sphingomyelin.

A general scheme for metal-assisted phospholipid hydrolysis is shown in Figure 3.1. At
the present, the goal of our research is to identify a pH dependent, small molecule, hydrolytic
agent by screening ligands capable of tuning the hydrolytic ability of Ce(1V) as a function of pH.
Similar to natural phospholipid-specific acidic hydrolases, which are responsible for the
degradation of phospholipids in the lysosome, this Ce(I'VV) complex would provide enhance
levels of phosphate ester bond cleavage of lipids at the acidic pH of the lysosome (~ 4.8) and
substantially reduce activity at cytosolic pH (~ 7.2). This pH dependent property is inherent in
acidic hydrolases and protects the cell from damage in the event of leakage of these enzymes
from the lysosome into the cytoplasm. We have previously shown that Ce(lV)-enhanced

hydrolysis of the phosphate ester bonds of the naturally occurring phosphoglyceride
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phosphatidylcholine (PC) and the sphingolipid sphingomyelin (SM) at ~ pH 4.8 and pH 7.2 to
give rise to the hydrolysis products inorganic phosphate and choline at 37 °C.°" Ce(IV) metal
ion provided preferential hydrolytic cleavage (~ 2-fold more inorganic phosphate) at pH 4.8
compared to pH 7.2 for both lipids.®” These results served as a great foundation for our search
for an “acidic hydrolase”-like hydrolytic agent. The limitations of Ce(IV) in aqueous solutions,
formation of insoluble Ce(IV) hydroxo clusters, and our requirement for greater pH dependency
(higher pH 4.8 to 7.2 hydrolysis yield ratio) would all be addressed by using different ligands to
tune reactivity. In this work, our lipid models are liposomes of either L-a-phosphatidylcholine
(PC) or sphingomyelin (SM). Colorimetric assays were used to monitor the products of
hydrolytic cleavage of the phosphate ester bonds of the lipids. PC and SM were chosen for this
study because they are major membrane phospholipids, making up approximately 50 % of the
membrane bilayers of eukaryotic cells.*

3.3. Experimental
3.3.1. Materials and instruments

De-ionized, distilled water was used in the preparation of all reagents. All chemicals were
of the highest purity and utilized without further purification. L-a-phosphatidylcholine from egg
chicken (catalog number 840051P) and sphingomyelin from brain porcine (catalog number
860062P) were obtained from Avanti Polar Lipids. The metal salt Ce(NH4),(NOs)s was
purchased from Aldrich. The ligands and buffers, piperazine, 2-amino-2-(hydroxymethyl)-1,3-
propanediol (TRIS), 1,10-phenanthroline, and 1,3-diamino-2-hydroxypropane-N,N,N’,N'-
tetraacetic acid (HPTA) were also obtained from Aldrich. The ligands and buffers, 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 1,3-

bis[tris(hydroxymethyl)methylamino]propane (BTP or bis-tris propane), 2-(4-
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imidazolyl)ethylamine dihydrochloride (histamine), and 4-morpholineethanesulfonic acid
(MES), and DMSO were purchased from Sigma. EDTA was purchased from Fisher Scientific.
The NMR regents deuterium oxide 99 % D (D0), deuteroxide (30 wt. % in D,0, 99 % D),
DMSO-dg, and deuterium chloride were acquired from Aldrich. Tert-butanol anhydrous > 99.5
% was obtained from Sigma. Malachite Green Phosphate Assay Kits (catalog number POMG-
25H) were from BioAssay Systems. Amplex® Red Sphingomyelinase Assay Kits (catalog
number A12220) were acquired from Invitrogen. Choline chloride standards were acquired from
Aldrich. IR spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer coupled
with an attenuated total reflection (ATR) sampling accessory. NMR spectra were recorded on a
Bruker Advance 400 MHz NMR spectrometer. Colorimetric assays were conducted using a UV-

1601 Shimadzu spectrophotometer.
3.3.2. Preparation of lipid vesicles

Either egg chicken phosphatidylcholine or porcine brain sphingomyelin was added to a
round bottom flask and dissolved in 1 mL of chloroform. The chloroform was concentrated to
dryness in vacuo overnight. To the dried phospholipid was added pre-heated water (55 °C for
sphingomyelin and 65 °C for phosphatidylcholine) to a final concentration of 120 mM (used in
2 mM lipid hydrolysis reactions) or 2.06 mM (used in 35 uM lipid hydrolysis reactions). The
solution was sonicated for 20 min at 55 °C for sphingomyelin and 65 °C for phosphatidylcholine,
which are above the gel-to-fluid transition temperatures (T,) of the lipids. The T, for
sphingomyelin is 30 — 45 °C, and Ty, values for phosphatidylcholine are 41 °C (16:0 PC) and 55

°C (18:0 PC). %%
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3.3.3. Lipid hydrolysis reactions

Both 2 mM and 35 uM lipid hydrolysis reactions were performed. The 2 mM reactions
typically consisted of 10 mM Ce(NH,)2(NOs)s, 20 mM ligand or buffer (piperazine or HEPES),
and 2 mM sphingomyelin or phosphatidylcholine. The 35 uM lipid hydrolysis reactions
typically consisted of 1.75 mM Ce(NH,)2(NO3)g, 3.5 mM bis-tris propane (BTP) or buffer
(piperazine or HEPES), and 35 uM sphingomyelin or phosphatidylcholine. The ligands tris,
BTP, and histamine were prepared as 200 mM aqueous stock solutions for 2 mM lipid
hydrolysis. HPTA was acquired as a 50 mM stock solution at pH 7 and EDTA was utilized as a
200 mM stock solution at pH 8. Phenanthroline was employed as a 200 mM stock and prepared
in DMSO (10 % v/v in the final reaction). Thereafter, the metal complexes were prepared by
adding a 100 mM aqueous solution of Ce(NH4)2(NO3)s to 200 mM of ligand. In subsequent
experiments, 35 mM BTP and 10 mM MES buffer (or volume equivalent of water) were added
to a 17.5 mM aqueous solution of Ce(NH,)2(NO3)s. Corresponding lipid hydrolysis reactions in
the absence of ligand were prepared by replacing the ligand with volume and concentration
equivalents of piperazine or HEPES buffer solutions. Ce(NH4)2(NOs)s in buffer solutions and
complexes were pre-mixed and allowed to equilibrate for 1 h at room temperature. Thereafter,
the addition of 0 — 0.5 pL of concentrated and/or dilute HCI and 50 % NaOH (w/v) was added to
achieve 2 sets of metal solutions, ~ pH 4.8 and ~ pH 7.2. Reactions with a 1000 pL final volume
were initiated by the addition of the pre-mixed and pH adjusted Ce(NH,4)2(NOs)s aqueous
solutions to lipid solutions. The lipid hydrolysis reactions were allowed to react at 37 °C or 60
°C for 0 h (placed in 4 °C fridge) and 20 h. In control reactions, the aqueous solution of
Ce(NH4)2(NO3)s was replaced by equivalent volumes of ddH,O. Averaged reaction pH values

were calculated from pre- and post-reaction pH measurements.
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The Ce(NH4)2(NOs)s titration consisted of 35 pM phosphatidylcholine, 1.5 mM
piperazine buffer, 0 mM — 10.0 mM Ce(NH,4)2(NOs)s, and was reacted at 37 °C and ~ pH 4.8 for
20 h. The time course experiments consisted of 35 uM phosphatidylcholine, buffer and/or BTP,
1.75 mM Ce(NHy,4)2(NO3)s, and were reacted at 37 °C and ~ pH 4.8 (3.5 mM piperazine, or 3.5
mM BTP and 1 mM MES buffer) or ~ pH 7.2 (3.5 HEPES or 3.5 mM bis-tris propane) for 2, 4,
5, 11, 13, 15, 17, 20, and 30 h time intervals. The lipid hydrolysis reactions with the synthesized
BTP derivative contained 1.75 mM Ce(NH,)2(NOs)s and 3.5 mM 1,3-bis-[tris-(hydroxymethyl)-
methyl-amino]-2-propanol and were reacted at ~ pH 4.8 (1 mM MES buffer) or ~ pH 7.2 (1 mM
MOPS buffer) for 20 h at 37 °C. The experiment monitoring phosphate production as a function
of Ce(1V):BTP ratios involved 35 uM of phosphatidylcholine reacted at ~ pH 4.8 (1 mM
piperazine) or ~pH 7.2 (1 mM HEPES) for 20 h in the presence of 1.75 mM Ce(1V) and varied
concentrations of BTP (0.19 mM — 3.5 mM). Averaged reaction pH values were calculated

from recorded pre- and post- reaction pH measurements.
3.3.4. Colorimetric detection of free inorganic phosphate

A malachite green/molybdate-based colorimetric assay kit was used to detect inorganic
phosphate released upon metal-assisted phosphate ester bond hydrolysis of lipids.*> The 2 mM
lipid hydrolysis reactions were diluted by a factor of 15 for the reactions reacted at 37 °C or by
30 for the reactions reacted at 60 °C with ddH,0O to a total volume of 300 puL. Subsequently, 200
pL of the malachite green/molybdate reagent was added to the diluted reactions to a final volume
of 500 pL. Conversely, a 500 pL final volume resulted from the addition of 100 L of the
malachite green/molybdate reagent to 400 pL of the 35 uM lipid hydrolysis reaction. The
reactions were incubated for 30 min at room temperature. A UV-1601 Shimadzu

spectrophotometer was utilized to detect colorimetric inorganic phosphate product at 620 nm
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against a ddH,O blank. The t = 0 h reactions were treated the same as the corresponding t = 20 h
reactions. Absorbance corrections from background levels of free inorganic phosphate were
achieved by the subtraction of the observed absorbance at t = 0 h from the t = 20 h absorbance.
The same calculations were performed for the parallel, negative no metal control reactions
(Supporting information, Figures 3.510 —S12). The absorbance difference of the negative
control reactions was then subtracted from the absorbance difference of the corresponding lipid
hydrolysis reactions in the presence of metal. Linear titration curves were then constructed using
solutions of inorganic phosphate standards (0 — 11 uM or 0 — 35 uM), and Ce(IV) metal ion and
complexes at concentrations that were the same as those used in the corresponding lipid

hydrolysis reactions (Figures 3.S1 and S3 — S8 in Supporting Information).
3.3.5. Colorimetric detection of choline

An Amplex® Red Sphingomyelinase Assay Kit was used to detect free choline released
upon metal-assisted lipid hydrolysis.*® The assay was performed by using reagent from the kit to
make a reaction cocktail: 2,850 uL of 1 X tris Buffer, 40 uL of Amplex® Red, 30 uL of
horseradish peroxidase, 30 pL of choline oxidase, and 60 uL of ddH,O. The lipid hydrolysis
reactions were diluted 12.5 fold to a total volume of 1000 pL with ddH»O. Then, a total of 40 puL
of the diluted lipid hydrolysis reaction was reacted with 80 pL of the reaction cocktail, and
incubated for 55 min at 37 °C. Thereafter, the lipid hydrolysis reactions (80 pL) were diluted to
a total volume of 500 pL with ddH,0. Free choline was quantitated with a UV-1601 Shimadzu
spectrophotometer against a ddH,O blank. The t =0 h reactions were treated the same as the
corresponding t = 20 h reactions. Absorbance corrections were achieved by the subtraction of
the observed absorbance of t = 0 h from the t = 20 h reactions. The same calculations were

performed for the parallel, negative control reactions (Supporting information, Figures 3.510).
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The absorbance difference of the negative control reactions was then subtracted from the
corresponding lipid hydrolysis reactions in the presence of metal. Linear titration curves were
plotted by using the diluted solutions of choline chloride standards (0 — 70 pM) with Ce(IV)
metal ion and complexes at concentrations that were the same as those used in the corresponding

lipid hydrolysis reactions (Figure 3.S2 in Supporting Information).
3.3.6. Synthesis of [Ce(BTP)2(NOs3)4]-2H.0

The metal complex is a known compound and was synthesized by a published method.?
Purification was achieved by recrystallization from an acetone-water mixture. The desired
product was obtained as a yellow solid in 55.9 % vyield (2.1154 g). *H-NMR (400 MHz, DMSO-
ds, 25 °C, ppm): 6 = 1.99 (bs, 2H); 3.03 (bs, 4H); 3.32 (s, 2H); 3.56 (bs, 12H); 5.30 (s, 6H); 8.28
(bs, 3H). *C-NMR (100 MHz, D,0, 25 °C, ppm) 22.70; 37.94; 56.97; 64.87. Anal. Calcd. for
C22HssNg026Ce (988.83 g mol™): C 26.72; H 5.71; N 11.33. Found C 25.35; H 5.70; N 11.48.
FT-IR (ATR, cm™): 3343 (b, w), 3109 (b, w), 2884 (b, w), 1589 (w), 1320 (s), 1079 (s), 1019 (s),
823 (m). *H-NMR, IR, and **C-NMR spectra are located in Supporting Information as Figures

3.516, 3.517, and 3.S21, respectively.

3.3.7. Synthesis of dihydrochloride salt of 1,3-bis-[tris-(hydroxymethyl)-methyl-amino]-

2-propanol and pK, determination

This known compound was synthesized by a published method.*” The crude product was
recrystallized from an ethanol-water mixture to yield the desired product as a white solid (35.3 %
yield, 9.4700 g). *H-NMR (400 MHz, DMSO-ds, 25 °C, ppm): 8 = 3.11 (m, 2H); 3.25 (m, 2H);
3.59 (s, 12H); 4.25 (bs, 1H); 5.37 (bs, 6H); 6.04 (d, 1H); 7.83 (t, 2H); 8.68 (t, 2H). *C-NMR

(100 MHz, D;0, 25 °C, ppm) 45.44; 57.49; 63.46; 66.15. MS (ESI) m/z 299.2 [M + H]" (calcd
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C11H26N207 for 298.3). *H and *C NMR spectra are located in Supporting Information as

Figures 3.518 and 3.S19, respectively.

To determine pKa values, a 50 mL solution of 2.5 mM 1,3-bis-[tris-(hydroxymethyl)-
methyl-amino]-2-propanol in 0.1 M NaCl was titrated with degassed, standardized NaOH
solution (0.05 M) at rt using a TitroLine alpha plus titrator (Schott). The pH was monitored up
to 12 and followed as a function of added NaOH (mL). KaleidaGraph (v. 4.0) was used to obtain
the approximate first derivative of ANaOH (mL)/ApH versus pH, and the pK, values were

indicated by the maxima of the first-derivative plot
3.3.8. *H-NMR spectroscopy

Ce(IV)-induced changes in the chemical shifts of bis-tris propane were recorded in D,O
at room temperature. Tert-butanol was used as an internal standard. The pD values were
adjusted to 2.3, 5.1 - 5.2, 7.6 — 7.7, and 9.6 with NaOD and DCI in D,O. The equation pD = pH

+ 0.4 was used to convert pH to pD values.
3.4. Results and Discussion
3.4.1. The effects of various ligands on the hydrolysis of PC by Ce(1V)

In an earlier experiment, we utilized twelve metal ion salts in an effort to hydrolytically
cleave the phosphate ester bonds of L-a- phosphatidylcholine (PC) at lysosomal pH (pH 4.8) vs.
cytosolic pH (pH 7.2).} These results established the superiority of Ce(1V) - assisted hydrolysis
over the eleven other metal ion salts tested, and led us to examine various ligands to tune

hydrolysis of PC. Our goal is to design a Ce(1V)-based phospholipase mimic by creating a
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hydrolytic agent with enhance levels of activity at lysosomal pH (4.8), and reduce or no levels of

activity at near-neutral pH (~ 7.2).
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Figure 3.2. Ligands used to tune Ce(I'V)-assisted hydrolysis of the phosphate ester bonds of
phosphatidylcholine at lysosomal (pH ~ 4.8) and cytosolic (pH ~ 7.2) pH values and 60 °C. The
ligands are: (1) tris(hydroxymethyl)aminomethane (Tris), (2) 1,3-bis-
[tris(hydroxymethyl)methylamino]propane (BTP), (3) 1,10 phenanthroline, (4) histamine (5) 1,3-
diamino-2-hydroxypropane-N,N,N’,N’-tetraacetate (HPTA), and (6) ethylenediaminetetraacetate
(EDTA). Reactions of Ce(IV) salt in the absence of ligands, piperazine and HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) were used as buffers for the ~ pH 4.8 and ~ pH
7.2 reactions, respectively.

Six prospective ligands (Figure 3.2), including polyamino carboxylates and alcohols, an
amino acid derivative, and a nitrogen heterocyclic organic compound, were tested against
buffered Ce(IV) solutions in the absence of ligand for hydrolysis of the phosphate ester bonds in
lipid vesicles of PC. To tune hydrolysis as a function of pH, two mol equivalents of ligand were
added to aqueous solutions of Ce(1V). HPTA (5, Figure 3.2) is capable of binding to two

equivalents of Ce(IV), and thus, 0.5 mol equivalents were added to Ce(1V).°



Table 3.1. The correlation between the pK, values of various

ligands and the pH 4.8 to pH 7.2 phosphate ratios produced by

Ce(1V) complexes at 37 °C and 20 h

Ligand® pKab pH4.8:pH 7.2

ratios

pK =83 1.0

2 pK =68 2.6
pK _=9. 1°
pK =438 0.8
pK =6.1 1.2
pKaz =9.8

5 pK =147 (-COOH)"
pK  =2.62 (-COOH)"
pK  =7.04 (-NH)*
pK , =9.49 (-NH)*

6 pK_ =2.00 (-COOH)
pK_ =2.67 (-COOH)
pK | =6.16 (-NH)
pK , =10.26 (-NH)

No Ligand | ---------- 1.4

* Ligands from Figure 3.2

® Ref. 38 (unless noted)

“Ref. 3

IRef. 39

In Figure 3.2, histamine (4) and phenanthroline (3) were chosen based on their pK,
values (Table 3.1) and ability to form stable 6- and 5- membered rings, respectively. The
polycarboxylate ligands (5 and 6, Figure 3.2) were selected based on the previous reports that
their Ce(1V) complexes promote efficient DNA cleavage.®*®*? In addition, we hypothesized

that the two polycarboxylate ligands EDTA and HPTA would coordinate more strongly to
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Ce(IV) metal ion at pH 7.2 compared to pH 4.8. Therefore, the carboxylates of the ligand would

reduce the Lewis acidity of Ce(IV) at near-neutral pH that would lead to reduced hydrolysis.

When pH is decreased (~ pH 4.8), Ce(1V) will have lower affinity to the carboxylate groups;
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Ce(1V) Lewis acidity would then increase, which would lead to increase hydrolysis yields. The
amino alcohol ligands bis-tris propane (BTP, 2, Figure 3.2) and tris (1, Figure 3.2), were chosen
based on Maldonado and Yatsimirsky’s study of the active metal hydroxo species in aqueous
solution of pre-synthesized Ce(1V) complexes and hydrolytic activity of the complexes toward
an activated synthetic phosphodiester-containing substrate (BNPP).® Their results showed more
hydrolytic cleavage of BNPP at mildly acidic pH compared to near-neutral pH by the
presynthesized complex of BTP and Ce(1V).?

The production of inorganic phosphate by Ce(1V)-assisted hydrolysis of PC was
measured using a commercially available malachite green/molybdate based colorimetric assay
kit. The malachite green phosphomolybdate blue-green complex, which was monitored using a
UV-visible spectrophotometer at 620 nm, was formed by the electrostatic binding of inorganic

phosphate and molybdenum(V1) salt to the malachite green dye.*
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Figure 3.3. Percent relative absorbance at 620 nm plotted as a function of pH. A total of 2 mM
PC was reacted at 60 °C for 20 h in the presence of 10 mM Ce(NH4)2(NO3)s and 20 mM ligand
(1-6, Figure 3.2) at~pH 4.8 or at ~pH 7.2. For the reactions in the absence of ligand, 20 mM
piperazine or HEPES buffers were used for the ~ pH 4.8 or ~ pH 7.2 reactions, respectively. The
number of trials (n) appears in parenthesis. Error bars represent standard deviation.

The results of this experiment are shown in Figure 3.3 where the relative absorbances at

620 nm reflect relative hydrolysis levels. The corresponding pH 4.8 to 7.2 hydrolysis ratios from
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Figure 3.3 and ligands’ pK, values are shown in Table 3.1. A correlation between reduced
hydrolysis by Ce(IV) and complex formation by some of these ligands was anticipated. The
polycarboxylate ligands either completely suppressed or produced extremely low hydrolysis
yields at both pH values. Phenanthroline generated slightly more hydrolysis at ~ pH 7.2
compared to ~ pH 4.8. Histamine produced slightly more hydrolysis at ~ pH 4.8 than ~ pH 7.2,
and tris produced considerable and comparable hydrolysis yields at both pH values. BTP
produced 2.6 fold more hydrolysis at ~ pH 4.8 compared to ~ pH 7.2 and presented a great
improvement compared to the 1.4 fold pH 4.8 to pH 7.2 hydrolysis enhancements by the Ce(IV)
reactions in the absence of ligand.

Heterogeneous gels of Ce(IV) hydroxide formed immediately upon the addition of
Ce(NH4)2(NOs)s to buffer solutions without ligand. More precipitation was observed in the ~ pH
7.2 reactions compared to the ~ pH 4.8 reaction mixtures, and Ce(IV)-assisted hydrolysis in the
absence of ligand was slightly more at ~ pH 4.8 than ~ pH 7.2. Previous studies attributed the
decreased hydrolysis to the increased formation of Ce(IV) hydroxo clusters as the pH was raised
from ~ pH 4.8 to ~ pH 7.2.3 %7 Thus, the formation of Ce(IV) hydroxo clusters with lowered net
positive charge and reduced Lewis acidity are more prevalent in solutions at near-neutral pH
compared to mildly acidic conditions, which leads to less efficient substrate binding to and
substrate activation by Ce(1V).%" Hydrolysis reactions in the presence of ligand contained less
precipitation of Ce(IV) hydroxo clusters in aqueous solutions compared to reactions in the
absence of ligand. The screening of the six ligands to tune Ce(1V)-assisted hydrolysis clearly
shows the pH sensitivity of the metal ion center toward the hydrolysis of PC. Corresponding to
pKa values of the ligands (Table 3.1), Ce(IV) metal ion hydrolysis levels (Figure 3.3) at ~ pH 4.8

are ranked as the following: tris (pKs 8.3)® ~ BTP (pKa 6.8)% > phenanthroline (pK,4.8)* ~
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histamine (pKa1 6.1)® > HPTA (pKa 1.47)* = EDTA (pKa1 2.0)®. Thus, acidic ligands tend to
suppress the hydrolytic activity of Ce(IV) the most. Hydrolysis levels by Ce(1V), which is
correlated to Lewis acidity, is significantly reduced by the carboxylate groups of EDTA and
HPTA. Both ligands have four carboxylates with pK, values less than ~ 3. Histamine and
phenanthroline, less basic compared to BTP, suppressed hydrolysis at both pH values and
produced pH 4.8 to 7.2 hydrolysis ratios of 1.2 and 0.8, respectively (Table 3.1). At both pH
values (~ 4.8 and ~ 7.2), the coordination of the bidentate ligands histamine and phenanthroline
to Ce(IV) should form 6 - and 5-membered chelate rings, respectively. Thus, reduced Lewis
acidity of Ce(1V) and complex formation must occur at both pH values. There was no observed
difference in the amount of precipitation formed between the ~ pH 4.8 and ~ pH 7.2 reaction
mixtures of both Ce(IVV) complexes based on tris and BTP. BTP and tris are similar in structure,
but the ligands modulated Ce(IV)-assisted hydrolysis of PC differently. Ce(IV) coordinated to
tris, a primary amine with a pK, of 8.3, provided enhance and similar levels of phosphate ester
bond cleavage (ratio of 1.0, Table 3.1) at both pH values. The amine of tris would have a
positive charge and ligand coordination would be relatively low at pH 4.8 and 7.2. In
comparison to Ce(1V)-mediated hydrolysis in the absence of ligand, tris modulated less metal
hydroxo precipitate at both pH values and higher levels of hydrolysis by Ce(IV) at pH 7.2. This
later observation confirms that Ce(1V)-assisted hydrolysis of PC is influenced and mediated by
tris, perhaps by the ligand’s hydroxyl groups. In contrast, BTP has two amines with pK, values
of 6.8 and 9.1 and the Ce(IVV) complex provided enhance and suppress levels of phosphate ester
bond cleavage (ratio of 2.6, Table 3.1) at ~ pH 4.8 and ~ pH 7.2, respectively. Clearly, this
Ce(IV) complex hydrolytic activity is strongly pH driven by the pK, values of the donor atoms

of BTP. BTP was the only ligand that passed this screening and was studied further.
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With the goal of developing a synthetic Ce(1V)-based acidic phospholipase mimic with
superior and suppressed activity at ~pH 4.8 and ~ pH 7.2, respectively, two mol equivalents
of BTP were added to aqueous solutions of Ce(NH4)2(NOs)s (Ce(IV)-BTP). The reaction of 2
mM PC at core body temperature, 37 °C, for 20 h was monitored and quantitated by the
malachite green/molybdate-based colorimetric assay to detect inorganic phosphate (3, Figure
3.1) at 620 nm and by an Amplex Red-based assay to detect choline (2, Figure 3.1) at 570 nm.

In the ~ pH 4.8 reactions, 14 + 1 % of choline and 6 + 2 % of inorganic phosphate were
produced, and the ~ pH 7.2 reactions presented substantially suppressed hydrolysis yields of less
than 1 % of choline and inorganic phosphate (Supporting Information, Figure 3.S9). Ina
previous study, Ce(IV)-assisted hydrolysis in the absence of ligand produced moderate levels of
hydrolysis, 20 + 2 % of choline and 11 + 2 % of phosphate from PC at ~ pH 7.2.° In the present
study, Ce(IV)-BTP assisted hydrolysis of PC at ~ pH 4.8 demonstrated a reduction in activity by
comparison to the previous study of Ce(1V)-assisted hydrolysis in the absence of ligand, which
provided ~ 3 fold more choline and inorganic phosphate at ~ pH 4.8 from 2 mM PC.° Although
yields are lower, the pH 4.8 to 7.2 hydrolysis ratios are higher because of BTP suppression of the
metal’s Lewis acidity at the higher pH. The evidence for this occurrence will be discussed
further in this paper.

It is important to highlight the display of more choline (~ 2-fold more) than inorganic
phosphate produced from the lipid vesicles of PC by both Ce(IV)-BTP and Ce(IV) in the absence
of ligand at ~ pH 4.8, and by Ce(IV) in the absence of ligand at ~ pH 7.2. The production of
phosphate requires the hydrolysis of both phosphate ester bonds (Bond A and B, Figure 3.1),
while the hydrolysis of one phosphate ester bond (Bond B, Figure, 3.1) results in the production

of choline. Alternatively, the choline could be generated by subsequent hydrolysis of the
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product phosphocholine after the initial hydrolysis of the phosphate ester bond on the glycerol
side of the phosphorous atom (Bond A, Figure 3.1). Evidently, the initial or most frequent
hydrolysis event by the Ce(IVV) metal ion and complex occurs at the phosphate ester bond on the
choline side of the phosphorous atom of PC.

3.4.2. Optimization of the catalytic efficiency of Ce(1V)
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Figure 3.4. Absorbance at 620 nm plotted as a function of Ce(IV) concentration for malachite
green-treated hydrolysis reactions containing PC. A total of 35 uM of PC was reacted at 37 °C
for 20 h in the presence of 0.0 mM — 10.0 mM Ce(NH4)2(NOs)g at pH ~ 4.8 (1.5 mM piperazine
buffer). Linear titration curves generated from inorganic phosphate standards treated with
malachite green displayed 69 % and 45 % inorganic phosphate yields for the 1.75 mM and 10
mM Ce(NH4)2(NOs3)s reactions, respectively. The number of trials (n) appears in parenthesis.
Error bars represent standard deviation.

A Ce(IV) concentration profile was conducted (Figure 3.4) to maximize phosphate ester
bond hydrolysis of the substrate PC at core body temperature (37 °C). A total of 35 uM of PC
was reacted at 37 °C for 20 h in the presence of 0 — 10 mM Ce(1V) at pH ~ 4.8 (no ligand). The
release of phosphate was followed spectrophotometrically at 620 nm with the malachite
green/molybdate colorimetric assay. A linear progression (slope of 1.08) of phosphate
production was first observed at Ce(IV) concentrations ranging from 0.00 to 0.75 mM (metal:PC

ratios from 0 — 21). A maximum at 1.75 mM Ce(IV) was then observed (metal: substrate ratio of
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50). Then, phosphate production began to decrease and then leveled off at concentrations 3.25
mM and greater (metal:PC ratios > 93). Averaged yields of inorganic phosphate production,
determined using inorganic phosphate standards, provided 69 % and 45 % inorganic phosphate

for 1.75 mM and 10 mM cerium(IV)-assisted hydrolysis of 35 uM PC, respectively.

A metal to lipid ratio of 5 to 1 provided 17 % phosphate hydrolysis for 2 mM PC reacted
for 20 h at 37 °C and ~ pH 4.8.° This information and the present Ce(IV) titration (Figure 3.4)
led us to the realization that high (above ~ 90) and low (below ~ 20) metal to lipid ratios are not
optimal for phosphate ester bond hydrolysis of lipid vesicles of PC. For optimal phosphate ester
bond hydrolysis and enhance levels of phosphate production from 35 uM PC by Ce(IV), a metal
to lipid ratio around 50 is needed. Multiple explanations for these observations can be offered.
The first is that product inhibition may occur at low Ce(IV) to lipid ratios in which levels of
phosphate production were less ideal. Thus, phosphate anion (PO,*) would bind to and reduce
the Lewis acidity of the Ce(IV) metal ion, and prevent binding of the metal to the unhydrolyzed
substrate. An explanation for reduced phosphate levels as Ce(IV) concentration increases above
3 mM, is due to the formation of less active polymeric clusters of Ce(IV) hydroxo species at

higher metal ion concentrations.*°

3.4.3. Mechanism of Ce(l1V)-assisted hydrolysis of PC

In a previous study, Ce(1V) enhanced the hydrolysis of the phosphate ester bonds of lipid
vesicles of SM and PC at lysosomal pH (~ pH 4.8) vs. cytosolic pH (~ pH 7.2).°" Due to the
strong Lewis acidity of Ce(IV), the metal ion has strong electron withdrawing ability toward
substrate activation and was by far the most superior non-enzymatic catalyst toward the cleavage

of phospholipids and other macromolecules (peptides and nucleic acid) compared to other metal
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ions.®®# However, Ce(1V) is known to form complicated polynuclear hydroxo clusters in
aqueous solutions. For this reason, there have been limited studies on the hydrolytic active
species of Ce(IV) toward the hydrolysis of substrates in aqueous solution because of
precipitation of this metal ion as Ce(IV) hydroxo clusters at pH values greater than 4.*° Thus, in
acidic homogeneous aqueous solutions of 10 mM Ce(IV), polynuclear species Ce,(OH)s>",
Ce,(OH),**, and Ceg(OH)12™2* were determined.® Toward lower Ce(1V) concentrations (less than
1 mM), Ce(OH),** predominates in the acidic aqueous solutions.> Komiyama et al. discovered
that one of these polynuclear species, Ce,(OH),*", is the catalytic active species for the
hydrolysis of cCAMP and a dinucleoside monophosphate in homogeneous solutions of 1 mM
Ce(IV) at a pH less than 2.5.* However, in the same solution, the mononuclear species
Ce(OH),** predominates but is less involved in the hydrolysis reaction.* The group proposed
that the two Ce(IV) metal ions in the catalytic active species, Ce,(OH),*", are bridged together
by two hydroxyls and each metal ion binds to one of the two free oxygen atoms of the
phosphorus atom of the substrate.* Maldonado and Yatsimirsky proposed the monocationic
binuclear Ce,(OH);" as the catalytic active species for the hydrolysis of BNPP in homogeneous
solutions of Ce(1V) (~ 0.1 mM) in imidazole buffer (pH 6 -8).2

Previously published NMR and FT-Raman spectra showed that lanthanide metal ions
preferentially bind to the free oxygen atoms of the phosphorus atom in the polar head group,
phosphocholine, which lies parallel to the surface of PC bilayers.*>*> Additionally, it has been
shown that Ce(IV)-assisted hydrolysis of PC and SM releases more choline than inorganic
phosphate at ~ pH 4.8.°" Based on the works of Komiyama, and Maldonado and Yatsimirsky, a
binuclear hydroxo complex is thought to be involved in Ce(lV)-assisted phospholipids

hydrolysis in this study.
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Figure 3.5. General mechanism for metal-assisted hydrolysis of a single PC molecule by a
binuclear Ce(I1V) hydroxo complex.

The general mechanism of the hydrolysis of a single molecule PC by a binuclear Ce(1V)
hydroxo species is proposed in Figure 3.5 and was based on the mechanisms of phosphate ester
bond hydrolysis of DNA by Ce(1V) and PC-preferring metallo-phosphodiesterases.* “*** The
first step in the enhanced PC hydrolysis entails the cationic binuclear Ce(IV) hydroxo species
functioning as a Lewis acid and forming a complex with PC, by the coordination of both Ce(1V)
metal ions to one of the free oxygen atoms of the polar head group of the substrate. This step
activates the phosphorus atom toward nucleophilic attack. The second step (Figure 3.5) involves
the nucleophilic attack of the activated phosphorus center of PC, from an attack by one of the
free hydroxyls coordinated to one of the Ce(1V) metal ions. In this step the cationic binuclear
Ce(1V) metal center is responsible for electrostatic stabilization of the negatively charged
pentacoordinate transition state which collapses to provide two products, choline and
phosphatidate. It is possible that, in preparation for nucleophilic attack of the phosphorus center,
water bound to Ce(IV) binds to an oxygen atom of the phosphate ester bond toward the choline
side, so to assist in the release of choline and act as an acid catalyst. Further hydrolysis of

phosphatidate by Ce(IVV) would then provide the products, inorganic phosphate and
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diacylglycerol. Similar to metallo-hydrolases, the Ce(1V) hydroxo species has a synergistic role
in phospholipid hydrolysis which are substrate activation, water activation, and stabilization of

the transition state.**

3.4.4. Acidic phospholipase activity of Ce(1V)-BTP

After the optimization of our reaction conditions and hydrolytic system centered around
Ce(1V) metal ion, two mole equivalents of BTP were added to 1.75 mM Ce(NH4)2(NOs)s,
reacted with 35 uM PC at 37 °C, and compared to corresponding reactions in the absence of
ligand. As stated, a Ce(IV)-based acidic phospholipase mimic should display enhance levels of

activity at lysosomal pH (4.8) and reduce levels of cleavage at near-neutral pH (~ 7.2).
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Figure 3.6. Averaged hydrolysis yields plotted as a function of time for malachite green
detection of free inorganic phosphate. A total of 35 uM PC was reacted at 37 °C in the presence
of 1.75 mM Ce(NH4)2(NOs)s in the absence of ligand at ~pH 4.8 (—o—) and ~pH 7.2 (:-'m--*)
in 3.5 mM piperazine and HEPES buffer, respectively. The same reaction procedures were
followed for 1.75 mM Ce(NH4)2(NOs)e in the presence of 3.5 mM BTP at ~ pH 4.8 (—A—) (in 1
mM MES buffer) and ~pH 7.2 (--- A---). For all data points except one (* 7 % error),
experimental error is within 5 %. The numbers of trials range from 2 — 8.
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The malachite green/molybdate-based colorimetric assay was used to detect and
quantitate the yields of free inorganic phosphate release by Ce(IV)-assisted hydrolysis of PC at
various reaction times (Figure 3.6). Ce(IV)-mediated hydrolysis at pH ~ 4.8 in the absence of
ligand provided 2.3 fold faster phosphate ester bond hydrolysis, and presented an apparent
pseudo first-order rate constant of 6.1 x 102 h™ and half-life of 11.4 h (Supporting Information,
Figure 3.515) compared to Ce(1V)-BTP under the same reaction condition. It is important to
note, Ce(IV)-BTP-assisted hydrolysis of PC leveled off after reaching an ~ 70 % hydrolysis yield
of phosphate product (not shown), similar to the maximal level of hydrolysis by Ce(IV) in the
absence of ligand, after the 30 h time point at 37 °C (Figure 3.6). This observation is consistent
with cleavage of only the phospholipids distributed on the external leaflet of the PC lipid vesicle
since small unilamellar vesicles formed by sonication typically have 68 % of the phospholipid
distributed in the external monolayer.* The endoliposomal phospholipids are not exposed to the
metal ion because of impermeability of Ce(1V) across the lipid bilayer.??® Therefore, the
Ce(1V) metal ion and complex are inaccessible to bind and cleave the phosphate ester bonds of

the endoliposomal phospholipids.



106

a9

"8 |

[ =]

37

= 6 A A

~5

= A

€ 4 A

® 3 m o

) A m B g = = [ ]

£1+ B :

=

Z 0

0 5 10 15 20 25 30
Time (h)

Figure 3.7. Ratio of pH ~ 4.8 to pH ~ 7.2 averaged hydrolysis yields from Figure 3.6. A total of
35 uM PC was treated with 1.75 mM Ce(NH4)2(NOs)s in the absence of ligand (m) and in the
presence of 3.5 mM bis-tris propane (BTP) (A).

At ~ pH 7.2, the BTP ligand suppressed Ce(1V) hydrolytic activity and prevented
hydrolysis yields from reaching above 10 % during the entire 30 h time course. Figure 3.7
shows the ratio of averaged hydrolysis yields throughout the time course. Ce(IV)-BTP provided
a linear increase in the ~ pH 4.8 to ~ pH 7.2 ratios, and mediated 7.8 more phosphate ester
cleavage at ~ pH 4.8 compared to ~ pH 7.2 after a 30 h reaction at 37 °C. However, the Ce(IV)-
mediated hydrolysis in the absence of controlling ligand presented a relatively constant and the

average ratio of 2.1 + 0.4 during the entire time course.

Our two systems, Ce(1V)-mediated hydrolysis with BTP and in the absence ligand,
provided greater hydrolysis at mildly acidic pH compared to near-neutral pH. This may arise
due to the nature of Ce(IV) hydroxo formation. Inaqueous solution, Ce(1V) hydroxo clusters

result from rigorous hydrolysis of the metal cation, and the extent of hydrolysis is sensitive to the
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concentration of the metal ion and the pH environment.*° At near-neutral pH, the reduced
phosphate ester bond hydrolysis is due to increase metal cation hydrolysis and leads to the
formation of less active Ce(IV) hydroxo clusters. These clusters can eventually result in the
formation of insoluble CeO,.> However, BTP provided no observable precipitation of Ce(IV)
(1.75 mM) metal ion at near-neutral pH as seen for Ce(1V) in the absence of ligand. The BTP
provided greater pH sensitivity in the PC hydrolysis compared to hydrolysis by Ce(1V) in the
absence of ligand. Maldonado and Yatsimirsky determined that the active Ce(IV) hydroxo
species in aqueous solution and hydrolytic activity of a presynthesized Ce(IVV) and BTP complex
([Ce(BTP),(NOs)4]-2H,0) were highly pH dependent.® Potentiometric titrations of the pre-
synthesized complex indicated that the species Ce4(OH)1s*, Ces(OH)14%*, and Ces(OH);5>
predominate in aqueous solution at pH values greater than ~ 7, between ~5 — 7, and less than ~
5, respectively.> Most importantly, hydrolytic activity on the activated synthetic phosphodiester
BNPP increased due to the higher charge of the Ce(IV) hydroxo species as a result of decreasing
the pH environment from 9 to 5. The extent of substrate activation and the Lewis acidity of the
metal ion lessen going from higher to lower positive charge on the Ce(IV) hydroxo species.
Thus, the higher charged species binds to the oxygen atoms of phosphate and enhances the
electrophilicity of the phosphorous atom of PC more efficiently compared to the lower charged
species. The pH sensitivity and pH dependence on the hydrolytic activity of Ce(I1V)-BTP could
also be correlated to the pK, values of the donor atoms of BTP. *H-NMR studies on chemical
shift changes as a function pD were performed to confirm this interpretation and to understand

complex formation between Ce(1V) and BTP.

'H-NMR spectroscopy studies of Ce(1V)-induced chemical shift changes on BTP as a

function of pD were performed. The experiment was done to better understand the pH
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sensitivity and dependence provided by the polyamino alcohol ligand BTP to the hydrolytic
activity centered around the Ce(1V) metal ion. A known complex of the formula
[Ce(BTP)2(NO3)4]-2H20 was synthesized according to a published procedure by the addition of
two equivalents of BTP to one equivalent Ce(NH4)2(NOs)s in an acetonitrile-water mixture. The
synthesized complex was tested for hydrolysis of PC at 37 °C for 20 h at mildly acidic pH but
was not explored further because of suppressed hydrolysis (~ 4 fold less) compared to the
Ce(1V)-BTP complex formed in situ. A more resolved NMR spectrum was obtained from the

synthesized complex compared to the in situ formed complex.

Table 3.2. Ce(IV)-induced chemical shift changes in the
methylene protons of bis-tris propane at various pD values

Chemical shift changes (6complex — dBTP) in ppm

pD? CH,CH, NHCH, CH,OH BTPform n°
23 - 0.003 - 0.004 - 0.002 BTPH,”" 2
5.1-52  -0.003 - 0.004 - 0.003 BTPH,”" 2

7.6-7.7 +0.023 +0.018 +0.007 BTPH" 2

9.6 +0.035 +0.051 +0.017 BTP 1

Complex is a pre-synthesized complex with a recorded
formula of [Ce(BTP)2(NOs3)4]-:2H,0. NMR spectra are shown
in Figure 3.S13 and 3.S14.

pD =pH +0.41
®h = number of trials

Table 3.2 shows the chemical shift changes (Scomplex— Og7p) Detween the methylene
protons positioned B to nitrogen (CH,CH,), a to nitrogen (NH,CH>), and a to alcohol (CH,OH)

of complex and BTP at varied pDs. The results displayed small upfield shifts of the BTP signals
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by Ce(IV) on all methylene protons at pD 2.3 and 5.1 - 5.2. Based on the pK,s of BTP (pK,; of
6.8 and pKq of 9.1)" the doubly protonated form of the ligand BTPH,” ‘would dominate. At pD
7.6 — 7.7 and 9.6 where BTPH" and BTP would dominate respectively, larger Ce(IV)-induced
downfield shifts are displayed for all methylene protons. Upon increasing the pD from 7.6 - 7.7
to 9.6, the Ce(IV)-induced downfield shifts of the methylene protons positioned a to nitrogen
(NH,CH,) are increased ~ 3-fold, whereas a ~ 2-fold increase is seen for the protons positioned
a to alcohol (CH,OH). Additionally, there are ~ 2-fold for pD 7.7 and ~ 3-fold for pD 9.6 larger
Ce(IV)-induced downfield shifts for the protons positioned o to nitrogen (NH,CH;) compared to

protons positioned a to alcohol (CH,OH).

At pD 5.1 — 5.2 and lower, there is no display of complexation between Ce(IV) metal ion
and BTP. The NMR studies show successful and distinctive Ce(IV) coordination when one or
both amines of BTP are neutral. The amines seem to direct Ce(IV) complexation to the -OH
groups of BTP, and there is more Ce(IV) coordination to the neutral form compared to the
monoprotonated (BTPH") form of the ligand. Evidently, the acidic phospholipase-type activity
of the Ce(IV)-BTP is strongly facilitated by the pK, values of the donor atoms of BTP and shows
a correlation between mediated hydrolysis of PC and the reaction pH environment. Thus, at
near-neutral pH, BTP is coordinated to Ce(IV) and mediated hydrolysis of PC is suppressed. At
mildly acidic pH, BTP is likely to be weakly associated with Ce(IV) and mediated hydrolysis of
PC is more efficient. Even though NMR studies suggest that there is no Ce(IV) metal ion
coordination to BTP in the synthesized complex at mildly acidic pH, our time course studies
(Figure 3.6) of metal-assisted hydrolysis of PC by the in situ formed complex suggest otherwise.
The relatively slower phosphate ester bond hydrolysis by Ce(IV)-BTP compared to Ce(IV) metal

ion in the absence of ligand at mildly acidic pH advocates that the Ce(IV) metal ion is interacting
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with BTP. However, the influence of BTP on the activity of Ce(IV) metal ion is more potent at

near-neutral pH compared to mildly acidic pH because of the available nitrogen atom lone pair at

the higher pH value.
HO
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Figure 3.8. Proposed structure of 1:2 Ce(I1V) to BTP complex at near-neutral pH. M™ = cationic
polynuclear Ce(1V) hydroxo species.

A crystal structure illustrated the tris moiety of the ligand bis-tris coordinated to
lanthanum(l11) ion (2:1 ligand to metal ratio) by two oxygen and one nitrogen atoms, and with
one free oxygen atom remaining.*® Thus, it is reasonable to speculate that there is one
deprotonated amine from each ligand bound to the Ce(1VV) metal ion, and each ligand provides a
tridentate complex (N atom and two OH groups from the tris moiety) and five-membered chelate
rings formed between the amine and the metal ion (Figure 3.8).“°*" In addition, *H-NMR of
[Ce(BTP)2(NO3)4]-2H,0 in DMSO-dg (Supporting Information, Figure 3.516) showed three
protons (broad peak with a chemical shift of 8.26) associated with the two secondary amines of
BTP. Ce(l1V) is a chemically labile metal. The chemical shifts of BTP in the presence of Ce(1V)
represent averaged values of the free and bound nitrogen and oxygen donor atoms in the NMR
spectrum (Figure 3.S16). When BTP ligand was added to the NMR sample, new peaks

corresponding to free BTP did not emerge in the new spectrum (not shown).
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3.4.5. PC vs. SM hydrolysis by Ce(1V)
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Figure 3.9. Phospholipids, phosphatidylcholine (1) and sphingomyelin (2). R; represents the
choline head group and R; represents long chain fatty acid hydrocarbons of variable lengths.

In the membrane bilayer of eukaryotic cells populates 50 % of two phospholipids, PC and
the sphingolipid sphingomyelin (SM).** PC and SM (Figure 3.9) contain the same
phosphocholine polar head group, but different backbones. Significant structural and dynamic
properties arise due to the distinct backbones between these two major lipids. These differences
were explored in a previous study focusing on Ce(IV)-assisted hydrolysis of the phosphate ester
bonds of SM and PC.® The results showed relatively low hydrolysis yields of 5+ 1 % and 1 +
0.5 % of inorganic phosphate from 2 mM SM by 10 mM of Ce(1V) at ~ pH 4.8 and ~ pH 7.2,
respectively. The phosphate yield at pH 4.8 was 3.4 fold less compared to the yields of PC under
the same conditions.® In the present study, phosphate ester bond hydrolysis of PC by Ce(1V) was
optimized; thus, a comparison study of the Ce(IV) hydrolytic system on SM was examined
further. Thus, two mole equivalents of BTP were added to 1.75 mM Ce(NH,)2(NO3)s and
reacted with 35 UM SM at 37 °C and compared to the corresponding reaction in the absence of

ligand. The malachite green/molybdate-based colorimetric assay was used to detect and
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quantitate the average amounts of free phosphate released by Ce(IV)-assisted hydrolysis of SM

after 20 h and 40 h reaction times.

[norganic phosphate production from 35 pM SM, 37 °C
50

- 45 Lé OpH4.8-5.0
= 7 3 mpH7.1-7.
:: 40 (:} pH 7.1 4
-
= 35
: 3 53
-
é. 25 4 1.7 (2)
= 20 I
= . (6) 2.0 !
= 15

10 O,

s T 2 (2 )

0 , |

1.75 mM Ce(IV) 1.75 mM Ce(IV) 1.75 mM Ce(IV) 1.75 mM Ce(IV)
(20 h) 35mMBTP (40 h) 35mMBTP
(20 h) (40 h)

Figure 3.10. Averaged hydrolysis yields of SM plotted as a function of pH for malachite green
detection of free inorganic phosphate. A total of 35 uM SM was reacted at 37 °C for 20 h or 40 h
in the presence of 1.75 mM Ce(NH4)2(NOs)e at ~pH 4.8 and ~ pH 7.2 in 3.5 mM piperazine
and HEPES buffer, respectively. The same reaction procedures were followed for 1.75 mM
Ce(NH4)2(NO3)s in the presence of 3.5 mM bis-tris propane at ~ pH 4.8 (in 1| mM MES buffer)
and ~ pH 7.2. The number of trials (n) appears in parenthesis. Error bars represent standard
deviation. n =pH 4.8 to pH 7.2 hydrolysis yield ratios.

Ce(IV)-assisted hydrolysis in the absence of ligand produced 14 +2 % at ~pH 4.8 and 8
+2 % at ~ pH 7.2 phosphate (pH 4.8 to pH 7.2 hydrolysis ratio of 1.7) from SM after 20 h at 37
°C (Figure 3.10). Whereas, Ce(IV)-BTP mediated ~ 3 fold less phosphate ester bond hydrolysis
at both pH values and provided a pH 4.8 to pH 7.2 hydrolysis ratio of 2.0 compared to the former
under the same reaction conditions. Similar to previous studies, hydrolysis of PC by Ce(1V)
yielded significantly more phosphate compared to corresponding SM reactions.® An example is
the ~ 5 fold reduction of phosphate production from SM compared to PC, which presented 69 %
phosphate after 20 h at 37 °C and pH 4.8, by Ce(1V) in the absence of ligand. Hydrolysis yields

of SM increased considerably by doubling the reaction time to 40 h (Figure 3.10), however,
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yields are still lower compared to PC hydrolysis at the 20 h reaction time (Figure 3.6). The pH
sensitivity of Ce(IV)-assisted hydrolysis in the presence of BTP is more robust at the 40 h
compared to the 20 h reaction time, and the pH 4.8 to pH 7.2 hydrolysis ratio of 5.6 is

comparable to the 5.7 ratio in PC hydrolysis for 20 h (Figure 3.7).

Significant structural and dynamic properties arise due to the distinct backbones between
PC and SM. These differences result in lipid vesicles of PC displaying higher susceptibility
toward Ce(IV)-assisted hydrolysis compared to lipid vesicles of SM. PC and SM contain
different backbones, glycerol and sphingosine, respectively. The interfacial region of SM
consists of an amide linkage and a free hydroxyl atom that participate in extensive networks of
intra- and intermolecular hydrogen bonds.“® In contrast, PC bilayers have a less extensive
hydrogen bonding network. The two ester carbonyls in the interfacial region of PC only act as
hydrogen bond acceptors toward water molecules.?* *® An explanation to why Ce(1V)-assisted
hydrolysis of lipid vesicles of SM is less compared to lipid vesicles of PC can be explained by
the reduced fluidity and suppressed lateral diffusion rates afforded by the extensive hydrogen
bond network of SM molecules. This reduces the probability of an interaction between Ce(IV)

metal ion and the phosphate oxygens in lipid vesicles comprised of SM.% 2

3.4.6. The study of a bis-tris propane derivative, an attempt to improve PC hydrolysis at

lysosomal pH by a dicerium complex

In an earlier experiment, the acidic hydrolytic agent, an 1:2 Ce(IV) to BTP complex,
mediated enhance levels of Ce(1V)-assisted hydrolysis (42 % inorganic phosphate production
after 20 h at 37 °C) at lysosomal pH (~ 4.8) and suppressed levels of hydrolysis (7 % inorganic

phosphate production after 20 h at 37 °C) at near-neutral pH (~ 7.2) (Figure 3.6). Thisis a
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significant improvement compared to Ce(IVV) metal ion in the absence of ligand that presented a
lower pH 4.8 to pH 7.2 hydrolysis yield ratio of 2 and a higher hydrolysis yield of 33 % at pH
7.2. Even though superior hydrolysis ratios were obtained, BTP reduced Ce(IV)-assisted
phosphate ester bond hydrolysis of PC from 69 % to 42 % and provided a 2 fold slower
hydrolysis rate compared to hydrolysis by the metal ion in the absence of ligand after 20 h at pH
4.8 and 37 °C. Thus, to optimize phosphate ester bond cleavage by Ce(1VV) complexes at pH 4.8,
we attempted to enhance substrate activation by synthesizing a BTP derivative capable of
forming bimetallic complexes with the metal ion. Our aim was to create an acidic hydrolytic
agent that displays higher levels of activity at lysosomal pH (4.8), while still displaying reduced

levels of cleavage at near-neutral pH (~ 7.2).
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Figure 3.11. The structure of 1,3-bis-[tris-(hydroxymethyl)-methyl-amino]-2-propanol (BTP-
OH) (7).

The BTP derivative the dihydrochloride salt of 1,3-bis-[tris-(hydroxymethyl)-methyl-
amino]-2-propanol (BTP-OH, 7, Figure 3.11) contains an extra hydroxyl group located on the
central methylene atom. The new ligand was synthesized by a previously published procedure,*’
via the addition of two equivalents of tris(hydroxymethyl)-aminomethane (tris) to one equivalent
of epichlorohydrin. This amino alcohol ligand was selected because of the observation of
double-stranded hydrolysis of plasmid DNA by a binuclear 2:1 metal to ligand complex between
Ce(1V) and HPTA (5, Figure 3.2) compared to only single-stranded DNA hydrolysis by an

analogous mononuclear complex (1:1 Ce(1V) to EDTA,; 6, Figure 3.2).”*° The investigators that
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conducted this work suggested that the formation of a binuclear metal center enhanced the Lewis

acidity of the hydrolytic agent which provided stronger substrate activation.**°

Thus, with the goal of developing a more effective acidic hydrolytic agent based on a
binuclear Ce(1V) metal center, one mol equivalent of BTP-OH was added to two equivalents of
Ce(1V) (1.75 mM) in aqueous solution. Reaction with 35 uM PC at core body temperature (37
°C) for 20 h was monitored and quantitated by a malachite green/molybdate-based colorimetric
assay to detect inorganic phosphate at 620 nm. The homogeneous reaction mixtures produced 8
+ 0.7 % and 2 + 0.5 % (averaged of three trials) yields of inorganic phosphate at ~ pH 4.8 and ~
pH 7.2, respectively. Even though this ligand mediated a pH 4.8 to pH 7.2 phosphate production
ratio of 4, BTP-OH considerably suppressed Ce(IV)-assisted hydrolysis (~ 4 — 5 fold less)

compared to the former Ce(IV)-BTP complex at both pH values.

Previous results demonstrated that the pH dependency of lipid hydrolysis by the Ce(IV)-
BTP complex was strongly facilitated by the pK, values of the donor atoms of the ligand. At
mildly acidic pH, the doubly protonated form of BTP dominates in aqueous solution and the
Lewis acidity of Ce(IV) is less influenced by the ligand. However, at near-neutral pH the
monoprotonated form dominates, Ce(IV) is bound more tightly to the ligand, and Lewis acidity
is reduced. BTP provided enhance levels of Ce(lV)-assisted PC hydrolysis ( 42 % inorganic
phosphate after 20 h and 65 % hydrolysis after 30 h) at lysosomal pH (~ 4.8). This was possible
because the ligand has a low effect on the electrophilicity of the metal ion at mildly acidic pH.
More importantly, BTP provided pH 4.8 to 7.2 hydrolysis ratios of ~ 6 and ~ 8 after 20 h and 30
h reactions at 37 °C (Figure 3.6). In comparison to BTP, the BTP-OH provided a lower pH 4.8

to 7.2 hydrolysis ratio of ~ 4 and hydrolysis yield of 8 % at pH 4.8 after 20 h at 37 °C.
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To better understand the effects of the extra hydroxyl group on the ligand (BTP-OH), a
pH titration (Supporting Information, Figure 3.S20) was performed which presented pK,; of 6.3
+ 0.06 and pK,2 of 8.1 + 0.00. The pH titration demonstrated BTP-OH as a more acidic ligand
compared to BTP (pKa; of 6.8 and pK, 0f 9.1).° Our earlier experiment (Figure 3.3) indicated
that more acidic ligands, especially polycarboxylate ligands, tend to suppress the hydrolytic
activity of Ce(IV) in lipid hydrolysis. The more acidic ligand, BTP-OH, is capable of forming a
stronger complex with Ce(IV) at mildly acidic conditions compared to BTP which displayed
relatively no, or weak, coordination to the metal ion at ~ pH 4.8 (Table 3.2). Additionally,
introduction of the hydroxyl group may enable the ligand to form additional five-membered
chelate rings which would increase the binding constant of the ligand for Ce(IV). The close
interaction with the metal ion could reduce the pK, values of the BTP-OH amino groups. There
is further suppression of PC hydrolysis by Ce(IV) when the pH is increased to ~ 7.2 in the
presence of BTP-OH. Thus, it may be reasonable to speculate that two ligand species exist in
aqueous solution, the monoprotonated and unprotonated forms of BTP-OH at ~ pH 4.8 and ~ pH

7.2, respectively.
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3.4.7. Optimization of the acidic hydrolytic agent by increasing the Ce(IV) to BTP ratio
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Figure 3.12. Absorbance at 620 nm plotted as a function of Ce(IV) to BTP ratios (Ce(IV):BTP)
for malachite green-treated hydrolysis reactions containing PC. A total of 35 uM of PC was
reacted at 37 °C for 20 h in the presence of 1.75 mM Ce(NH4)2(NO3)s and 0.19 — 3.5 mM BTP at
pH ~ 4.8 (1 mM piperazine buffer) or pH ~ 7.2 (1 mM HEPES). Three or more trials were
performed for each reaction. Error bars represent standard deviation.

To further enhance phosphate ester bond hydrolysis by Ce(IV) at core body temperature
(37 °C), phosphate ester bond hydrolysis of PC was followed as a function of Ce(1V) to BTP
ratio (0.5 —9). In this experiment, a total of 35 uM of PC was reacted at ~ pH 4.8 and ~ pH 7.2
for 20 h in the presence of 1.75 mM Ce(1V) and varied concentrations of BTP (0.19 mM — 3.5
mM) (Figure 3.12). The release of phosphate was followed spectrophotometrically at 620 nm
with the malachite green/molybdate-based colorimetric assay. A slight linear progression (slope
0f 0.172 and R? of 0.935) of phosphate production was first observed as a function of Ce(IV) to
BTP ratios of 0.5 — 4.0 at ~ pH 4.8 (Figure 3.12). There was a slight maximum at Ce(1V) to BTP
ratio of 4, and thereafter, phosphate production leveled off for the ~ pH 4.8 reactions. At ~ pH
7.2, phosphate production remained relatively constant at Ce(1V) to BTP ratios between 0.5 —

4.0, and thereafter, a linear increase of phosphate production with a slope of 0.042 (R? of 0.960)
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was observed. Ce(1V) to BTP ratios of 4 and 5 were studied further due to the highest enhanced
hydrolysis of PC at ~ pH 4.8 and highest pH 4.8 to pH 7.2 phosphate production ratio,

respectively.

Averaged yields of inorganic phosphate production, determined using linear titration
curves and standards of inorganic phosphate (Supporting Information, Figures 3.56 and 3.S7),
provided a 54.2 £ 0.9 % inorganic phosphate yield for the 5:1 Ce(IV) to BTP ratio and a 66.7
1.3 % inorganic phosphate yield for the 4:1 Ce(1V) to BTP ratio at ~ pH 4.8 (37 °C and 20h).
Additionally, the 5:1 and 4:1 Ce(IV) to BTP ratios displayed 9.6 (5.7 £ 1.1 % phosphate at pH
7.2) and 5.7 (11.6 + 1.3 % phosphate at pH 7.2) pH 4.8 to pH 7.2 phosphate production ratios,
respectively. This is a great improvement compared to the 1:2 Ce(IV)-BTP complex and Ce(IV)
in the absence of ligand, which provided 42 % (pH 4.8 to pH 7.2 ratio of 5.7) and 69 % (pH 4.8
to pH 7.2 ratio of 2.1) inorganic phosphate yield under the same reaction conditions at ~ pH

4.8, respectively.

In summary, this experiment showed a correlation between suppressed hydrolytic activity
by Ce(IV) and higher ligand concentration at ~ pH 4.8. The utilization of less BTP was
advantageous and provided more phosphate ester bond hydrolysis at pH 4.8 (67 % by 4:1 Ce(IV)
to BTP) and a higher pH 4.8 to pH 7.2 hydrolysis ratio (9.6 by 5:1 Ce(IV) to BTP) compared to
1:2 Ce(IV) to BTP ratio. Additionally, the 4:1 Ce(IV) to BTP hydrolysis yield of 67 % is almost
equivalent to Ce(IV)-assisted hydrolysis in the absence of ligand which produced 69 % inorganic
phosphate after a 20 h reaction at ~ pH 4.8 (Figure 3.6). Suppressed hydrolytic activity of
Ce(IV) at pH 7.2 is still manifested at the higher Ce(IV) to BTP ratios. Thus, the utilization of

less BTP improved phosphate ester bond hydrolysis considerably at mildly acidic conditions, and
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most importantly, was still capable of mediating acidic phospholipase-type activity by reducing

Ce(1V) hydrolysis when pH was increased to near-neutral levels.

3.5. Conclusions

Our research began with the search for a potential small molecule, Ce(1V)-acidic
phospholipase mimic, which displayed enhance levels of hydrolytic activity at lysosomal pH (~
4.8) and reduce levels of cleavage at near-neutral pH (~ 7.2). Thereafter, our goal was to
optimized our Ce(1V) hydrolytic system based on BTP. We found that inorganic phosphate
production from liposomes of naturally occurring phospholipids (35 uM) was increased
considerably by lowering the concentration of Ce(I'V) from 10 mM to 1.75 mM and by
increasing the Ce(1V) to BTP ratios.

[norganic phosphate production, 37 °C, 20 h, ~ pH 4.8
80

BpH 4.6-52

3.1
9.6
57 *
i
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0mMBTP  2mMPC*  35mMBTP  35uMPC  035mMBTP 044mMBTP  35uMPC
2mMPC 35 uM PC IUMPC 35 uMPC

Figure 3.13. A summary of averaged hydrolysis yields of inorganic phosphate from PC (2 mM
or 35 uM) plotted as Ce(IV) metal ion or complex concentrations at ~ pH 4.8 and 20 h. n =
averaged pH 4.8 to pH 7.2 phosphate hydrolysis yield ratios. * No inorganic phosphate
hydrolysis yield at ~ pH 7.2 was determined. ** Data from ref. 6. Three or more trials were
performed for each set of hydrolysis reactions.
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Figure 3.13 shows combined data for PC hydrolysis by Ce(IV) at reaction ~ pH 4.8 and a
time of 20 h. An amplification of the PC hydrolysis by Ce(IV) was observed at lower metal
concentrations (hydrolysis of 35 uM phospholipid by 1.75 mM Ce(1V)) compared to higher
concentrations (hydrolysis of 35 uM phospholipid by 10 mM Ce(1V)). We attributed the reduced
product yields to the formation of less reactive metal hydroxo clusters at the higher Ce(1V)
concentrations. Phosphate ester bond hydrolysis was also optimized by increasing the catalyst-

to-substrate ratios from 5 to 50.

Polycarboxylate ligands coordinated to Ce(1V) were shown to be great mediators for
nucleic acid hydrolysis.>*%** Conversely, these strong coordinating, and acidic ligands were
detrimental to Ce(IV)-assisted phospholipid hydrolysis. Ce(I1V)-BTP as an effective Ce(1V)-
based acidic hydrolytic agent was demonstrated. The amino alcohol ligand provided enhance
levels of Ce(IV)-assisted PC hydrolysis ( 42 %, 54 %, and 67 % inorganic phosphate at 1:2, 5:1,
and 4:1 Ce(1V):BTP ratios) at lysosomal pH (~ 4.8) and 20h at 37 °C (Figure 3.13). This was
possible because the ligand does not reduce the electrophilicity of the metal ion at lysosomal pH.
In addition, for an adequate Ce(1V) acidic phospholipase mimic, the activity should switch from
on to off when going from a lysosomal pH ( ~ 4.8) to cytoplasm pH (~ 7.2) environments.
Remarkably, BTP was able to significantly reduce phosphate production from PC by interacting
with Ce(IV) after increasing the pH from ~ 4.8 to ~ 7.2. This effect arises due to the pK, values
of the donor atoms of BTP. Also, the pH increase should give rise to less active Ce(1V)-hydroxo
species of lower net charge at ~ pH 7.2 compared to the more active and highly charged species
formed under mildly acidic conditions.® As a result, BTP (5:1 Ce(IV) to BTP) increased the ~
pH 4.8 to 7.2 phosphate ester bond hydrolysis ratio from 2.1 to 9.6 compared to the same

concentration of Ce(IV) in the absence of ligand. The former occurs by BTP reducing Ce(IV)
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metal ion hydrolytic activity to mediate only 6 % phosphate ester bond hydrolysis at ~ pH 7.2
after 20 h at 37 °C. Overall, our research has shown that the hydrolytic activity and speciation of
Ce(1V) metal ion can be controlled and tuned as a function of pH by the application of the ligand
BTP to the metal catalytic center. Natural hydrolases commonly have two or more metals ions
in their active site, and acidic hydrolases located in the lysosome have optimal activity at
lysosomal pH and relatively no activity at cytoplasm pH. Therefore, our acidic hydrolytic agent,
Ce(1V) complexes based on BTP provided our group a great foundation in our search for a

synthetic, small molecule, metal-based acidic phospholipase mimic.
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3.7. Supporting Information
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Figure 3.S1. Representative standard curves used for the determination of free inorganic
phosphate from phosphatidylcholine hydrolysis reactions. The inorganic phosphate standard
solutions (300 pL) contained 0.7 mM Ce(NH,)2(NO3)s and 1.4 mM bis-tris propane at pH 4.8
(A) orpH 7.2 (B), and 0 to 11 uM inorganic phosphate before the addition of 200 pL of
malachite green/molybdate reagent. The standard solutions were treated the same as the
corresponding lipid hydrolysis reactions with assay. Inorganic phosphate was detected at 620
nm with a UV-vis spectrophotometer. The concentration of the products was determined from
the slope of the linear titration curve, and the percent hydrolysis yields were calculated from the
formula: (actual concentration of product / 2000 uM theoretical concentration of product) * 100.
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A) 0.8 mM Ce(NH,),(NOs)s, 1.6 mM Bis-tris propane at pH 4.8
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Figure 3.S2. Representative standard curves used for the determination of choline from
phosphatidylcholine hydrolysis reactions. The choline standard solutions (40 pL) contained 0.8
mM Ce(NH,;)2(NO3)s and 1.6 mM bis-tris propane at pH 4.8 (A) and 7.2 (B). The standard
solutions were treated the same as the corresponding lipid hydrolysis reactions with assay.
Choline was detected at 570 nm with a UV-vis spectrophotometer. The concentration of the
products was determined from the slope of the linear titration curve, and the percent hydrolysis
yields were calculated from the formula: (actual concentration of product / 2000 uM theoretical
concentration of product) * 100.



A) 1.75 mM Ce(NH,),(NO;)., 3.5 mM piperazine at pH 4.8
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Figure 3.S3. Representative standard curves used for the determination of free inorganic
phosphate from lipid hydrolysis reactions. The inorganic phosphate standard solutions (400 pL)

contained 1.75 mM Ce(NH,)2(NO3)e, 0 — 35 UM inorganic phosphate, and 3.5 mM piperazine
buffer at pH 4.8 (A) or 3.5 mM HEPES at pH 7.2 (B). The standard solutions were treated the
same as the corresponding lipid hydrolysis reactions by the addition of 100 L malachite

green/molybdate reagent. Inorganic phosphate was detected at 620 nm with a UV-vis

spectrophotometer. The concentration of the products was determined from the slope of the
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linear titration curve, and the percent hydrolysis yields were calculated from the formula: (actual
concentration of product / 35 uM theoretical concentration of product) * 100.



130

A) 1.75 mM Ce(NH,),(NO;),, 3.5 mM BTP, 1 mM MES at pH 4.8
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Figure 3.54. Representative standard curves used for the determination of free inorganic
phosphate from lipid hydrolysis reactions. The inorganic phosphate standard solutions (400 pL)
contained 1.75 mM Ce(NH,)2(NO3)e, 0 — 35 UM inorganic phosphate, and 3.5 mM bis-tris
propane and 1 mM MES buffer at pH 4.8 (A) or 3.5 mM bis-tris propane at pH 7.2 (D). The
standard solutions were treated the same as the corresponding lipid hydrolysis reactions by the
addition of 100 puL malachite green/molybdate reagent. Inorganic phosphate was detected at 620
nm with a UV-vis spectrophotometer. The concentration of the products was determined from
the slope of the linear titration curve, and the percent hydrolysis yields were calculated from the
formula: (actual concentration of product / 35 uM theoretical concentration of product) * 100.



A) 1.75 mM Ce(NH,),(NO,),, 0.875 mM BTP-OH, 1 mM MES at pH 4.8
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Figure 3.S5. Representative standard curves used for the determination of free inorganic

phosphate from lipid hydrolysis reactions. The inorganic phosphate standard solutions (400 uL)
contained 1.75 mM Ce(NH,)2(NO3)s, 0 — 12 uM inorganic phosphate, 0.875 mM bis-tris propane
derivative (BTP-OH), and either 1 mM MES buffer at pH 4.8 (A) or 1. mM MOPS buffer at pH
7.2 (B). The standard solutions were treated the same as the corresponding lipid hydrolysis
reactions by the addition of 100 puL malachite green/molybdate reagent. Inorganic phosphate
was detected at 620 nm with a UV-vis spectrophotometer. The concentration of the products
was determined from the slope of the linear titration curve, and the percent hydrolysis yields

were calculated from the formula: (actual concentration of product / 35 uM theoretical

concentration of product) * 100.
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A) 1.75 mM Ce(NH,),(NO;),, 0.44 mM BTP, 1 mM piperazine at pH 4.8
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Figure 3.S6. Representative standard curves used for the determination of free inorganic
phosphate from lipid hydrolysis reactions. The inorganic phosphate standard solutions (400 pL)
contained 1.75 mM Ce(NH,)2(NO3)es, 0 — 15 uM inorganic phosphate, 0.44 mM bis-tris propane,
and either 1 mM piperazine buffer at pH 4.8 (A) or 1 mM HEPES buffer at pH 7.2 (B). The
standard solutions were treated the same as the corresponding lipid hydrolysis reactions by the
addition of 100 pL malachite green/molybdate reagent. Inorganic phosphate was detected at 620
nm with a UV-vis spectrophotometer. The concentration of the products was determined from
the slope of the linear titration curve, and the percent hydrolysis yields were calculated from the
formula: (actual concentration of product / 35 uM theoretical concentration of product) * 100.
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A) 1.75 mM Ce(NH,;),(NO3)s, 0.35 mM BTP, 1 mM piperazine at pH 4.8
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Figure 3.S7. Representative standard curves used for the determination of free inorganic
phosphate from lipid hydrolysis reactions. The inorganic phosphate standard solutions (400 pL)
contained 1.75 mM Ce(NH,)2(NO3)e, 0 — 15 uM inorganic phosphate, 0.35 mM bis-tris propane,
and either 1 mM piperazine buffer at pH 4.8 (A) or 1 mM HEPES buffer pH 7.2 (B). The
standard solutions were treated the same as the corresponding lipid hydrolysis reactions by the
addition of 100 puL malachite green/molybdate reagent. Inorganic phosphate was detected at 620
nm with an UV-vis spectrophotometer. The concentration of the products was determined from
the slope of the linear titration curve, and the percent hydrolysis yields were calculated from the
formula: (actual concentration of product / 35 uM theoretical concentration of product) * 100.
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2.5 mM Ce(NH,),(NO;),, 5.0 mM piperazine at pH 4.8
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Figure 3.S8. Representative standard curve used for the determination of free inorganic
phosphate from lipid hydrolysis reactions. The inorganic phosphate standard solutions (400 pL)
contained 2.5 mM Ce(NH4)2(NO3)s, 0 — 35 uM inorganic phosphate, and 5.0 mM piperazine
buffer at pH 4.8. The standard solutions were treated the same as the corresponding lipid
hydrolysis reactions by the addition of 100 uL malachite green/molybdate reagent. Inorganic
phosphate was detected at 620 nm with a UV-vis spectrophotometer. The concentration of the
products was determined from the slope of the linear titration curve, and the percent hydrolysis
yields were calculated from the formula: (actual concentration of product / 35 uM theoretical
concentration of product) * 100.
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Figure 3.59. Averaged hydrolysis yields plotted as a function of pH for (A) Malachite green
detection of free inorganic phosphate and (B) Amplex® Red detection of free choline. A total of
2 mM PC was reacted at 37 °C for 20 h in the presence of 10 mM Ce(NH4)2(NO3)s and 20 mM
BTP at pH ~ 4.8 or pH ~ 7.2. The number of trials (n) appears in parenthesis. Error bars
represent standard deviation.
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A) 2 mM PC at 37 °C, total phosphate and choline
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Figure 3.S10. Averaged hydrolysis yields plotted as a function of pH for malachite green
detection of free inorganic phosphate and/or Amplex ® Red detection of free choline for parallel
no metal controls. A total of 2 mM phosphatidylcholine (PC) was reacted at 37 °C for 20 h in
the absence of 10 mM Ce(NH4)2(NOs)s and in the presence of 20 mM BTP at pH 4.8 or pH 7.2
(A). Atotal of 35 uM phosphatidylcholine was reacted at 37 °C for 20 h in the absence of 1.75
mM Ce(NH4)2(NOs)6 and in the presence of either 3.5 mM piperazine at pH 4.8, 3.5 mM HEPES
at pH 7.2, 3.5 mM BTP (in I mM MES buffer) at pH 4.8, or 3.5 mM BTP at pH 7.2 (B).
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Figure 3.S11. Averaged hydrolysis yields plotted as a function of pH for malachite green
detection of free inorganic phosphate for parallel no metal controls. A total of 35 uM
sphingomyelin (SM) was reacted at 37 °C for 20 h (A) or 40 h (B) in the absence of 1.75 mM
Ce(NH4)2(NO3)s and in the presence of either 3.5 mM piperazine at pH 4.8, 3.5 mM HEPES at

pH 7.2, 3.5 mM BTP (in 1 mM MES buffer) at pH 4.8, or 3.5 mM BTP at pH 7.2.
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Figure 3.S12. Averaged hydrolysis yields plotted as a function of pH for malachite green
detection of free inorganic phosphate for parallel no metal controls. A total of 35 uM
phosphatidylcholine (PC) was reacted at 37 °C for 20 h in the absence of 1.75 mM
Ce(NH4)2(NO3)s and in the presence of 0.88 mM mM bis-tris propane derivative (BTP-OH),
0.35 mM BTP, and 0.44 mM BTP at pH 4.8 (1 mM piperazine or MES buffer) or pH 7.2 (1 mM
HEPES or MOPS buffer). The number of trials (n) appears in parenthesis. Error bars represent
standard deviation.
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Figure 3.513. *H- NMR spectra of [Ce(BTP),(NOs),]-2H,0 and BTP in D,O at pD values 2.3
(A and B) and 5.1 (C and D). The pD values were adjusted with NaOD and DCI in D,0. Each
NMR sample contained 0.1 v/v % of tert-butanol as an internal standard. The spectra were
recorded on a Bruker Advance 400 MHz NMR spectrometer at 25 °C.
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Figure 3.514. *H- NMR spectra of [Ce(BTP),(NOs),]-2H,0 and BTP in D,O at pD values 7.7
(A and B) and 9.6 (C and D). The pD values were adjusted with NaOD and DCI in D,0. Each
NMR sample contained 0.1 v/v % of tert-butanol as an internal standard. The spectra were
recorded on a Bruker Advance 400 MHz NMR spectrometer at 25 °C.
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A)1.75 mM Ce(NH,;),(NO;)sand 3.5 mM piperazine buffer at pH 4.8
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Figure 3.515. Time course for the degradation of PC at pH 4.8 and 37 °C by 1.75 mM
Ce(NHy)2(NOs)g in 3.5 mM piperazine buffer (A) or with 3.5 mM BTP in 1 mM MES buffer (B).
The In[PC] is plotted as a function of time for malachite green/molybdate assay detection of
phosphate. [PC] is equal to [PC., - PC] where PC,, is the theoretical concentration of PC (35
uM), and PC; is the concentration of PC at times 2 h, 4 h, 6 h, 11 h, 13 h, 15 h, 17 h, and 20 h.
The solid line is a linear curve fitted that provided the pseudo-first order rate constants 6.1 x 107
h™ and 2.7 x 10% h™ for (A) and (B), respectively. The 30 h time point was omitted because of a
deviation from linearity. PC = phosphatidylcholine.
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Figure 3.516. The *H-NMR spectrum of [Ce(BTP)2(NO3)4]-2H,O was recorded on a Bruker
Advance 400 MHz NMR spectrometer at 25 °C in DMSO-ds .
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Figure 3.517. IR spectrum of [Ce(BTP),(NOs3)4]-2H,0 was recorded on a Perkin Elmer
Spectrum 100 FT-IR spectrometer coupled with an attenuated total reflection (ATR) sampling
accessory. FT-IR (ATR, cm™)): 3343 (b, w), 3109 (b, w), 2884 (b, w), 1589 (w), 1320 (s), 1079
(s), 1019 (s), 823 (m).
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Figure 3.518. The *H-NMR (400 MHz) of the dihydrochloride salt of 1,3-bis-[tris-
(hydroxymethyl)-methyl-amino]-2-propanol was recorded on a Bruker Advance 400 MHz NMR
spectrometer at 25 °C in DMSO-ds . *H-NMR (400 MHz, DMSO-ds, 25 °C, ppm): 8 =3.11 (m,

2H); 3.25 (m, 2H); 3.59 (s, 12H); 4.25 (bs, 1H); 5.37 (sh, 6H); 6.04 (d, 1H); 7.83 (t, 2H); 8.68 (t,
2H).
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Figure 3.519. The *C-NMR (100 MHz) of the dihydrochloride salt of 1,3-bis-[tris-
(hydroxymethyl)-methyl-amino]-2-propanol (Figure 3.10), was recorded on a Bruker Advance
400 MHz NMR spectrometer at 25 °C in D,O . *C-NMR (100 MHz, D,0, 25 °C, ppm) 45.44;
57.49; 63.46; 66.15.
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Figure 3.520. Titration curve of 2.5 mM bis tris propane derivative (BTP-OH) in 0.1 M NaCl by
standardized 0.05 M NaOH at 22 °C. The pK, values of 6.3 + 0.06 (pKa1) and 8.1 £+ 0.00 (pKa2)
were determined from three trials. KaleidaGraph (v. 4.0) was used to obtain the approximate
first derivative of ANaOH (mL)/ApH versus pH, and the pK, values were indicated by the
maxima of the first-derivative plot
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Figure 3.521. The **C-NMR (100 MHz) spectrum of [Ce(BTP),(NO3)s]-2H,O was recorded on
a Bruker Advance 400 MHz NMR spectrometer at 25 °C in D,O. *C-NMR (100 MHz, D,0, 25
°C, ppm) 22.70; 37.94; 56.97; 64.87.
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CHAPTER 4.
A REMARKABLE DNA PHOTOCLEAVING AGENT: APHOTO-ACTIVATED
TRINUCLEAR CU(I1) COMPLEX BASED ON HEXAAZATRIPHENYLENE
(Dr. Antonio Lorente from the University of Alcala performed the synthesis and characterization

of the Cu(Il) complex, and wrote the experimental section that pertained to the organic synthesis.
The rest of the work was contributed by the author of the dissertation.)

4.1. Abstract

This paper describes the synthesis of a trinuclear Cu(ll) complex based on 1,4,5,8,9,12-
hexaazatriphenylene-hexacarboxylic acid and its interactions with double-helical DNA.
Micromolar concentrations of the Cu(ll) complex were able to produce at neutral pH and 37 °C
double-stranded and single-stranded DNA photocleavage (350 nm). After 50 min of irradiation,
1 uM of the complex reacted with 38 uM bp pUC19 plasmid to produce nicked and linear
plasmid forms in 84 % and 14 % yields, respectively. Scavenger and colorimetric assay
experiments suggested the formation of Cu(l), superoxide anion radicals, hydrogen peroxide, and
hydroxyl radicals in the photocleavage reactions. Thermal denaturation and UV-vis absorption
studies suggested that the Cu(ll) complex binds to double-stranded DNA in a non-intercalative
fashion.

4.2. Introduction

There is great interest in the design and synthesis of transition-metal complexes that bind
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to and cleave nucleic acids.

o
phenanthroline HAT
Figure 4.1. Structures of polyazaaromatic chelating ligands.
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Particularly, the study of metal-complexes based on polyazaaromatic chelating ligands (Figure
4.1), such as dipyrido[3,2-d:2’,3"-fl]quinoxaline (DPQ), 1,10-phenanthroline, and 1,4,5,8,9,12-
hexaazatriphenylene (HAT), have played a major role in bioinorganic photochemical research.’”
9 These planar heterocyclic ligands have n-acceptor properties and the potential to intercalate
between DNA base pairs.”®> These types of photocleavage agents have potential applications and
benefits in the areas of molecular biology, photodynamic therapy, and DNA photofootprinting.

Photocleavage by metal complexes can either target the deoxyribose or nucleobases of
DNA.2 There are a number of mechanisms that can account for photo-assisted DNA cleavage:
(a) DNA base oxidation by singlet oxygen, (b) electron transfer from DNA bases to the excited
state photosensitizer, (c) adduct formation between DNA bases and photosensitizer, and (d)
hydrogen abstraction from deoxyribose by excited state photosensitizer and/or hydroxyl radical.?
An example is the ruthenium complex Ru(HAT)s?* photo-assisted electron transfer reaction from
nucleobases to the excited metal complex (*MLCT), performed single-stranded cleavage of
plasmid DNA and also formed photo-adducts with guanine residues of oligonucleotides.®*°
However, the lesser oxidation potential of the *MLCT state of Ru(phen)s** provided less
sufficient plasmid cleavage compared to the Ru(HAT)s*", and photosensitized singlet oxygen
was responsible for DNA base oxidation.®*"*® Another example is Cu(DPQ),**, was shown to
convert supercoiled plasmid DNA into its nicked form under red light irradiation by the
photosensitized generation of hydroxyl radicals.’® Dhar et al. suggested a photo-induced process
involving Cu(11)/Cu(l) redox cycle to generate the highly cytotoxic hydroxyl radicals from
molecular oxygen for the cleavage of plasmid by the Cu(ll) complex.™®

Copper is an essential trace element in living organisms and is utilized by numerous

enzymes for its redox activity. Copper(ll) ions are closely associated with cellular DNA and



149

have a role in the regulation of gene expression.?>?? In vitro, the metal has been shown to bind
to the negatively charged oxygen of the phosphate backbone and form complexes with guanine
and cytosine bases of DNA.?® High cellular copper levels have been linked to cancer and tumor
growth in humans through angiogenesis (the formation of new blood cells), and the proliferation
and migration of endothelial cells.?*? In consideration of copper’s biologically roles, copper-
based DNA photonuclease agents are advantageous compared to complexes based on other
metals.

Herein we report the study of an efficient photocleavage agent, a trinuclear Cu(ll)
complex based on a HAT derivative (4, Figure 4.2). The rationale behind the design of 4,
copper(Il) has been utilized in photo-assisted DNA cleavage for the generation of highly
cytotoxic reactive oxygen species, such as hydroxyl radicals and copper(l) peroxide, by the
metal’s Cu(I)/Cu(l) redox cycle.™*??® Additionally, metal complexes of n-deficient HAT can
provide photo-induced electron transfer reactions by abstracting electrons from DNA
nucleobases.’® We found that the Cu(l1) complex is likely to non-intercalatively bind to DNA at
low r values (r = [chromophore]/[DNA]) and gives rise to efficient double-stranded and single-
stranded cleavage of pUC19 DNA in the presence of near-UV light (350 nm, 22 °C, and pH 7.0).
Colorimetric assay and scavenger experiments pointed to Cu(l), and to hydrogen peroxide,
superoxide, and hydroxyl radicals as the reactive oxygen species, generated in the photocleavage
reactions.

4.3. Experimental
4.3.1. Materials and methods
Distilled, deionized water (ddH,O) was utilized for the preparation of all buffers and

aqueous solutions. Sodium phosphate dibasic salt, sodium phosphate monobasic salt, and EDTA
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were acquired from Fisher Scientific. Calf thymus DNA was obtained from Invitrogen (10
mg/mL). PUC19 plasmid DNA was cloned from either XL-1 blue E. coli competent cells
(Strategene) or DH5-a competent cells according to a standard laboratory procedure.”® The
plasmid DNA was purified with a QIAGEN Plasmid Maxi Kit. Sodium azide > 99 %,
bathocuproinedisulfonic acid disodium salt hydrate, copper(Il) chloride dihydrate > 99 %,
sodium benzoate 99 %, and ethidium bromide 99 %, DMSO, catalase from bovine liver, and
superoxide dismutase from bovine erythrocytes were acquired from Sigma-Aldrich.

UV-visible analysis was recorded with a UV-2401PC Shimadzu spectrophotometer.

DNA thermal denaturation studies were performed using a Cary 300 Bio UV-visible
spectrophotometer fitted with a Cary temperature controller. Photocleavage reactions were
performed in an aerobically ventilated Rayonet Photochemical Reactor fitted with ten RPR-3500
A lamps (The Southern New England Ultraviolet Company).

4.3.2. Preparation of Cu(l1) complex based on hexaazatriphenylenehexacarboxylate

(4)

The synthesis of sodium hexaazatriphenylenehexacarboxylate was performed by a
previously reported procedure.®® To a solution of sodium hexaazatriphenylenehexacarboxylate
(214 mg, 0.339 mmol) in water (70 mL), copper nitrate trihydrate (246 mg, 1.02 mmol) was
added. After that, a dark precipitate was observed, which disappeared upon addition of
ethylenediamine (106 mg, 1.752 mmol). The reaction mixture was stirred at room temperature
for 96 h and then the solvent was evaporated under reduced pressure. The resulting residue was
treated with absolute ethanol (40 mL) and centrifuged. The solid thus obtained was washed with
ethanol (3x 10 mL), affording 448 mg (96% vyield) of pure product. MP > 300 °C. IR(KBI):

3310, 3218, 2360, 2341, 1610, 1383, 1043 cm™. ESI-TOF MS 697.66 [(M+H+Na)**, M =
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C24H24Cu3N1gNasO30. Anal. Calcd. for Ca4H24CusN1gNasO50.H0: C, 20.72; H, 1.88; N, 18.12.
Found: C, 20.69; H, 2.02; N, 18.60.

4.3.3. Photocleavage of supercoiled plasmid DNA

In concentration titration experiments (40 pL total volume), 0.10, 0.25, 0.50, and 2 uM 4
were equilibrated with 38 pM bp pUC19 plasmid DNA and 10 mM sodium phosphate buffer pH
7.0. The reactions were irradiated for 50 min at 350 nm and 22 °C.

In time course experiments, a 40 uL total volume containing 10 mM sodium phosphate
buffer and 38 uM bp of pUC19 plasmid DNA was irradiated in the presence and absence of 2
uM 4 at 350 nm and 22 °C for 0 min, 10 min, 20 min, 30 min, and 50 min. A parallel control
reaction containing 10 mM sodium phosphate pH 7.0, 38 uM bp of pUC19, and 2 uM of Cu(II)
complex was kept in the dark for 50 min.

After irradiation, 3 pL of electrophoresis loading buffer (15.0 % (w/v) Ficoll, 0.025 %
(w/v) bromophenol blue) was transferred to each 40 uL reaction. A total of 20 puL of the
cleavage reactions was loaded onto a 1.5 % nondenaturing agarose gel stained with ethidium
bromide (0.5 pg/mL, final concentration) and electrophoresed at 160 V using 1 X TAE running
buffer in an OWL Al large gel system (Thermo Scientific). Gels were visualized on a
transilluminator set at 302 nm and photographed. For the time course, concentration profile,
radical scavenger, and D,O experiments, the gels were quantitated with Image Quant v. 5.0
software. The data obtained for supercoiled DNA were multiplied by a correction factor of 1.22
to account for the decreased binding affinity of ethidium bromide to supercoiled vs. nicked and
linear plasmid forms.** Photocleavage yields were then calculated according to the following

formula:
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percent photocleavage = [(linear, nicked, or supercoiled DNA) / (linear + nicked + supercoiled
DNA)] X 100.

4.3.4. Colorimetric detection of copper(l)

Reactions were prepared in a final volume of 600 uL in 10 mM sodium phosphate buffer
pH 7.0, and contained 10 UM 4, 10 uM 4 and 38 uM bp calf thymus DNA, 30 uM CuCl;, 30 uM
CuCl; and 38 uM bp calf thymus DNA, or 38 uM bp calf thymus DNA. As a positive control,
30 uM CuCl; and 30 uM L-ascorbic acid were utilized. The samples were irradiated at 350 nm
for 30 min, while a set of parallel reactions was kept in the dark. Thereafter,
bathocuproinedisulfonic acid disodium salt hydrate (42 uM final concentration) was added to
each reaction and equilibrated in the dark for 30 min at 22 °C. The formation of Cu(l)-
bathocuproine complex was then monitored by a UV-Vis spectrophotometer at 480 nm (scanned
from 800 nm — 200 nm).

4.3.5. Chemically induced changes in DNA photocleavage

Reactions (40 pL total volume) containing 10 mM sodium phosphate buffer pH 7.0, 38
UM bp pUC19 plasmid DNA, 2 uM 4 (or 1 uM if noted) were irradiated at 350 nm for 30 min in
the presence of either 100 U superoxide dismutase, 100 U catalase, 100 mM sodium benzoate,
100 mM sodium azide, 79 % v/v D20 (1 uM 4), 2 % v/v DMSO (1 uM 4), or 100 mM EDTA.
Reaction products were then resolved on a 1.5 % nondenaturing agarose gel and quantitated as
described in section 4.3.2. The average % change in DNA photocleavage in the presence of
radical scavengers, D,0, and EDTA was calculated using the following formula:
percent photocleavage change (%) = [(% total of linear and nicked DN Awithout reagent - %0 total of

linear and nicked DNAwith reagent)/(% total of linear and nicked DN Awithout reagent)] X 100.



4.3.6. Thermal denaturation experiments
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Solutions (1.8 mL) in 10 mM sodium phosphate buffer pH 7.0 contained 19 uM bp DNA

in the presence or absence of either 1 UM 4 or 3 uM CuCl,. The solutions (1.5 mL) were

transferred to a 1.5 mL Starna quartz cuvette (1 cm) and allowed to equilibrate for 15 min at 22

°C. The absorbance was then monitored at 260 nm as the temperature was increased from 25 °C

to 100 °C at a rate of 0.5 °C min™. KaleidaGraph (v. 4.0) was used to obtain the approximate

first derivative of AAzs0/AT versus temperature. The melting temperature (Tr,) value was then

indicated by the maximum of the first-derivative plot.

4.4. Results and Discussion

4.4.1. Synthesis of the Cu(ll) Complex based on hexaazatriphenylenehexacarboxylate

AcOH/ reflux, 2h

a) NaNO,/ TFA
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Figure 4.2. Scheme of the synthesis of hexaazatriphenylenehexacarboxylate (3) and Cu(ll)
complex (4).

Synthesis of sodium hexaazatriphenylenehexacarboxylate (3) was performed by a
previously reported procedure and is depicted in Figure 4.2.° Copper(11) complex (4) was then
prepared by the addition of copper nitrate trihydrate (three equivalents) to an aqueous solution of

sodium hexaazatriphenylenehexacarboxylate (3) at room temperature, and followed by further

addition of five equiv of ethylenediamine.



4.4.2. Photocleavage of supercoiled plasmid DNA
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cleavage of 38 uM bp pUC19 DNA by 0, 0.1, 0.25, 0.5, 1, and 2 uM 4 irradiated at 350 nm for

50 min (22 °C and pH 7.0).
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To detect for single- or double-stranded DNA breaks, a preliminary concentration profile
of 4 was conducted. Each individual reaction consisted of 38 uM bp pUC19 plasmid DNA in 10
mM sodium phosphate buffer pH 7.0 and 0 uM — 2 uM of 4. The samples were irradiated for 50
min at 350 nm and 22 °C in an aerobically ventilated Rayonet Photochemical Reactor containing
ten RPR-3500 A lamps. After, the DNA photocleavage products were resolved on a 1.5 %
nondenaturing agarose gel. The results of the profile displayed concentration dependent DNA
photocleavage as the concentration of 4 was increased (Figure 4.3). After 50 min of irradiation,
almost all of supercoiled plasmid DNA was converted into nicked and linear DNA products in
the presence of 1 UM (84 % nicked and 14 % linear) and 2 uM (66 % nicked and 33 % linear) of
4.

DNA photocleavage as a function of time was studied next. Each individual reaction
contained 10 mM sodium phosphate buffer pH 7.0, 38 uM bp pUC19 plasmid DNA, and 2 uM
of 4. Parallel negative control reactions were performed with 38 pM pUC19 plasmid DNA and

10 mM sodium phosphate pH 7.0. The reactions were conducted as described above, except that
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individual reactions were removed at 0 min, 10 min, 20 min, 30 min, and 50 min irradiation
intervals. Time-dependent DNA photocleavage by 4 was observed (Figure 4.4). Nicked DNA
production reached a plateau between 20 and 30 min, and thereafter, decreased from 78 % to 66
% at the 50 min irradiation time. The decreased in nicked DNA production is accompanied with
an increase in linear DNA products (33 % linear after 50 min irradiation). The linear DNA
photocleavage product is clearly shown after just 10 min (5 % linear product) of irradiation at
350 nm. A plot of linear DNA production as a function of time gives a straight line with a slope
of 0.630. No DNA photocleavage products were present when DNA was irradiated in the
absence of 4 (50 min at 350 nm) and parallel dark controls with 2 uM of 4 (50 min, no hv)
(Supporting information, Figure 4.S1).

4.4.3. Colorimetric Detection of Copper(l)

Our next goal was to obtain experimental evidence that would substantiate a photo-
induced process involving Cu(I1)/Cu(l) redox cycle to cleave the plasmid DNA. The

photoreduction of Cu(ll) to Cu(l) could participate in a Fenton-type reaction to generate DNA

19,32 26-28

damaging reactive oxygen species free hydroxyl radicals— or a Cu(l)-peroxide complex
We utilized a colorimetric assay based on bathocuproinedisulfonic acid disodium salt hydrate
(BCS) which forms a 2:1, orange colored complex with Cu(l) (Amax = 480 nm; € = 13 500 M™*
cm™).28** Individual reactions consisted of 10 mM sodium phosphate buffer pH 7.0 in the

presence of either 10 uM 4, 10 uM 4 and 38 uM bp calf thymus (CT) DNA, 30 uM CuCl,, 30
MM CuCl; and 38 uM bp CT DNA, or 38 uM bp CT DNA. Controls containing either 30 pM

CuCly, or 30 uM CuCly and 30 uM L-ascorbic acid were run in parallel. Reactions carried out in

the dark were used as negative controls. After 30 min of irradiation at 350 nm, BCS (42 uM
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final concentration) was added. The reactions were then equilibrated in the dark for 30 min and

analyzed by UV-visible spectrophotometry.
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Figure 4.5. UV-visible spectra of Cu(l)-BCS complex formation in 10 mM sodium phosphate

buffer pH 7.0 (22 °C). Reactions were either irradiated at 350 nm or treated with L-ascorbic

acid* (A) or kept in the dark (B) for 30 min. BCS (42 uM final concentration) was added and
equilibrated for 30 min prior to UV-visible analysis. Cu(ll) = CuCl..
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As expected, the addition of BCS to CuCl, and the reducing agent L-ascorbic acid
produced a bright orange signature 480 nm absorption band corresponding to the Cu(l)-BCS
complex.?®** No Cu(l) was detected in any of the dark DNA reactions (Figure 4.5, B) or
reactions where BCS was omitted (Supporting information, Figure 4.S6). The reactions
irradiated in the presence of 4 and DNA, CuCl, and DNA, and the 4 displayed a Cu(l)-BCS
absorption (Figure 4.5, A). Out of the three mentioned, irradiation of DNA in the presence of 4
produced the most Cu(l), with a BCS spectrum similar in appearance to the positive control
Cu(Il) and L-ascorbic acid. Lower levels of Cu(l)-BCS absorption were observed for CuCl; in
the presence of DNA and followed by 4 in the absence of DNA.

The BCS data collectively indicate that DNA and 4 are independently capable of
sensitizing the one electron photoreduction of Cu(ll) to Cu(l). These observations are consistent
with one-electron transfer reactions in which DNA and 4 both act as electron donors upon
irradiation with 350 nm of light. The photocleavage agent 4 is a less effective electron donor
compared to DNA under these experimental conditions. The latter result is contrary to 419 nm
sensitized photoreduction in which reduction of Cu(ll) was assigned entirely to the pyridine
bound copper(Il) complex. The opposing trend can be explained by the fact that the 350 nm
Rayonet lamps overlap with DNA absorption, whereas the 419 nm lamps do not. Rongoni et al.
reported the photoreduction of Cu(ll) to Cu(l) in the presence of DNA when irradiated with 310
nm light.* Thus, the photoreduction of the Cu(l1) is facilitated by a one-electron transfer from
DNA to produce Cu(l) and a DNA radical. Thereafter, the reaction of Cu(l) and O, would be
expected to generate DNA cleaving reactive oxygen species, such as a Cu(l)-peroxide complex
or freely diffusible hydroxyl radicals.?"?®3*3>3¢ |nterestingly compared to 4, only minimal levels

of DNA photocleavage were produced upon irradiation of 30 uM CuCl, at 350 nm for 30 min
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(Supporting information, Figure 4.S5). Therefore, the high DNA photocleavage yields (Figure
4.3 and 4.4) and higher levels of Cu(l) production (A, Figure 4.5) by 4 compared to CuCl, show
that the ligand hexaazatriphenylenehexacarboxylate plays a major role in DNA photocleavage,
perhaps by bringing more Cu(l) in close proximity to DNA. This would enable the reactive
oxygen species produced by Cu(l) to react with DNA before being quenched by solvent, and
would therefore enhance DNA cleavage efficiency.*®

4.4.4. Chemically induced changes in DNA photocleavage

Table 4.1. Average % change of DNA photocleavage by
scavengers, D,O, and EDTA

Scavengers/chelator Species | Photocleavage
targeted | change (%)?
EDTA (100 mM) Cu(ll) -90+2
Sodium azide (100 mM) '0, -89 +2
DMSO (2 % v/v) *OH -71+7
Catalase (100 U) H.0, -69+3
Sodium benzoate (100 mM) *OH -58+8
SOD (100 V) 0,” -39+2
D,0 (79 % viv) '0, -5+1
Photographs are located in Supporting Information. Figures
4.S2 and 4.S3.

®Average percent change data were averaged over three trials
and error is reported as standard deviation

To further investigate the mechanism underlying DNA photocleavage by 4, we examined
chemically induced changes in DNA photocleavage. Individual reactions consisted of 38 uM bp
of CT DNA, 2 uM 4, and 10 mM sodium phosphate buffer pH 7.0. Reaction were
preequilibrated with either the singlet oxygen (*O,) scavenger sodium azide, the hydroxyl radical
(*OH) scavengers sodium benzoate and 2 % v/v DMSO, the hydrogen peroxide (H20,)
scavenger catalase, the superoxide (O,") scavenger superoxide dismutase (SOD), or the metal

chelating agent EDTA (Table 4.1). From examination of average percent change in
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photocleavage induced by the addition of the reagents, it is evident that sodium azide and EDTA
blocked single- and double-strand break formation almost completely, followed by DMSO,
catalase, and then sodium benzoate (from highest to lowest). Intermediate levels of inhibition by
SOD were observed for DNA photocleavage. However, SOD produces a contributing species
(H20,) to the Cu(11)/Cu(l) redox cycling system that may lower inhibition of photocleavage by
this enzyme.

Contrary to the strong inhibitory effect by the singlet oxygen scavenger sodium azide,
replacing ddH,O with D,0O, which increases the lifetime of singlet oxygen, had relatively no
effect on DNA photocleavage yields (Table 4.1). In this study sodium azide presented similar
inhibition levels compared to the chelator EDTA, and other studies have shown azide anion
binds to copper to form a Cu(11)-N* complex at ~ pH 7 that inhibits copper-containing amine
oxidases.*”® Thus, the involvement of singlet oxygen as a reactive oxygen species in the DNA
photocleavage reaction by 4 is not supported by the D,O data shown in this present paper.

The inhibitory effects of catalase, SOD, DMSO, and of the chelating agent EDTA
collectively indicate that hydrogen peroxide, superoxide and hydroxyl radicals, and metal ions
participate in the DNA photocleavage reactions by 4. Our results suggest that freely diffusible
hydroxyl radicals are key contributing species in DNA cleavage by the Cu(I1)/Cu(l) redox
system (Figure 4.6) and not a Cu(l)-peroxide species. Hydroxyl radicals are highly cytotoxic
reactive oxygen species toward DNA cleavage which involves non-selective abstraction of

hydrogen atoms from the deoxyribose of DNA. 34
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Cu(l) + O, —» Cu(ll) + O3~
. . . e H
0}~ + HY —» HO-0" =» = H,0,

Cu(l) + H,0, = OH" + OH + Cu(Il)
Figure 4.6. Proposed mechanism for the generation of hydroxyl radicals by the photo-assisted

Cu(I)/Cu(l) redox cycle.

Superoxide radical and hydrogen peroxide are relatively unreactive toward DNA.*° The
formation of the reactive oxygen species Cu(l)-peroxide follows the same steps shown in Figure
4.6, except the reaction of Cu(l) and hydrogen peroxide leads to the formation of a Cu(l)-
peroxide complex. Cooper(l)-peroxide formation in chemical- or photo-assisted Cu(I1)/Cu(l)
redox cycles is typically ruled out by utilizing hydroxyl radical scavengers, such as the sodium
benzoate and DMSO reagents used in our inhibition studies, which does not affect the generation
of Cu(l)-peroxide in cleavage reactions.*?¢2®

To account for strong DNA photocleavage inhibition in the presence of hydroxyl radical

scavengers 2 % v/iv DMSO and sodium benzoate, we considered the possible interference from

trace levels of redox active iron in the reactions.

Fe(Il) + H,0, > OH" + OH + Fe(Ill)

Figure 4.7. Mechanism of the formation of DNA damaging hydroxyl radicals by the Fenton
reaction between iron metal ion and hydrogen peroxide.

Iron metal ions are known to produce hydroxy! radicals by the mechanism shown in Figure 4.7.%’
The Fe(l11) could be attracted to the carboxylates of 4, and then could assist in the production of
reactive oxygen species in close proximity to DNA by a Fe(l11)/Fe(ll) redox cycle. To test for
the possibility of trace metal ions in our laboratory solution contributing to photocleavage,

doubly distilled water and buffers were run through a chelex resin to remove interfering redox
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metals and then tested against reactions containing unchelexed ddH,O and buffer. The latter

experiment showed no difference in the photocleavage reactions by 4.

Thus, with the exclusion of photo-assisted Fenton reaction involving iron, it is
conceivable that the hydroxyl radical species responsible for DNA cleavage could be contributed
from a Fenton reaction catalyzed by copper shown in Figure 4.6. Therefore, it is conceivable
that Cu(ll) bound to hexaazatriphenylenehexacarboxylate may reduce to Cu(l), involving photo-
assisted electron transfer from photo-excited DNA and HAT ligand to Cu(Il). The formation of
Cu(l) would catalyze the formation of superoxide radical from molecular oxygen which then
dismutates to hydrogen peroxide. Thereafter, Cu(l) and hydrogen peroxide undergoes a Fenton

reaction to produce diffusible hydroxyl radicals, and hydroxyl anion and Cu(ll).

4.4.5. UV-visible absorption titration
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Figure 4.8. UV-visible absorption spectra of 8 uM 4 in 10 mM sodium phosphate buffer pH 7.0
monitored in the presence and absence of 38 uM bp CT DNA. The absorption spectrum was
corrected for sample dilution.

From an examination of 4, there is a low probability of DNA intercalation involving nt-nt

stacking interactions between the hexaazatriphenylene ring of the complex and DNA base pairs.
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Intercalation would be expected to be sterically hindered by the free carboxylates and
ethylenediamines bound to each Cu(ll). These structural features might also inhibit DNA minor
groove binding which is favored by unhindered aromatic ring systems that can make close van
der Waals contacts with the walls of the groove. Major groove binding or external binding of the
complex with DNA are more probable scenarios, especially if sodium cations in the reaction
buffer aid in neutralizing the negatively charged carboxylates. UV-visible analysis was
performed in order to screen for these binding modes (Figure 4.8). Bathochromic and
hypochromic wavelength shifts are characteristics of electronic spectra of some groove binders
and intercalators of DNA. Thus, UV-vis spectrophotometry was utilized to monitor the spectra
of 8 uM 4 in 10 mM sodium phosphate buffer pH 7.0 as a function of CT DNA concentrations
ranging from 0 uM bp — 304 uM bp (22 °C). Figure 4.9 shows the absorption spectra of 8 uM 4
in the presence and absence of 38 uM bp CT DNA. The chromophore has an absorption
maximum at 324 nm. The wavelength and intensity of 4 were unchanged, even after CT DNA
concentration was increased to 304 uM bp (Supporting Information Figure 4.S4). These results

suggest that the Cu(Il) complex may associate with DNA by external interactions.
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4.4.6. Thermal melting studies
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Figure 4.9. Normalized thermal melting curves of 19 uM bp CT DNA in the absence and
presence of 3 uM of CuCl, (Cu(ll)) or 1 uM of 4 (22 °C, pH 7.0).

DNA melting temperature (Ty,) trends can provide important information on ligand-DNA
interactions.*" Ligands that interact with DNA by intercalation or groove binding, or externally
can increase the T, of DNA by stabilizing the DNA duplex.'®2%3144% Compared to intercalating
ligands which often produce considerable increases in DNA melting temperature, externally
bound ligands increase Tp, values to a lesser extent.'® Thus to confirm the binding mode of 4 to
DNA, melting temperature curves of 19 uM bp CT DNA in 10 mM sodium phosphate buffer pH
7.0 in the presence and absence of 3 UM of CuCl, or 1 uM of 4 were recorded (Figure 4.9). The
addition of 1 uM 4 to 19 uM bp CT DNA, the same r value (r = [chromophores]/[DNA bp]) of
0.05 as the photocleavage reactions in Figure 4.4, increased the T, of DNA from 68 °C to 69. °C.
The T, increase of DNA by 1 uM 4 is the same compared to the T, change of DNA in the

presence of 3 uM of CuCl,. The increase of DNA Ty, by CuCl, is conceivable since the
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interactions of the metal ion with the negatively charged oxygen of the phosphate backbone and
its ability to form complexes with guanine and cytosine bases of DNA can enhance stabilization
of the DNA duplex.?® In their study of DNA binding modes, Kelly et al. observed a small, < 2 °
C, Tn increase for poly[d(A-T)] DNA by ruthenium complexes based on 2,2’-bipyridyl and
2,2,2’-terpyridyl, and suggested that the complexes externally bind to DNA. Whereas in the
same study, an intercalating ruthenium complex presented a 5 °C Ty, increase at the same r value
(0.05).*® Thus, the similar DNA T, in the presence of CuCl, and the small magnitude of the T,
change by 4 suggest that the photocleavage agent binds to DNA in a non-intercalative fashion
that may involve external binding.

While the precise nature of the DNA binding mode of 4 awaits confirmation by high
resolution structural analysis, the UV-visible, melting temperature and photocleavage results
point to the possibility of external DNA interactions. High levels of plasmid DNA
photocleavage were attained using micromolar concentrations of 4 (Figure 4.3 and 4.4). When
bound externally, chromophores have more access to oxygen and as a result can generate DNA
damaging reactive oxygen species more efficiently compared to intercalated and groove bound
chromophores.*** External interactions of 4 with DNA may be favored by the negative steric
interaction of the carboxylate and ethylenediamine groups of the complex with the base pairs and

grooves of DNA.
4.5. Conclusions

In summary, here we report the synthesis of a trinuclear Cu(ll) complex based on
hexaazatriphenylenehexacarboxylate. Irradiation of micromolar concentrations of 4 at 350 nm
provided high levels of DNA photocleavage under near-physiological conditions of temperature

and pH (22 °C and pH 7.0). Although the exact mechanism of the photocleavage reaction is not
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yet fully understood, at this time we believe that the formation of single-stranded and double-
stranded DNA breaks may involve external binding of the chromophore to DNA. This
efficiently promotes a type | photodynamic reaction mechanism in which Cu(ll) is photoreduced
to Cu(l), with the ligand and DNA as electron donors. We propose that Cu(l) reacts with ground
state triplet oxygen to generate superoxide. Thereafter, the superoxide radicals undergo a Fenton
reaction to produce diffusible, DNA damaging hydroxyl radicals. In conclusion, the utilization
of copper-based photonucleases is of considerable interest because of the bioavailability of
copper at the cellular level. Our future work will focus on the development of new copper

photonucleases that absorbs at low-energy light (600 nm — 800 nm).
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Irradiation time (min) | 50 0 10 20 30 50
4| — + + + + +

%N 4 6 70 78 78 66

%L |0 0 5 10 18 33
%S | 96 94 25 12 3 1

Figure 4.S1. Photograph of 1.5 % nondenaturing agarose gel showing photocleavage of puC19
plasmid DNA (38 uM bp). Time course experiment in the presence and absence of 2 uM 4
irradiated at 350 nm and 22 °C for 0 min, 10 min, 20 min, 30 min, and 50 min. Only 50 minute
irradiation of pUC19 plasmid DNA was performed for the reaction containing no photocleavage
agent. N = nicked, L = linear, and S = supercoiled. Data corresponds to time course experiment
in Figure 4.4. Data are averaged over three trials.
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Figure 4.S2. Photograph of 1.5 % nondenaturing agarose gels showing photocleavage of pUC19
plasmid DNA (38 uM bp) by 2 uM 4 in sodium phosphate buffer pH 7.0 in the absence of
inhibitor (A), and in the presence of 100 U superoxide dismutase (B), 100 U catalase (C), 100
mM sodium benzoate (D), 100 mM sodium azide (E), and 100 mM EDTA (F). Three trials were
run for each reaction and acquired a 30 min irradiation time at 350 nm and 22 °C. Data

corresponds to data in Table 4.1.

A B C

Figure 4.S3. Photograph of 1.5 % nondenaturing agarose gel showing photocleavage of pUC19
plasmid DNA (38 uM bp) by 1 uM 4 in sodium phosphate buffer pH 7.0 in the absence of
inhibitor (A), and in the presence of 79 % v/v D,0O (B) and 2 % v/v DMSO (C). Three trials
were run for each reaction and acquired a 30 min irradiation time at 350 nm and 22 °C. Data

corresponds to data in Table 4.1.
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Figure 4.S4. UV-visible absorption spectra of 8 uM 4 in 10 mM sodium phosphate buffer pH 7.0
was monitored as a function of CT DNA concentration (0 uM bp — 304 uM bp) at 22 °C from 200
nm — 600 nm (A) and 290 nm — 450 nm (B). The absorption spectrum has been corrected for sample
dilution. Data correspond to Figure 4.8.

A B

Figure 4.S5. Photocleavage of 38 uM bp pUC19 plasmid DNA by 30 uM CuCl, at 22 °C and
pH 7.0 for 30 min in the dark (A) or irradiated at 350 nm (B).
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Figure 4.56. UV-visible spectra of Cu(l) assay to detect Cu(l)-BCS complex formation in 10
mM sodium phosphate buffer pH 7.0 (22 °C). Reactions were either irradiated at 350 nm (*
except Cu(ll) + L-ascorbic acid) for 30 min. BCS was omitted in these experiments. Cu(ll) =
CuCl,.
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