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In response to transmembrane potentials, which are négative on the inner side of
energized mitochondria, extensively conjugated cationic molecules (dyes) with appropriate
lipophilic/hydrophilic character naturally accumulate inside these subcellular compartments.
Because enhanced mitochondrial membrane potential is a prevalent cancer cell phenotype,
the selective destruction of tumor cells via mitochondrial targeting is currently under
investigation in this laboratory as a novel therapeutic strategy for photochemotherapy of
neoplastic diseases. Cationic triarylmethane dyes (TAM®*) represent a class of
photosensitizers whose phototoxic effects develop at least in part at the mitochondrial level.
The aim of this project was to determine how the molecular structure of TAM* dyes affects
their noncovalent binding to model host biopolymers (hexokinase, DNA, and low density
lipoprotein), and explore the effects of these noncovalent interactions on photosensitization
efficacy (or drug potency).

Depeﬁding upon the degree of biopolymer loading, TAM* dyes were found to bind to
hexokinase (HK) and DNA both as monomers and as aggregates. Laser irradiation of TAM*-
HK and TAM'-DNA complexes has indicated that photosensitization efficacy decreases
upon increasing the degree of dye aggregatio.n. While dye aggregates were extensively

destroyed (photobleached) upon laser irradiation, little damage was inflicted by them on the
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host macromolecules. On the other hand, dye monomers were less susceptible to

photobleaching and more effective in promoting thé destruction of HK and DNA. TAM*
dyes were also found to bind to low density lipoprotein (LDL) in aqueous media. The
dominant mechanism bf TAM" binding to LDL has been characterized as the partitioning of
these dyes into the lipid core of the host lipoprotein. No evidence has been found for the
formation of TAM* aggregates in the presence of LDL. Accordingly, in LDL-TAM*
- complexes the degree of photoinduced macromolecular damage was found to increase with
increasing drug concentration.

Biopolymer-assisted dye aggregation can thus be expected to control, at least in part,
the photosensitization efficiency of TAM* dyes in complex biological environments. Our
findings indicate that considerations on how molecular structure affects dye aggregation are
of relevance for the rational design of new photosensitizers specifically tailored for the

selective destruction of tumor cells via mitochondrial targeting.
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Chapter 1. Introduction

Photodynamic Therapy:

Photodynamic therapy (PDT) is a new treatment modality that involves the combined
use of light and photosensitizers, for the photochemical destruction of targeted tissue
(Dougherty T. J., 1987). It involves the systemic injection and accumulation of a
photosehsitizer within neoplastic tissue followed by tumor destruction upon irradiation with
light of an appropriate wavelength. Neoplastic cell death and tumor eradication is promoted
through the photochemical generation of highly reactive (cytotoxic) species in situ
(Dougherty T. J., 1987). PDT was first approved in 1993 by the Canadian FDA (US FDA
approval was in 1995) for the prophylactic treatment of bladder cancer (Dougherty T. J. et al,
1998), but it has rapidly progressed from the field of oncology to other fields like
ophthalmology, cardiology and dermatology (Rouhi M., 1998). In ophthalmology, it is used
for the treatment of age related macular degeneration, a leading cause of blindness in the
world. In the field of cardiology, its use in the femoval of arterial plaques by a procedure
called as photoangioplasty is under active investigation (Rouhi M., 1998). In dermatology,
the potential of PDT is being explored for the treatment of superficial skin lesions, acne and
for cosmetic purposes. Currently its applications in urology (enlarged prostate and prostate
cancer), gynecology (dysfunctional uterine bleeding), rheumatoid arthritis (for the selective
destruction of pathological synovium), periodontal diseases and localized wound infections
are also being examined (Rouhi M., 1998).

Following its first FDA approval in Canada in 1993, approvals for PDT were

obtained in The Netherlands and France for treatment of advanced esophageal and lung
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cancers, in Germany for treatment of early stage lung cancer, in Japan for early stage lung,

esophageal, gastric and cervical cancers and in the United States for advanced esophageal
cancer and early stage lung cancer (Dougherty T. J. et al, 1998). Taking into consideration
the current regulatory status of PDT, the work done in this project focuses on its use in the
treatment of malignant tumors. The success of PDT thus rests on the preferential
accumulation of photosensitizers by neoplastic tissue over the adjacent healthy tissue in
which the tumor arose. One possible way of achieving this selectivity is by targeting the
mitochondria of tumor cells, since tumor céll mitochondria have enhanced mitochondrial
membrane potentials compared to normal cell mitochondria (Chen L. B., 1988). This
enhanced mitochondrialv membrane potential is associated with increased uptake and

retention of a variety of cationic photosensitizers by tumor cells as compared to normal cells.

Mitochondrial Targeting and Cationic Photosensitizers :

Based on a éomprehensive investigation involving more than 200 cell lines/types of
melanoma, adenocarcinoma, traﬁsitional cell carcinoma, squamous cell carcinoma, and
normal epithelial cells, Chen has demonstrated that enhanced mitochondrial membrane
potential is a prevalent cancer cell phenotype (Chen L. B., 1988). Only approximately 2% of
all cells tested so far disobey this dominant precept. Typically, the mitochondrial membrane
potential of carcinoma cells is over 60 mV higher than in normal epithelial cells. Evidence
pointing to a higher plasma membrane potential in a variety of carcinoma cells, as compared
to normal epithelial cells has also been previously described (Chen L. B., 1988; Davis S. et
al, 1985). Because enhanced mitochondrial membrane potential is'a prevalent cancer cell

phenotype the selective destruction of tumor cells via mitochondrial targeting is being
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explored as a novel therapeutic strategy for both chemo- and photochemotherapy of

neoplastic diseases.

Photofrin II™ (PII), the clinically approved photosensitizer and other anionic
porphyrin oligomers target primarily tumor vasculature, while a variety of cationic
photosensitizers target primarily the malignant cells (Henderson B. W. et al, 1985).
Accumulation around the tumor vasculature in the case of anionic photosensitizers has been
attributed to the large size of the porphyrin oligomers, to their association with serum
proteins and to the tumor architecture which includes a leaky vasculature, a large interstitial
space, and a compromised lymphatic drainage system (Dougherty T. J. et al, 1998). Since
anionic photosensitizers target primarily the tumor vasculature and not the tumor cells, their
toxicity toward tumors stems from destruction of the tumor vasculature and subsequent
tumor starvation. Despite their extensive clinical application, PII and other porphyrins have
a number of undesirable properties. Penetration of light into tissue is best at the edge of
visible and into the near infra red regions of the spectrum. However, PII has only a small
absorption peak in the relevant region of the spectrum (¢ = 1170 M"cm'1 at 630 .nm)
(Dougherty T. J., 1992; Stewart F., 1998). Porphyrins target the tumor vasculature and
require the presence of molecular oxygen to mediate the photochemical destruction of
targets, and are therefore not effective in poorly perfused regions of tumor mass. Besides,
destroying the tumor vasculature results in the generation of hypoxic tumor zones which are
often the origin of tumor recurrences, because oxygen is no longer available in these zones
for the photodynamic action to take place (Foster T. H. et al, 1991). Porphyrins also show
long persistence in normal tissues, including skin, thus keeping the patient photosensitive for

more than a month after treatment.
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On the other hand, in response to transmembrane potentials, which are negative on

the inner side of energized mitochondria, extensively conjugated cationic molecules with
appropriate lipophilic/hydrophilic character naturaily accumulate inside these subcellular
compartments. Indeed mitochondrial toxicity is one of the mechanisms for cell death
typically associated with cationic photosensitizers (Davis S. et al, 1985). With appropriately
tailored cationic molecules, the dye concentration within the mitochondria can be 10° to 10*
fold higher than that observed outside the cell, thus offering a greater degree of direct cellular
phqtotoxicity than anionic photosensitizers (Davis S. et al, 1985). When mitochondrial
accumulation is controlled solely by membrane potentials, the difference in concentration
inside and outside the cell can be rationalized in terms of the Nernst equation (Chen L. B.,
1988, Davis S. et al, 1985, Wong J. R. et al, 1988). At equilibrium, the cytoplasmic and

mitochondrial concentrations can be theoretically predicted by the Nernst equation as

follows:
[Cytoplasm] = [Extracellular] *1Q®¥eviopiasm)(2303RT/F) Equation 1
[Mitochondrion] = [Cytoplasm] *1(¥mitochondrion)/(2.303RT/nF) Equation 2

where AW opm and AW ichondion 2T€ the potentials across the cell and mitochondrial
membrane respectively. At 25°C, the exponential term within parenthesis, 2.303RT/nF,
takes on the value of 59 mV. Thus, for illustrative purposes, if AW ocmondrion 1S —180 mV, and
AY yiop1sm 18 —60 mV, the equilibrium concentration of a cationic photosensitizer in the
cytoplasm would be approximately 10 times that outside the cell, while in the mitochondrial
: compartment the concentration would be approximately 10,000 times that in the cytoplasm.

Rhodamine 123 (Rh123) is the cationic dye most extensively investigated with

~ respect to selective mitochondrial accumulation. Rh123 stains mitochondria with remarkable
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efficiency and selectivity, with no simultaneous staining of the plasma membrane, nuclear

envelope, lysosomes, endoplasmic reticulum, Golgi complex and any other cellular
component (Bernal S. D. et al, 1983; Chen L. B., 1988). For this particular dye, the potential
driven component of mitochondrial accumulation is clearly the dominant contribution to cell
accumulation. Upén depolarization of the mitochondrial membrane of living cells, Rh123 is
‘no longer retained in the mitochondria. Rh123 is retained for a prolonged period of time (2
to 5 days) by the mitochondria of a large variety of carcinomas, whereas normal epithelial
cells release it within a few hours (Bernal S. D., et al 1983; Wong J. R., et al 1995). Cancer
therapy experiments carried out on mice have demonstrated that Rh123 has anticarcinoma
activity in vivo. Rh123 has also been identified as a reasonably efficient purging agent for
the selective removal of tumor cells from contaminated bone marrow grafts (Wong J. R. et al,

1995).

3 Triarylmethane (TAM®*) Dyes as Photosensitizers:
The cationic photosensitizers used in this projeét belong to a family of dyes called
triarylmethanes (Figure 1.1), namely Crystal Violet (CV*), Ethyl Violet (EV*), Victoria Blue
R (VBR") and Victoria Pure Blue BO (VPBBO"). The rationale for choosing TAM"* dyes as
- our model photosensitizer is as follows. One of our motivations in exploring mitochondrial
térgeting as a novel modality of photodynamic treatment of neoplastic diseases wﬁs based on
_. a putative limitation of Photofrin II and other vascularly-targeted photosensitizers presently
i in clinical use in PDT. Although Photofrin II does not target exclusively tumor vasculature,
there is little doubt that its primary mechanism of tumor destruction is based on vasculature

 impairment, and, interestingly, this major determinant of tumor destruction simultaneously
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represents a potential limiting factor for the success of this drug in certain therapeutic

applications (Dougherty, 1998; Fisher et al, 1995; Bonnett R., 2000). Photofrin II and other
PDT drugs presently in clinical use are highly phototoxic in the presence of molecular
oxygen but do not work well in hypoxic or poorly perfused tumor areas (Dougherty, 1998).
Therefore, as a result of the vascular damage incurred during irradiation, along with the
natural consumption of oxygen by the cytotoxic photochemical reaction, tumor zones that at
the onset of the treatment were sufficiently oxygenated may become hypoxic before
sufficient damage is inflicted on the targeted tissue. The presence of hypoxic or poorly
perfused areas in solid tumors (due to endogenous conditions or secondary to vascular
damage) is thought to represent one of the determinants of tumor recurrence in PDT (Foster
T. H. et al, 1991). Therefore, there is substantial interest in the development of new
photosensitizers that target primarily tumor cells rather than tumor vasculature and are
capable of inducing tumor cell destruction both in the presence and absence of oxygen. We
; - now know that CV* (and hypothetically any other TAM* dye showing the appropriate
lipophilic/hydrophilic character) is efficiently taken up by tumor cells and shows selective
toxicity against these cells as compared to normal cells. We also know that the mechanisms
of phototoxicity of CV* and other TAM*l dyes do not require the involvement of molecular
oxygen to operate (Baptista M. S. and Indig, G. L., 1998; Bartlett, J. A. and Indig, G. L.,
1999; Indig, G. L. 1997; Baptista M. S. and Indig G. L., 1997, Lewis, L. M. and Indig, G. L.,
~ 2001). Therefore, mitochondria-specific TAM* dyes have the potential to increase the
efficacy of PDT of solid tumors when used either in isolation or in com‘bination with

| vasculature-targeted photosensitizers.
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In addition to the importance of molecular oxygen in determining dye phototoxicity,

other parameters to consider in conceptually constructing our idealized new photosensitizers
include chemical stability, low systemic toxicity, and a low energetic requirement for
electronic excitation. Again, TAM"* dyes show very satisfactory characteristics with regard
to all of these requirements. The properties listed below represent the minimum set of
chafacteristics that must be present in an ideal photosensitizer. TAM* dyes meet these

specifications. Based on these considerations, an ideal photosensitizer should present:

* Strong absorption towards the red edge of the visible and into the near infra-red
region of the electromagnetic spectrum, regions in which the penetration of light
into tissue is better. Most TAM" dyes show high extinction coefficients (> 70,000

M cm™) above 600 nm (Lewis L. M. and Indig, G. L., 2000; Davis C., 1967).

» Good chemical stability. TAM* dyes are stable in solution. For example, in pure
water or in ethanol the half-life of concentrated TAM" solutions kept in the dark can

reach several years (Davis C., 1967).

* Low systemic toxicity. Over the years TAM* dyes have developed an excellent track
record for biological safety. They have been employed, for example, as
anthelmintics, antiseptics in burn patients and umbilical cords of newborns,
antifungals to treat both topical and vaginal infections caused by Candida (Davis C.,
1967; Duxbury D. F., 1993; RTECS 1997; Gennaro A. R. et al, 1990). Furthermore,
our lead compound, CV*, has been used for over 50 years for cleansing blood to
remove the protozoan parasite Trypanosoma cruzi to prevent transfusion-associated

transmission of Chaga’s disease (Moras-Souza et al, 1996; Ramirez L. E. et al, 1995;
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Docampo R. et al, 1988). Transfused patients receive a high dose of CV*

intravenously. After transfusion, the skin of Caucasian patients becomes bluish-
purple, and yet no significant side effects have ever been associated with this

procedure (Moras-Souza et al, 1996)

Good cell penetration properties and preferential retention by neoplastic tissue. Our

lead compound, CV*, apparently satisfactorily fulfills this requirement.

High phototoxicity in both normally oxygenated and hypoxic tumor areas. Using
léser flash photolysis and élassical photochémical methods, we have described the
mechanisms by which CV* and other TAM" dyes can damage biopolymers, including
DNA and hexokinase (Baptista M. S. and Indig, G. L., 1998; Bartlett, J. A. and Indig,
G. L., 1999; Indig, G. L. 1997; Baptista M. S. and Indig G. L., 1997, Lewis, L. M.

and Indig, G. L., 2001). These last two biopolymers are considered putative targets

. for the phototoxic action of these dyes at the mitochondrial level. Mitochondrial

DNA is particularly prone to oxidative damage due to its lack of protective histones,
proofreading, and the mitochondria’s incomplete repair mechanisms (Kowalowtoski
M. J., 1999). Hexokinase is known to be over expressed in highly glycolytic tissues
such as tumors, and this enzyme has been previously considered as a possible target
for anti-tumor therapy (Penso J. and Beitner R., 1998). The mechanisms of TAM®*-
induced biopolymer damage were found to be independent of molecular oxygen.
Accordingly, the phototoxic action of CV* against L1210 cells was in a great extent

(although not entirely) conserved upon extensive (but gentlé) purging of cell
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suspensions with argon to remove dissolved molecular oxygen before irradiation

(Indig, G. L., 2000).

& Mu’St be converted during PDT to a photoproduct transparent to the excitation light
to avoid the optical shielding effect that prevents the irradiation light from reaching
deeper locations in photosensitizer-loaded tumors. CV*-mediated damage to
biopolymers is initiated by a photoinduced electron transfer from the biopolymer to
the photosensitizer (Baptista M. S. and Indig, G. L., 1998; Bartlett, J. A. and Indig, G.
L., 1999; Indig, G. L. 1997; Baptista M. S. and Indig G. L., 1997, Lewis, L. M. and
Indig, G. L., 2001), an event that simultaneously leads to dye decomposition and

- bleaching. The final products of CV* photodecomposition only absorb light in the
ultra-violet region of the electromagnetic spectrum. Accordingly, upon irradiation of

L1210 cells loaded with CV*, dye bleaching was found to parallel cell kill.

Mitochondrial Aécumulation of TAM"* Dyes:
| To obtain preliminary information on subcellular distribution and mitochondrial

accumulation of CV* and EV* in rat basbphilic leukemia cells, two photon laser scanning
- microscopy has been employed by Indig et al (Indig G. L. et al, 2000). RBL cells were
chosen as the intial model system because they display well-defined discrete spherical
mitochondria that makes morphological alterations easy to detect. The experimental strategy
involved the use of a mitochondrial marker (Rh123) and the cellular NADPH
:,lutoﬂuorescence to probe the cellular distribution of TAM"* dyes and characterize the early

alterations in mitochondrial morphology and bioenergetics associated with the dark
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(cytotoxic) effects of these photosensitizers. Simultaneous two photon images of

- NADP(H), Rh123, and T.AM+ fluorescence were obtained by exciting RBL cells at 750 nm
- using a Ti:Sapphire laser (75 fs) as the excitation source. The RBL cells were incubated in
" the dark for periods ranging from 1 minute to 1 hour with growth media containing 1 pM
TAM" dye and subsequently incubated for 30 minutes in the dark with fresh growth media
containing 0.05pM Rh123. After a final cycle washing and incubation for 15 minutes in
fresh growth media, the cells were subjected to two photon imaging. No morphological
 alterations or induction of fluorescence attributed to cellular damage was observed during the
brief imaging period. The cell fluorescence was analyzed in three different detection
: channels for the simultaneous characterization of the spatial distribution of each fluorophore
- of interest.

When RBL cells were incubated for 10 minutes with CV*, the fluorescence associated
~with CV*, Rh123 and NADP(H) showed similar perinuclear, punctuate distribution in the
cell, which is consistent with mitochondrial localization. The mitochondria were still
energized at this point as indicated by their ability to retain Rh123. After 30 minutes of CV*
in bation Rh123 was no longer retained by the cell and cellular NAD(P)H fluorescence was
intense and less punctuate, indicating that the mitochondrial inner membrane potential
has been reduced and NADH has been oxidized to NAD*. This approach of monitoring
"; AD(P)H fluorescence in living cells for the assessment of mitochondrial bioenergetics was
iginally introduced by Chance (Chance B. et al, 1970). l

With the replacement of CV* by EV* similar mitochondrial effects were observed.
he comparison of the fluorescence patterns of EV*, Rh123 and NADPH after 10 minutes of

incubation with EV* has indicated that this dye also accumulates in cell mitochondria.
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However, significant EV* background fluorescence was observed throughout the

cytoplasm, suggesting that a substantial fraction of the EV* molecules taken up by the RBL

cells may also localize in subcellular compartments other than mitochondria.

Cellular Uptake and Phototoxicity of TAM' Dyes:

TAM™ dyes have been previously considered as photosensitizers for PDT
,, (Fiedorowicz M., 1997; Viola A., 1996) and are thought to develop their cytotoxic effect
- primarily at the mitochondrial level (Ramirez L. E. et al, 1995). To explore whether a series

“ of structurally related TAM* dyes can promote the selective destruction of tumor cells with
| minimum toxicity towards normal cells, a model preclinical study was conducted in which
»t?he phototoxicity of TAM* dyes towards leukemia L1210 cells and normal hematopoietic
cells (murine granulocyte-macrophage progenitors, CFU-GM) was compared under
conditions in which the respective thermal (dark) toxicity was small or negligible for both
cells (Indig et al, 2000). Figure 1.2 shows the efficiency with which a series of TAM* dyes
ﬁghotoinactivatc L1210 cells and CFU-GM cells as a function of irradiation time. It is evident
that among the four commercially available TAM* dyes investigated so far, CV* is the only
:‘(;‘.‘ »that was substantially more efficient in photoinactivating L1210 cells than CFU-GM
cells. After relatively short periods (circa 20 minutes) the surviving fractions of L1210 cells
esented only 0.3 to 0.4% of their initial values, whereas in the case of CFU-GM cells the
respective surviving fractions were still in the range of 60 to 70% of their initial values. The

ototoxic effects of the other three TAM* dyes do not show appropriate selectivity toward
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leukemia cells. VBR" displayed low efficacy in destroying both L1210 and CFU-GM

cells, and EV" is highly phototoxic toward both cell lines. Although VPBBO" mediates the
inactivation of L1210 leukemia cells with reasonable éfﬁciency, this dye was found to be
even slightly more efficient at inactivating normal hematopoietic cells. Interestingly, mbst
| _ attention given to TAM" dyes as potential photosensitizers for PDT has to date been focussed
on VPBBO' (Fiedorowicz M., 1997; Viola A., 1996). On the other hand CV*, the TAM"* dye
b, that has been very successfully used in tropical medicine for several decades, but to our
knowledge never considered for use in PDT, is the most promising TAM* dye for PDT
1 among those we have investigated to date.

Extensively conjugated cationic compounds typically bind to natural and synthetic
anionic biopolymer polyelectrolytes in solution (Jones II et al, 1991; Jones II et al, 1994; Pal
M K. et al, 1994; Baptista M. and Indig G. L., 1998; Bartlett J. A. and Indig G. L., 1999;
bfindig G. L. et al, 2000), a phenomenon that may play an important role in the mechanisms of
'tochondrial phototoxicity of cationic dyes. The total mitochondrial membrane protein
ntent, inéluding both inner and outer membranes, varies between 60 and 65%, while the
ner membrane protein content is believed to be as high as 75% (Nicholls D. G., 1982).
ause of the high protein content of the inner membrane, these proteins can be expected to
one of the primary targets fqr the toxic action of cationic mitochondrial photosensitizers.
Indeed, these proteins are thought to be one of the primary targets of mitochondria-generated
eactive oxygen species during oxidative stress (Kowaltowski A. J. et al, 1999). Among the
possible mitochondrial targets are hexokinase (HK), a mitochondrial enzyme and

litochondrial DNA (mt-DNA), the latter especially being prone to oxidative damage
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(Kowaltowski A. J. et al, 1999), because of a lack of protective histones and an incomplete

repair mechanism.

Hexokinase (HK):

‘Cancer cells are characterized by a high rate of glycolysis, which is their primary
energy source. All glycolytic enzymes bind to the cytoskeleton, except HK, which binds
‘. reversibly to mitochondria (Gots R. E. et al, 1972). HK has been shown to bind to porin at
~ the contact sites between the outer and inner mitochondrial membranes (Kottke et al, 1988).
- The mitochondrially-bound HK utilizes mitochondrially generated ATP to phophorylate
glucose to glucose-6-phosphate (Gotts R. E. et al, 1972; Gotts RE et al, 1974; Viitanen P. V.
._:e*t al, 1984). This phosphorylation represents the first step of the glycolytic process.
- Glucose-6-phosphate then enters the glycolytic pathway that results in the generation of
cellular ATP. In addition to thié, glucose-6-1;hosphate also enters the pentose phosphate
‘pathway, leading to the syntheéis of excess amounts of nucleic acids and lipids, which are
‘essential for cancer cell proliferation and maintenance.

The levels of mitochondria bound HK in highly glycolytic tumor cells greatly exceeds
that of normal tissues, and the bound enzyme was shown to have a preferred access to
tochdndrially generated ATP (Arora K. K. and Pedersen P. L., 1988, Smith T. A. 2000). It
s also found that NIH/3T3 cells transfected with tumor HK cDNA, showed increased HK,
'f,‘l.’:v. ased glycolytic rate and enhanced growth rate (Fanciulli et al, 1994). These findings
w that the exceptionally high mitochondria bound HK in cancer cells plays a key role in

sgulating cell energy metabolism and cell growth rate.
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HK catalyses the transfer of the phosphoryl group to the sixth hydroxyl group of

glucose according to the following biochemical reaction that requires the initial formation of

a ternary enzyme-glucose-ATP-Mg** complex (Wilson J. E., 1995).

HK/Mg*
1 D-glucose + ATP — ¥ D-glucose-6-phosphate + ADP

The binding sites for both substrates namely ATP and glucose are located in the C-
 terminal half of the molecule, and therefore this portion of the molecule is associated with
vcatalytic function (Wilson J. E., 1995). Glucose-6-phosphate serves as a potent allosteric

inhibitor of the enzyme (Crane R. K. and Sols A., 1954; Wilson J. E. and Chung V., 1989).

‘The regulatory site to which glucose-6-phosphate binds, is located in the N-terminal half of
;svr enzyme (Wilson J. E., 1995).

Yeast HK is structurally well characterized, and there is extensive similarity in amino
‘?' cid sequences between yeast HK and other members of the‘HK family (Wilson J. E., 1995).
Both the N- and C-terminal halves of the mammalian enzyme are presumed to resemble the
yeast HK. Yeast HK is a homodimer and each subunit consists of two readily distinguishable
ains, generally referred to as the ‘large lobe’ and the ‘small lobe’. The binding site for
lucose lies at the bottom of the cleft between the lobes and binding of glucose induces
;fs?: of the cleft by a hinge bending movement (Steitz, T. A. et al, 1977). The change in
he conformation upon binding of glucose enhances the binding of the metal-ATP substrate

nd apparently protects the activated ATP from attack by water. There is one nucleotide

nding site per monomer of the enzyme molecule.
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HK has been explored as a potential target in the chemo and photochemotherapy of

neoplastic diseases. Dose dependent detachment of HK from mitochondria of B-16
- melanoma cells has been investigated as a poésible strategy for cancer therapy using
 clotrimazole and bifenazole (Penso J. and Beitner R., 1998). The decrease in mitochondria

bound HK preceded the decrease in cell viability, with concomitant detachment of other
: cytoskeleton bound glycolytic enzymes. Glioma metabolism requires the presence of
“mitochondria boﬁnd HK which generates glucose dependent energy (Miccoli L. et al, 1998).
:v,A decrease in cellular pH leads to release of HK, which in turn decreases glucose

Pphosphorylation, ATP content and cell proliferation. Thus agents that can decrease

intracellular pH can be used in therapy against gliomas. In human glioma cells treated with

»iw ricin, a naturally occurring photosensitizer, HK was inhibited in a light and dose
dependent manner (Miccoli L. et al, 1.998). HK was released from mitochondria as measured
ELISA using a specific anti-HK anfibody. The action of hypericin thus involved the
- eration of mitochondria bound HK, initiating a cascade of events that ultimately alter the
} etabolism and survival of glioma cells.

J - Photodynamic treatment of yeast (Kluyveromyces Marxianus) with toluidine blue
A, ted in an inhibition of alcohol dehydrogenase, cytochrome ¢ oxidase, glyéeraldehyde-3— ‘
dehydrogenase and hexokinase (Paardekooper M. et al, 1995). However, when the
me yeast cells were treated with light and chloroaluminium phthalocyanine, no significant
':ition of HK activity, but significant inhibition of activity of other enzymes was
served, indicating that not all photosensitizers inhibit HK. In this work we demonstrate
TAM dyes belong to the family of photosensitizers capable of inducing

jotoinactivation of HK.
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Mitochondrial DNA (mtDNA):

Defective mitochondrial function is one of the distinct phenotypes of many cancer
cells (Pedersen P. L., 1978; Pedersen P. L., 1997; Rempel A. et al, 1996). Most cancer cells
“have few mitochondria (£ 50% of normal) and less mitochondrial content (Pedersen P. L.,
"1978). In addition to having an altered membrane potential, cancer cell mitochondria are
:émall, have few cristae and altered membrane composition (Rempel A. et al, 1996).
itochondria occupy about 50% of the cytoplasmic volume of animal cells and hold
roximately 1000 protéins that are encoded by nuclear DNA. Mitochondria contain their
:':~ n DNA that encodes 13 proteins consisting of 4 enzyme pornplexes of the respiratory
¢ ain viz. Complex I, III, IV and ATP synthase. This information is retained within a 16.5
,T]')NA sequence, there are about 10 copies of the genome in each mitochondrion, and up to
10,000 mitochondria in each cell (Schatz G., 1995; Singh K. K., 1998).

: Changes in mitochondrial genome have been reported in cancer cells (Hochhauser D.,
000). Damage to mtDNA occurs more commonly than nuclear DNA, presumably through
production of reactive oxygen species during oxidative phosphorylation. Repair of
ff DNA is less efficient than nuclear DNA, because mtDNA lacks histones and has an
\,_vm- repair mechanism (waaltowski, A. ], 1999). MtDNA has a higher copy
umber than has nuclear DNA, and therefore its mutations are easier to detect. According to
study conducted by Fliss and co-workers (Fliss, M. S. et al, 2000) the sensitivity with
hich .cancer is diagnosed can be improved with the identification of mtDNA mutations. By
ncing 80% of the mtDNA genome from primary tumors, they found somatic mtDNA

‘j‘m in samples of body fluids in 64% cases of bladder cancers, 46% of head and neck
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- cancers, and 43% of lung cancers. The sensitivity of identifying mtDNA mutations is

‘about 200 times higher than nuclear DNA mutations like mutant p53 (Hochhauser D., 2000). -
Singh et al have examined the role of mtDNA in cancer therapy, by comparing the
response of two tumor cell lines to different cancer therapeutic agents (Singh K. K., 1999).
The cell lines they compared were HSL2 (Rho+) having mtDNA, and its derivative cell line
‘:'.u lacks mtDNA (Rho0). The cancer therapeutic agents included adriamycin a DNA
intercalating drug, an alkylating agent (MNNG), PDT (photosensitizer — Mesoporphyrin IX)
nd gamma radiation. Cell death induced by adriamycin and PDT in Rho+ cells was much
more pronounced than that observed in RhoO cells that lack mtDNA. RhoO cells were in fact
resistant to both PDT and adriamycin. However, both cell lines were equally sensitive to
a ising radiation and the alkylating agent. Adriamycin and PDT produce cytotoxic reactive
gen species that make an already susceptible mtDNA, even more susceptible to oxidative
damage. The importance of mtDNA and the functions it encodes thus play an important role
_ cancer cell sensitivity and response to a therapeutic agent. A

It has also been observed that anionic photosensitizers like the haematoporphyrins,
h localize in the mitochondrial membranes, do not target the mitochondrial DNA
ecause they probably cannot access the i_nterior of the mitochondria. Although anionic
osensitizers target primarily the tumor vasculature, localization in the membranes of
2llular organelles can occur if tumor cell colonies are incubated for long enough periods
ith haematoporphyrins. There was no difference in the survival curves between the parent
1l line 143B, and its mitochondﬁal DNA negative derivative, p° 206, after exposure to x-

Jﬁ'w or visible light in the presence of Photofrin II (Barrett J. T., 1993). The finding that the
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parent cell and its mt DNA-negative derivative do not differ in their sensitivity to PDT

stro ngly suggests thét mitochondrial DNA is not a target susceptible to Photofrin II.

| Morgan and co-workers (Morgan J. et al, 2000) compared phototoxicity in two cell
lines with photosensitizers that localize in different cellular compartments. The two cell lines
were a human ovarian carcinoma cell line 2008 and its mitochondrial DNA-deficient
"vative, ET3. Photosensitizers included Victoria Pure Blue BO (that localizes in the
’ lochondria) and probably in other lipophilic subcellular compartments, Photofrin II (that
) izes in cell membranes), and Nile Blue A (that localizes in thé lysosomes). For
osensitizers like Photofrin II and Nile Blue A that do not localize in the mitochondria, no
,.w icant difference was observed between 2008 and ET3 toxicity. Becausé Victoria Pure
l B O (VPBBO") localizes in cell mitochondria, ET3 cells that lack a mitochondrial DNA
ere less susceptible than 2008 to both dark- and light-mediated phototoxiéity of VPBBO".
results indicate that damage to mitochondrial DNA may be a major element of toxicity
diated by VPBBO*. In this work we demonstrate that TAM' dyes induce the

hemical destruction of DNA, although among the dyes studied, VPBBO" is less

ective in promoting such destruction.

VI's and their Interaction with Serum Proteins:

- Early observations on the strong interaction of albumin with porphyrins encountered
_gporphyria disease lead to the assumption that albumin was the most important carrier
':"u sensitizers in the blood (Maziere’ J. C., 1991). However, Reyftmann P. et al (1984 )

f_ri et al (1984) independently demonstrated that a variety of hydrophobic
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photosensitizers show a strong association with human blood lipoproteins. Lipoproteins

are macromolecular complexes described as emulsion or microemulsion particles, that
transport lipids through vascular and extrav’ascular compartments (Spady D. K., 1991). They
have a common structural organization, which consists of a hydrophobic core of triglycerides
and esterified cholesterol, surrounded by a monolayer of phospholipid, unesterified
cholesterol and apoproteins. The major lipids transported via lipoproteins are triglyceridgs
and cholesterol.

| Plasma lipoproteins can be separated into various classes according to their density,
Size, surface charge and other surface properties. Chylomicrons are the largest of the
‘.proteins found under conditions of abundant dietary trigly.ceride intake (Spady D. K.,
»'l‘). They are synthesized in the intestine and are rich in triglycerides, have the highest
to protein ratio and therefore the lowest density. Very low density lipoprotein (VLDL)
the next largest of the lipoproteins also rich in triglycerides and synthesized by the liver
pady D. K., 1991). Intermediate density lipoprotein (IDL) is the product of VLDL
etabolism and is mainly comprised of cholesteryl ester along with some triglycerides
f‘;;. D. K., 1991). LDL, in turn is the product of IDL metabolism and has an internal
:predoﬁﬁnantly made of cholesteryl esters (Havel R. J., 1984). High density lipoprotein
), is the smallest of the lipoproteins, has the highest protein to lipid ratio and its lipid
é-mntains both cholesteryl esters and triglycerides (Tall A. R. et al, 1978). Because
cells over-express LDL receptors compared to normal cells due to their increased
Er\x ment for cholesterol and phospholipids (Gal D. et al, 1981), studies in this project will

s on low density lipoprotein.
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Low Density Lipoprotein

| LDL is a 3.6 million Da macromolecule that has been described as a microemulsion
icle (Rosenberger V. and Margalit R., 1993). It is isolated in the density region between
' 063 and 1.019 g/ml; and is composed of 19% protein, 1% carbohydrate, 43% cholesteryl
1;_»:* 1, 11% unesterified cholesterol, 4% triglycerides and 22% phospholipids (Schumaker V.
et al , 1994). Apo B is the only protein associated with LDL (Spady, D. K., 1991;
humaker V. N. et al, l1994). It is a hydrophobic glycoprotein with a major portion of 8

tructure and very little o helical character. It surrounds the LDL particle in the form of a

urface belt and because of its hydrophobic nature does not easily dissociate from LDL.

Synthesis and Catabolism of LDL:

VLDLs are synthesized in the liver to transport endogenous lipids (Spady, D. K.,
991). Once exocytosed into the plasma they are acted upon by the enzyme lipoproteir;
;j': e, resulting in hydrolysis of the triglycerides and formation of remnants (Havel, R. J.,
‘ ). VLDL remnants can either be further endocytosed by liver hepatocytes or they can
w an alternative pathway that converts them to LDL via the IDL pathway. In humans
st of the VLDL is converted to LDL, the transformation representing continued activity of
ff"- es and takes place in the vascular space (Havel, R. J., 1984). Thus the rate of LDL
du tion is determined both by the rate of VLDL production and by the rate of conversion
’ DL to LDL. LDL is removed from the plasma by various organs of the body by
eptor dependent and receptor independent pathways. In humans two thirds of the LDL is
ved by receptor-mediated pathways and the plasma half life of LDL is 3 to 4 days

ady, D. K., 1991).
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LDL receptors are membrane proteins that have a domain rich in cysteine and

negatively charged amino acids which play an important role in the recognition and
.'i=s eraction of LDL receptors with positively charged amino acids of Apo B (Allison B. A. et
1994). Upén binding of a circulating LDL to the receptor, the receptor-ligand complex is
internalized into vesicles and eventually transformed into an endosome. Inside the
endosome, the receptors dissociate from the lipoprotein and are recycled back to the cell

urface while LDL is delivered to lysosomes where it is finally degraded. The entire cycle

akes 10 to 20 minutes and continues irrespective of the presence or absence of ligand
"»:‘. D. K., 1991).

‘ L as a potential drug carrier

A fascinating concept in the field of drug delivery is the idea of targeting
vmole;cular drug conjugates to a specific cell population. The endogenous nature of
makes it a suitable carrier because it is well tolerated in the body, does not cause
,nnological reactions, is biodegradable, and is not rapidly cleared by the
'oendothelial system. Its receptor-mediated uptake lends further credence to its
ial use as a ‘targeting shuttle’. Much attention has been focﬁsed on the possible
loitation of LDL as a carrier for targeting antitumoral drugs to neoplastic cells, which

> higher LDL receptor activity due to their high mitotic index than corresponding normal

~ Anionic photosensitizers especially porphyrin derivatives have been coupled to LDL;

b

n ed such complexes have shown increased PDT activity (Allison B. A. et al, 1994).

such example is benzoporphyrin complexed with LDL, which has shown great promise
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‘:m the treatment of experimental choroid melanoma (Scmidt-Erfurth V. et al, 1994). In the

case of anionic photosensitizers tumor necrosis is brought about by destruction of the
vasculature surrounding the tumor tissue (Foster T. H. et al, 1991). This cuts off the supply
of oxygen (which is essential for PDT) to the irradiated tissue, resulting in hypoxic areas,
v the origin of tumor recurrences. Zhou et al (Zhou C. et al, 1988) have observed that,
anionic photosensitizers carried by LDL bring about photodynamic effects by direct damage
neoplastic cells and are mostly deposited in mitochondria, lysosome and plasma
nembrane. These observations have been based on electron microscopic studies performed
?tumor tissues taken from mice at different times after phototreatment (Zhou C. et al,
988). This suggests that complexation of a photosensitizer to LDL increases photosensitizer
iptake within neoplastic tissue and can therefore take PDT beyond the level of the tumor
-ulature. LDL also plays an important role in carrying the photosensitizer to arterial
_ues in photoangioplasty and to newly forming blood vessels that are the cause of
ness in wet-type macular degeneration (Rouhi M., 1998).

The probability that an injected photosensitizer becomes associated with seruin
oproteins is governed by factors such as the chemical structure of the photosensitizer, the

‘f ery system and serum composition, which can vary depending on diet and metabolic
ction. As a general trend, the fraction of injected compounds that associate with LDL,
to decrease with increasing polarity, for example the association of chlorin €6 with
oteins decreased twofold upon condensation with aspartic acid (Jori G. and Reddi E.,
). In the case of sulfonated derivatives of tetraphenyl porphyrins, a partial hydrophobic-

drophilic nature was found to be optimal for association with lipoproteins (Chris de

I nidt P. et al, 1993). Thus the monosulfonated and disulfonated derivatives were found to
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associate with lipoproteins while the tetrasulfonated porphyrin showed very little

ociation. The delivery system used for systemic administration of the photosensitizer also
affects its association with lipoproteins. Over 80% of injected Hematoporphyrin was
elivered to lipoproteins when administered in liposomes, while only a 30% association with
poproteins was observed when administered in phosphate buffer saline (Jori G., 1990). In
such instances where photosensitizers have been delivered in liposomes, oil emulsions or
i?' a LDL complex, a preferential interaction with serum lipoproteins was observed (Jori G.
nd Reddi E., 1993). Another property of the photosensitizer that can have an impact on its
apeutic ability is its tendency to self- associate (Rotenberg M. and Margalit, R., 1985).
j us three kinds of equilibria could co-exist in systemic circulation and at the target site (i)
A‘f : -association, (ii) protein binding as a monomer and (iii) protein binding as aggregates.
All three could be major factors in determining the fraction of dose available to the target and
,“r,a-c dulating both photoreactivity and phototoxicity. The role of these equilibria on the

hotosensitization efficiency is specifically addressed in this study.

ye Aggregation:

E TAM?* dyes are known to self-associate in aqueous solutions (Leuck H. et al, 1992,
itk W. H. et al, 1972, Duxbury D. F., 1993). Dye aggregation has been characterized for
s in highly conéentrated solutions (circa 80 pM for EV*) and in solutions with high
strength (Bartlett J. A. and Indig, G. L.; unpublished data; Lueck H. B. et al, 1992,
K W. H. et al, 1972). Self-association of TAM's at high dye to protein ratios has also
detected in the preséncé of bovine serum albumin (BSA) (Bartlett J. A. and Indig G. L.,

)). It has been observed that the tendency of TAM?s to aggregate in water increases with



26
increase in the size and hydrophobic character of the N-substitutents on the aromatic rings.

The nature of the driving force that controls aggregation is not well understood. Since the
aggregation of TAM" dyes is observed in water but not in methanol, ethanol and acetonitrile
» other organic solvents, the hydrophobic effect has been hypothesized to play an
important role in the aggregation phenomenon (Lueck H. B. et al, 1992). The formation of
aggregates is most commonly studied by absorption spectroscopy, using the
ncentration and temperature dependence of the absorption spectrum (Leuck H. B. et al,
%f‘" anes IT et al, 1994) The formation of TAM" dye dimers in aqueous solutions is
'cated by the appearance of a hypsochromically (blue) shifted absorption band. The
ormation of larger dye aggregates leads to larger hypsochromic shifts.

According to the exciton model in molecular spectroscopy (Kasha M. et al, 1965),
aggregation causes the excited singlet levels of the aggregate to split relative to those of
1e monomer. The wavelength of absorption of the composite molecule (aggregate) depends
'j relative geometry of the monomeric components of the dimer. In the case of H-type
0-face) dimers, the transition dipoles are parallel to each other (Figure 1.3). The out-of
1ase dipole arrangement is represented by the exciton state S, that lies lower than S,, the
ton state of the repulsive in-phase dipole interaction. The transition moment is given by
> vector sum of the individual transition dipole moments in the component. Thus transition
om the ground state to exciton state S, is forbidden (transition moment = 0), while
'.tions from the ground state to the exciton state S, are allowed, giving rise to a blue shift
"' e singlet-singlet electron transition in the dimer.

I In the monomer transition from the ground state to the lowest singlet state is allowed,

rescence occurs under favorable conditions, while phosphorescence is limited by
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intersystem crossing efficiency to the corresponding triplet state (Figure 1.3). In the

composite molecule (considering the case in which the lower exciton state is forbidden), the
pbable pathways are shown on the right side of Figure 1.3. Absorption to the upper exciton
state is allowed. After excitation to the allowed upper exciton singlet state, rapid internal
nversion between singlet states (S,—S;) occurs, which prevents fluorescence from the
f owed excited states. Radiative transitions from the lower exciton state to the ground state
forbidden, and intersystem crossing efficiency and triplet formation is enhanced. Thus in
the aggregates there is an enhancement of lowest triblet state excitation accompanied by
;rescence quenching. Because the molecular exciton theory predicts an ehancement in
- yﬁtcm crossing efficiency ip aggregates, the formation of aggregates should lead to an

hanced dye photoreactivity.

,:_ ochemistry of photosensitizers bound to macromolecules

Photodynamic action is brought about by the combined involvement of light, oxygen
d photosensitizer. Foote (Foote C. S., 1968) considered two types of photoreactions that
pldy an important role in PDT. The first type involves a primary interaction of the
ct onically excited sensitizer with a molecule of substrate S; while in the second type the
ctronically excited sensitizer reacts with a molecule of oxygen. The excited triplet state of
> photosensitizer (*Sens*) lives much longer than its corresponding singlet. This long
Ji e of the triplet favors sensitizer-substrate aﬁd sensitizer-oxygen interactions. In this
atext, the more important biological photooxidation processes occur via electron or

Irogen atom transfer events between the excited sensitizer and the substrate (Type 1
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reaction) or via energy transfer from the triplet sensitizer to molecular oxygen (Type II

reaction).

*Se 8% + S — Radical Pair + O, — Reactive oxygen species Type I

Sens* + 0, — '0,* Type IT

The Type I reaction generates the _radical pair which subsequently reacts with
dissolved molecular oxygen to produce a variety of cytotoxic reactive oxygen species such as
, oxyl, hydroxyl and superoxide radicals. The Type II reaction results in the formation of
e highly reactive singlet oxygen species which can then react with biological substrates.
he relative iinportance of Type I and Type II reactions depends on the respective reaction
and the concentrations of substrate and oxygen. In cases where noncovalent binding of
lotosensitizers to proteins, nucleic acids and other biological substrates is predominant, the
:’ ables controlling the competition between Type I and Type II are no longer those that are
“ for free species in solution (Indig, G. L., 1996; Indig, G. L., 1997; Baptista M. S. and
G. L., 1997; Baptista M. S. and Indig G. L., 1998). Since the ground state
”w ensitizer is physically attached to a substrate, the Type I mechanism may become
. more competitive, especially when the excited photosensitizer is protected from
fusional oxygen quenching by virtue of it binding to a macromolecular domain that offers
protection. Thus reaction paths not observed for species free in solution may be

! _
served in restricted reaction spaces and may be governed by the nature of the

roenvironment.
Detailed studies on the mechanisms of photoreaction of TAM's are currently under

investigation in our laboratory. Previous work in this laboratory has explored the
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_ltochcmical behavior of TAM's, both when free in solution and when noncovalently

»a d to BSA (Indig G. L., 1997; Baptista M. S. and Indig G. L., 1997; Baptista M. S. and
j«; G. L., 1998; Bartlett J. A. and Indig, 1999; Bartlett J. A. and Indig, 1999). It has been
found that when TAM*s are noncovalently bound to BSA, their photoreactivity undergoes a
"‘-u: kable enhancement, and that the photooxidation mechanism, Type I is favored in the
nacromolecular environment. The nature of the spectral changes observed upon photolysis
f TAM's bound as monomers to BSA was highly conserved among the dye series,
}esting that the mechanism of photobleaching may also be conserved among the dye
ies. One such reaction mechanism is depicted in Figure 1.4. Both benzophenone type
producfs (oxidized) and leuco forms (reduced) of the TAM* dyes were identified in
lysed samples of BSA-TAM' complexes. The reduction of CV* to its leuco derivative
\j two electron process, (formally H + e or 2¢” + H*), initiated in BSA-TAM* complexes by
. oinduced electron or hydrogen atom transfer from the protein to the dye moiety. The |
-reduced carbon-centered dye radical can either react with dissolved molecular oxygen
';n duce the benzophenone type photoproduct or accommodate a second electron to form
-;u‘«w derivative of CV".

Comparative studies on the photobleaching efficiencies of TAM* monomers and
18, free in solution and noncovalently bound to BSA have also been carried out.
stantial enhancements in the photobleaching efficiency were obtained upon formation of
'fi gregates on the biopolymer template, indicating .that dye aggregation is another
,“.:"u‘u that may play a significant role in the mechanism of photosensitization in
}“‘ ex biological environments. As predicted by the molecular exciton theory, the

ation of H type dimers leads to an enhancement in the intersystem crossing efficiency

|
i
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within the aggregates as compared to the monomers, and this enhancement typically leads

to enhanced photoreactivity. Besides, photoinduced electron transfer events are intrinsically
favored within dye aggregates as a result of physical contact between electron donor and
electron acceptor, regardless of the nature of the aggregate. Because the photobleaching
'ciency‘ of TAM" dyes increases with increasing aggregation number, it is reasonable to
resume that the formation of biopolymer-assisted dye aggregates would typically shift the
ompetition between the Type I and Type II mechanisms more toward the Type I process.

hus the formation of host guest complexes of TAM* dyes with bioploymers is a
henomenon that may have remarkable consequences not only on the efficacy with which
ey drive photoxidation processes in complex biological systems but also on the mechanism
r mechanisms) of photosensitization. In this work we explore the effects of biopolymer

inding and dye aggregation on the photosensitization efficiency of TAM"* dyes.
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Chapter 2. Statement of Problem, Research Plan and Working Hypotheses

tement of Problem:

The PDT strategy is aimedAat promoting neoplastic cell death and tumor eradication
hrough the photochemical generaﬁon of ‘highly reactive cytotoxic species in situ. The
urrently approved clinical photosensitizers (Photofrin II and Verteporfin) are anionic by
» e, accumulate primarily afound the tumor vasculature and operate via the Type II
athway that results in the generation of singlet oxygen (Stewart F., 1998; Rouhi M., 1998).
ecause they primarily target the destruction of the vasculature rather than direct tumor cell
they are not effective in poorly vascularized internal regions of tumor mass. Besides by
'w\: ging blood vessels, tissue that at the outset of irradiation was sufficiently oxygenated to
ipport the formation of singlet oxygen may becomé hypoxic, and such. poorly perfused
, or zones are often fhe origin of tumor recurrences. Thus some of the present day
'« ations of photodynamic therapy are a lack of direct tumor c;ell kill and an inability of

rrently approved photosensitizers to operate in poorly perfused or hypoxic areas of tumor

Since elevated mitochondrial potential is a prevalent cancer cell phenotype, a number
ionic dyés preferentially accumulate and are retained for longer time periods in tumor
Amitochondria compared to normal cells (Chen L. B., 1988); This preferential uptake and
ention of cationic species by tumor cells makes mitochondrial targeting an attractive
apeutic strategy in the photocilemotherapy of neoplastic diseases. This has motivated the
"'}- gation of lthe use of Triarylmethanes (TAMs), a class of cationic photosensitizers, as

tochemotherapeutic agents for mitochondrial targeting in PDT in our laboratory.
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3esides, having a good track record with regard to biological safety, it has been shown

sing two photon laser scanning microscopy that TAM's naturally accumulate into the
lito hondri‘a of rat basophilic leukemia cells. Thus cationic photosensitizers, like the
lmethénes can offer a greater degree of direct cell kill and eliminate some of the
mi ations that are associated with anionic agents currently in clinical use. However for
‘. \M* s to act efficiently at the level of the mitochondria, two important aspects need to be
ken into consideration viz. transport of the photosensitizer and photochemical destruction

' mitochondrial targets.

orking Hypotheses:

Since TAM" dyes are known to bind very efficiently to natural and synthetic
omolecules and supramolecular structures through noncovalent interactions (Jones II et
1991; Jones II et al, 1994; Pal M. K. et al, 1994; Baptista M. and Indig G. L., 1998;
rtlett J. A. and Indig G. L., 1999; Indig G. L. et al, 2000), they may not be free in solution
"; significant extent when present in complex environments, such as isolated cells and

logical tissues. Moreover, because TAM's are extensively conjugated they tend to self-

=3

ociate under conditions of high dye concentration and high ionic strength. Such events
;A uence both the transport and the photoreactivity of the triarylmethane. When present ‘
the blood stream, TAM's could bind to various serum proteins like albumin and
oproteins, and within the mitochondria, they could interact with various mitochondrial
ponents. Thus it is highly probable that the photodynamic action may be predominantly

ated within such dye-macromolecule complexes.
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Our working hypothesis is that LDL, one of the serum proteins, the receptors for

which are over expressed in cancer cells compared to normal cells, may play an important
tole in the transport of the injected TAM?*s to their site of action. Since the TAM's exert
their phototoxic action at the mitochondrial level, it is also reasonable to hypothesize that this
phototoxic action may be mediated by the photochemical destruction of mitochondrial
;ets, which in turn may be influenced by both, macromolecular binding and self-
ssociation of dye molecules. An ideal photosensitizer should be capable of destroying
mor cells both in the presence and absence of oxygen. It has been shown previously in this
iboratory that TAM" dyes do not require the involvement of molecular oxygen to operate
Indig G. L., 1997; Baptista M. S. and Indig G. L., 1997; Baptista M. and Indig G. L., 1998;
*»‘ ett J. A. and Indig G. L., 1999). It is therefore possible to hypothesize that the
otoinduced destruction of mitochondrial targets may also proceed via oxygen independent

thways.

h Plan:

‘The specific aims of this project were to characterize the formation of noncovalent
.lexes of TAM's and model biological hosts and to determine the extent to which
1covalent binding affects the photophysical and photochemical properties of these
tosensitizers. The plan was to outline the interdependence bétween dye structure and
activity of the TAM's, under conditions that resemble those encountered in vivo, i.e.
| the TAM?* dyes non covalently bound to a series of model biological hosts.
ordir gly, hexokinase, DNA and LDL, were chosen as model biological hosts.

kinase, a mitochondrial enzyme that is over expressed in cancer cells was chosen
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because it has been used in the past as a target in both chemo and photochemotherapy of

o diseases (Penso J. and Beitner R., 1998; Miccoli L. et al, 1998). Mitochondrial
A is particularly prone to oxidative damage, both because of a lack of protective histones
ind an incompléte repair mechanism and therefore represents a target that can be destroyed
yith relative ease compared to nuclear DNA (Hochhauser D., 2000). LDL was chosen not
ly because it is a serum protein that can carry the photosensitizer to its site of action, but
Iso to provide a microenvironment that represents those typically encountered at protein
ipid interfaces of cell membranes.

To study binding it is imperative to determine how spectral distribution, extinction
efficients and fluorescence quantum yield are influenced by noncovalent binding. For this
‘(w necessary to carry out studies on different systems that could corroborate the binding
ta obtained with the biological hosts. In order to do this we carried out systematic studies
ith various solvents to study the effects of these solvents on the spectroscopic
ara teristics of TAM's. For similar reasons we also studied the binding of TAM's to
';n us non-biological macromolecules and supramolecular structures like cyclodextrins and
and nonionic detergents and their corresponding micelles. The micellar structures
a nonpolar core and charged polar heads specifically served as a simple mimic for LDL,
ich also has a charged surface surrounding a nonpolar core.

The stoichiometry of noncovalent complexes involving small ligands and biopolymer
yele olytes has been traditionally characterized with the use of Langmuir isotherms. A
__.. répresentation of these isotherms derived by Scatchard (Scatchard G., 1949) is one of

quations most frequently used in the investigation of protein binding. A linear

chard plot indicates the presence of one or more indistinguishable binding sites in a
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macromolecule for a specific substrate, while deviations from linearity indicate the

presence of different types of binding sites for that ligand. The question of whether the
Scatchard analysis can permit the distinction between fhe aggregation of ligand molecules in
1 single binding site from the existence of different types of binding sites for that ligand was
ddressed in this study. We have built mathematical models that in combination with our
o rimental data have pointed out limitations of the Scatchard analysis with regard to the
istinction of these two different scenarios.

To determine how binding affects the photoreactivity of the TAM's, noncovalent
;u plexes of dye and model biological hosts obtained under different binding conditions,
ere subjected to laser photolysis. Photoinduced macromolecular damage was assessed
fv ga variety of techniques. In the case of HK, changes in enzymatic activity were used to
e the extent of photoinduced macromolecular damage, while in the case of DNA, it
s photoinduced DNA cleavage. Because the protein—lipid type architecture of LDL
'm the proten-lipid type environment encountered in cell membranes, LDL was
‘f idered as a model for a biological membrane that could also serve as putative PDT
get. The extent of lipid peroxidation provided a measure of photoinduced damage in LDL.
opriate experiments were also designed to explore whether the TAM?*s can bring about
induced damage in HK and DNA in the absence of molecular oxygen. In these
eriments the photoinduced macromolecular damage in air-equilibrated and nifrogen
‘.n»- samples was compared. In addition, the contribution of the Type II pathway (that
;‘;v in the generation of singlet oxygen) towards photoinduced damage was also

s ligated.
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Chapter 3. Experimental :

MATERIALS:

Chemicals and Reagents:

The TAM's used in the experiments were chloride salts of Ethyl violet (EV*),
;ctoria Blue R (VBRY) and Victoria pure blue BO (VPBBO") from Aldrich and Crystal
let (CV*) from Sigma. These salts were recrystallized from methanol and dried under
uum. The purity of crystallized TAM's was assessed by Thin layer Chromatography
ilica gel, methanol-acetic acid 95:5, v:v). Water used in all experiments was distilled,
leionized and filtered prior to use (Millipore Milli-Q system; resistivity 18MQ cm).

Solvents used in the studies of ‘solvent effects on the spectroscopic properties of
M* dyes, namely, acetone, acetonitrile, methanol, and 1-propanol from Fisher, ethanol
om AAPER Alcohol and Chemical Co., 2-propanol from Aldrich, 1-butanol from
allinckrodt, and t-butanol from Baker were of high purity grade and used as supplied.
;‘ olymers like HK (from yeast), DNA (from calf Thymus) and LDL (human) were
chased from Sigma and used as supplied. Similarly, B cyclodextrin (Sigma), Triton X
0 and Sodium dodecyl sulfate (Sigma), y cyclodextrin (Aldrich) and deuterium oxide
drich) were used as supplied. Sodium Phosphate (monobasic and dibasic salts) and
A_w:w a-HCl salt was purchased from Sigma and used in the preparation of various buffers
. the experiments.

Reagents used in the HK activity assay namely, B-NADP (B-Nicotinamide Adenine
;ieotide Phosphate), D- Glucose, Magnesium Chloride, ATP (Adenine Nucleotide

sphate) and Glucose-6-Phosphate Dehydrogenase (G6PDH) were purchased from Sigma
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and used as recommended. Pre-cast SDS-Polyacrylamide Gels from Novex (12% Tris-

Glycine gel, 1.0mm x 12 wells) were used in all protein gel electrophoresis experiments.
i Glycine Buffer (Bio-Rad), Glacial Acetic Acid (EM), Isopropyl Alcohol (Aldrich),
masie Blue R (Aldrich), Protein Markers (Benchmark Protein Ladder; Life
echnologies) were the other reagents used in SDS gel electrophoresis. Seakem Le Agarose
ff AC Bioproducts) was used to prepare gels in the DNA gel electrophoresis experiments.
tizma Base (Sigma), Acetic Acid (EM), Disodium EDTA Dihydrate (Sigma), Glycerol -
, Bromophenol Blue (Aldrich, 16423E), DNA Marker (Lambda DNA / EcoRI + Hind
-SPI6mega), Ethidium Bromide (Sigma), Sodium Sulfite (Fisher Scientific), were the other
gents used in agarose gel electrophoresis. Thiobarbituric acid (TBA) and trichloroacetic
(TCA) from Sigma were used as reagents in the lipid peroxidation experiments.

rogen gas used in the nitrogen purging experiments was purchased from Praxair Gas

chnology.
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INSTRUMENTS AND METHODS:

INDING STUDIES:

inding studies using UV-VIS Spectroscopy:

‘ Spectrophotometric titrations were performed at 25°C using a Shimadzu UV-2101PC
trophotometer equipped with a temperature-controlled cuvette holder to characterize the
*- of TAM's to various macromolecules. The concentration of macromolecule was
ed, while the dye concentration was kept constant and the change in absorption spectrum
ﬁmnitored as a function of titrant (macromolecule) concentration. In the case of LDL,
NA, and cyclodextrins, titrations were carried out in 10 mM sodium phosphate buffer, pH
In the case of HK, titrations were carried out in 50 mM Tris buffer, pH 7.6 at 25°C and
:“‘inl water (pH adjusted to 7.6). With Triton X 100 and sodium dodecy! sulfate, titrations
‘ carried out in water to eliminate influence of salt on the CMC and/or micelle size and
regation number. Because of the tendency of TAM's to adhere to quartz cuvette walls,
"’m ns were carried out in polystyrene cuvettes and the spectrum was taken from 400 to

) nm.  The recorded absorption spectra were analysed using the Igor Pro Graphing

gram (Wavemetrics Inc.).

"!'f.-a g studies using Fluorescence Spectroscopy:

] Binding of TAM's to various macromolecules was also characterized using
J ence spectroscopy under conditions of pﬁ and temperature that were identical to
e used in the UV-VIS spectrophotometric binding experiments. Fluorescence

urements were carried out on a Timemaster Strobemaster fluorometer equipped with a
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emperature-controlled cuvette holder from Photon Technology International. Samples

L"re excited at 540 nm and the emission spectrum collected from 560 to 800 nm. An
mission and excitation bandwidth of 3 nm was maintained during the fluorescence
easurements. The recorded fluorescent spectra were also analyzed using the Igor Pro
raphing Program, with the integral of the area under the fluorescence spectrum being used
?a measure of fluorescence intensity.

| In the case of LDL, binding was also characterized by monitoring the intrinsic
escence of apo B. The fluorescence spectra of tryptophan and tyrosine residues in apoB
hen free and complexed with crystal violet was recorded, after excitation at 280 nm, and
ated between 330 to 400 nm. Inner filter effects were negligible in these experiments

cause the dyes do not absorb at 280 nm or between 330 and 400 nm.

inding studies using ultrafﬂtratioﬁ:

| Ultrafiltration studies were carried out on a IEC MicroMB Centrifuge at 14,000 rpm
r a period of 8 minutes using a molecular cut off filter of 30,000 Daltons (Millipore). The
lecular cut off filter excludes the LDL bound dye and the resultant dye concentration in
ﬁltrate equals the free dye concentration in the presence of the macromolecule.
ption of dye to the ultrafiltration membrane was accounted for by running parallel

itrols.

icosity measurements:
In order to distinguish between intercalative and non intercalative binding of

M's to DNA, viscosity of DNA samples with and without ligand was measured as a
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function of their flow times through a Ubbelohde viscometer at 25°C. Similar such

viscosity measurements were done on samples containing DNA and ethidium bromide, a dye
lt'is known to intercalate between DNA base pairs. Small aliquots of CV* or Ethidium
bromide (3000 uM) were added to 9 ml of 300 uM (100 pg/ml) DNA and the flow time
eadings were measured using a stopwatch (Fisher Scientific). Flow times were used to
calculate m, the viscosity of DNA in the presence of ligand by using the equation n = (t-
0)/to, where to is the flow time for the buffer without DNA. The helix lengthening ratio was

173

alculated using the equation L/Lo = ()/mo)'”, where no is the viscosity of DNA in the

ibsence of ligand, and is represented by mno = (t-to)/to (Seifert J. L. et al, 1999).

TUDIES ON PHOTOREACTIVITY OF NONCOVALENT COMPLEXES OF TAM"*

ND BIOPOLYMERS:

hotolysis Experiments:

 Inthe photolysis experiments samples were placed in a standard 10 mm (optical path)
cell at a distance of approximately 10 cm from the light source, and irradiated using
¢ 532 nm line of a Nd:Yag laser model 7010 from Continuum operating at a repetition rate
iﬁ Hz. The defocused laser beam (circular profile with diameter of about 5 mm) was
ected toward the centre of the quartz cell. The cell holder allowed continuous magnetic
',g of the samples during photolysis. The photolysed samples were maintained at room
nperature using a laboratory-built forced-air cooling system. The absolute photolysis

ergy was kept constant over the course of any specific experiment, and measured with a

brated solid-state joulemeter model PM30VI from Molectron.
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Vleasurement of photoinduced inactivation of HK:

Relative values of HK activity were determined using the spectrophotometric method
escribed by Easterby, J. S. and O’ Brien, M. J (Easterby, J. S. and O’ Brien, M. J., 1973).
{is based on the following biochemical reactions catalyzed by HK and G6PDH.

! HK
-glucose + ATP —————®» D-glucose-6-phosphate + ADP

: . G6PDH :
-glucose-6-phosphate + B-NADP —————»  6-phosphogluconate + f-NADPH

HK catalyses the phosphorylation of D-glucose to D-glucose-6-phosphate, which in
m is converted to 6-phosphogluconate by G6PDH in the presence of B-NADP. The
ac ion was followed by monitoring spectrophotometrically, the formation of B-NADPH at
0 nm as a function of time. The pH of the final reaction mixture consisting of 7.62 mM D-
ucose, 19.04 mM MgCl,, 9.5mM ATP, 0.095 mM B-NADP, 50mM Tris Buffer and 5.0
its of GOPDH was adjusted to 7.6 and the temperature was maintained 30°C. The reaction
s triggered with 0.013 uyM HK.

Photoinduced damage of- HK was additionally characterized using fluorescence
:,* oscopy and SDS polyacrylamide gel electrophoresis. Photolysed samples were excited
80 nm to detect changes in the fluorescence attributed to the tryptophan and tyrosine
idues of HK, and at 360 nm to detect changes that could result in the intrinsic fluorescence
iw m (380 to 600 nm) of HK, because of possible oxidation of amino acid residues.

tolysed samples were also subjected to extensive ultrafiltration and the resuspended
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yme fractions were excited at the above-mentioned two wavelenghts (viz. 280 and 360

im) to eliminate fluorescence from low molecular weight photoproducts. An emission and
.citation bandwidth of 3 nm was maintained during the fluorescence measurements.
hotoinactivation and photoinduced damage of HK was also monitored in buffered D,O.
lecause the use of glass electrodes for the measurement of acidity of D,O solutions leads to
H meter readings that are 0.4 pH units lower than those obtained in comparable H,O
olutions, the acidity of the D,0 solufioris employed in this study were determined using the
quation pD = pH (meter reading) + 0.4 (Glasoe P.K. et al, 1960). Comparative studies of
L_‘ otoinduced inactivation of HK were also carried out between air-equilibrated and nitrogen-
?*.wc samples.

- SDS polyacrylamide gel electrophoresis was used to detect protein fragmentation.

X Pre-Cast gels (12% Tris-Glycine Buffer, 1.0mm x 12 well) were mounted on a
rtical gel electrophoresis unit (Aladin Enterprises Inc.). The electrophoresis was run for 90

inutes at 120 V. The Tris Glycine Buffer (0.1%SDS, 25 mM Tris, 192 mM Glycine, pH =

:served as the running buffer. The samples to be loaded had a 2.6:1 composition of
ding buffer (12.5% of 0.5 M Tris HCI, 10% Glycerol, 20% of 10% SDS, 5% of B-

reaptoethanol, 5% of 0.05% bromophenol blue) and HK respectively. A sample volume

\ equivalent to 500 ng of HK was placed in each well, and the protein ladder marker

ume was 5 ul. Gels were stained with a solution made up of 15% Acetic acid, 25%

-,5,«. alcohol and 0.15% Coomasie Blue R, and after extensive destaining with water

viewed over a transilluminator (Desktop Lightbox - Logan). Photographs of gels were
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aken using the Polaroid Camera (DS 34) loaded with Polaroid Film 667 (Fisher Scientific)

an¢ equipped with an orange filter (Filter #15, ISS-Enprotech).

rement of photoinduced damage in DNA:

Photoinduced DNA damage was assessed by agarose gel electrophoresis using the
y-CastTM Electrophoresis System (Model #B 1, ISS-Enoprotech). Agarose gels containing
% agarose and 0.0001% ethidium bromide with either 10 or 15 wells were prepared. The
luorescence of the DNA intercalating dye, ethidium bromide was observed using a UV
tansilluminator (ISS-Enprotech ). The running buffer (24.2% trizma base, 5.71% glacial
Ew ic acid, 0.05 M disodium EDTA dihydrate, pH 8.0) was diluted 50 times before use. The
le-s to be loaded had a 1:4 composition of loading buffer (50% Glycerol, 10 mM Trisma
se, 50 mM Disodium EDTA dihydrate, a pinch of bromophenol blue, pH 8.0) and DNA
_l tively. A sample volume of 25 pl (equivalent to 400 ngs of DNA) was placed in each
.'1. and the DNA marker volume was 5 pl. The electrophoresis was run at 120 V for 60
nutes, and photographs of the gels after the run were taken using the Polaroid Camera (DS
'uippe'd with an orange filter (Filter #15, ISS-Enprotech). The camera was loaded with
.'.‘« oid Film 665 (Fisher Scientific) that provides both a print and a high resolution negative.
gative was developed in 18% aqueous sodium sulfite solution, washed with water and
d in air. The density of the photographed DNA bands was quantified using a digital

itometer (Model 300A) from Molecular Dynamics.
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Photoinduced damage of DNA was also monitored in buffered D,0 and

mparative studies on photoinduced damage of DNA were also carried out between air-

uilibrated and nitrogen-purged samples.

‘-m Peroxidation:

Lipid peroxidation of LDL, both in the presence and absence of photosensitizer was
yed using the thiobarbituric acid (TBA) method (Wilbur K. M. et al, 1949). 400 pl of
TCA (Trichloroacteic acid) and 800 pl of 2% TBA was added to 2800 pl (0.07 uM
) of the irradiated sample, and the resultant mixture was left in a hot water bath at 75°C
';: 0 minutes. After cooling, the precipitate was removed by centrifugation at 14,000 rpm
| amount of malondialdehyde (MDA) formed was quantified by measuring the absorbance
i:’ supernatant at 532 nm. An extinction coefficient of 156,000 M was used for MDA
inter, F. E. et al 1963) .

Photolysed LDL samples weré excited at 360 nm to detect any formation of products
res ulf from the conjugation of aldehydic lipid peroxidation products with protein amino

[ groups, and also excited at 280 nm to detect changes in the intrinsic apoB fluorescence.
{ER STUDIES:

ent Effects on Spectroscopic Properties of TAM?*s:
- The spectrophotometric studies were performed with a Shimadzu UV-2101PC

rophotometer using cuvettes with either a 10 mm or 100 mm optical path length. The
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effects on Kamlet-Taft’s solvent solvatochromic parameters n*, o and B (Kamlet, M. J.,

1983) on the electronic spectra of TAM* dyes were analyzed in terms of the magnitude of the
o vent-dependent splitting between two overlapped TAM* visible absorption bands
ih different media. The magnitude of splitting between overlapped electronic
_ nsitions was evaluated through the measurement of the difference in frequency (Av)
etween the maximum and shoulder of the respective absorption band (or between two
a of spectra showing better resolution). Accurate frequency values were taken from
e first derivative of the electronic spectra, although the parameter (Av) represents a
omenological (approximated) spectroscopic parameter rather than a precise difference in
between two distinct vertical electronic transitions. Unless otherwise stated the

easurements were carried out at 25°C.

thematical models:

Various mathematical models that describe binding of ligands to macromolecules
e built, beginning from a simple one site model and increasing the complexities from
re on stepwise. In order to expedite the computational and graphing procedures, several
routines (macros) were written for Igor Pro. A macro allows assignment of
nerical values to different model parameters or variables, and solves the function that
e variables define. Each of the models involved different functions, and therefore needed
ent macros for their execution. Detailed information on these macros is provided in

endices I to III.
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‘\i»: ellaneous Measurements and Equipment:

The concentration of TAM's was determined using measured extinction coefficients
rovided in Table 4.1. The amount of LDL in lyophilised LDL samples supplied by Sigma is
escribed in terms of protein weight. LDL concentrations were therefore determined using
molecular weight of LDL (3.5 ‘million Daltons) and taking into consideration that protein
omprises 20% of the total LDL mass (Rosenberger V. and Margalit R., 1993). HK
oncentrations were determined using a molecular weight of 99,000 (Wilson, 1995). DNA
dncentrations were determined spectrophotometrically by taking into consideration that an
ptical density of 1 at 260 nm corresponds to a concentration of 50 pg/ml DNA (Sambrook,
1989). Alternatively, when required an extinction coefficient of 6600 M cm™ per
-i.,,,, at 260 nm was used (Minchin R. F., 1987). Concentrations of cyclodextriris were
te mined by molecular weight (Beta Cyclodextrin-1,135g; Gamma Cyclodextrin-1,297g),
d concentration of Triton X 100 using an approximated molecular weight of 625g and a
ci ic gravity of 1.07g/ml (Supplier data). The pH of various buffers was measured using
 Orion Benchtop pH meter (Orion, Model 520A). Temperatures of solutions were
d using a digital thermometer (Fisher Scientific, capable of measuring temperatures
-50°C to 750°C).

Other equipment used on a routine basis included a Sartorius Balance (Model #
1293), a sonicator (Fisher Scientific) operating at 22 Watts, a benchtop centrifuge
mational Equipment Company), a Maxi Mix II mixer (Bransted/Thermolyne) for vortex

water baths (Fisher Scientific), microwave (Sharp Carousel) and a stopwatch (Fisher

ntific).
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- Chapter 4. Solvent Effects on the Spectroscopic Properties of Triarylmethanes

RESULTS AND DISCUSSION:

A systematic study on the effects of solvents on the spectroscopic properties of
* dyes was carried out in order to characterize change in spectral signatures as a result
change in solvent character. - Since the project involved characterizing the binding of
/ j"s to various biological macromolecules using spectrophotometric techniques, a study
1 the effects of solvents on the spectroscopic properties of TAM*s was imperative. The
obtained in this study would not only help the interpretation of the binding data
'1 ned with the i/arious biological macromolecules, but would also shed some light on the
i_: tionship between the molecular structure of TAM*s and the characteristics of their
ctronic spectra. Moreover the study would help distinguish spectral signatures obtained
€ to a change in dye environment from those observed as a result of self-association

gregation).

The spectral profile of TAM" dyes in different media is presented in Figure 4.1. The
observation wés that for the symmetric dyes, CV* and EV*, the solvent effect on the
‘”i e of the maximum absorption band was modest, while more pronounced effects were
erved in the case of VPBBO* and VBR*. To facilitate visual inspection, the spectra
m in Figure 4.1 represent solutions containing a different dye concentration for each
ific solvent (1 uM to 5 uM range). Values of extinction coefficient at A, are given in

le 4.1. For VPBBO" and VBR", the splitting of a single well defined absorption
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ure 4.1 Absorption spectra of EV*, CV*, VBR*, and VPBBO" in different solvents. From
bottom of each panel the solvents and dye concentrations (in micromolar units) were
e (1.0), acetonitrile (1.5), acetone (2.0), methanol (2.5), ethanol (3.0), 1-propanol (3.5),

opanol (4.0), 1-butanol (4.5), and t-butanol (5.0).
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olvent ! p Az M. (Egy X 10°, M'em™ )
: EV* cv* VBR* VPBBO*
uffer x T - 595(0.1) 590090) 612(74)  61533)
Vater 109 117 018 595(9.2) 590(9.5) 611(8.1) 614 (8.3)
cetonitrile  0.75 0.19 031 592(9.4) 588(9.8) 607 (8.1)  604(9.0)
cetone 071 008 048 593(9.9) 590(102) 611(7.6) 601 (8.7)
cthanol  0.60 093 062 590(10.6) 586(109) 578(7.4) 592 (8.8)
hanol 0,54 083 077 591(10.0) 589(104) S574(74) 589 .1
Popanol 052 0.78 - 592(10.1) 589(106) S73(72)  S586(8.1)
ropanol 048 076 095 592(102) 588(102) 570(7.0) 582 (8.0)
utanol 047 079 088 593(9.9) 589(10.0) S573(7.1)  585(7.9)
uanol 041 0.68 101 590(9.8) 588(104) S68(6.9) 578 (7.5)

vatochromic parameters (IT", o and B values) from (Kamlet M. J., 1993).
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maximum into two well defined maxima was observed upon going from aqueous to

rganic media, as can be clearly seen through the comparison of the electronic spectra of
» dyes in water and in t-butanol (Figure 4.1). The extinction coefficients of the dyes do
ot change substantially as the medium changes from water to t-butanol (Table 4.1). The
length of maximum absorptién of the dyes in solvents with low polarity shifts to the
lue compared to that observed in water. Note however that for VBR* and VPBBO", the
w Shifts to the red by 1 nm in phosphate buffer (10 mM) compared to water (Table 4.1).
. possible explanation for this small red shift in phosphate buffer would involve the
ormation of small quantities of ion pairs in solution, namely the phosphate ion with the
'f.-o TAM" dyes. This is probably because the negative phosphate ion in the buffer and
e dye molecule exist as an ion pair. This is in keeping with the observation that the -
ifts to the red region of the spectrum for TAM™s in the presence of solvents with low
tric constant, like toluene, chloroform and chlorobenzene where the dye exists as an
1 pair, (Oliveira C. S. et al - unpubiished data), e.g. the A,,, of CV* in chlorobenzene
lectric constant = 5.69), shifts 10 nm to the red compared to water. Solvents with low
lectric constant have a poor solvation capacity, and therefore the dye and its counter ion
. as an ion-pair in such solvents. Most of the solvents in this study have high dielectric
stants (18 to 78.5), and because of the high solvation capacity of these solvents the dye

lecules do not exist as ion-pairs in these solvents.

The absorption spectra of diluted solutions of the symmetrical tri-para-amino-
; tuted dyes CV* and EV* display a characteristic shoulder on the short-wavelength side

he visible absorption band. The difference in frequency between the maximum
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absorption and the shoulder’s inflection point (Av, values in wavenumber taken from the

first derivative of the electronic spectrum) tended to increase upon increasing solvent
Iidipolarity / polarizability (IT* scale) and hydrogen-bond donor acidity (o scale), but with
decreasing solvent hydrogen-bond acceptor basicity (B scale). Better linear relationships
between Av and the Kamlet-Taft solvatochromic parameters [1*, o and B (Kamlet M. J.,
1983) were obtained when taking into consideration only solvents of the same family, e.g.
the C, to C, alcohol series (Figure 4.2). Water typically gave anomalous results with regard
to the dominant linear trénds observed for Av as a function of the solvents’ solvatochromic
operties, while the non-hydroxylated solvents, acetone and acétonitrile, afforded a
pronounced deviation when the dependence of Av on the hydrogen-bond donor acidity
haracter (o scale) was taken into consideration. The behavior of acetone and acetonitrile is
surprising, since these two solvents cannot act as proton donors in solvent-to-solute
ydrogen-bond interactions. The dominant trends observed for the solvent effect on the
~ spectra of VPBBO" and VBR* (Figure 4.3) exhibited opposite character as
mpared to those noticed in the cases of CV* and EV* (Figure 4.2). For the Victoria Blue
es, the dominant trend was clearly characterized by a decrease in Av upon increasing [*

d o and decreasing B (Figure 4.3).

All triarylmethanes considered in this investigation are known to form dye
regates in aqueous media upon increasing dye concentration (Bartlett, J. A. and Indig, G.
1999). The formation of these aggregates is attested by the appearance of a
w hromical}y shifted absorption band that overlaps with the spectral shoulder of the

ctive dye monomer observed in diluted solutions (Lueck H. B. et al, 1992). For



Av

Av

Av

1400
1300
1200
1100

1400
1300
1200
1100

1400
1300
1200
1100

T

EV

0.0

0.0

T

0.0

Av

Av

Av

1500f

1400
1300

0.0

1500¢
1400t

1300

1500t

1400
1300

0.0

54

1.0




Av

Av

vBR'
1600F .
1400
1200
)
1000k, . :
68 05 . 18
T
1600
1400
1200
®
1000k ©® | i
00 05 10
o
o
1600f o
1400}
1200F
o
1000'1 ® 1 1
00 05 10
B

Av

Av

Av

55

vPBBO"
1400} i
0
1200}
®
o
1000f ®
800k, . :
0.0 0.5 1.0
n*
1400} ®
1200}
® 0
1000t ®
800 (L L 1
0.0 0.5 1.0
o
1400 @
o
1200}
®
o
1000} ®
800 o L 1
0.0 0.5 1.0
B

'é 4.3. Solvatochromic effects on the magnitude of splitting (Av) between the
pping absorption bands of VBR" (left column) and VPBBO" (right column) in polar
;:e ts. Empty circles, C, to C, alcohol series; full circle, water; crossed circle, acetone and
tonitrile. The poor resolution of the absorption spectra of VPBBO" in acetone and

itrile did not permit the accurate characterization of Av for this dye in these solvents.
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example, the formation of EV' and VPBBO" aggregates in water can be easily

characterized in 30 pM solutions, since the shoulder at the short-wavelength side of the
maximum absorption band becomes slightly more prominent in 30 pM solutions than in
more dilute solutions (e.g. 10 uM). That is, the A, /Ao Iatio decreases upon increasing
dye concentration in the concentration range in which dye aggregation takes place. For
d ute‘ aqueous solutions of these TAM' dyes (c.a. 5 uM and lower) the A, /A pouqer Fatio is
onstant, and the normalized spectra of dilute solutions containing different concentrations
identical. Identical normalized spectra (or constant A,,,/A o Iatio) indicate that below
5 UM concentration range dye aggregation does not occur to any detectable extent in

ure water.

We have carried out a series of control experiments designed to explore the
"‘sibility that the formation of dye aggregates might explain, at least in part, the
ounced spectral changes observed for the cases of VBR* and VPBBO" as a function of
e nature of the solvent. One set of experiments was carried out using 10 uM, 1.0 uM, and
1 uM solutions of VBR* in 1-propanol, 2-propanol, and 1-butanol and of VPBBO" in 1-
opanol and 1-butanol. The normalized spectra of the different VBR* and VPBBO*
ions in the individual solvents showed exactly the same spectral profile. Figure 4.4
ows the normalized spectra of VBR* and VPBBO" in 2-propanol and 1-propanol
pe tively. These results indicate that dye aggregation doesb not contribu;e to a measurable
ent to the spectral changes observed in VBR* and VPBBO" solutions upon changing from
ieous to organic media. Additional evidence that supports the hypothesis that dye

regation does not account for the solvent effects observed with VBR* and VPBBO* was
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vbtained by studying the effect of temperature (5°C - 50°C) on the absorption spectra of 10

and 1.0 pM solutions of VBR" in 2-propanol and of VPBBO" in 1-propanol and 1-
butanol. The normalized spectra (Figure 4.5) acquired at different temperatures did not
support the formation of VBR* and VPBBO" aggregates in organic media as the cause of the

spectral changes observed upon switching from aqueous to organic media.

[he Rotamer’s Model and the objections to it:

Lewis et al proposed the existence of two CV* ground state rotational isomers in rapid
quilibrium with each other to explain the absorption spectrum of this dye in ethanol. The
2y observation was that as the temperature was lowered, the 550 nm shoulder in the CV*
bsorption spectrum began to disappear, while the intensity of the transition at the
. velength of maximum absorption (589 nm) increased. The observed temperature
pendence was originally interpreted by Lewis and co-workers as the result of a shift in the
uilibrium between two rotational isomers present in solution, in favor of the lower-energy

ecies as the temperature was lowered (Lewis G. N. et al, 1939; Lewis G. N. et al, 1942).

Due to steric restrictions, the aromatic rings of CV* and other cationic TAM* dyes are
ced out of the molecular plane that contains the central carbon atom. The out-of-plane
2le is modulated by both the repulsion between ortho-hydrogen atoms in adjacent aromatic
gs and the restoration force that opposes rotation due to the double bond character of the
sted chemical bond. In the case of symmetrical molecules, such as the tri-para-amino-

stituted CV*, the repulsive and restorative forces acting on each distinct ring are expected
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1o be equivalent (Lewis G. N. et al, 1939; Korppi-Tommola J. and Yip R. W. 1981).

When the aromatic rings rotate in the same direction and the angles between them are held
constant, the resulting three-blade propeller has D,symmetry. The model originally
developed by Lewis et al (Lewis G. N. et al, 1939; Lewis G. N. et al, 1942) proposes the

Xistence of a rotational isomer of CV* that is generated when one of its aromatic rings

ropeller is represented by a C, point group (Korppi-Tommola J. and Yip R. W. 1981;
Lueck, H. B. 1992; Cotton F. A., 1971), and because of the nature of the restorative force that
pposes the out-of-plane rotation of the aromatic rings, the unsymmetrical rotamer is
v-n‘ ted to have higher energy than its symmetrical counterpart. Therefore, the rotamers
‘ del predicts that with decreasing temperature, the equilibrium between the two rotamers is
hifted in favor of the symmetrical (D) species (the species responsible for the Stronger

psorption band in the visible).

Lewis’ rotamers model has faced several objections over the years. As observed by
orppi-Tommola and Yip (Korppi-Tommola J. and Yip R. W., 1981), no significant change
_1 absorption spectra of CV* in toluene takes place over the temperature range of + 46 °C
: 50°C, while in methanol the shoulder in the 550 nm region decreases with decreasing
nperature, and practically disappears at -70°C. These authors suggest that their
servations contradict the basis for the rotamers model, since there would be no reason why
3»- ilibrium between the two rotamers would be significantly less temperature‘dependent
uene than in methanol. They explain the effect observed in methanol in terms of

4

anges in solvation of CV* with temperature. Therefore, the model of Korppi-Tommola

fotates in the opposite direction with respect to the other two rings. This unsymmetrical
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and Yip explains the spectroscopic behavior of CV* in solution in terms of solvation rather

than the hypothetical existence of two rotational isomers in solution.

Lueck et al also presented results that do not support the rotamers model (Lueck H. B.
et al, 1992). Based on semi-empirical molecular orbital calculations carried out using the
intermediate neglect of differential overlap (INDO) method, these authors pointed out that
he barrier separating the two rotamers is large compared to kT at room temﬁerature. This
suggests that it is unlikely that the shoulder observed in the absorption spectra of CV* in
ethz nol can be explained in terms of the presence of the unsymmetrical propeller in solution.
Based on a combination of experimental measurements and theoretical calculations, the
authors suggested that a solvent-induced symmetry-breaking process may be the cause of the
ippearance of the overlapped bands in the absorption spectra of CV*. The proposed model
plores the possibility that the loss in degeneracy of the symmetrical D; propeller can be
" uced by the electronic perturbation introduced by a solvent molecule located near one of
ie amino groups, or by the stabilization of the positive charge in one of the amino groups via
specific interaction with a solvent molecule. In this last case, in terms of resonance
ructures the amino group which accommodates the positive charge wouid be forced to
sume a planar geometry while the other two amino groups would retain the tetrahedral
nfiguration, and this solvent-induced difference in amino group configuration is a

;m etry-breaking event.

The experimental results obtained in this laboratory add momentum to previous
jections to the rotamers model, since they indicate that the magnitude of the splitting

tween the overlapped absorption bands of the highly symmetrical TAM* dyes CV* and
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EV* is dependent upon solvent solvatochromic parameters. However, since multiple

nteracting solvent effects may be taking place simultaneously, only qualitative comments

ca be drawn based on the data shown in Figure 4.2. Accordingly, since the IT* scale
represents an index of the ability of the solvent to stabilize a dipole or charge due to its
'lectric effect (Kamlet M. J., 1983), the observed increase in Av upon increasing IT* is
consistent with the hypothesis that an electronic rather than a mechanical perturbation is
esponsible for the loss in degeneracy of the symmetric D; propeller (Lueck H. B. et al,
;2). Besides, the results of semi-empirical molecular orbital calculations carried out by
ueck et al have indicated that the stronger the dipole located near one of the amino groups
D; propeller the larger the expected splitting between its overlapping bands (Lueck H.
. et al, 1992). This theoretical prediction is in agreement with our experimental data. The
nea reiationships observed betv?een Av and the solvatochromic pé.rameters o and B further
mphasizes the solvation dependence of the spectroscopic behavior of CV* and EV" in
vensed phase. Although it is not clear why the data obtained in water typically display
alous characteristics, the deviations observed in acetone and acetonitrile arise from the
% that these two solvents do not function as proton donors in solvent-solute interactions.
recently Ishikawa et al (Ishikawa M. et al, 1999) have reported a model to explain the
sorption spectra of CV* in methanol and other alcohols in which they hypothesize the
""w nce of two solvation isomers in fast equilibrium with one another. In this model the
mmetric (D;) propeller is thought to be in equilibrium with a pyramidal (C;) isomer formed

en the central carbon atom is strongly solvated with an alcohol molecule.
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he spectroscopic behavior of VBR* and VPBBO" in solution

The lower energy levels of the TAM" dyes displaying lower molecular symmetry,
BR* and VPBBO", are not degenerate. Consequently, these dyes are expected to display

atively well resolved S, — S, and S,— S, absorption bands in solution. Indeed, the

esence of two well defined absorption bands was readily noticed in the electronic spectra
VBR* and VPBBO" in the C, to C, alcohol series, although the resolution of these bands
s diminished in the other solvents considered in this study (Figure 4.1). The experiments
rried ouf to explore the effects of dye concentration and temperature on the electronic
ctra of VBR* and VPBBO" performed in a variety of solvents have clearly indicated that,
hin the concentration range investigated, the spectroscopic doublet observed in the
tronic spectra of the Victoria Blue dyes cannot be attributed to the formation of dye
>gates in solution. Since the occurrence of aggregation can be easily characterized in
but not in the alcohols investigated herein, the hydrophobic effect can be hypothesized
lay an important role in the aggregation phenomena. However, we have also observed
spectral profiles of VBR" and VPBBO" are concentration dependent in chloroform (1
10 uM range), which is evidence either for the formation of dye aggregates or ion
:v‘_ ‘igure 4.6). As previously reported (Lueck H. B. et al 1992), while the aggregation of
ra-amino substituted dyes is readily observed in aqueous media, the bi-para-amino
tuted TAM* dye Malachite Green (N,N,N’,N "-tetramethylpararosaniline) does not
"..w aggregation to a significant extent in water. These observations suggest that the

phobic effect is not the only thermodynamic parameter controlling the aggregation
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|
henomena, and that the contribution of structure to TAM* aggregation is not completely

nderstood (Bartlett J. A. and Indig G. L. 1999, Lueck H. B. et al 1992).

Interéstingly, as indicated by the difference in frequency between the maximum
bsorption and the two overlapping bands (Av) as a function of IT*, o, and B, the dominant
nds observed for the effects of solyents on the absorption spectra of VPBBO* and VBR*
thibit behavior that is opposite to that observed for the highly symmetrical CV* and EV*
‘pare Figure 4.3 with Figure 4.2). While for EV* and CV*, Av typically increased with
e ing IT* and o and decreasing B in the case of the Victoria Blue dyes, Av tended to
ase upon increasing IT* and o and decreasing B. Although this behavior may not
;sent a general observation, for the TAM* dyes investigated here, the effect of solvent

perties on Av can be used to characterize the nature of the overlapping visible absorption

The question of how molecular symmetry considerations can be combined with other
al aspects of triarylmethanes to allow the prediction of some of the characteristics of
electronic spectra of this class of compounds is a matter of substantial interest. A
tinent observation follows. While the S, — S, and S, — S, transitions in t-butanol are well
f-.,,;;, ed in the case of Malachite Green (maxima at 622 nm and 429 nm, respectively), they
as overlapping bands in VBR* and VPBBO'. Apparently, for these three compounds
ailability (or lack thereof) of the third amino group in the para position of the aromatic
an important factor with regard to the control of the energy gap between the first two

ted singlet states in these dyes.
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CONCLUSIONS:

The observed solvent-dependence on the magnitude of the splitting between the
verlapping ébsorption bands indicates that the occurrence of specific interactions involving
he TAM* dyes and the solvent molecules is the event that lowers the symmetry of the D;
ropeller, giving rise to two nondegenerate states or two solvation isomers. The observed
?vent effects on the absorption spectra of the TAM* dyes displaying lower symmetry,
BR* and VPBBO?", are distinct from those observed for CV* and EV*, because the nature of
e overléppcd absorption bands is different in these two distinct sets of TAM* dyes. The
fference in energy between the S;— S, and S,— S, electronic transitions in the
nsymmetrical TAM* molecules‘is apparently strongly dependent upon the number of
:‘Wa groups in the para position of the aromatic rings, since the lack of one amino group in
alachite Green leads to a much large splitting between these transitions than those observed

the case of VBR" and VPBBO".

‘The solvents explored in this study cause a blue shift in the A, relative to water, even
h the extinction coefficient of the dyes in these solvents is close to that in water. This
icates that if the dyes were experiencing an environment that is less polar than the bulk
eous phase, the observed spectral signature would be a blue shift, with very little change
extinction coefficient. However, if the dye were to exist as an ion pair, the spectral
e would be a red shift in the A, as observed in the presence of solvents with low
ectric constant (Oliveria C. S. et al — unpublished data). In the binding experiments with
rent model biological hosts (Chapters 6, 7 and 8) blue shifts and hypochromic effects

2 observed at high dye to macromolecule concentration ratios, while at low dye to
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macromolecule concentration ratios a red shift in A, was obtained. The blue shifts at

high dye to mécromolecule concentration ratios cannot be attributed to simple changes in
‘f olarity of the surrounding environment, because there is a concomitant decrease in the
xtinction coefficient. As will be demonstrated in the subsequent chapters under conditions
fhigh biopolymer loading, the observed blue shift in the absorption spectra of TAM* dyes is
ore appropriately explained in terms of dye aggregation. The red shift in A, at low dye to
,loymer ratio probably indicates that the dye molecules exist as an ion pair at these
ncentration regimes, or in other words, that the binding of TAM"* dyes to biopolymer
clectrolytes results from a substantial contribution of electrostatic interactions between
> dyes and negatively charged macromolecular r_esidues. This red shift was also
served upon partitioning of TAM* dyes in micelles and LDL, suggesting that ion-pairing is

important factor for the solubilization of TAM* dyes in highly non-polar environments.
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Chapter 5.  Binding of Triarylmethane Dyes to Cyclodextrins and Detergents

RESULTS AND DISCUSSION:

To corroborate the binding data obtained with the various model biological hosts
1K, DNA and LDL), binding of TAM*s to certain simple non-biological macromolecules
nd supramolecular structures was also undertaken. These non biological molecules included

nionic (sodium dodecyl sulfate) and non-ionic (Triton X 100) detergents and the two

yelodextrins (B and 7y cyclodextrins).

itrations with anionic detergent, Sodium Dodecyl Sulfate (SDS):

' Spectrophotometric titrations were carried out in which the concentration of dye was
’pt constant and the surfactant (SDS) concentration was increased in small increments. The
'actant concentration regimes explored included both pre-micellar and rnicéllar
_.- ntrations. Figure 5.1 shows the effect of the surfactant on the uv-vis spectra of the four
AM's (CV*, EV*, VBR* and VPBBO"). In the presence of SDS at concentrations below the
MC (CMC of SDS in water = 8mM) (Sarkar M. and Poddar S., 2000), a distinct change in
Ttvroscopic signature was observed. With increasing detergent concentration
ncentrations much lower than the aqueous CMC), there was a decrease in absorbance and
1arked blue shift in the spectrum of each of the four TAM*s (solid curves in Figure 5.1).
cording to the molecular exciton Atheory these pronounced blue shifts and hypochromic
- are attributed to the formation of H-fype aggregates. With further increase in
°Nt concentration (concentrations still below the aqueous CMC), there is a region

ete the absorbance and the spectroscopic signature remain constant. Beyond this region,
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70
an increase in detergent concentration, leads to a dissociation of the aggregates to dye

monomers (dashed curves in Figure 5.1). A plot of absorbance at A, of the dye as a
unction of detergent concentration gives a biphasic profile (Figure 5.2).

Note that in the previous chapter where the effect of solvents on the spectroscopic
properties of TAM*s was explored, blue shifts were also observed upon decreasing solvent
polarity ( w* scale) relative to water. However the extinction coefficient of the dyes did not
_w, nge significantly from those obtained for the dyes in water. This indicates that the blue
hifts and hypochromic effects observed in the presence of SDS are due to aggregate
ation and not because of a change in other properties of the bulk solution. This needs to
¢ emphasized especially for VBR" and VPBBO®, where the spectral signatures obtained as a
sult of dye aggregation and a change in solvent character are very similar in their

arance.

It has been previously shown (Sarkar M. and Poddar S., 2000) that in the presence of
gatively charged surfactant molecules like sodium dodecyl sulfate (SDS), aggregation type
ectroscopic signatures characteristic of the formation of H-type dye aggregates (blue shifts
hypochromism) were obtained below CMC for CV*. Upon increasing SDS
icentration beyond its CMC, the aggregates redistributed as monomers into the non-polar
 of the micelle. Similar such results were .observed in the titrations carried out in this
ratory with the other three TAM's. 'However the CMC in the presence of the dye was
sim ilar to that observed in pure water. Hence the redistribution of TAM®*s as monomers
urs at detergent concentrations that are circa 4.7mM. Dye aggregation is a phenomenon
usually observed under conditions of high dye concentration and high ionic strength

ck H. B., 1992; Bartlett J. A. and Indig G. L., unpublished data), but anionic detergents
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like SDS also induce TAM* aggregation at submicromolar dye concentrations. The

anionic detergent induced aggregation of TAM" dyes is apparently facilitated by non
“;« ovalent interactions between the cationic dye and the polar head of the detergent. However,
in the presence of detergent micelles, where there exist both, a charged surface and a non-
polar core, the partitioning of TAMs into the non-polar core is a more favorable process than
their binding to the charged head of the micellar structure. Thus as an initial estimate in the
ase of LDL that is negatively charged at physiological pH (Ghosh S. et al, 1974) and has
oth a protein and a lipid moiety, one would expect the dye molecules to extensively
artition into the lipid core. It must be emphasized that the partitioning of the TAM* dyes
ito the nonpolar core causes a small red shift in the absorption spectra. As mentioned in
fi pter 4, such spectral red shifts have been observed when the dye molecule and its counter
exist as an ion pair in a solvent that has a low dielectric constant (Oliveira C. S. et al -
published data). This probably implies that in the nonpolar micelle core the dye molecules

ist predominantly as ion pairs.

rations with non-ionic detergent Triton X 100 (TX 100):

Spectrophotometric titrations were also carried out with nonionic detergents and
M's in a similar manner as in the case of SDS. The concentration of dye was kept
stant and the surfactant (TX IOQ) concentration was increased in small increments. The
tant concentration regimes explored included both pre-micellar and micellar
entrations. The inset of Figure 5.3 shows the effect of the surfactant on the uv-vis

"‘r‘ of TAM's (EV* and CV*). Since Triton X 100 is a nonionic surfactant, there should

0 substantial aggregation of the dye molecules because of the absence of a ionic head,
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and indeed no blue shifts are observed in the uv-vis titrations. Instead as is more clearly

. vident in the inset of Figure 5.3 , a steady decrease in absorbance followed by an increase
and a concomitant red shift is observed. Figure 5.3 shows the plots of absorbance of CV*
and EV* at their wavelengths of maximum absorption plotted as a function of the surfactant
ncentration. An abrupt change in the initial portion of the plot is observed when the
urfactant concentration approximates 220pM, the critical micelle concentration for TX 100
Rharbi Y., 1999). Beyond this point, the number of micelles in the system increase and the
lecrease in absorbance is attributed to the partitioning of the dye inside the micellar core.
nitially, when the ﬁumber of micelles is lower ([Dye]>[Micelles]), a large number of dye
;;. lecules accommodate in the micellar core of the formed micelles, reéulting in a decrease
I absorbance, however when the concentration of formed micelles increases the dye
,lecules begin to redistribute themselves within the increasing number of micelles, and this
ts in the observed increase in absorbance. Since the dyes have substantial lipophilic
“.x acter the initial decrease in absdrbance is because a large number of dye molecules find
_." elves in the micelle core. This decreases the overall absorbance of the dye, since this
number of dye molecules within the nonpolar micelle core, now constitute a small
ume of the system under spectroscopic investigation. This decrease is referred to as the
ve effect (Rabinowitch E. 1., 1951, Gupta, B. D., 1986; McClendon J. H. et al, 1990),
;;,. occurs due to the localization of pigments which in turn lowers the net absorption,
ecially at the absorption peak, due to mutual shading of the pigment molecules.

‘, It should be noted that the sharp decrease in absorbance takes place at lower TX 100

centrations in the case of EV* compared to CV* (Figure 5.3) and this difference can be

ibuted to the different partition coefficients of these dyes. EV* (P = 237) is much more
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_lipophilic than CV* (P = 2.4) (Indig G. L. et al, 2000) and therefore tends to partition more

'iefﬁciently into the micellar core, and this causes the observed steep decrease in absorbance
and a more pronounced dip in the biphasic profile compared to CV*. This red shift at high
detergent concentrations (above CMC) has been observed in solvents with low dielectric
."nstants like toluene where the dye exists as an ion pair (Oliveria C.S. et al -unpublished
d fa) and is similar to that observed with SDS micelles,v suggesting that the dye probably
partitions into the nonpolar micellar core as an ion pair.

Fluorescence spectroscopy was also used to study dye detergent interactions, and as
shown in Figure 5.4, the fluorescence of CV* and EV* remains practically constant up to a
tertain concentration regime and then shows an enhancement with increasing surfactant
_-w entration. The abrupt increase in fluorescence occurs at the CMC, and at concentrations
elow the CMC; there is no significant change in the fluorescence of the dye. There is an
pproximate eighteen-fold increase in fluorescence upon partitioning of EV* into micelles,
‘u‘ an approximate eight-fold ihcrease in fluorescence of CV* under similar conditions. In
OW viscosity media TAM* dyes have very short singlet life times typically in the 1-5
}«« econd range, and, therefore, have poor fluorescence quantum yields (10 to 10%), due to
¢ fast rotational relaxation processes that occur via rotation of their aromatic rings.
wever, in more viscous environments or in restricted reaction spaces, the TAM* dyes
perience loss of rotational degrees of freedom and this results in an increase in
orescence. The increase in fluorescence upon partitioning into the micelle core is probably
cause the micellar core offers steric hindrance to the free rotational relaxation processes of

se dyes or because of an increase in the viscosity of the micelle core(micelle core has a

cosity of 25 cp, Henderson C. N. and Selinger B. K., 1981) as compared to water.
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ure 5.4 Plots of fluorescence of EV* and CV* as a function of Triton X 100

centration. Io = Fluorescence intensity in the absence of detergent, I = Fluorescence
sity in the presence of detergent. The insets show the effect of Triton X 100 on the
escence spectra of TAM' dyes. From the bottom, in order of increasing fluorescence the

n X 100 concentrations were (mM): 0.0, 0.33, 0.48, 0.73, 1.36 and 4.50. T = 25°C;

£]= 10 uM.
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‘Whether other intrinsic properties of the micellar core also affect fluorescence quantum

yields would require further investigation.

Formation of Inclusion Complexes of TAM* dyes:

' To study the binding of TAM's to B-cyclodextrin, similar spectrophotometric
itrations were carried out in which the concentration of TAM®*s was kept constant and the
'centration of B-cyclodextrin was increased in small increments. In the case of B-
:lodextrin, with all four dyes (Figure 5.5) there was a steady decrease in absorbance until
le concentration of B-cyclodextrin approximates 1000 uM. Beyond 1000 pM B-
iclodextrin, the dye absorbance remains constant. This indicates that the inclusion of
*s into the B-cyclodextrin cavity results in a decrease in extinction coefficient (Figures
Jand 5.6). Along with a decrease in extinction coefficient, there is also a red shift of the
sorption spectrum. Since no spectroscopic signatures were obtained to suggest dye
;?Ir' gation (e.g. blue shifts and hypochromic effects), the only binding event that occurs in
'j. of B-cyclodextrins, is an inclusion into the cavity. The cavity of the B-cyclodextrin
ge enough to accommodate the aromatic rings of molecules like benzoic acid and certain
obenzenes (Fromming K. et al, 1994). The included molecule will be oriented in the host
uch a position as to achieve maximum cohtact between the hydrophobic part of the guest
‘Tﬂ apolar B-cyclodextrin cavity. One can therefore envision the TAM* molecule
uded into the B-cyclodextrin cavity such that the aromatic ring with alkyl substituted
'groups is inside the cavity, and the rest of the molecule with the positive charge placed

ide the cavity. Unlike the scene encountered with the anionic detergents, there is no
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localization of the positive charge, and therefore aggregation is not induced in the presence

of B-cyclodextrins. The red shift obtained upon inclusion could probably result from a
change in the electronic structure of the dye molecule as a result of stabilization of the

positive charge in the bulk aqueous phase. Because the B-cyclodextrin concentration is 1000

fold higher than the concentration of the TAMs in these binding experiments, there may be
more than one inclusion complex in solution, so the possibility of complexes with other than
L:1 (B-cyclodextrin : TAM") stoichiometry cannot be ruled out. A linear Benesi-Hildebrand
plot indicates that the stoichiometry of the formed complex is 1:1(Benesi H. and Hildebrand
J., 1949), however the insets of Figure 5.6 show that the Benesi-Hildebrand plots for the
'AM*-B-cyclodextrin data are non linear and the non-linearity is more evident at higher
clodextrin concentrations, indicating the possible existence of complexes of stoichiometry
igher than 1:1 (B-cyclodextrin : TAM®).

» B-cyclodextrins can however induce deaggregation in TAM?s, as shown in Figure 5.7
: ere the dye concentration was kept constant at a concentration regime high enough to
duce dye aggregation and the concentration of B-cyclodextrin was increased in small
vments. For dyes like EV* and VPBBO" that aggregate very efficiently, it is clear from
‘5.7 that an increase in B-cyclodextrin concentration results in a decrease in the
orbance of the blue shifted peak that is attributed to the dimer and a concomitant increase
ie absorbance of the peak attributed to the monomer. At high cyclodextrin concentrations
: IM), the spectrum of the of the monomer is red shifted indicating that the dye

ecules are included into the cavity at this concentration regime.
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Fluorescence titrations were also carried out in a similar manner to the uv-vis

itrations, and a constant decrease in dye fluorescence was observed with increasing [B-
‘clodextrinconcentration. Figure 5.8 shows the percent decrease in absorbance and
I orescence of dye in the presence of B-cyclodextrin. For each of the dyes as observed in
figure 5.8, the decrease in fluorescence is much larger than the decrease in absorbance e.g.,
: the case of CV" the decrease in absorbance is 15 % while the decrease in fluorescence is
ightly more than 25%. Had the fluorescence and absorbance decreased to the same extent,
the observed decrease in fluorescence could have been attributed to a simple decrease in
sorbance. However, because the decrease in fluorescence is more pronounced than the
crease in absorbance, it suggests that the cyclodextrin molecule quenches the excited sate
 the dye molecule. To distinguish whether the quenching results from static or dynamic
lenching processes Stern Volmer plots were built (Fraiji, L. K et al, 1992; Lakowicz J. R.,
_). Dynamic quenching results from encounters between the fluorophore and quencher
ting the life time of the excited fluorophore (Lakowicz J. R., 1999). Upon encounter the
orophore retumsbback to the ground state without emission of a photon. Based on the
nce between energy acceptor and donor encounters can be classified as collisional
er mechanism, where two molecules are separated by a distance that equalé the sum of
‘ molecular radii) or long distance (Forster mechanism, where two molecules are
ated by a distance greater than their collisional diameters (~50 to 100 A°). Static
‘hing is due to ‘non fluorescent’” ground state complex formation between donor and
' her.

Figure 5.9 shows the corresponding Stern-Volmer plots for the quenching data

ented in the inset of Figure 5.8. In Stern Volmer plots, (F/Fo = 1+ k,[Q]) F is the

i
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fluorescence of dye in the presence of cyclodextrin, Fo is the fluorescence of dye in the

absence of cyclodextrin, kq is the quenching constant, T, is the lifetime of the fluorophore
and [Q] is the concentration of the quencher (Lakowicz J. R., 1999). As seen in Figure 5.9,
plots are non linear with non linearity towards the x axis indicating that the qﬁenching is
) ; arily static. Note that only the initial part of the fluorescence decrease in Figure 5.8 has
een taken into cénsideration while building these plots. If the initial linear portion of the
tern Volmer plots is taken into consideration, and the lifetime of the dye (tT,= lps)
ubstituted into the Stern Volmer equation, kq equals 1.03*10" sec™ for CV*, 3.67*10" sec™
,‘ EV*, 4.7%10" sec for VBR*, 10*¥10" sec’ for VPBBO", which is five orders of
aagnitude higher than the diffusional rate constant (10'°sec™), indicating that quenching is
rimarily static. Note, however that the dye fluorescence at higher B-cyclodextrin
entrations shows an increase, and this is more apparent in the case of EV*. It is
isonable to presume that the inclusion into the cavity does offer some steric hindrance to
¢ free rotational relaxation processes of TAM's, and this process may in fact be competing
th the quenching process. As indicated by the non linear Benesi-Hildebrand plots (insets
Figure 5.6), the existence of complexes of stoichiometry other than 1:1 (B-cyclodextrin :

*) is possible at high B-cyclodextrin concentrations, and this might offer the necessary

ic hindrance to the free rotational relaxation processes of TAM® dyes.

ations with y-Cyclodextrin:
Previous experiments carried out by others (Bernad Bernad, M. J. et al, 1999;

fumi H. et al, 1985) with y-cyclodextrin and CV* using uv-vis spectroscopy, induced
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ircular dichroism and the method of continuous variation have shown that complexes

jith 1:2 (Cyclodextrin:Dye) stoichiometry are formed. Spectroscopic evidence was obtained
the form of blue shifts and hypochromic effects, for the formation of CV* dimers in the
resence of y-cyclodextrin. Similar experiments carried out in our laboratory confirmed
ese findings with CV* (Figure 5.10), however with EV*, no such dye aggregation signature
as obtained. Instead a plot of absorbance versus y-cyclodextrin concenteration gives a
phasic profile where there is an initial decrease in absorbance followed by an increase,
,'bly indicating the formation of more than one type of inclusion complex, with the
chiometries ranging from 1:1 to 2:1 or 3:1, (y-cyclodextrin:EV*). The inclusion
vlexes formed with cyclodextrins are usually governed by geometric rather than
mical factors (Fromming K., et al 1994). There is conflicting opinion in the literature

ut the formation of the 1:2 (y-cyclodextrin : CV*) complex. Bernad Bernad and co-
_j'w rs assume that one guest molecule of CV* enters the cyclodextrin cévity by the narrow
e and the other one through its wide part, resulting in a dimer within the cavity (Bernad
nad, M. J. et al, 1999). They base their assumption on data obtained using two
ensional NMR and molecular mechanics studies. However Hidefumi H. et al believe that
cavity of y-cyclodextrin is large enough to accommodate the entire dimer (Hidefumi H. et
i’*i 5). They have used a molecular model that considers the fit of the guest molecule into
r-‘ st cavity, based on molecular size.

: The fluorescence titrations with CV* reveal a biphasic profile, where there is an initial

ase in fluorescence and this is followed by an increase with increase in y-cyclodextrin

ntration as shown in the inset of Figure 5.11. Figure 5.12 shows the percent absorbance
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ure 5.11 Effect of y-cyclodextrin on the fluorescence spectra of EV*. The inset shows the

), 28.0, 52.5, 88.6 and 124.8. T = 25°C; [TAM*] = 10 uM.

ct of y-cyclodextrin on the flourescence of TAM* dyes. The solid line represents the

of the dye in the absence of y-cyclodextrin . From the bottom starting at the dashed

, in order of increasing fluorescence, the y-cyclodextrin concentrations were (mM): 0.28,
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and fluorescence plotted as a function of the y-cyclodextrin concentration. According to

the molecular exciton theory, dimer formation leads to fluorescence quenching and the

fluorescence data confirms dimer formation in the case of CV*, because the dip in the

absorbance and fluorescence profile is observed at the same Y-cyclodextrin concentration
(circa 6mM - Figure 5.12) . However the y-cyclodextrin cavity also offers steric hindrance
to the free rotational relaxation processes of CV*, since upon redistribution of CV* dimers
there is an increase in the fluorescence. For EV*, however there is a small initial dip in the
fluorescence (Figure 5.11) and this is followed by an increase. Also as observed in Figure
12, the absorbance and fluorescence data in the case of EV* do not overlap. Instead there is
in almost 200% increase in fluorecence of EV* in the presence of y-cyclodextrin. Since EV*
vith its ethyl substituents is a larger molecule than CV*, the cavity cannot accommodate two
olecules of EV* and therefore there is no dimer formation. The increase in fluorescence is
ably because of steric hindrance to the rotational relaxation motions of its aromatic rings,
hich could be further compounded by the formation of complexes of higher stoichiometry.
e small initial dip observed in the fluorescence titrations with EV* probably represents the

crease that results from a decrease in absorbance, as a result of inclusion.

'fﬁ- CLUSIONS:

: The data obtained with the anionic detergent SDS and its corresponding micelles
icates that below the CMC, dye aggregation occurs in the presence of this detergent,
sumably assisted by the non covalent interaction of the cationic dyes with the negatively
head of the detergent. Above the CMC there is a preferential partitioning of the

Vs into the nonpolar core, rather than an electrostatic interaction with the dye molecule
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- and the micelle head. The plot of absorbance vs. detergent concentration results in a

'. biphasic profile with the descending arm of the biphasic profile representing the formation of
TAM" aggregates and the ascending arm representing the redistribution of these aggregates
as monomers in the micellar core. The region of the well represents a concentration regime
at which the system is optimized to deteg:t spectroscopic signatures of aggregates and is
therefore a region that represents maximum concentration of aggregates. With the nonionic
'celles, TAM's extensively partition into the nonpolar core of the nonionic micelles, and
itioning is the only binding event that also results in a biphasic profile when absorbance
is plotted as a function of detergent concentration. The biphasic profile in this case however
5 obtained because of a non-homogenous distribution of the chromophore in the micelles
Rabinowitch E. 1., 1951). The higher viscosity of the micellar environment (Henderson C.
. and Selinger B. K., 1981) provides resistance to the free rotational relaxation movements
fthe TAM's, resulting in an increase in their fluorescence quantum yields.

In the case of cyclodextrins, inclusion complexes were obtained with TAM*s . The B
clodextrin cavity was not large (~6.6 A°) (Connors K. A., 1997) enough to accommodate
0 molecules of the TAM* dye and therefore no dye aggregation was observed in the
sence of B cyclodextrin. However deaggregation of the dye as monomers could be
ved in the presence of B cyclodextrin. The decrease in the fluorescence of TAM®s in
presence of B cyclodextrin is because of static quenching. y cyclodextrin that has a larger
ty dimension (~8.4 A°) (Connors K. A., 1997) than the B cyclodextrin cavity, was large
igh to accommodate two dye molecules of the N-methyl substituted CV*, but the same

ot true for the N-ethyl substituted TAM*, EV*. Thus the inclusion of CV* into the Y
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cyclodextrin cavity allows dimer formation, but in the case of EV* because of size

constraints, dye dimers are not observed.

Thus as observed in the solvents listed in Table 4.1 in Chapter 4, blue spectral shifts
were obtained relative to water with the extinction coefficient of the dye being similar or
nigher than that obtained in water. In the presence of SDS, blue shifts and hypochromic
ffects were observed below the CMC, indicating aggregate formation. Above the CMC,
long with redistribution as a monomer, rpd shifts were obtained indicating dye partitioning
nto the nonpolar micellar core as an ion pair. In the case of nonionic detergerits, no
38| egation type spectroscopic signatures were obtained indicating that the dye does not
ndergo any significant aggregation in the presence of nonionic detergents. In the case of
yelodextrins, the inclusion of CV* into the y cyclodextrin cavity allows dimer formation, but
ihe case of B cyclodextrin no aggregation was observed for all TAM"* dyes considered in
is study. Thus the data obtained with solvent effect§ in combination with the data on
tergents and cyclodextrins provides important guidelines for the interpretation of the
ding data of TAM" dyes to the model biological hosts discussed in the subsequent

apters of this thesis, namely HK, DNA and LDL.
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* Chapter 6. Binding of Triarylmethane dyes to HK and Photoreactivity of HK-TAM"

Noncovalent Complexes.

1

RESULTS AND DISCUSSION:.

Binding studies with HK:

Spectrophotometric titrations:

Electronic spectroscopy was used to characterize the binding of TAM's to HK.
i ;i;trations were carried out in which the dye concentration was kept constant at 10uM, and
he concentration of HK (titrant) was increased in small increments. Figure 6.1 shows the
ffect of HK concentration on the absorption spectrum of TAM' dyes. Initially upon
reasing HK concentration up to the 4.8uM range, a decrease in maximum dye absorption
‘f. place with a concomitant increase in ratio between the absorption values observed at
, wavelengths of shoulder and maximum of the respective TAM* spectra. Beyond 4.8uM
IK an increase in enzyme concentration resulted in an increase in TAM' absorption, along
ith a red shift in the absorption spectrum.

The spectroscopic signature typical of the formation of H-type dimers of tri para
bstituted TAM* dyes in solution is the appearance of a hypsochromically shifted absorption
nd that overlaps with the spectral shoulder of the TAM* dye monomer. Because TAM*
mers absorb less light than their respective isolated monomers, hypochromic effects are
0 observed upon dye dimerization. Therefore both the decrease in A, and the increase in

ouded Amax Tatio observed in the absorption spectra of TAM®* dye upon increasing HK
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6.1 Effect of HK on the absorption spectra of TAM* dyes. From the top, in order of

ing absorption at A, (solid lines) the HK concentrations were (uM): 0.0, 0.6, 4.8.

the bottom starting at the dashed lines, in order of increasing absorption at A,,,,, the HK

ntrations were (UM): 45, 148 (for EV*, VBR*, and VPBBO"), or 45, 250 (for CV*). Tris

£ 50 mM, pH 7.6; T = 25°C; [TAM"] = 10 uM.
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concentration from O to 4.8uM indicates that under conditions of high protein loading

([TAM*]>[HK]) the formation of TAM" dimers is facilitated in aqueous media by the protein
:~ nding event. Similar such protein-assisted TAM® dimerization has been observed in the
case of BSA (Bartlett J. A. and Indig G. L., 1999 ).

' The ability of HK in assisting TAM"* dimerization is illustrated by the fact that the
pectral profile of a solution containing EV* and HK in the concentration of 10uM and
respectively (lqwer solid curve in Figure 6.1) is observed in the absence of this
otein, only when the EV* concentration in buffer reaches the 80uM range (Bartlett J. A.
nd Indig G. L., unpublished data). This indicates that HK is capable of inducing TAM"*
imerization at submicromolar dye concentrations. The increase in A yger /Amax a0d the blue
in the absorption spectrum are quite pronounced in the case of VPBBO*, EV* and
BR*, but only barely noticeable in the case of CV*. If the spectrum of CV* in the presence
“HK is normalized with the spectrum of the dye free in solution just a minor increase is
ed in Agouger /Amax Tatio as indicated in Figure 6.2. This implies that CV* does not
dergo significant dimerization upon HK binding. In the case of VPBBO®, EV* and VBR",
’E pronounced effects are observed (Figure 6.2). Dye dimerization is related to the
ttition coefficient of the dye, therefore dyes with higher partition coefficients like EV* and
3BO* (with P values of 237 and 180 respectively) show higher aggregation tendencies
npared to dyes with lower partition coefficients like CV* (P = 2.4) and VBR" (P = 39)
dig, G. L. et al, 2000).

Spectrophotometric titrations of dyes with HK were carried out in two different media

. buffer containing SOmM Trizma HCI, pH = 7.6 and water adjusted to a pH of 7.6. In
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both these titrations (compare Figures 6.1 and 6.3) the spectral signatures were similar and

biphasic profiles were obtained when the absorbance was plotted as a function of HK

concentration. However there was a significaﬁt shift in the well of the biphasic profile in the
’_1 0 cases as shown in Figure 6.4. The well appears at a HK concentration of approximately
UM HK or at a dye to protein ratio of 2:1, when titrations were carried out in water. When
titrations were carried out in 50 mM Tris buffer, the well is observed at approximately 10uM
IK concentration or at a dye to protein ratio of 1:1. The well represents a region in the
isotherm in which the system is optimized to allow maximum detection of dimers
troscopically. In other words it represents a region of maximum concentration of
ers. The buffered medium contains the cationic salt Trizma HCI, which presumably
ompetes with the cationic TAM"* at its binding site. This shifts the dimerization equilibrium
) the left and the well is observed at a concentration of 10uM, instead of SuM HK. As
n in Figure 6.5 the spectra obtained at similar dye and HK concentrations reveals that
v‘shoulder is much more prominent in water than in 50 mM Tris buffer, indicating that
rizétion is much more pronounced when the medium is water as opposed to 50 mM Tris
ffer.

| The binding data was also plotted using the mole ratio method (Chriswell, C. D. and
hilt, A. A., 1975). Figure 6.6 shows that the stoichiometry of the complex is close to 2:1,
EV*, VBR* and VPBBO", indicating that there are approximately two dye molecules per
yme molecule. Since the spectroscopic signature provides evidence for dimer formation at
t concentration regime, it is reasonable to presume that the enzyme probably has only' one

ding site for the dye molecule. For CV*, the ratio at the well is close to 0.5, indicating

the dye was not bound as a dimer, but largely as a monomer at that concentration regime.
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Fluorescence Titrations:

Binding of TAM's to HK was also characterized using fluorescence spectroscopy.
Titrations similar to spectrophotometric titrations were carried oﬁt in which the concentration
of the dye was kept constant at 10 uM and the concentration of HK (titrant) was increased in
small increments. Figure 6.7 shows the remarkable enhancement in fluorescence of EV*
upon binding to HK, and the inset shows the corresponding fluorescence binding isotherms
for all four dyes. In low viscosity media TAM* dyes have very short singlet life times
~ pically in the 1-5 picosecond range and therefore poor fluorescence quantum yields (107 to
10*), due to the fast rotational relaxation processes that occur via rotation of their aromatic

ings. However, in restricted reaction spaces like those encountered in the HK binding

ind this results in the remarkable increase in fluorescence. At the plateau region of the
inding isotherm basically all dye molecules are noncovalently bound to HK as a monomer.

Interestingly, although H type dimers display lower fluorescence yields than their
spective dye monomers the increase in fluorescence quantum yield of TAM* monomers
pon binding is larger than the decrease in fluorescence quantum yield of the TAM"* dimers.
 a result, the protein binding effect on the fluorescence of TAM* dyes in aqueous solutions
a net enhancement in intensity, even when considering the HK concentration regime in
hich dye aggregation takes place. For this reason the combined employment of electronic

d fluorescence spectroscopy is a requirement for the detailed investigation of noncovalent

,‘ avironment, the efficient modes of nonradiative relaxation processes are sterically hindered,
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e 6.7 Effect of HK on the fluorescence spectrum of EV*. From the bottom, in order of
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31.5, 168, 229 and 269. The inset shows the corresponding fluorescence binding isotherms
all four dyes. I = fluorescence intensity in the presence of HK, Io = fluorescence intensity
the absence of HK. Water, pH 7.6; T= 25°C; [TAM*] = 10 uM. CV* - solid circles; EV* -
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complexes of TAM"* dyes with macromolecules. While fluorescence spectroscopy is

appropriate to characterize the HK-dye monomer complexes, it is of limited use for the
etection of HK-dye dimer complexes, which can be conveniently detected using electronic

Spectroscopy.

otoreactivity of noncovalent complexes of TAM's and HK:

TAM" dyes have a short excited singlet lifetime (1-5ps) (Vogel, 1985) when free in
olution, and therefore should not induce any substantial damage under these conditions.
lwever, when located in binding microenvironments that provide steric restrictions to
‘tional motions of their aromatic rings, the singlet life time is substantially enhanced (as
idicated by the increase in fluorescence), and therefore photoreactivity tends to increase
tista M. S. and Indig, G. L., 1998; Bartlett J. A. and Indig, G. L., 1999; Indig G. L. 1997,
aptista M. S. and Indig G. L., 1997). Besides, as predicted by the molecular exciton theory,
e formation of H-type dimers leads to an enhancement in intersystem crossing efficiency
d this typically should lead to enhanced photoreactivity (Kasha M. et al, 1965). Thus the
oreactivity of TAM" dyes when bound as monomers and aggregates to a biopolymer
uld be substantially different.

In order to explore how the formation of TAM" aggregates may affect the
dtoinduced inactivation of the enzymatic activity, samples representing a concentration
jime of HK and dye that favors maximum formation of dimers on the enzyme template
wer solid curves in Figure 6.1) were subjected to photolysis. Photolysis was carried out at

ferent time intervals and enzyme activity measured immediately after photolysis. There

$ no dark inhibition of the enzymatic activity for the time period of the experiment as
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suggested by parallel controls in the dark with samples containing enzyme and dye in

'~ similar concentration regimes as in the photolysed samples.
Figure 6.8 shows some of the enzyme activity curves obtained with HK-TAM*
complexes when photolysed and when kept in the dark. As mentioned in the experimental

section the absorbance at 340 nm (formation of B-NADPH) plotted as a function of time can

be used to measure enzyme activity. The slope of the initial linear portion of the curves gives
an estimate of the rate constant. Rate constants for each such curve were thus estimated and
used to obtain relative values of enzyme activity.

Under conditions of maximal TAM" aggregation, (Figure 6.1-bottom solid curves),
he correlations observed between dye photobleaching and biopolymer damage suggest that
he higher the degree of aggregation of a particular TAM"* dye, the lower the photoinduced
amage inflicted on the host enzyme (Figure 6.9). The binding experiments or
pectrophotometric titrations suggested that among the four dyes the aggregation tendencies
mased in the following order VPBBO* > EV* > VBR* > CV*. The ability to induce
otoinhibition of enzymatic activity however followed the opposite trend CV* > VBR* >
V> VPBBO*. The dyes displaying the highest levels of aggregation upon binding to HK,
mely VPBBO+ and EV*, were the ones associated with the lowest inhibitory effects (28%
d 25% respectively) towards enzymatic activity of HK. While these photosensitizers were
tensively bleached upon laser irradiation, little damage was inflicted by them on the
yme. On the other hand CV*, the TAM* dye that displays minor aggregation tendencies
j biopolymer binding was the one that most efficiently inactivated the enzyme upon

tolysis (47% inhibition).
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ire 6.8 Enzyme activity assay monitoring the formation of B-NADPH at 340nm as a
iction of time. The solid lines represent controls, (HK + Dye in the dark and HK alone;
imposed lines). The dotted lines represent photolysed samples. [HK] = 4uM, [TAM'] =

M, pH = 7.6, T = 30°C. Laser excitation at 532 nm, 10 Hz, 180 mlJ/pulse.
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gure 6.9 TAM* photobleaching (right axis; dashed lines) and decrease in HK enzymatic
ivity (left axis, solid lines) upon photolysis of HK-TAM* noncovalent complexes. Laser

itation at 532 nm, 10 Hz, 180 mJ/pulse. Tris buffer 50 mM, pH 7.6; T = 22 + 2 °C;
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To gain further evidence on whether dye aggregates decrease the efficiency of HK

damage, a comparative evaluation of the extent of photoinhibition of HK activity was
easured, when the TAM* dye molecules were bound as monomers and dimers to the
enzyme template. There are two ways by which dye molecules can be made to bind to HK
gither as a monomer or a dimer, one by keeping the dye concentration constant and varying
the enzyme concentration and two by varying the dye concentration and keeping the enzyme
'ncentration constant. Since all the dye molecules (when [Dye] = 10 uM) are bound as a
I

" onomer to the enzyme only when the enzyme concentration approximates 250 pM (Inset of
figure 6.7 - the plateau region of the fluorescence binding isotherm), the amount of damage
“%i icted by 10 uM dye on 250 uM HK would probably be too small to permit precise
haracterization of decrease in enzyme activity. Hence the experiment was designed such
:x. the enzyme concentration was kept constant at 4 pM, and the dye concentration was
ried to facilitate binding of dye molecules either as monomers or dimers on the enzyme
mplate. The experiment was carried out with EV*, a dye that aggregates efficiently in the
ncevof HK. EV* was bound to 4 uM HK as a monomer, when the concentration of EV*
8 2 pM and as a dimer when the concentration of EV* was 10 uM. The insets of Figure
:ﬂ show the spectral signatures of the dye in the presence of HK at the above-mentioned
:ntrations. The number of dye molecules required to bring about 13% inhibition was
proximately 1.4*10'® when the dye was bound as a dimer, but as a monomer 14%
libition of enzyme activity was achieved with the consumption of only 3.1*10" dye
I’ ules (Figure 6.10). Since the payload of dye molecules required to bring about an

ximately similar extent of photoinhibition is substantially higher when the dye is bound

a dimer, it indicates that the dimer is inefficient compared to the monomer at

e e e PR



109

0 1 A ' '
500 550 600 650

Wavelength (nm)

“ 3

i

x 100 E
2
=
3
“E’ 80r —©— Monomer i
P
E] -~ Dimer
60 N L L L L A L L L I-
0 2 4 6 8 T R T T
Number of Dye Molecules Bleached
06} \ -
C
o 0.10 o ATTAA
Q 9 0.4F / \ o
= 3 / \
0 P! I’ s \\ “
< 0.05 < 0.2_ I/ // L \\ A
44 s \:\\\

500 550 600 650
Wavelength (nm)

M) and dimer (Panel A; [EV*] = 10uM) respectively.

igure 6.10 Decrease in HK enzymatic activity upon photolysis of HK-EV* noncovalent
“plexes (Panel A). Laser excitation at 532 nm, 10 Hz, 100 mJ/pulse. Tris buffer 50 mM,
17.6; T = 22 + 2 °C; [HK] = 4.0 uM. Panels B and C show the spectral changes upon

'?,olysis of HK-EV* complexes when EV*is bound to HK as a monomer (Panel B; [EV*] =
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Ibinducing HK damage. Also as shown in Panel C of Figure 6.10, the spectra obtained

upon photobleaching indicate that with decrease in dye concentration upon photolysis the dye
begins to bind primarily as a monomer to the enzyme template. The point at which damage
1o HK begins (in the case of the dimer) closely parallels with the point at which substantial
« e molecules have been consumed and mostly dye monomers are bound to HK. This adds
| er impefus to the hypothesis that it is the dye monomer that is responsible for most of
the observed damage.

Thus as predicted by the molecular exciton theory dyes that form aggregates or
»-ers are indeed more photoreactive, because they photobleach more efficiently, but such
'Iotobleaching occurs through mechanisms that are not effective in inducing HK damage.
lhe dye molecules that form the composite dimer are destroyed in the process, leaving
ehind little dye to react directly with the host macromolecule and ipduce damage. However,
| the case of CV*, the TAM" dye that is largely bound to the enzyme as a monomer at the
'1. entration regime under consideration, because of its close proximity to the enzyme, it
an involve itself in photoinduced electron transfer events with the host macromolecule that
limately bring about inhibition of enzymatic activity.

Previous experiments conducted in this lab with BSA-TAM* complexes have shown
at TAM*s are‘capable of photoprotease activity (Baptista M. S. and Indig G. L., 1998).
on 532 nm photolysis of BSA-TAM* complexes two protein fragments were formed, each
ighing 8.5kDa and 58kDa respectively. To explore whether an analogous
ytofragmentation process would explain the inhibitory effects observed towards HK, the
olysed HK-TAM* complexes were subjected to SDS polyacrylamide gel electrophoresis.

ver the HK migration pattern in SDS-PAGE was exactly the same for the photolysed
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([HK] = 4uM, [TAM'] = 10uM) and control (neither dye nor light) HK samples (Figure

6.11). Though a slight fading of bands was observed in the photolysed samples, especially
for CV*, no new band was detected. These results suggest that the decrease in enzyme
activity cannot be attributed to any photoprotease activity, with this activity understood as

i{:leavage of the macromolecule in large (detectable) fragments.

While the gel electrophoresis experiments did not bring about any information on the
Vature of photoinduced damage of HK mediated by TAM* dyes, evidence on structural
changes that are likely to be associated_ with the observed inhibitory effects were obtained
using fluorescence spectroscopy. Using CV* as a representative TAM" dye, it was observed
hat the 532 nm photolysis of HK-TAM* complexes leads to a decrease in the fluorescence
band attributed to the tryptophan and tyrosine residues present in the protein (excitation at
51 0 nm, emission maximum at 334nm). This decrease in ﬂuoresceﬁce intensity (Figure 6.12
-Panel A) occurs in parallel with a small shift of the emission band to the red region of the
\-, trum. For the HK-CV* complex, after 15 minutes of irradiation, a 7 nm bathochromic
hift was observed, along with a 25% decrease in the intensity of this band. This behavior is
jpically associated with conformational changes in polypeptides where one or more
yptophan residues originally buried in hydrophdbic macromolecular environments are

osed to the bulk aqueous media (Lakowicz J. R., 1999, Kim J. S. and Kim H., 1996).

Fluorescence spectroscopy also provided a second line of evidence on the structural
m age of HK mediated by TAM* dyes. The intensity of the fluorescence band observed at
0 nm when HK is excited at 360 nm was found to increase fivefold upon 532 nm

*,lysis in the presence of CV* (Figure 6.12 — Panel B). This increase in fluorescence
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re 6.11 Picture of SDS polyacrylamide gel that was run to detect protein fragmentation.
m the extreme left samples are represented as follows: Lane 1- CV* + HK ; Lane 2 - CV*
‘HK + light; Lane 3 - EV* + HK ; Lane 4 - EV* + HK + light; Lane 5 — Molecular weight
narker ; Lane 6 - HK; Lane 7 — VBR* + HK; Lane 8 - VBR* + HK + light ; Lane 9 —

PBBO" + HK; Lane 10 - VPBBO* + HK + light.
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e 6.12 Evidence for photodamage in HK using fluorescence spectroscopy. Samples

e excited at 280 nm to detect changes in Tryptophan fluorescence (Panel A) and at 360nm
etect increase in fluorescence at 450 nm (Panel B). The solid line represents control (HK
ye in the dark), the dashed line represents photolysed sample. Samples were photolysed

ng the 532 nm line of a Nd:YAG laser operating at 10 Hz, (180 mJ/pulse). Tris buffer S0

A,pH 7.6; T = 22 + 2 °C; [TAM'] = 10 uM, [HK] = 4.0 uM, Photolysis time = 15 minutes.
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‘cannot be attributed to possible formation of low molecular weight photoproducts that

coincidentally emit at 450 nm when excited at 360 nm. To test this possibility, photolysed
samples of HK-TAM" complexes were subjected to extensive ultrafiltration using fresh buffer
as replacement solvent. Because the fluorescence was still present in the final resuspended
actions containing the protein, protein damage could be satisfactorily identified as the actual
»* of the fluorescence at 450 nm. Control experiments carried out in the absence of dye
also indicate that this damage, that presumably results from the oxidation of an amino acid

residue requires the mediation of TAM" dye to develop.

iffect of molecular oxygen on HK damage:

| Previous investigations on the mechanisms of photosensitization of TAM* dyes in
om plex biological environments showed that the photodynamic effects observed with these
yes are primarily controlled by the photosensitization mechanism Type I, rather than by the
inglet oxygen, (Type II) pathway (Indig G. L., 1997; Baptista M. S. and Indig G. L., 1997;
aptista M. S. and Indig G. L., 1998; Bartlett J. A. and Indig G. L., 1999). To explore
hether the mechanism of HK photoinactivation was primarily controlled by a free radical
ess, a comparative evaluation of the degree of macromolecular damage mediated by CV*
two different media, viz. buffered D,0 and aqueous buffer was carried out. In addition the
gree of HK damage was also compared in air equilibrated and nitrogen purged samples.
cause the lifetime of singlet oxygen is approximately seven fold longer in D,O than in
ter (Rodgers M. A., 1982), the role of singlet oxygen in processes that take place in
ueous solution is typically amplified when water is replaced by D,O as the reaction

dium. The replacement of water by D,0, lead to a decrease in the efficiency with which
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/* mediates the inactivation of HK. Under the experimental conditions described in the

,_, of Figure 6.13, after 15 minutes of photolysis of the HK-CV* complex, the
ctivation was twofold higher in water than in D,0 (Figure 6.13). Because the absorption
a of HK-CV* complexes were identical both in water and in D,O, the differences
erved in HK damage cannot be attributed to differences in the efficiency with which CV*
ds to HK in these two different solvents. Along the same lines, the levels of dye
tobleaching in water was equivalent to that observed in the case of D,0, and therefore the
tved results cannot be attributed to differences in bleaching efficiencies of CV* in the
different media. Interestingly, the twofold increase in inhibition of HK activity in water
‘Zu to DZOF suggests that the mechanism of HK damage may be controlled by a
coupled electron transfer event (Shafirovich V. et al, 1999; Shafirovich V. et al, 1995;

nnor D. et al, 1994).

USIONS:

Studies on the binding of TAM's to HK using spectrophotometric titrations revealed
Qe der conditions of high biopolymer loading ([Dye] > [HK]), the formation of dye
gates is assisted by the enzyme even when the dye concentration in solution is at the
molar range. HK-assisted dimer formation is particularly efficient with the ethyl
tuted TAM's, namely EV* and VPBBO®. The tendency to ;aggregate decreases in the
ing order VPBBO* > EV* > VBR* > CV*. The remarkable increase in fluorescence
binding of TAM's to HK indicates that the dye finds itself ina binding environment in

the fast rotational relaxation processes are sterically hindered. This implies that there
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lexes in buffered water (Panel A) and D,O (Panel B). The solid line represents control

.’ dye in the dark), the dotted line represents photolysed sample. Laser excitation at 532

IM, Photolysis time = 15 minutes.

10 Hz, 100 mJ/pulse. Tris buffer 50 mM, pH 7.6; T = 22 + 2 °C; [HK] = 4.0 uM; [CV7]
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§ an enhancement in the singlet lifetime of the TAM*dye. This long-lived singlet can

herefore either intersystem cross over to the triplet or can directly interact with the substrate,
vith the net result being an increase in the photoreactivity of TAM*s when noncovalently
ound to HK.

Under conditions of high dye to HK ratio i.e. under conditions of maximum TAM*
w merization, dyes with higher aggregation tendency showed higher photobleaching
i,' iencies, but correspondingly poor inhibitory effects on HK activity. The photobleaching
ye dimers takes place via a reaction mechanism that is not effective in inducing HK
mage. It leads to the destruction of the dye molecules that form the composite dimer with
efﬁciéncy, but little decrease in enzymatic activity is concomitantly observed. This
servation suggests that fdr HK damage to occur, the initial photoinduced electron transfer
nt must take place from the protein to the dye monomer (Indig G. L., 1997; Baptista M. S.
]ndig G. L., 1997; Baptista M. S; and Indig G. L., 1998; Bartlett J. A. and Indig G : T
‘.’ ). When the dye aggregates are formed in the macromolecular template, the initial
nduced electron transfer presumably takes place within the aggregate to produce a pair
ye radicals that are less effective in promoting HK damage than the hole created in the
lacromolecule by abstraction of one 'electron by the excited monomer. The ability to
ce photoinhibition of enzymatic activity therefore followed the trend CV* > VBR* > EV*
BBO", which is opposite to the trend observed for dye aggregation (CV* < VBR* < EV*
BBO").

,‘ Although there was no apparent evidence for protein fragmentation, evidence for
ural damage in protein was obtained in protein using fluorescence épectroscopy.

induced inactivation of HK mediated by CV* can take place via oxygen independent
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ways. Evidence for this was obtained in comparative experiments involving air-

.

lilibrated and nitrogen purged samples and in experiments in which the aqueous medium

! !replaced with D,0.
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Chapter 7. Binding of Triarylmethane Dyes to DNA and Photoreactivity of DNA-

TAM'" Noncovalent Complexes.

ESULTS AND DISCUSSION:

Studies:

trophotometric Titrations:

As in the case of HK in the preceding chapter, both electronic and fluorescence
ectroscopy was used to characterize the binding of TAM's to DNA. Titrations were
’ed out in a similar manner in which the concentration of dye was kept constant at 10uM
d the concentration of DNA (titrant) was increased in small increments. Figure 7.1 shows
s effect of DNA concentration on the absorption spectrum of the TAM's. Initial increases
DNA concentration up to the 20ug/ml range resulted in a decrease in maximum dye
sorption along with a simultaneous pronounced blue shift in the absorption spectrum.
rther increments in DNA concentration (beyond 20pug/ml) resulted in an increase in
0 ption at the original wavelength of maximum absorption of the dye free in solution
shed curves in Figure 7.1). A plot of absorbance values at the A, of the dye when free in
ution as a function of DNA concentration resulted in a biphasic profile (Figure 7.2).
igh the effect of DNA on the absorption spectra of TAM®* dye is analogous to that of HK,
stantially larger spectroscopic shifts were observed in the case of EV* and VPBBO" in the
ence of DNA than in the case of HK (compare Figures 6.1 and 7.1).

As predicted by the molecular exciton theory the formation of trimers and other H

' TAM* aggregates, should lead to larger hypsochromic shifts in the absorption spectra of
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ure 7.1 Effect of DNA on the absorption spectra of TAM* dyes. From the top, in order
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om the bottom starting at the dashed lines, in order of increasing absorption at A, ,,, the
A concentrations were (ug/ml): 100, 400. Phosphate buffer 10 mM, pH 7.3; T = 25°C;

M'] = 10 uM.
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centration. Data obtained from titrations carried out in Figure 7.1.
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gure 7.2 Plots of absorbance values at the A, of the dye, as a function of DNA
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hese dyes, as compared to the shifts observed upon dimerization (Kasha M. et al, 1965).

éed, while the maximum absorption of the EV* dimer in pure water is observed at 538
": the maximum absorption of the respective trimer appears in the 520 nm region (Bartlett
. A. and Indig G. L., unpublished data). The larger hypsochromic shifts observed in the
orption spectra of EV* and VPBBO" in the presence of DNA indicates therefore, that
Atantial amount of trimers and possibly higher aggregates are formed in the DNA
licroenvironment. In the case of VBR* ﬁlodest enhancements in the absorption at shorter
elengths (around 520nm) were observed under experimental conditions in which the
rmation of EV* and VPBBO" trimers was maximal. No spectroscopic evidence was
tained for the formation of trimers or higher aggregates in the presence of DNA for CV*.
Taking the ratio between the absorbance at the wavelength of the blue shifted TAM*
and the wavelength of maximum absorbance of the respective dye monomer as a
asure of the relative degree of dye aggregation, the data presented in Figure 7.3 indicate
t the efficiency of biopolymer assisted TAM* aggregation mediated by DNA decreases in
}following order: VPBBO* > EV*> VBR*> CV"*. This order is analogous to the trend
ed for the relative efficiencies with which these dyes aggregate upon increasing their
icentration in pureiwater (Bartlett J. A. and Indig G. L., unpublished data). Those
ng higher lipophilic character like the ethyl substituted EV* and VPBBO" show higher
gaﬁon tendencies than those showing lower lipophilic character, the methyl substituted
*and VBR*. The binding data obtained with spectrophotometric titrations was also

ted using the mole ratio method (Figure 7.4).
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re 7.3 Normalized absorption spectra of TAM* dyes, in the absence (solid lines) and in
resence of 20pg/ml (dashed lines). The solid line represents the spectrum of the dye in

bsence of DNA. The dashed line represents the spectrum of the dye in the presence of
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luorescence Titrations:

Fluorescence spectroscopy was used to characterize the binding of TAM's to DNA.
ie concentration of TAM* was kept constant at 10uM and the concentration of DNA was
creased in small increments. As shown in Figure 7.5, the low fluorescence of TAMs, that
attributed to their short singlet life times and to the fast non radiative rotational relaxation
ocesses of their aromatic rings shows an increase upon binding to DNA. However the
rease in TAM" fluorescence upon binding to DNA is not as enhanced as in the case of HK
ompare insets of Figures 7.5 and 6.7).

The formation of TAM* dimers leads to a net decrease in fluorescence and this can be
served under conditions of high dyé to DNA ratio, i.e. in the concentration regime where
e dimers are formed. According to the molecular exciton theory the net decrease in
cence or fluorescence quenching occurs as a result of formation of dimers because
asitions are forbidden from the excited singlet state to the ground state in the composite
lecule. The low fluorescence quantum yields obtained with TAM*-DNA complexes
'ts the observation of dimer formation using fluorescence spectroscopy (Figure 7.6).
was however, not the case with HK-TAM' complexes because the fluorescence
yield was much enhanced, upon binding of a dye monomer to HK. Hence the small
reases in fluorescence due to dimer formation are hidden or buried under the large
es in fluorescence quantum yield.

In the case of CV*-DNA complex, there is only a small imperceptible change in slope
een in Figure 7.6, since CV* a dye that displays a minor aggregation tendency is bound to
A largely as a monomer. For the other TAM* dyes, the fluorescence curves show a small

al dip and the fluorescence then increases steadily with increase in DNA concentration
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(Figure 7.6). The small initial dip represents the concentration regime in which dimers

are formed or a region in which the equilibrium favors dimer formation.

Viscosity measurements:

To distinguish between the intercalative and non intercalative binding mode of
TAM's to DNA, the viscosity of DNA (100pg/ml DNA or 303uM nucleotide bases) was
asured in the presence of increasing concentration of ethidium bromide and CV*. Use of
ther TAM*s in this experiment was not feasible because of co-precipitation of dye and
INA. The intercalation of ethidium bromide resulted in an elongation of the DNA helix as
ndicated by the increase in viscosity of the system (Panel A-Figure 7.7). No such increase in
iscosity was observed when CV* was the ligand under consideration, indicating that the dye
‘l" not bind to DNA by intercalation within the concentration regime explored.
1te i‘calation increases the length of DNA, while groove binding typically has a smaller effect
?viscosity (Cohen G. et al, 1969; Seifert J. L. et al, 1999). The helix lengthening ratio
Lo = (n/Mo)"”?, was calculated from the viscometric data and plotted as a function of ligand
';ii INA ratio (Panel B — Figure 7.7), where L = helix length in the presence of ligand, Lo =
lix length in the absence of ligand, N = viscosity of DNA in the presence of ligand, no =
cosity of DNA in the absence of ligand. Previous reports on the binding of CV* to DNA
ve also concluded that crystal violet is a non-intercalating dye (Norden B. et al, 1977;

iller W. et al, 1975).



129

1.8¢

1.2}

it

n/mo
s
——

i %

re 7.7 Viscometric analysis of DNA binding mode. Samples contained 100 pg/ml

\in 10 mM phosphate buffer, pH = 7.6, T = 25°C. Aliquots of CV* and ethidium

were added to DNA in small increments. The ratio of dye to DNA is represented by
each data point is an average of five readings. L = helix length in the absence of

Lo = helix length in the presence of ligand, 1 = viscosity of DNA in the presence of

, Mo = viscosity of DNA in the absence of ligand.
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Photoreactivity of TAM*-DNA complexes:

Photoreactivity or photosensitization efficiency of TAM*-DNA complexes was
studied under conditions of both high and low dye to DNA ratio. High dye to DNA ratios
epresent concentration regimes that maximize aggregate formation (lower solid curves in
n: e 7.1). Low dye to DNA ratios represent concentration regimes in which the dye
olecules have been largely redistributed as monomers (CV*and VBR*) or monomers and
ower aggregates (EV* and VPBBO™) on the DNA template (upper most dashed curves in
figure 7.1). DNA damage was identified using agarose gel electrophoresis and quantified
rough the measurement of changes in DNA band density as a function of irradiation time.
0 new well-defined DNA band could be identified in the gel after photolysis. In these
kperiments solutions containing either DNA exposed only to light, only to dye (and kept in

e dark) or neither dye nor light served as controls.

hotoreactivity of TAM*-DNA complexes at high dye to DNA ratios:

Figure 7.8 shows the pictures of the gels for the four dyes, when their respective
nplexes with DNA were photolysed under conditions that facilitate TAM* aggregation.
dyes displaying the highest levels of aggregation upon macromolecular binding, namely
’BBO" and EV*, were the ones associated with the lowest photonuclease activity towards
NA. This can be inferred from the right hand panels of Figure 7.8, since all lanes in the
e of these two dyes show the presence of visible DNA. On the other hand in the case of
/*, a continuous fluorescent streak appears in Lane 9, the lane representing a sample of
-DNA subjected to five minutes of photolysis. From Lane 5 onwards the fluorescent

ak fades and is difficult to capture photographically. This indicates that DNA has
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re 7.8 Pictures of agarose gels that were run to detect DNA damage. For each of the
els, lanes are represented as follows from the extreme left of each gel: Lane 1- DNA

arker; Lane 2 - DNA; Lane 3 - TAM* + DNA; Lane 4 - DNA + light; Lanes 5 to 12 - TAM*

DNA + light. The photolysis time points (in minutes) represented by each lane are as
ows: Lane 5 —0.5; Lane 6 - 1; Lane 7 — 1.5; Lane 8 — 2.0; Lane 9 -5; Lane 10 —10.0; Lane

1-15.0 and Lane 12 - 30.
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ndergone extensive double strand cleavage. The same fluorescent streak appears in

Lane 11 for VBR®, a lane that represents a sample of VBR*-DNA subjected to fifteen
ninutes of photolysis.

The correlation observed between dye photobleaching and DNA damage suggest that
the degree of aggregation of a particular TAM* dye, the lower the photoinduced
amage inflicted by this dye on the host macromolecule (Figure 7.9). While EV* and
PBBO*, dyes that form trimers and higher aggr'egates. were extensively destroyed upon
ser irradiation, little damage was inflicted by them on DNA, in a manner analogous to that
pserved in the case of HK. Once again, CV*, the dye displaying minor aggregation
ndencies upon biopolymer binding was the one that most efficiently inflicted DNA

mage.

wioreactivity of TAM*-DNA complexes at low dye to DNA ratios:

Photoreactvity of TAM*-DNA complexes was also evaluated in the concentration
ige where dye molecules are redistributed as monomers (CV* and VBR*) and as monomers
mers plus lower aggregates (EV* and VPBBO") on the DNA template (10uM dye and
Oug ml DNA) and the spectra obtained under these conditions are the topmost dashed
ves in Figure 7.1. DNA damage was assessed in a similar manner as described
ously. |

Table 7.1 tabulates the comparative evaluation of the four dyes with respect to their
tobleaching efficiency and photonuclease activity, when bound as monomers and
regates. When EV™ is bound as an aggregate to the DNA template, a 77.3% dye

aching leads to 4.9 ug/ml DNA damage, but when bound as a monomer or a lower
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ure 7.9 TAM' photobleaching (right axis; dashed lines) and decrease in DNA band
sity (agarose gel electrophoresis; left axis, solid lines) upon photolysis of DNA-TAM*
covalent complexes. Laser excitation at 532 nm, 10 Hz, 180 mJ/pulse. Phosphate buffer

M, pH 7.3; T = 22 + 2 °C; [TAM*] = 10 uM, [DNA] = 20 pg/ml.
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*TAM* Monomers *TAM"* Aggregates
Dye Bleaching DNA Destruction Dye Bleaching DNA Destruction

(%) (ng/ml) (%) (ng/ml)

36.7 106 (£5) 1.3 49 (20.3)
BBO* 339 141 (16) 85.1 2.2 (#0.1) y
i I

13.4 174 (7) 239 18.8 (£0.3) I
R* 14.5 57 {X3) 40.4 10.9 (#0.1)

le 7.1 Comparative evaluation between TAM monomer and aggregates. Samples
tolysed at 150 mJ/pulse for 10 minutes, Phosphate buffer 10 mM, pH = 7.6, T = 22 +
"‘DNA-TAM+ with dye bound as a monomer, [DNA] = 400 pg/ml, [TAM*] = 10uM.

A-TAM" with dye bound as a monomer, [DNA] = 20 pg/ml, [TAM*] = 10 uM.



135
iggregate to the DNA template, a 36.7% bleaching leads to 106 pg/ml DNA damage. In

he case of VPBBO", a 85.1% bleaching leads to 2.2 pg/ml DNA damage when bound as a
ligher aggregate, but when bound as a dimer or a lower aggregate, a 33.9% bleaching leads
0 141 pug/ml DNA damage. Thus the dyes when bound as monomers or lower aggregates
re much more photoreactive than when bound as higher aggregates and the same trend is
onserved with CV* and VBR*. The table also indicates that under both these conditions
'V* is the dye that exhibits maximum photonuclease activity.

To further confirm whether dye aggregation decreases the efficiency of DNA
amage, additional experiments were carried out with EV* a dye that aggregates efficiently.
ie experimental strategy invol;/ed keeping the DNA concentration constant and varying the
ye concentration. The various panels of Figure 7.10 show the spectral signatures of EV*
ytained at different dye concentrations in the presence of 20 pg/ml DNA. With 10uM EV*
€ spectral signature is that of a higher aggregate, with 6uM EV* the signature is that of a
xture of trimers and dimers, with 3uM EV* the dye molecules are largely bound as
onomers. The number of dye molecules bleached during the photolysis of these different
mplexes and the corresponding damage done to DNA is shown in Figure 7.10. To destroy
v,ximately 40% of the initial DNA, the EV* trimer (and possibly higher aggregates) need
%10'3 dye molecules, while upon decreasing aggregation number the same degree of
mage is observed after consumption of 1.6%10" dye molecules (when the dye molecules
; ound mostly as dimers), and 5.3*10' dye molecules (when the dye is bound largely as
nomers). It is once again very apparent that upon reducing the degree of dye aggregation,

mber of dye molecules required to inflict photoinduced DNA damage decreases.
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ure 7.10 Decrease in DNA band density upon photolysis of DNA-EV* noncovalent

mplexes (Panel A). Laser excitation at 532 nm, 10 Hz, 100 ml/pulse. Phosphate buffer 10
M, pH 7.3; T = 22 + 2 °C; [DNA] = 20 pg/ml. In panels B, C and D the solid lines
resent the spectral signature of EV* under different aggregation regimes. Panel B - [EV*]
,W MM (presence of trimers and possibly higher TAM" aggregates); Panel C - [EV*] = 6 yM
hment of dimers ); Panel D - [EV*] = 3 pM (high monomer content). The dashed lines

resent absorption spectra obtained as a result of dye photobleaching during photolysis.
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Effect of Oxygen on DNA Damage:

To investigate whether the photoinduced damage inflicted on DNA by CV* can occur
via oxygen independent mechanisms, experiments were carried out in two different media,
viz. water and D,0, under conditions of both high and low biopolymer loading. Figure 7.11
reveals that the damage inflicted on DNA is identical in the two media under both conditions,
'cating that the Type II reaction mechanism does not play a significant role in bringing
out double strand DNA cleavage. Had the Type II reaction mechanism involving singlet
Xygen been important for photonuclease activity, there would have beenv an increase in
ONA dafnage compared to water, because the lifetime of singlet oxygen is enhanced
‘ ‘nfold in D,0 compared to water (Rodgers M. A., 19825.

Photonuclease activity was also monitored in air equilibrated and nitrogen purged
amples, under conditions of maximum dye aggregation. There was a slight increase in DNA
amage in the nitrogen purged samples than in the air-equilibrated samples with the

ifference between them being 20% (average of 6 independent measurements).

: CLUSIONS:

Spectrophotometric titrations revealed that binding of TAM's to DNA at high dye to
NA concentration ratios leads to the formation of dye trimers and higher aggregates on the
template at submicromolar dye concentration for EV*and VPBBO*, while for VBR*

the formation of dye dimers was observed. CV* however, was largely bound as a
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ire 7.11 Decrease in DNA band density upon photolysis of DNA-CV* noncovalent

plexes in buffered water and D,0. The solid line and solid circles represent photolysis in
ter, the dashed line and open circles represent D,O. Laser excitation at 532 nm, 10 Hz,
0 mJ/pulse. Phosphate buffer 10 mM, pH 7.6; T = 22 + 2 °C, [CV*] = 10uM. Panel A

esents high DNA loading (DNA 20ug/ml), Panel B represents low DNA loading (DNA =
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monomer to the DNA template at this concentration regime. Titrations using

fluorescence spectroscopy reveal that the dye is bound in an environment, that offers steric
indrance to the rotational relaxation processes of TAM*s. No change in DNA viscosity was
bserved, upon binding of CV* to DNA, indicating that the dye does not intercalate between
pairs, but probably binds electrostatically either to the minor or major groove.
ho qinduced damage in DNA was in the form of extensive double strand breaks. Dye
regation resulted in high photobleaching efficiencies but correspondingly poor
otonuclease activity. Upon decreasing the degree of dye aggregation, the damage inflicted
f each of the dyes on the macromolecule was much more pronounced than the damage
ed under conditions of maximum dye aggregation. Of the four TAM's, CV* was the
; that exhibited maximum photonuclease activity. Comparative experiments carried out
iween air-equilibrated and nitrogen-purged samples and between samples in D,0 and
ter indicate that CV* can operate via oxygen independent pathways and that the Type II

ay does not play a significant role in photoinduced DNA damage.
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- Chapter 8. Binding of Triarylmethane Dyes to LDL and Photoreactivity of LDL-

TAM* Noncovalent Complexes.

ULTS AND DISCUSSION:

inding Studies:

Spectrophotometric Titrations:

UV-VIS spectrophotometric titrations were carried out in a similar manner as in the
ase of HK and DNA, in which the concentration of dye was kept constant and the
oncentration of LDL was increased in small increments. Figure 8.1 shows the spectroscopic
ignature of TAMs in the presence of increasing concentration of LDL. As shown in Figure
w the absorbance of TAM's showed a steady decrease till a certain LDL éoncentration was
2ached (solid curves) and beyond this point further increase in LDL concentration lead to an
ase in absorbance (dashed curves). Thus a biphasic profile was obtained when the
bsorbance at the wavelength of maximum absorption of dye free in solution was plotted as a
nction of the LDL concentration (Figure 8.2). At high LDL concentrations, a red shift in
e absorption spectrum was obtained. As discussed previously in Chapters'4 and 5, a red
ectral shift is observed when the dye molecule is present as an ion pair in solvents with low
lectric constant like toluene, chloroform and chlorobenzene (Oliveria C. S.- unpublished
or when the dye partitions into the non-polar micelle core as an ion pair. This red shift
erefore indicates that the dye is partitioning into the lipid phase (that constitutes 80% of the

)L mass) as an ion pair. However, no blue shift was observed as in the case of HK and



141

........
----------

..............

e

700 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

e 8.1 Effect of LDL on the absorption spectra of TAM* dyes. From the top, in order of
rea ing absorption at km;x(solid lines) the LDL concentrations were (uM): 0.0, 0.02, 0.1
; 0.0, 0.02, 0.03, 0.44 for EV*; 0.0, 0.02, 0.03, 0.14 for VBR*; 0.0, 0.01, 0.03, 0.07,
VPBBO';. From the bottom starting at the dashed lines, in order of increasing absorption
Auax the LDL concentrations were (uM): 0.6, 1.5 for CV*; 1.4, 2.26 for EV*; 0.44, 1.2 for

" 0.63, 1.2, 1.7 for VPBBO*; Phosphate buffer, pH 7.6; T = 25°C; [TAM*] = SuM.
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ntration. Phosphate buffer, pH 7.6; T = 25°C; [TAM*] = S5uM.
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jure 8.2 Plots of absorbance values at the A, of the dye, as a function of LDL
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DNA, at high dye to LDL ratio, indicating that the change in spectroscopic signature of

TAM's in the presence of LDL cannot be attributed to aggregate formation.

The biphasic profile thus indicates a gradual partitioning from the bulk aqueous phase
to the lipid phase of the macromolecule. Since the dyes have substantial lipophilic character
and therefore an affinity for the lipid phase the initial decrease in absorbance occurs because
a large number of dye molecules find themselves in the lipid droplet. This decreases the
overall absorbance of the sample, since this large number of dye molecules within the lipid
phase, now constitute a small volume of the system under spectroscopic investigation. This

decrease is referred to as the sieve effect (Rabinowitch E. L., 1951, Gupta, B. D., 1986;

McClendon J. H. et al, 1990), which occurs due to the localization of pigments in small
confined enyironments which in turn lowers the net absorption, especially at the absorption
eak, due to mutual shading of the pigment molecules. When more LDL is added to the
stem, the dye molecules redistribute themselves in the increasing number of LDL
lolecules, and this increases the overall absorbance of the sample, represented by the
scending portion of the biphasic profile. This behavior is analogous to that observed in the
se of nonionic detergent micelles (Triton X 100). Moreover, normalization of the TAM*
pectrum obtained at 0.1uM LDL (or at the LDL concentration regime near the well) with
€ spectrum of TAM* free in solution (Figure 8.3) does not show pronounced increases in
e shoulder with respect to the peak as observed in the case of HK and DNA (Figures 6.2
7.3 respectively), but a red shift in the A, of each TAM*, which is further evidence
jinting to a lack of dye aggregation in the LDL binding environment.

The absorbance data was also plotted according to the mole ratio method (Figure 8.4).

r CV* and EV*, the well appears at a ratio of 15 and 16 (Dye : LDL) respectively, while
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e 8.3 Normalized absorption spectra of TAM* dyes. The solid line represents the
n of the dye in the absence of LDL. The dashed line represents the spectrum of the

the presence of 0.1uM LDL. Phosphate buffer, pH 7.6; T = 25°C; [TAM*] = 5uM.
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for VBR" and VPBBO" the well appears when the ratio equals 35 (Dye : LDL).

' Ultrafiltration experiments with CV* and LDL have shown that with 0.1uM LDL it is
possible to load around 20 dye molecules per LDL, which approximates the ratio obtained at

the well in the mole ratio plots for CV*.

Fluorescence Spectroscopy:

Binding of TAM's to LDL was also studied using fluorescence spectroscopy. Figure
8.5 shows the effect of LDL on the fluorescence of TAM's. This observed remarkable
rease in fluorescence with increase in LDL concentration indicates once again that the
[AM's find themselves in an environment that offers steric hindrance to their rotational
elaxation processes. Light scattering due to the presence of lipid results in a shift in the
aseline, the shift is more pronounced in the case of VB(R+ and VPBBO®, dyes with inherent
00r fluorpscence quantum yields compared to EV* and CV*. Light that is scattered is
bsorbed by the dye present in the sample and therefore cannot be subtracted from the
‘:~ erved fluorescence. The PTI software however allows the integration of peak areas of
ch individual signal, by drawing a straight line between the two wavelengths under
-"sideration and integrating the area within this defined region. The increase in
lorescence of EV™* in the presence of LDL is 120 fold, while the enhancement in
orescence is only eighteen fold in the case of the EV*-micellar systems. This difference
ght arise either from the higher viscosity of the LDL lipid core or from a combination of
s contribution with the contribution associated with the formation of dye-apoB complexes,
ce in the presence of a protein like HK, the enhancement in fluorescence of EV*is 140

d, which is close to LDL (120 fold).



147

100}
2.0x10° | § :
_H‘i 50}
0 : : . . ;
o 00 02 04 06 08
LDL, uM

Fluorescence (au)

0.0l—————s ; —_—

600 650 700
Wavelength (nm)

8.5 Effect of LDL on the fluorescence spectrum of EV*. From the bottom, in order of
ing fluorescence the LDL concentrations were (uM): 0.0, 0.01, 0.02, 0.05, 0.11, 0.25,
,0.7, 0.84, 0.93. The inset shows the corresponding fluorescence binding isotherms for all
r dyes. I = fluorescence intensity in the presence of LDL, Io = fluorescence intensity in
absence of LDL. Phosphate buffer, pH 7.6; T = 25°C; [TAM*] = 5uM. CV* - solid

les; EV* - open circles, VBR" - open triangles, VPBBO" - solid triangles.
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Iryptophan/Tyrosine Quenching:

Binding was also studied by monitoring the quenching of intrinsic LDL fluorescence.
vThe Apo B molecule of LDL has 37 tryptophan and 148 tyrosine residues (Shen S. H. et al,
1986), however since the intensity of tyrosine fluorescence (¢; = 0.14, €,,,, = 1.4¥10° M'cm™)
is less relative to that of the tryptophan residues (¢; = 0.20, €, = 5.6¥10° M'cm™) and
ause its fluorescence is quenched by nearby tryptophans due to energy tranfer events, it
has been proposed that the observed intrinsi;: LDL fluorescence is due primarily to
ryptophan residues (Cantor C. R. , 1980). When increasing concentration of dye was added
toa fixed LDL concentration, the fluorescence of apo B decreased (Figure 8.6) indicating.
that the dye was acting as a quencher. Quenching can be either due to static or dynamic
enching (Fraiji, L. K. et al, 1992; Lakowicz J. R., 1999). Dynamic quenching results from
ncounters between the fluorophore and quencher during the life time of the excited
orophore (Lakowicz J. R., 1999). Upon encounter the fluorophore returns back to the
0 d state without emission of a photon. Based on the distance between energy acceptor
nd donor encounters can be classified as collisional (Dexter mechanism, where two
_, lecules are separated by a distance that equals the sum of their molecular radii) or long
stance (Forster mechanism, where two molecules are separated by a distance greater than
eir collisional diameters (~50 to 100A°). Static quenching is due to ‘non fluorescent’
ound state complex formation between donor and quencher.

Stern Volmer plots, F/Fo = 1+ kqt[Q], (Lakowicz J. R., 1999) were built to
stinguish between dynamic and static quenching, where F is the fluorescence of apo B in
] ﬁresence of dye, Fo is the fluorescence of apo B in the absence of dye, kq is the

nching constant, T, is the lifetime of the fluorophore and [Q] is the concentration of the
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gure 8.6 Effect of CV* on the intrinsic fluorescence of LDL at two different concentrations
z. 0.1 pM and 0.15 pM. Solid circles represent 0.1uM LDL and open circles represent
MLDL. Fo = ﬂubrescence in the absence of dye, F = Fluoréscence in the presence of
5 Each point represents an average of two samples. Inset shows the changes in the

orescence spectrum of apoB. From top in order of decreasing fluorescence the

ncentration of CV* (uM) is: 0.0, 0.6, 4.8, 9.7, 17, 36, 60. Phosphate buffer 10mM, pH =

T =25°C.
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- quencher. As observed in Panel A of Figure 8.7, Stern Volmer plots were nonlinear with

non-linearity towards the x-axis, suggesting that there exist different populations of
fluorophores with different accessibility to quencher. This result is frequently found for the
rquenching of tryptophan fluorescence in proteins by polar or charged quenchers, since these
molecules do not enter the hydrophobic core of proteins and therefore oniy surface residues
are quenched (Lakowicz J. R., 1999, Eflkin, M. R. et al 1976). Also if the initial linear
1rtion of these plots is taken into consideration, and the lifetime of tryptophan (Lakowicz J.
R., 1999) (t,= 3.1ns) substituted into the Stern Volmer equation, kq equals 3.4%10" sec”,
.hich is‘ three orders of magﬁitu_de higher than the diffusional rate constant (10" sec™),
ndicating that quenching is primarily static. The quenching of the intrinsic LDL apo B
luorescence suggests that the dye can interact with tryptophan residues of ApoB or induce a
onformational change leading to the quenching of tryptophaﬁ residues. The formation of
IO d state aqu-dye complexes is in keeping with the observation that the enhancements
| TAM"* fluorescence yields is substantially higher in the presence of LDL as compared to
icelles.

Modified Stern Volmer plots were also built to estimate about the proportion of
, ophore not accessible to quencher. F/AF = 1/fk,[Q] + 1/f, represents the modified form
:.; Stern Volmer equation (Lakowicz J. R., 1999), where F = Fluorescence in the presence
quencher, Fo = Fluorescence in the absence of quencher, kis the Stern-Volmer quenching
istant, [Q] is the coﬁcentration of the quencher and f, is the fraction accessible to
ncher. The y-intercept of the modified Stern Volmer plot gives f,. The Panel B in Figure
shows that f, approximates 0.8 implying that about 80% of the population of fluorophores

accessible to quencher. Victorov A. V. and coworkers have reported that
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jure 8.7 Stern Volmer (Panel A) and Modified Stern Volmer plots (Panel B) built from
presented in Figure 8.6. Open circles represent 0.1uM LDL and solid circles represent
LDL. Fo = fluorescence in the absence of dye, F = Fluorescence in the presence of

. Each point represents an average of two samples.
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only 50% of the apo B fluorescence is quenched by an ionic quencher like iodide, which

“cannot access the lipid core of LDL (Victorov A. V., 1989). This implies that only 50% of
the fluorophore population is located near the lipid water interface. Since 80% of the
fluorophore population was accessible to TAMs, it is a further indication that TAM's can

partition into the lipid core.

Ultrafiltration:

To determine the number of dye molecules that can be loaded per LDL molecule
ultrafiltration studies were carried out using a molecular cut-off filter of 30,000 Daltons. The
inset of Figure 8.8 shows the binding isotherms obtained in these experiments, while Figure
§ itself represents the number of dye molecules per LDL molecule plotted as a function of
dye concentration. Within the concentration range explored the binding appears to be non-
sat .able, with 400 béing the maximum number of dye molequles per LDL molecule.
Jecause LDL possesses a lipid core that comprises 80% of its molecﬁlar composition, a dye
CV* with a subs;antia'lly lipophilic character (P=2.4) can partition into the lipid core.
imilar such non-saturable binding isotherms have been previously obtained in binding
‘i-.a with LDL and various insecticides using equilibrium dialysis (Maliwal, B. P. and
uthrie, F. 1980), which suggested that the interaction was a partitioning rather than a
oichiometric binding process. Using rough estimates for molecular volume (Girolami G.
1_ 1994) it was inferred that 400 dye molecules could only occupy 5% of the total LDL
slume suggesting that very little perturbation should be expected in the supramolecular

e of LDL upon dye binding.
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e 8.8 Plot of number of dye molecules bound per LDL as a function of dye

centration. Data was obtained using ultrafiltration with a molecular cut off filter of
)00 Daltons. Open circles represent 0.1uM LDL and solid circles represent 0.15uM LDL.

Inset shows the corresponding binding isotherms. Phosphate buffer 10mM, pH = 7.3.
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Photoreactivity of TAM*-LDL complexes

ipid Peroxidation:

LDL, because of its complex protein-lipid type architecture can provide a
nicroenvironment that resembles, at least to some extent the protein-lipid interfaces of cell
mbranes, and can, therefore, serve as a biological model of a cell membrane that could be
:a otential target in PDT.

Lipid peroxidation of LDL was assayed using the Thiobarbituric acid method that,
lows measurement of formation of MDA - a product of lipid peroxidation. In order to
udy the extent of lipid peroxidation, LDL was kept constant at 0.1uM (the region close to
e bottom of the well observed in the binding isotherms, Figuré 8.2), and the dye
ncentrations were chosen such that each would represent different aspects or portions of
e binding isotherms. Samples containing 0.1uM LDL and 10uM dye represent that part of
e descending arm of the biphasic profile that is close to the region of the well. When the
concentration was lowered to 1pM, cuvettes with a 10 cm pathlength were used to
e the limit of detection of MDA formation.

The results of lipid peroxidation are presented in Table 8.1. The percent yield of
A increased with increase in dye concentration, indicating that greater damage occurred
en a larger number of dye molecules are present in the lipid core. Note that this was not
case with HK and DNA, where an increase in dye concentration lead to a decrease in
cromolecular damage (Figures 6.10 and 7.10 respectively). This is probably because the
de of binding of TAM*s to LDL is different from that observed in the case of HK and
Higher dye concentrations in the case of HK and DNA lead to the formation of dye

egates, which are extensively bleached through a reaction mechanism that is not
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High [TAM')/[LDL] Low [TAM')/[LDL]
TAM' [MDA], yM [MDA], uyM
Cv* 0.231(x£0.011) 0.082 (£ 0.005)
EV* 0.153 (£ 0.007) 0.086 (£ 0.000)
VBR* 0.305 (£ 0.010) 0.079 (i 0.010)
VPBBO* 0.223 (£ 0.002) 0.072 (£ 0.020)

ble 8.1 Effect of photosensitizer on lipid peroxidation of LDL. The LDL concentration
-‘ 0.1 pM for each of the samples. At high [TAM®] to LDL ratios, the [TAM]
ncentration was 10uM, at low [TAM*] to LDL ratios, the [TAM*] concentration was 1pM.
jm were photolysed to complete dye bleaching and absorbance of MDA was measured

532 nm. Laser excitation at 532 nm, 10 Hz, 180 mJ/pulse. T =22 + 2 °C.
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efficient in causing damage to the host macromolecule. In the case of LDL, since

partitioning into the lipid core is a dominant part of the binding phenomenon, and because no
evidence for dye aggregation upon LDL binding has been found, lipid peroxidation proceeds
éin a concentration dependent manner. VBR* seems to be the most effective of the four dyes
in inducing lipid peroxidation.

- To investigate whether TAM's bring about changes in apoB (the protein associated
with LDL), photolysed samples and appropriate controls were excited at 280 nm to monitor
changes in tryptophan fluorescence. Figure 8.9 shows that with increasing photolysis tinies,
there is a steady decrease in tryptophan fluorescence and a shift to the red in the emission
spectrum of the tryptophan residues. Thus similar to the HK case, there was a decrease in the
ryptophan fluorescence and a red shift in the emission spectrum. As in the case of HK,
lowever the detection of fluorescence at 450 nm, when excited at 360 nm was not feasible.
This is because LDL has an inherent fluorescence at 450 nm, which is quenched in the
presence of the dye, probably as a result of dye binding to LDL. As the dye concentration
decreases during photolysis, the LDL fluorescence at 450 nm increases even if no damage to

he protein takes place, making the detection of oxidative damage difficult.

“ONCLUSIONS:

Spectrophotometric and fluorescence titrations (tryptophan quen(_:hing) show that
*s bind to both, the protein and the lipid portion of LDL, with partitioning into the lipid
ore representing the dominant part of the binding phenomenon. The spectroscopic behavior
f TAM® dyes in the presence of LDL indicates that no detectable amount of dye aggregates

e formed upon binding to the lipoprotein. Fluorometric titrations also reveal that binding to
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e 8.9 Effect of photolysis on the intrinsic LDL fluorescence. Inset shows the decrease

12po B fluorescence. From top in order of decreasing fluorescence intensity the photolysis
e periods were as follows: 0, 1, 3 and 6 minutes. Fo = ﬂﬁorescence in the absence of dye,
= Fluorescence in the presence of dye. [LDL] = 0.1uM, [TAM*] = 10uM, Phosphate buffer

)mM, pH = 7.3. Laser excitation at 532 nm, 10 Hz, 180 mJ/pulse. T = 22 + 2 °C.
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LDL leads to an increase in the fluorescence quantum yields of the dyes, as would be

expected when these dyes find themselves in an environment that offers steric hindrance to
heir rotational relaxation processes. Lipid peroxidation was used to estimate photoinduced
damage in LDL. The percent yield of MDA increased with increase in dye concentration.
f.u age to apo B, the protein portion of LDL, was also evident using fluorescence

pectroscopy, and the damage was similar to that observed in the case of HK.
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Chapter 9. Mathematical Models

In this chapter we have explored some of the limitations of the Scatchard analysis

with regard to the interpretation of experimental data on the binding of small molecules to
macromolecules. We have also explored how changes in both the magnitude of binding
constants and in the experimental parameter under analysis (here the molar extinction
coefficient of the ligand) affect the profile of the binding isotherms associated with three
distinct types of complexes. The library of binding isotherms generated in this exercise can
assist in the preliminary assessment of the nature of noncovalent complexes generated upon
binding of a small chromophore to a macromolecule. The models considered in this chapter

e the following:

Macromolecules with one ligand binding site with dye molecules binding as a
monomer at that site
Macromolecules with two ligand binding sites with dye molecules binding as a
monomer at each site
Macromolecules with one binding site where the dye molecules can bind to that site

either as a monomer or a dimer.

In all these models it was assumed that the dye does not aggregate to any significant
xtent when free in solution. Another assumption was that the macromolecule does not

ontribute to sample absorbance in the spectroscopic region where the dye (monomers and
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aggregates) absorbs light. In the case of models A, B and C, synthetic data were

generated and corresponding Scatchard plots were built.

ULTS AND DISCUSSION :

Macromolecules with one ligand binding site with dye molecules binding as a
monomer at that site .

Consider a dye molecule D binding to protein P with one binding site to form a
complex PD with a binding constant k. The absorbance of this system is thus a sum of the

contributions of two species viz. the free dye D and the complex PD.

= Total Protein

Dt = Total Dye

= Free Protein

) = Free Dye

= Complex of protein and dye with 1:1 stoichiometry

= Extinction coefficient of dye free in solution

_- = Extinction coefficient of dye bound as monomer to the protein
Binding constant

bs = Absorbance



1] = [D] + [PD]
anging Equations (2) and (3)
)= [P1] - [PD]

)] = [Dt] - [PD]

[PD]
itt] - (PDI)([D1] - [FD])

¢))

2

3

@

(&)

bstituting Eqautions (4) and (5) in (1) gives equation (6)

(6)

161
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~ Solving for [PD]

K[Pt] + k[Dt] +1 £/ (~k[Pt] - K[Dt] - 1)* — 4k2[Dt][Pt]
2k

[PD]= Q)

The absorbance of the system is given by Equation (8)

' bs = g, [D] + €pp[PD] (8)

Abs = £,([Dt] - [PD]) + &, [PD] ©)

r each pair of [Pt] and [Dt] values, the respective concentration of [PD] complex in

'lution can be solved using equation (7), and [D] can be solved using equations (5) and (7).
The absorbance obtained from equation (9) can then be plotted against [Pt]. The
inknown variables in this model are k and €,,. Reasonable guess values were used as
stimates for these variables and the equations were solved accordingly to obtain the

a entrations of both, bound and free ligand and corresponding Scatchard plots were built.

'he Scatchard equation for a macromolecule with one binding site is represented by equation
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\%
;= 1k = vk (10)

oncentration, n = number of binding sites and k is the binding constant. Panels A an B of
Figure 9.1 show the plots of absorbance plotted as a function of macromolecule
concentration. In Panel A, the binding event increases the extinction coefficient, while in
Panel B, the assumption is made that the binding event decreases the extinction coefficient of
he dye molecule. Panel C shows the corresponding linear Scatchard plot which is in
i ordance with what should be obtained for a macromolecule with one binding site.

Figure 9.2 shows a family of curves that were obtained by varying the extinction
oefficient of the dye when Bound to the macromolecule. As observed in Panel A of Figure
.2, with increasing extinction coefficient (g,,) the absorbance of the system increases and
ith decreasing extinction coefficient, there is a net decrease (Panel B, Figure 9.2). When
he extinction coefficient of the bound dye was equal to that of the dye free in soultion (g, =
p); there was no change in the absorbance of the system. Figure 9.3 shows changes in the
bsorbance plots when the binding constant is varied. A higher binding constant leads to an
ncrease in the net absorbance, when €, > €y (Panel A), and a decrease in the absorbance
hen €, < €, (Panel B). This indicates that the absorbance profiles in the case of a
acromolecule with one binding site will either increase or decrease monotonically

pending on the values that the variables (k and €,,) assume.
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e 9.1 Plots obtained using Model A. g, was fixed at 9*¥10*M"'cm’, [Dt] was fixed at

10°M, [Pt ] was varied from 0 to 1.5*10**M and the variables were k and €. In Panel
‘% =10*10'M"cm’, k = 1¥10°M"; in Panel B g, = 5*10°M"'cm’, k = 1*¥10°. Panel C

hows the corresponding Scatchard plot, r = [Bound Dye]/[Protein], 1 = [Free Dye]
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figure 9.2 Plots obtained (using Model A) by varying &,p. €, was fixed at 9*10*M-'cm’’,

Dt] was fixed at 10*10M, [Pt ] was varied from O to 3*10° M, k was fixed at 1*10°M-'. In
i‘n el A, from the bottom in order of increasing absorbance, the values of &p M'cm™) were
10%,9.5%10%, 10*10*, 10.5%10% in Panel B from the top in order of decreasing absorbance

he values of €, (M'cm™') were 9%10°, 8*10¢, 5%10¢, 3*10",



166

e
O
=

Absorbance
o =
o )
= X

Absorbance

0 5 10 15 20 30x10°
[Macromolecule], M

ligure 9.3 Plots obtained (using Model A) by varying k. &, was fixed at 9¥10*M"cm’', [Dt]

vas fixed at 10*10°M, [Pt ] was varied from O to 3*10° M. In Panel A g, was fixed at

0*10*M'cm™ and from the bottom in order of increasing absorbance, the values of k (M)

e 1¥10%, 1*¥10°, 1*10% in Panel B &, was fixed at 5¥10*M'cm™ and from the top in order

of decreasing absorbance the values of k (M) were 1¥10°, 1*¥10°, 1*10*.
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B. Macromolecules with two independent binding sites with dye molecules

binding as a monomer at each site

Consider a dye molecule D binding to protein P with two binding sites. Let binding

of dye molecules to one site result in formation of the complex PD’ while binding to the other
*site result in complex PD”; and when both the sites are occupied let the complex be PD,.
The absorbance of this system is thus a sum of the contributions of four species viz. the free
dye D, the complexes PD’, PD"”and PD,. Let k’ and k’’ be the binding constants for

formation of PD’ and PD” respectively.

Symbols:

PD’ = Complex of protein and dye with 1:1 stoichiometry, with dye molecule binding at the

PD"”= Complex of protein and dye with 1:1 stoichiometry, with dye molecule binding at the
second site

PD, = Complex of protein and dye with 1:2 stoichiometry, with dye molecules occupying
both sites

K= Binding constant for first site

k"= Binding constant for second site

Extinction coefficient of dye free in solution

= Extinction coefficient of dye bound at the first binding site

= Extinction coefficient of dye bound at the second binding site

Abs = Absorbance



ations
U k,
g PD’ e (Binding to first site)
k’l
EEPD . (Binding to second site)
k'l
B —PD, ... (Binding to second site)
D <PD, ... (Binding to first site)
_[PD] ,_ [PDy]
- (D) L m el ¥
| [P][D] [PD”][D]
IPD"] . s
el E)) K™ m oo )
- [P][D] [PD’][D]

 concentrations.

),]=k'[PD"][D] = k’k"[P][D}’
OR

),]= k”[PD'][D] = k’k"[P][D}?

m Equations (1), (2), (3) and (4), [PD,] can be expressed in terms of free protein and free

168
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Total dye and total protein concentrations can be expressed by equations (6) and (7)

" spectively
[Dt] = [D]+[PD’]+[PD”]+ 2[PD,] (6)
Pt] = [P]+[PD’] + [PD"]+[PD, ] (7)

ubstituting for [PD’], [PD”] and [PD,] from equations (1), (3) and (5) respectively in

quations (6) and (7) gives equations (8) and (9). m
Dt] = [D] + k'[P][D] + k”[P][D] + 2k "k [P][D]? (¥
Pt] = [P]+ k’[P][D]+ k"[P][D] + k"k[P][D]? &)

om (9), [P] can be expressed as:

A [P]
~ 1+Kk'[D]+k”[D]+k’k”[DF

(10)

quation (8) can also be written as:

Di] = [D] + [P)(k'[D] + k”[D]+ 2k’k (D) i



Substituting for [P] in (11) from (10)

(k’[D]+ k”[D]+ 2k’k”[D]?)
1+ k’[D] + k”[D] + k’k”[D]?

[Dt] = [D]+[Pt]

Solving for [D] gives a cubic equation in [D]

[DP + b[DJ? +c[D] +d =0

=k’ + k” + 2k’k”[Pt] - kK’k”[Dt]
=1+ (k’ + k”)([Pt] - [Dt])
=-[Dt]

e absorbance of this system is given by equation (14)

= eD[D] + ePD,[PD 1+ ePD”[P 1+ (ePD, + ePD”)[PDZ]

om equations (1) and (10) one can obtain [PD’],

k. K'[PY[D]
" 1+ Kk’[D]+Kk”[D]+k’k”[D]?

170

(12)

(13)

(14)

(15)
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'From equations (3) and (10) one can obtain [PD"],

[PD"] = k"[Pt][D]

s (16)
1+ k’[D]+k”[D]+ k’k”[D]
rom equations (5) and (10) one can obtain [PD,],
. PDZ] = k”k’[Pt] [D] (17)

1+ k’[D]+ k”[D] + k’k”[D]*

Substituting equations (15), (16) and (17) in (14) gives the absorbance values that can
hen be plotted against [Pt]. [PD’], [PD”] and [PD,] were solved ‘using equations (15), (16)
nd (17). The values of these complexes were then substituted in equation (14) and solved
'} absorbance, which was then plotted against [Pt]. The same equations can be obtained if
le Scatchard equation (equation 19) for a protein with two types of binding sites is used as
he initial starting point.

_ mky[D] | nyk,[D]
~ 1+k,[D]  1+k,[D]

(19)

ere v is the number of moles of dye bound per mole of macromolecule, [D] is the free dye
ncentration, n; and n, are the number of binding sites in the first and second type of
dependent sites respectively, and k, and k, are the binding constants for the first and

cond type of independent sites respectively (Scatchard G., 1949).
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The unknown variables in this model are k’, k', €,p, €. Reasonable guess

values were used as estimates for these variables and the equations were solved accordingly
to obtain the concentrations of both, bound and free ligand and corresponding Scatchard plots
-~ were built. Panel A of Figure 9.4 shows the plots of absorbance as a function of
macromolecule concentration and Panel B shows the corresponding non-linear Scatchard plot
which is in accordance with what should be obtained for a macromolecule with two

independent classes of binding sites.

Figure 9.5 shows the family of curves obtained by varying k’, when the other
variables are fixed. Panel A shows that with increasing k’ (k” > 1*¥10° M™') the absorbance
,,creases. The well appears at approximately the same region (circa 5¥10°M) in Panel A
though a slight shift to the left is observed with increasing changes in k’. Panel B shows that
with decreasing k’ (k” < 1*¥*10°M™) the absorbance decreases. The well also disappears with
decreasing k’, and the biphasic nature of the profile is lost within the macromolecular
concentration regime considered here.

Figure 9.6 shows the family of curves obtained by varying k”, when the other
variables are fixed. Panel A shows that with decreasing k” (k" < 1*10° M™") the absorbance
increases. The well shifts to the left with decreasing k", and eventually disappears as
k“assumes much lower values. On the other hand in Panel B with increasing k" (k” >
*]0°M™") the absorbance decreases. The well becomes broader and eventually disappears
jith increasing k”, and the biphasic nature of the profile is lost within the considered

acromolecular concentration regime.
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9.4 Plot obtained using Model B (Panel A). €,=9*10*M"cm’, [Dt] =10*10° M, [Pt]
 varied from 0 to 3* 10°M, &, = 10¥10*M'cm’’, & = 5*¥10*'M'cm’’,
=1*10°™M", k” = 1*10°M™".

] 1 B shows the corresponding Scatchard plot, r = [BoundDye]/[Protein], | = [Free Dye].
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der of increasing absorbance from the dashed line k’( M™") = 1*10°, 1.5%10°, 2.5*%105,
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5%10°, 0.2*10%, 0.5%10%, 0.2*10°, 0.1%10°.
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9.6 Plots obtained (using Model B) by varying k”. The fixed variables were : €,=

10°M 'cm’?, [Dt] =10%10° M, €,y = 10¥10°Mem™, g5y = 10¥10°M e, £ = 5*10°M-

m’, k'= 1*10°M". [Pt ] was varied from O to 3*10°M. In Panel A, in order of increasing
sorbance from the dashed line k” (M™) = 1*¥10°, 0.5*10%, 0.2*10°, 0.1*10°. In Panel B, in
der of decreasing absorbance from the dashed line k’( M") = 1*¥10°, 5%10°, 1*¥10°, 2*10°,

10°.
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Figure 9.7 shows the family of curves obtained by varying €, when the other

variables are fixed. With increasing extinction coefficient (€,,>10%10*M"'cm™) the
absorbance tends to increasc;, and the well shifts to the left, and eventually disappears at
‘higher values of €, (Panel A of Figure 9.7). With decreasing values of extinction
'_ coefficient (€py<10*10*M'cm™) the absorbance tends to decrease and the well disappears.
The biphasic nature of the profile is lost and the curves appear to plateau (Panel B of Figure
p.7).

Figure 9.8 shows the family of curves obtained by varying &,,» when the other
variables are fixed. With increasing values of the extinction coefficient (€>5*%10*M"cm™)
the absorbance tends to increase and the well shifts to the left, and eventually disappears at
higher values of €, (Panel A of Figure 9.8). With decreasing values of the extinction
coefficient (€pp-<5*%10°M'cm™) the absorbance tends to decrease and the well becomes more
and more prominent. Moreover the well appears at approximatély the same concentration
egime (circa 5*10°M), irrespective of the changes in €. (Panel B — Figure 9.8).

Thus as observed in Figures 9.5 to 9.8, the profile shape, the appearance of the well

and the shifts are very much influenced by changes in the parameter values.
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*10%, 3*10%, 0.1*10°.
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C. Macromolecules with one binding site where the dye molecules can bind to

that site either as a monomer or a dimer.

Consider a dye molecule D binding to a protein P with one binding site. Let the dye
bind to this site either as a monomer or as a dimer to form complexes PD and PD,
respectively. The absorbance of this system is thus a sum of the contributions of three
: species viz. the free dye D, and the complexes PD and PD,. The protgin does not absorb in
 the experimentally observed region and therefore does not contribute to the absorbance. Let

k, and k, be the binding constants for formation of complexes PD and PD, respectively.

Symbols:

PD = Complex of protein and dye with 1:1 stoichiometry, i.e. dye binding as a monomer
PD, = Complex of protein and dye with 1:2 stoichiometry, i.e. dye binding as a dimer
k= Binding constant for dye binding as a monomer
k, = Binding constant for dye binding as dimer
&= Extinction coefficient of dye free in solution
& = Extinction coefficient of dye bound as monomer
&, = Extinction coefficient of dye bound as dimer

Abs = Absorbance

(Dye binding as a monomer)




k,
PD+D < PD, (Dye binding as a dimer)
[PD]
e e 1
' [PI[D] ()
. __[PD,] "
~* [PD]D] 9

[Pt]=[P]+[PD]+[PD,] 3)

[Dt]=[D]+[PD]+2[PD,] ' “

[Pt] = [P]+ k,[P][D]+ k,k, [P][D]? (5)

Dt] = [D] + k, [P][D] + 2k k, [P][D]? 6)

The total dye énd protein concentrations are defined by equations (3) and (4) respectively

Equation (5) can be obtained by substituting equations (1) and (2) in equation (3).

' ation (6) can be obtained by substituting equations (1) and (2) in equation (4).

180
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- Equation (5) can be rearranged to give equation (7)

~ [Pt]=[P](1+ k,[D]+ k;k,[D]*) )

The free protein concentration [P], can be expressed in the form of equation (8), by

- rearranging equation (7)

[Pt]

= DI+ k07 i
Substituting for [P] in equation (6)
k,[D]+ 2k, k,[D]?
[Dt] = (D] + [Pt} L2+ 2Kiko (DI ©)
- 1+k,[D]+kk,[D]

Equation (9) when simplified gives a cubic equation in [D].

aDP +b[D +c[D]+d=0 (10)

=—(kk,[Dt] -k, — 2k k,[Pt])

=1+k,[Pt]-k,[Dt]
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The absorbance of this system is given by equation (11)

 Abs= e [D]+ &, [PD] +&p, [PD,] (11)

- [PD] and [PD,] can be obtained from equations (12) and (13) respectively

From equations (1) and (8), [PD] can be expréssed as:

: k,[Pt][D]
FD] = 1 12
- 1+ k,[D]+k,k,[D]* o
From equations (2) and (12), [PD,] can be expressed as:
2
1= k,k,[Pt][D] . (13)
1+k,[D]+kk,[D]

Substituting for [PD] and [PD,] in equation (11) from equations (12) and (13) gives
absorbance values which can then be plotted against [Pt]. [PD] and [PD,] were solved using
equations (12) and (13). The values of these complexes were then substituted in equation
(11) and solved for absorbance which was then plotted against [Pt], and the plots are biphasic
shown in Panel A of Figure 9.9. The unknown variaﬁles in this model are k,, k,, €p, €p ,

»- Realistic values were used as estimates for these variables and the equations
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were solved accordingly to obtain the concentrations of both, bound and free ligand and

corresponding Scatchard plots were built which were non-linear as shown in Panel B of
Figure 9.9. This indicates that the Scatchard analysis cannot permit the distinction between a
macromolecule with two binding sites and a macromolecule with one binding site, to which
the ligand can bind either as a monomer or dimer. Such a distinction can only be made if
there is spectroscopic evidence indicating formation of dimers, as in the case of TAM's.
Figure 9.10 shows the family of curves obtained by varying k;, when the other
variables are fixed. Panel A shows that with increasing k, (k, > 1¥10° M) the absorbance
increases. The well appears at approximately the same region (circa 5¥10°M) in Panel A.
Panel B shows that with decreasing k, (k,< 1¥*10°M™") the absorbance decreases at a slower
rate and the well shifts to the right or appears at higher macromolecule concentrations. When
k, assumes even lower values (Panel C), the well becomes broader with decreasing k, and the
absorbance also tends to decrease slowly.

Figure 9.11 shows the family of curves obtained by varying k,, when the other
variables are fixed. Panel A shows that with decreasing k, (k,<1*¥10° M) the absorbance
increases. The well shifts to the left with decreasing k, and eventually disappears as k,
assumes much lower values. On the other hand in Panel B with increasing k, (k,> 1*10°M™")
the absorbance decreases and the well becomes broader as the absorbance remains constant
over a larger macromolecule concentration range.

Figure 9.12 shows the family of curves obtained by varying €., when the other
variables are fixed. With increasing extinction coefficient (€,p,>5*10°M'cm™") the
absorbance tends to increase though the well appears at the same macromolecule

concentration (circa 5¥10° M) (Panel A of Figure 9.8). However, as observed in Panel B of
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Figure 9.10 Plots obtained (using Model C) by varying k;. Thé fixed variables were : €=
9¥10*M'cm, [Dt] =10%¥10° M, ;= 10*10*Mcm’, €5, = 5¥10°M'em™, k,= 1¥10°M-. [Pt]
. was varied from O to 3* 10° M. In Panel A in order of increasing absorbance from the
dashed line k, (M) = 1*10°, 1.5%10° 2.5%10°, 1*¥107; in Panel B in order of decreasing
“absorbance from the dashed line k, (M) = 1*10%, 0.5%10°, 0.2*10°% in Panel C in order of

decreasing absorbance from the dashed line k;, (M) = 1*¥10°, 0.5*10°, 0.2*10°, 0.1*10°.
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Figure 9.11 Plots obtained (using Model C) by varying k,. The fixed variables were : €=
9*10*'M"cm’, [Dt] =10*10° M, gpp,= 10*10°M"cm’*, €ppp = 5*10°M'cm’, k= 1*10°M".

- [Pt] was varied from 0 to 3* 10°M. In Panel A, in order of increasing absorbance from the
dashed line k, (M) = 1*10°, 0.5%10°, 0.2*10%, 0.1*10°. 1In Panel B, in order of decreasing

absorbance from the dashed line k, (M™) = 1*10°, 5¥10°, 1*10°, 2*10°, 5*10°.
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Figure 9.12 Plots obtained (using Model C) by varying €,p,. The fixed variables were : €,=
9%10°'M'cm’, [Dt] =10%¥10° M, &= 10¥10*M'cm’’, k= 1*¥*10°M", k,= 1*10°M™". [Pt ] was
varied from O to 3* 10°M. In Panel A, in order of increasing absorbance from the dashed
line €;p, (M'cm™) = 5%10%, 7%10%, 9%10%, 11*10%, 12*10*. In Panel B, in order of decreasing

absorbance from the dashed line &, (M'cm™) = 5%10%, 1*¥10%, 3*10%, 0.1*10".
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Figure 9.12, with decreasing extinction coefficient (gpp,<5*10*M'cm™) the absorbance

tends to decrease but the well appears at the same macromolecule concentration (circa 5%10
M).

Figure 9.13 shows the family of curves obtained by varying €,,, when the other
variables are fixed. As the extinction coefficient increases (€;p,>10%10*M'cm™), the
absorbance tends to increase and the well shifts to the left (Panel A of Figure 9.13). As the
extinction coefficient decreases (€pp, <10¥*10*M"cm™) the absorbance tends to decrease and
the well disappears with decreasing values of €, The biphasic nature of the profile is lost
and the curves appear to plateau (Panel B of Figure 9.13).

Thus as observed in Figures 9.10 to 9.13, the profile shape, the appearance of the well

- and the shifts are very much influenced by changes in the parameter values.

CONCLUSIONS:

The classical Scatchard analysis approach does not permit the distinction between the
aggregation of ligand molecules in a single binding site from the existence of different types
of binding sites for that ligand. This limitation of the Scatchard analysis precludes its use in
the analysis of binding data that involves distinct noncovalent interactions, like self-
association and macromolecular binding that occur simultaneously in the case of TAM's.
The visual inspection of the biphasic profiles obtained using Models B and C show that the
well of the biphasic profile mostly appears at approximately 5*10°M ([Dt] = 10¥10°M),
indicating that there are two dye mﬁlecules per macromolecule. While the ratio of dye to -

macromolecule at the well may be true for both cases, each case is distinctly different,

because the macromolecule in Model C, has only one ligand binding site, while in Model B,
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Figure 9.13 Plots obtained (using Model C) by varying &, The fixed variables were : £,=
9*10'M'cm, [Dt] =10%10° M, €pp,= 5¥10*°M'cm’’, k,= 1*10°M™, k,= 1*10°M™. [Pt ] was
varied from O to 3* 10”° M. In Panel A, in order of increasing absorbance from the dashed
line €, (M'cm™) = 10%10%, 11*10%, 12*10*. In Panel B, in order of decreasing absorbance

from the dashed line &,,, (M'cm™) = 10¥10%, 7%10%, 5*10°%, 3*10%, 0.1*10*.
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it has two different independent binding sites. This indicates that the rigorous

interpretation of a biphasic binding profile requires the availability of information on the

solvatochromic properties of the ligand, along with the knowledge of the extent to which

exciton coupling affects the spectroscopic properties of the ligand.
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Chapter 10. Conclusions and Suggestions for Future Work

CONCLUSIONS:

1. The study on the effects of solvents on the spectroscopic properties of TAM?'s, supports
previous objections to the rotamers model, since they indicate that the magnitude of the
splitting between the overlapped absorption bands of the highly symmetrical TAM" dyes,

CV* and EV" is dependent upon solvent solvatochromic parameters.

2. The spectral signatures of TAM's (blue shifts and hypochromic effects) obtained in the
presence of HK and DNA suggest that dye aggregation, a phenomenon that is usually
observed at high dye concentrations and high ionic strength, occurs in the presence of these
~ biopolymers at submicromolar dye concentration. The observation of dye aggregate
formation in the presence of SDS at concentrations below the CMC indicates 'that the
interaction of TAM"* dyes with the negative head of the detergent facilitates aggregation,
suggesting that similar interactions take place in the presence of HK and DNA. The

tendency to aggregate decreases in the following order VPBBO* > EV* >VBR* >CV*.

3. The observed remarkable increase in fluorescence upon binding of TAM's to a
macromolecule indicates that the dye finds itself in a binding environment in which the fast
nonradiative rotational relaxation processes are sterically hindered. This not only increases
the fluorescence quantum yields, but also leads to an enhancement in the singlet lifetime of

the TAM®. This long-lived singlet can either intersystem cross to the triplet or can directly
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interact with the substrate, resulting in an increase in the photoreactivity of TAM*s when

noncovalently bound to a biopolymer.

4. The ability to cause photoinhibition of enzymatic activity and photoinduced DNA damage
followed the trend CV* > VBR* > EV* > VPBBO*, which is the opposite of the trend
observed for dye aggregation (CV* < VBR* < EV* < VPBBO"). Thus the magnitude of
photoinduced macromolecular damage in the case of HK and DNA decreases with the
increasing degree of aggregation. Comparative evaluation between monomers and
aggregates of the same dye also revealed that the monomers are capable of inducing damage

to DNA and HK much more efficiently than aggregates.

5. Among the TAM" dyes investigated here, CV* is the one showing better clinical potential.
CV* is the dye that brings about maximum damage to HK and DNA, and it has been
previously demonstrated that it is the only dye exhibiting selective destruction of leukemia

cells (Indig et al, 2000).

6. TAM's interact with both the protein and the lipid portion of LDL, but partitioning into the
lipid core represents the major binding event. No experimental evidence has been .found for
the formation of TAM" aggregates upon binding to LDL. TAM-"s can induce lipid
‘_peroxidation upon photolysis of the TAM*-LDL complexes, and the degree of lipid

- peroxidation increases with increasing dye concentration.
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7. The Scatchard analysis cannot permit the distinction between the aggregation of ligand

molecules in a single binding site from the existence of different types of binding sites for
that ligand. This distinction requires the analysis of binding data based on the molecular
exciton theory and the knowledge of solvatochromic effects on the electronic spectra of

TAM"* dyes.

SUGGESTIONS FOR FUTURE WORK:

Dye aggregation can reduce tumor cell selectivity in PDT (Figure 10.1). Because the
tumor cells have an elevated mitochondrial membrane potential compared to normal cells, it
is conceivable that upon increasing dye concentration the formation of dye aggregates will
develop earlier in tumor cells thaﬁ in the normal cells. Accordingly, under high dye
concentrafion regimes, any excess dyc in targeted cells above the level of dye aggregation
would decrease the efficiency with which these photosensitizers inactivate mitochondrial
biopolymers like DNA and HK, while a lower dye concentration in the surrounding normal
tissue (below the dye aggregation range) would be associated with higher photosensitization
efficiency. Therefore it is reasonable to infer that maximum selectivity towards tumor cells
~ is achieved when the final dye concentration in these cells falls below the aggregation range,
and is kept at a minimum in the surrounding normal tissues. If this hypothesis based on in
~ vitro data is true, then mitochondrial targeting with cationic photosensitizers would represent
a case in PDT in which the use of lower rather than higher doses might be associated with
better therapeutic effects. Moreover the use of lower dye doses may also help in reducing

undesirable side effects like systemic toxicity. A systematic study could be carried out to
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At Low Photosensitizer Dose :

Dye
<
—_——
At High Photosensitizer Dose :
- Dye
<
—_——
Tumor Cell 4 Normal Cell
Mitochondria Mitochondria

Figure 10.1 Dye aggregation can affect thelselectivity in PDT. Cells on the left represent
tumor cell mitochondria and cells on the right hand represent normal cell mitochondria. M —
Monomer, A — Aggregates. Low photosensitizer dose leads to the binding of dye molecules
as monomers in the tumor cell mitochondria, leading to beneficial therapeutic effects. High
photosensitizer dose (above the level of dye a;ggregation) leads to binding of dye aggregates

in the tumor cell mitochondria and dye monomers in the normal cell mitochondria, reducing

- selectivity.
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prove this hypothesis initially at the cellular level under conditions of high and low dye

concentrations.

The synergistic effects that could possibly be obtained using a combination of anionic
and cationic photosensitizers also could be explored. It is possible that the reaction pathways
may be entirely different when the two types of photosensitizers are used in combination.
Moreover the binding affinity to various PDT targets may be different or compromised when
both types of photosensitizers are present in the neoplastic tissue. If they are injected
together in vivo and fail to bring about the desired therapeutic effects, then using them in
conjunction but in separation may prove beneficial

The mathematical models built to explain binding of TAM's to macromolecules need
further study. The values used as initial estimates need to be validated experimentally. In
order to do this, the extinction coefficient of the dimer when free in solution and when bound
to the biopolymer needs to be determined. Though the degree of complexity increases with

macromolecules like DNA and low density lipoprotein, similar such mathematical models

can be built and evaluated.
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Appendix I (Model A)

Since Igor Pro does not allow the use of certain characters like i)rimes,
subscripts, superscripts etc., within a macro, some of the symbols were replaced as shown
below.

For a protein with one ligand binding site, with ligand binding as a monomer :
Pt = Total Protein

Dt = Total Dye

P = Free Protein

D = Free Dye

K = Binding constant

EpsD = g, = Extinction coefficient of dye

EpsPD = g;, = Extinction coefficient of dye bound as monomer to the protein

Absor = Absorbance

Macro :
Function/D Compute_PD(k, Pt, Dt)
Variable/D k, Pt, Dt
Variable/D PD
- PD = ((k*Pt + k*Dt +1)/(2*k) ) - ((((-k*Pt - k*Dt -1)*2 - (4*kA2*Dt*Pt))*0.5)/(2*K))
printf "Pt - %e, Dt- %e, PD- %e\r", Pt, Dt, PD
return PD

End

 Function/D Compute_Absor(EpsPD, EpsD, Dt, PD)
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Variable/D EpsPD, EpsD, Dt, PD

Variable/D Absor

Absor = EpsD*Dt - EpsD*PD + EpsPD*PD
printf "Absor- %e\r", Absor

return Absor

End
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Appendix Il (Model B

For protein with two ligand binding sites, with ligand binding as a monomer at each
site:

Pt = Total Protein

Dt = Total Dye

P = Free Protein -

D = Free Dye

k1= k’= Binding constant for first binding site

k2=k”= Binding constant for second binding site

EpsD = g, = Extinction coefficient of dye

EpsPD1 = g, = Extinction coefficient of dye bound at the low affinity site

EpsPD2 = g, = Extinction coefficient of dye bound at the high affinity site

Macro:

Function/D SolveForD(k1, k2, Pt, Dt, D_guess)
Variable/D k1, k2, Pt, Dt, D_guess;
Variable/D a, b, c;

Variable/D D, f_guess, f_d_guess, D_new, epsilon;

a = 2*Pt-Dt + (k1+k2)/(k1*k2);
b = (1 + (Pt-Dt)*(k1+k2))/(k1*k2);

¢ =-Dt/(k1*k2);

epsilon = le-14;




199

I printf "Pt - %e, Dt- %e, a - %e, b - %e, ¢ - %e\r", Pt, Dt, a, b, c;

D_new = D_guess;
do
D =D_new;
f_guess = D3 + a*D”2 + b*D + c; Il f(D)
if (f_guess == 0)
break;
endif
f_d_guess = 3*D*2 + 2*a*D + b; Il f(D)
D_new =D - (f_guess/f_d_guess);
| printf "f_guess - %e, F_d_guess - %e, D_new - %e\f", f_guess,
f_d_guess,D_new;

while (abs(D - D_new) > epsilon)

printf "Soln -%e\r", D;
return D;

End

Function/D Computed_Absorbance(EpsD, EpsPD1, EpsPD2, k1, k2, Pt, D)
Variable/D EpsD, EpsPD1, EpsPD2 k1, k2, Pt, D

Variable/D Absorbance, denom
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denom = (1+k1*D) * (14k2*D);

Absorbance =EpsD*D + (EpsPD1 * k1 + EpsPD2 * k2) * D * Pt / denom + (EpsPD1
+ EpsPD2)*((k1*k2*Pt*DA2)/denom);

printf "Absorbance- %e\r", Absorbance

return Absorbance

End

Macro twosite (Pt_data_name, EpsD, EpsPD2, EpsPD1, k1,k2)

String Pt_data_name;

variable k1, k2, EpsD, EpsPD2, EpsPD1
prompt Pt_data_name, "Pt data :", popup,WaveList("*",";","")
promptkl, "Input kI:"
prompt k2, "Input k2:"
prompt EpsD, "Input EpsD: "
prompt EpsPD1, "Input EpsPD1: "

prompt EpsPD2, "Input EpsPD2: "

Make /O/D/N =(numpnts($Pt_data_name)) Pt_Values=$Pt_data_name
Make /O/D/N=(numpnts($Pt_data_name)) D_Values

Make /O/D/N=(numpnts($Pt_data_name)) Abs_Wave

Display Abs_Wave vs Pt_Values
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Edit Abs_Wave

Edit D_Values

D_Values = SolveForD(k1, k2, Pt_Values, 10e-6, 1e-5);
Abs_Wave = Computed_Absorbance(EpsD, EpsPD1, EpsPD2, k1, k2, Pt_Values,
D_Values)
EndMacro
Note that to solve the cubic equation in D, the Newton-Raphson method was used. For
finding the roots of the function 'f(x)' it works by starting with an initial guess 'x_guess' and
progressively refining the estimate. Briefly, it computes the series x_0, x_1, x_2, ..., X_n,
x_n+l, ...
The series is computed as:
x_0 =x_guess
x_n+1 = x_n - f(x_n)/f'(x_n)

Given this series, the root is x_n such that (Ix_n+1 - x_nl < epsilon) for a constant value of

‘epsilon’ (the acceptable error in the estimate of the root).
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Appendix III (Model C

For protein with one binding site that is capable of binding both, ligand monomers and
ligand dimers.

Pt = Total Protein

Dt = Total Dye

P = Free Protein

D = Free Dye

k1 =k, = Binding constant for dye binding as a monomer

k2 =k, =Binding constant for dye binding as dimer

EpsD = g, = Extinction coefficient of dye

EpsPD1= g, = Extinction coefficient of dye bound és monomer
EpsPDZ = &pp, = Extinction coefficient of dye bound as dimer

Abs = Absorbance

Macro:
Function/D SolveForD(k1, k2, Pt, Dt, D _guess)
Variable/D k1, k2, Pt, Dt, D_guess;

Variable/D a, b, ¢, D_new, D, f_guess, f d _guess, epsilon;

a=-Dt +2*Pt + 1/k2;
b=(1+kI*(Pt - Dt))/(k] * k2);

=-Dt/(k1 * k2);

epsilon = 1e-20;
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| printf "Pt - %e, Dt- %e, a - %e, b - %e, c - %e\r", Pt, Dt, a, b, c;

D_new = D_guess;
do
D =D_new;
f_guess = D73 + a*D”2 + b*D +¢; Il f(D)
if (f_guess == 0)
break;
endif
f;d_guess =3*D"2 + 2*a*D + b; Il f(D)
D_new =D - (f_guess/f_d_guess);
I printf "f_guess - %e, F_d_guess - %e, D_new - %e\r", f_guess,
f_d_guess,D_new;

while (abs(D - D_new) > epsilon)

printf "Soln -%e\r", D;

return D;

End

Function/D Comput_Absorbance(EpsD, EpsPD1, EpsPD2, k1, k2, Pt, D)

Variable/D EpsD, EpsPD1, EpsPD2,k1, k2, Pt, D




Variable/D Absorbance

Absorbance =EpsD* D + EpsPD1 *(( k1 * D * Pt) / (1 + k1*D + k1*k2*D"2)) +
EpsPD2*((k1*k2*Pt*D"2)/(1+k1*D+k2*k1*D"2))
printf "Absorbance- %e\r", Absorbance

return Absorbance

End

Macro monodimers (Pt_data_name, EpsD, EpsPD2, EpsPD1, k1,k2)
String Pt_data_name;
Variable k1, k2, EpsD, EpsPD2, EpsPD1
prompt Pt_data_name, "Pt data :", popup,WaveList("*",";","")
promptkl, "Input kl1:"
promptk2, "Input k2:"
prompt EpsD, "Input EpsD: "
prompt EpsPD1, "Input EpsPD1: "

prompt EpsPD2, "Input EpsPD2: "
Make /O/D/N=(numpnts($Pt_data_name)) Pt_Values=$Pt_data_name
Make /O/D/N=(numpnts($Pt_data_name)) D_Values

‘Make /O/D/N=(numpnts($Pt_data_name)) Abs_Wave

Display Abs_Wave vs Pt_Values

204
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Edit Abs_Wave

Edit D_Values

D_Values = SolveForD(k1, k2, Pt_Values, 10e-6, le-5);

Abs_Wave = Compute_Absorbance(EpsD, EpsPD1, EpsPD2, k1, k2, Pt_Values,
D_Values)
EndMacro
Note that to solve the cubic equation in D, the Newton The Newton-Raphson method was
used. For finding the roots of the function 'f(x)' it works by starting with an initial guess

'x_guess' and progressively refining the estimate. Briefly, it computes the series x_0, x_1,

D s X0, XDF]L, ...
The series is computed as:
x_0 =x_guess
x_n+1 =x_n - f(x_n)/f'(x_n)

Given this series, the root is x_n such that (Ix_n+1 - x_nl < epsilon) for a constant value of

‘epsilon’ (the acceptable error in the estimate of the root).
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