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ABSTRACT

Sulfonated porphyrins and phthalocyanines have been under consideration as
microbicides, compounds which, when used in a topical formulation, can prevent
transmission of the human immunodeficiency virus. Our studies have been directed
toward the characterization of members of these classes. For the sulfonated
phthalocyanines, matrix-assisted laser desorption/ionization (MALDI) mass spectrometry
was helpful in determining the extent of sulfonation. We present the first report of
spectroscopic  characterization of a pentasulfonated phthalocyanine. Capillary
electrophoresis data were sensitive to the concentration of the compounds (Chapter 1).

Mass spectrometry was also very useful for establishing the extent of sulfonation
in series of sulfonated porphyrins. Capillary electrophoresis was very useful in separating
mixtures of these species. A study on sulfonation of a series of
tetra(difluorophenyl)porphyrins showed that species with red-shifted Soret peaks were
being formed. Data were consistent with an intramolecular sulfone bridge from the
phenyl substituent to the porphyrin core. Sulfonation of the tetranaphthylporphyrins ring

readily gave more than one sulfonic acid group per naphthyl side chain (Chapter 2).



In cancer chemotherapy of solid tumors, it is desired to kill the tumor cells with
minimal damage to the surrounding tissue. Brachytherapy seeds have been a considerable
help in this regard for some tumors. In further developing approaches to selective tumor
damage, we have evaluated a technique, Auger Electron Therapy (AET) in which one
introduces a compound that is expected to bind to DNA, absorb the radiation, and then
catalyze clustered DNA damage via release of a series of Auger electrons. We chose a
series of metals (silver, indium, molybdenum, palladium, platinum, ruthenium, silver and
zirconium) with appropriate energy levels to absorb an x-ray photon from the
brachytherapy seed and used the tetracationic porphyrin 5,10,15,20-tetrakis(1-
methylpyridinium-4-yl) porphyrin (TMPyP4) as a scaffold. The amount of clustered
DNA damage was quantitated by a plasmid assay. Experiments evaluated the effect of
buffer, concentration of glycerol, irradiation time, and concentration of the porphyrin. No
metal studied gave significant double stranded (localized) DNA damage. Significant
single stranded DNA damage was observed, however, in the order zirconium >>

ruthenium > palladium > platinum > silver ~ indium (Chapter 3).

INDEX WORDS: Sulfonated Phthalocyanines, Anionic Porphyrins, Cationic Porphyrins,
Auger Electron Therapy (AET), Capillary Electrophoresis, Mass Spectrometry.
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Chapter 1

Insights into Anionic Phthalocyanines

In collaborative studies, we observed that a number of sulfonated phthalocyanines
had excellent antiviral activity against the human immunodeficiency virus (Vzorov et al.,
2003), pox virus (Chen-Collins et al., 2003) and herpes simplex virus (Dixon, Gill,
Marailli, Hodge and Sears, unpublished data). Because these compounds had low
toxicity, they were, for a time, under consideration as new vaginal microbicides,
compounds which are used topically to protect against viral infection. In the end, a
compound that was not a phthalocyanine was chosen for clinical trials. However, we
performed a number of studies to look in detail at the structures and spectra of possible
metallophthalocyanine therapeutic candidates. The majority of this work has been
published (Dixon et al., 2004), and is given as Section IV of this chapter. Below are a
brief overview of phthalocyanines (Section I), a review of capillary electrophoresis of
sulfonated phthalocyanines (Section II) and experiments that were not published (Section

).

Section 1.
Introduction to phthalocyanines.
i. Structure.
A phthalocyanine is a planar, 18-electron heterocyclic aromatic system (Figure

1.1). It has four isoindole units linked by aza nitrogen atoms (Leznoff & Lever, 1989).



Many water-soluble derivatives can be synthesized by adding groups to the isoindole
units, e.g., amino, carboxylic and sulfonic acid groups (Barbosa et al., 1997). Similarly,
many metalloderivatives of phthalocyanines can be synthesized; more than 60 metals
have been reported as inserted in the phthalocyanine ring (Leznoff & Lever, 1989).
ii. Spectral properties.

Phthalocyanines absorb in the 670 - 680 nm region, known as the Q-band, the
result of a m - m* ring transition (Leznoff & Lever, 1989; Leznoff & Lever, 1993).
Phthalocyanines have high extinction coefficients, in the range of 10° M'cm™, and
appear blue in color. A weaker absorption, due to vibronic coupling, is observed at 610 -
620 nm. Another low intensity band, due to electronic transitions, the B or Soret band,
appears at 350 nm.

Phthalocyanines are known to aggregate in both aqueous and organic solvents.
For aggregated phthalocyanines, there is a strong peak at ~ 620 - 630 nm (Barbosa et al.,
1997). This is face-to-face aggregation, which is the result of extensive interaction
between the n-systems of adjacent rings (Zelina et al., 1999). The nature of metal in the
ring affects the aggregation properties of the phthalocyanine (Barbosa et al., 1997).
Aggregation is also affected by the solvent, pH, ionic strength and temperature of the
solutions, as well as the concentration of the phthalocyanine.
iii. Applications.

Phthalocyanines are used as catalysts, pigments, electrodes, and even as drugs,
e.g., as sensitizers in photodynamic therapy (PDT) (Leznoff & Lever, 1989). The

importance of phthalocyanines and their derivatives lies in their variety, structural



flexibility, stability and resistivity to chemical and photochemical degradation. Some
phthalocyanines are known to be nontoxic; the LDsy of certain phthalocyanines is >10
g/kg body weight (Leznoff & Lever, 1989). Our interest has been in the use of sulfonated
phthalocyanines as antiviral agents.

iv. Synthesis of phthalocyanines and derivatives.

There are two main methods for the synthesis of sulfonated phthalocyanines
(Leznoff & Lever, 1989). The first method involves the sulfonation of the phthalocyanine
ring. Sulfonation has historically been thought to lead to a mixture of mono-, di-, tri-, and
tetrasulfonated products. The second method involves the condensation of the sulfonated
precursors in the presence of urea, the selected metal salt and a catalyst. This is called the
Weber-Busch method, after an early report in which sodium salt of 4-sulfophthalic acid
was used to synthesize tetrasodium (2,9,16,23-tetrasulfophthalocyaninato) cobalt(Il) in
the presence of urea, nitrobenzene, cobalt chloride salt and ammonium molybdate as a
catalyst at 170 - 190 °C (Weber & Busch, 1965) (Figure 1.2). The condensation method
using the 4-sulfonic acid as starting material leads to isomeric mixtures, though all the
molecules are presumably tetrasulfonated (Leznoff & Lever, 1989). Sulfonated
metallophthalocyanines are synthesized either by inserting metal into the free base
tetrasulfonated phthalocyanine or by the sulfonation of the appropriate metalloderivative.
v. Mixtures/isomers of phthalocyanines.

Depending on the position of the substituent groups on the outer isoindole rings,
phthalocyanines can have various isomers. Even if one starts with the precursor,

sulfonated phthalic acid, with the sulfonic acid uniquely at the 4-position of the ring,



phthalocyanine isomers are formed because the sulfonic acid can be found at either the 4-
or 5-position on each of the four isoindole rings of the phthalocyanine, giving a total of
four isomers (Figure 1.3). If, however, the sulfonated phthalic acid is a mixture of
compounds with sulfonic acid at the 3-position and 4-position on the ring, there can be

multiple isomers (Figure 1.4).

Section II.

Review.

Capillary electrophoresis separation of sulfonated phthalocyanines. Capillary
electrophoresis (CE) has been used for the analysis of phthalocyanines and its derivatives
in a variety of contexts.

i. CE for monitoring the progress of reactions.

Barbosa et al. monitored the various purification steps involved in synthesis of
sulfonated Co(II) phthalocyanine [Co(II)PcS] by CE (Barbosa et al., 1997). Co(II)PcS
was synthesized by the Weber-Busch condensation method.

CE analysis was performed under reversed polarity at constant voltage, with
spectroscopic detection at 260 nm and 630 nm for crude and purified products,
respectively. The difference in the spectra of crude and purified product was observed at
260 nm. A 20 mM citrate buffer (pH 2.5) was used for the analysis of crude and purified
products. Cetyltrimethylammonium bromide (CTAB) was used to enhance the
separation.

Conneely et al. utilized CE to follow the biodegradation of copper phthalocyanine

dyes and the appearance of new organic entities (Conneely et al., 2002). Phanerochaete



chrysosporium (white-rot fungi) PC 671 was used for the degradation. The copper
phthalocyanine dyes studied were Remazol Turquoise Blue G133, Everzol Turquoise
Blue and Heligon Blue S4.

As copper is strongly bound to the phthalocyanine structure, free copper ions
would be indicative of the degradation of the phthalocyanine ring. The dyes were
metabolized to give free copper ions, and presumably also non-copper and copper-
containing metabolites. By the fifth day CE electropherograms did not have the parent
dye peak, but only a large free copper ion peak, which reached maximum height by the
seventh day, presumably indicating full degradation of the dyes.

The background electrolyte contained 0.025 M CTAB and 0.0385 M sodium
tetraborate (Borax). Separations were carried out under reverse polarity, with the detector
set at 254 and 666 nm. The presence of CTAB resulted in longer migration times for the
dyes; Remazol TB, 25.79 min, Everzol TB, 25.65 min and Heligon TB, 24.53 min.
Conneely et al. suggested that longer migration times in the presence of CTAB indicated
that the dyes interacted electrostatically at the surface of the positively charged micelles
of CTAB, while the rest of the dyes’ essentially hydrophobic structure was embedded in
the hydrocarbon center of the micelles. Generally shorter migration times observed for
the metabolites suggested less interaction with the charged surface of the micelles and/or

less affinity for the hydrophobic center of the micelles.



ii. CE for analyzing the counter ions.

Barbosa et al. analyzed the presence of counter ions during the purification steps
of the synthesis of Co(I[)PcS by CE (Barbosa et al., 1997). The anionic (chloride, sulfate,
carbonate and 4-sulphothalate, prepared at 100 mg/L concentration) and cationic
(ammonium, potassium, barium, calcium, sodium, manganese and cobalt(Il), as chloride
salts, prepared at 100 mM concentration) standards were used to compare the inorganic
anions and cations of the purified fractions. Indirect detection was done at 254 nm and
214 nm. For anion analysis, 5 mM chromate buffer (pH 9.0) containing 0.1 mM CTAB
was used. For the cation analysis, 5 mM imidazole (pH 5.0) containing 5 mM
hydroxyisobutyric acid (HIBA) was used.

iii. CE for analyzing the components of phthalocyanines.

Schofield and Asaf used capillary electrophoresis for the analysis of various
components of zinc, copper and cobalt derivatives of sulfonated phthalocyanines
(Schofield & Asaf, 1997). They synthesized tetrasulfonated phthalocyanines by a
modification of the Weber-Busch method.

The CE separation of the various components of each sulfonated phthalocyanine
was based on the difference in the degree of sulfonation, i.e., on the basis of its net
charge. The migration times were similar for the zinc, copper and cobalt derivatives of
tetrasulfonated phthalocyanines.

Schofield and Asaf also compared the separation of two samples of
chloroaluminum sulfonated phthalocyanine, synthesized by two different methods

(Schofield & Asaf, 1997). The first sample was obtained by converting the sulfonyl



chloride groups of chloroaluminum phthalocyanine to sulfonic acid groups. The second
sample was prepared as chloroaluminum phthalocyanine. It was then chlorosulfonated
and finally hydrolyzed to give the chloroaluminum sulfonated phthalocyanine.

Separations were performed under high pH conditions (9.0, 10 mM KH,PO,).
Both the samples gave the same number of peaks, with similar migration times, but had
different intensities/proportions of the peaks. Enhancement of CE separation by using
ammonium acetate buffer with acetonitrile was not observed.

Tapley reported the separation of more than 12 colored components of Procion
Turquoise H-A, a reactive phthalocyanine-based chlorotriazinyl dye (Tapley, 1995). It is
a commercial copper phthalocyanine derivative with two different functional groups, and
occurs as a mixture of related compounds. Various buffer compositions were
investigated. Tapley used 6 mM KH,PO, buffer with 10 mM sodium borate, 10 mM
sodium dodecylsulfate (SDS) and acetonitrile-water (1:9) for best separation. The
electropherograms for the dye solution were the same at pH 7 and pH 11. At 20 mM
SDS, the peaks were not baseline-separated, appearing between 13 and 26 min. A ratio of
1:9 of acetonitrile-water at pH 9.0 generally improved the resolution of the various
components of the sample. The hydrolysis of the dye was studied by heating a pH 11 dye
solution to 80 °C for 1 h; the electropherograms obtained were different from the initial
electropherograms due to the loss or addition of peaks as a result of hydrolysis.

Peng et al. reported the separation of nine photosensitizer isomers of
tetrasulfonated phthalocyanine by CE (Peng et al., 2005b). The isomers have different

positions of sulfonate groups on the aromatic rings and occur to different extents in the



mixture. Peng et al. studied the effect on the separation of isomers by the use of various
buffers, organic solvents, and additives. The best separation was achieved with a high
concentration borate buffer (120 mM) at high pH (9.2) with SDS (10 mM) and at a high
% of acetonitrile (50%). Separation was not enhanced by the presence of Brij 35 and
cholate.

Pokric et al. reported the separation of Tinolux BBS, a sulfonated mixture of
aluminum phthalocyanines, AlPcS, (Pokric et al., 1999). They were interested in real-
time processing of snapshot data from a CE instrument. Separation was performed using
a 20 mM 3-cyclohexylamino-1-propanesulfonic acid buffer (CAPS), pH 10.5. The peaks
for mono-, di-, tri-, and tetra-sulfonated species were separated within 50 s.

Dixon et al. have reported the separation of sulfonated phthalocyanines (Dixon et
al., 2004). The details are discussed in Section IV of this chapter.

iv. Detection of phthalocyanines.

The overall spectral features of metallophthalocyanines are similar irrespective of
the metal in the macrocycle (Barbosa et al., 1997). The dimer absorbs at 630 nm (Q band)
and the monomer absorbs at 680 nm.

UV-vis detectors and fast scanning detectors have been regularly employed for
the detection of peaks (Tapley, 1995; Barbosa et al., 1997; Schofield & Asaf, 1997;
Conneely et al., 2002). Laser-induce fluorescence detection (LIF) has also been used.
Separation of nine photosensitizer isomers of phthalocyanine tetrasulfonate by CE was
reported using a UV detector set at 214 nm, as well as a LIF detector with excitation at

442/488 nm and emission at 690 nm (Peng et al., 2005a). The separation of AlPcS,, was



monitored by a charge coupled device LIF system to achieve high sensitivity (Pokric et

al., 1999).

Section III.
Experiments.
i. Material and methods.

Copper  phthalocyanine-3,4',4",4"-tetrasulfonic ~ acid  tetrasodium  salt
[CuPcS(3444)] was from Aldrich (St. Louis, MO). Copper phthalocyanine-4,4',4",4"-
tetrasulfonic acid [CuPcS(4444)] was obtained from Fluka (St. Louis, MO). Sulfonated
zinc phthalocyanine, (ZnPcS4) and sulfonated nickel phthalocyanine (NiPcS4) were from
Frontier Scientific (Logan, UT). Sulfonated phthalocyanine was available made via the
Weber-Busch synthesis method (PcS4-WB) and via sulfonation of phthalocyanine (PcS4-

S) (Midcentury Chemicals, Chicago, IL).

A stock solution of each compound was prepared in deionized water. The stock
solutions were diluted 10- and 100-fold for capillary electrophoresis (CE) separations.
The CE separations were conducted under two pH conditions, pH 9.0 (10 mM KH,POg4
buffer) and pH 2.5 (50 mM Na,HPO, buffer). The details of the CE experiments are

discussed in Section IV of this chapter.

The concentration of each stock solution was determined via UV-vis
spectroscopy. The extinction coefficients (¢) used for determining the concentrations
were: 9.98 x 10* M'em™ in 50% ethanol-water mixture for PcS at 697 nm (Reynolds &

Kolstad, 1976), 1.47 x 10° M"'em™ at 677 nm in DMSO for CuPcS(3444) (Zelina &



10

Rusling, 1995), 1.77 x 10° M'em™ at 673 nm in 20% THF-water mixture for ZnPcS4
(Rajendiran & Santhanalakshmi, 2002), and 1.03 x 10’ M'em™ at 658 nm in 50%
ethanol-water mixture for NiPcS4 (Amaral & Politi, 1997). From the stock solution in
water, dilutions were made in the specified solvents and in water. From the absorbances

in solvents, concentrations were calculated in water.

ii. Results and discussion.

CE electropherograms were recorded over a concentration range of 107 - 10° M
to observe any differences in CE peak pattern due to aggregation of the phthalocyanine at
higher concentrations. Herein, is discussed the CE data at the highest and lowest
concentrations of the phthalocyanines, unless stated otherwise. The migration time
increased with an increase in the buffer concentration and decreased with an increase in
the pH of the buffer (data not shown). The data was collected at ~ 350 nm, the B-band or
Soret region. The peaks intensities are weaker in this region compared to those in the Q-
band region (~ 670 - 680 nm). The aggregated phthalocyanines absorb in the 620 - 630
nm region. In the presence of aggregates, the intensities of the peaks in the B-band region
(~ 350 nm) are comparable to the intensities of the peaks in the aggregate region (620 -
630 nm) (Zelina & Rusling, 1995). The 260 nm region can be monitored for the presence
of impurities (Barbosa et al., 1997). For most of the phthalocyanines a significant number

of peaks were observed in this region.
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The UV-vis spectra of the compounds were recorded under the same conditions as
used for the CE separations, i.e., at the same concentration of the phthalocyanine, and in
the same buffers. The UV-vis spectra indicated that the compounds were in the
aggregated form under the CE separation conditions. Various solvents (reported in

literature) were used to study the monomeric forms.

a. Analysis of CuPcS4(3444) and CuPcS4(4444).

These two commercially available compounds were tested for HIV activity (in the
labortory of Dr. Compans). The name CuPcS(3444) indicates that three of the four
sulfonic acids are at the 4-position of the phenyl rings and one is at the 3-position. The
name CuPcS(4444) indicates that all four sulfonic acids are at the 4-position of the
phenyl rings. The “3444” isomer was much more active than the “4444” isomer. Because
the “3444” compound also had very low toxicity, it was, for a time, considered as a
possible therapeutic candidate. In view of the possible therapeutic use of one of these
compounds, it was important to have a detailed understanding of the structural
differences. Given the names, these two structures should have differed only in the

position of a sulfonic acid group on one of the phthalocyanine rings.

1. CuPcS4(3444).

Under pH 9.0 (10 mM KH,PO, buffer) separation conditions, a 3.58 x 10° M
solution of CuPcS(3444) gave four major peaks appearing between 11 and 14 min

(Figure 1.5a). A 4.25 x 10° M solution showed a single sharp peak at ~ 13 min and a
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few small and broad peaks (Figure 1.5b). The electropherogram at 260 nm showed many

peaks between 2.5 and 5 min (data not shown).

Under pH 2.5 (50 mM Na,HPO, buffer) separation conditions, a 3.58 x 10° M
solution of CuPcS(3444) showed a broad unresolved peak at 6 min and a very short peak
at ~ 7 min (Figure 1.5¢). A 4.25 x 10 M solution showed a single sharp peak at ~ 6 min,

in a broad plateau region from 5 to 9 min (Figure 1.5d).

The four CE peaks at the high concentration of 3.58 x 10° M CuPcS(3444), under
pH 9.0 (10 mM KH,PO, buffer) separation conditions, could be due to aggregation,
isomers, and/or due to the presence of other components in the compound. Because the
electropherograms change significantly as the concentration of the compound changes
under high pH separation conditions, the 3.58 x 10~ M solution of CuPcS(3444) might be

aggregated under high pH conditions.

In DMSO, the UV-vis spectra of both the solutions, 3.58 x 10> M and 4.25 x 107
M, of CuPcS(3444) had a monomer/dimer peak ratio of 6, indicating that either there is
no or only slight aggregation in the presence of DMSO (data shown in Section IV of this
chapter). UV-vis spectra were taken over the concentration range of 4.7 x 107 - 1.45 x
10° M, to see the change in spectra with concentration (data not shown). In DMSO,

Beer’s law was followed over the entire concentration range studied.
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2. CuPcS4(4444).

A stock solution of CuPcS(4444) was prepared in deionized water to give a
theoretical concentration of ~ 2.5 x 10 M. Under pH 9.0 (10 mM KH,PO, buffer)
separation conditions, the stock solution gave a single peak centered at ~ 8 min (Figure
1.6a). A 2-fold diluted solution of CuPcS(4444) (theoretical concentration of ~ 1.3 x 107
M) gave a peak at ~ 7 min (Figure 1.6b). The 10-fold diluted solution was too dilute to
give an appreciable signal (data not shown). The profiles at 260 nm showed peaks

between 2.5 and 5 min, indicating presence of impurities (data not shown).

Under pH 2.5 (50 mM Na,HPO, buffer) separation conditions, the stock solution
(~ 2.5 x 10 M) gave a sharp and tall peak and a very short shoulder peak at ~ 7 min
(Figure 1.6¢c). The 4-fold diluted solution (theoretical concentration of ~ 6.3 x 10™ M)
also gave a sharp peak at ~ 7 min (Figure 1.6d). The 10-fold diluted solution was too
dilute to give an appreciable signal (data not shown). The profiles at 260 nm showed

additional peaks between 5 and 10 min (data not shown).

The UV-vis spectra of a micromolar solution of CuPcS(4444) in DMSO showed a
significant amount of a dimer band over the region of 550 - 650 nm (data shown in
Section IV of this chapter). The monomer/dimer peak ratio increased as the concentration

of the compound was lowered, indicating less aggregation at lower concentrations.

Comparing the capillary electropherograms of CuPcS(3444) and CuPcS(4444), it

can be observed that they were very different, with the former having significantly longer
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migration time, consistent with a higher net negative charge. Later work on the mass
spectrometry of these systems showed that the putative tetrasulfonated CuPcS(4444) had,
in fact, significantly fewer than four sulfonic acid groups on each phthalocyanine

macrocycle (data shown and discussed in Section IV of this chapter).

b. Analysis of ZnPcS4.

Under pH 9.0 (10 mM KH,PO, buffer) separation conditions, a solution of 1.05 x
10* M ZnPcS4 gave a broad, short peak centered at ~ 8 min and two short peaks between
11 and 13 min (Figure 1.7a). A solution of 9.01 x 10 M ZnPcS4 was too dilute to give
an appreciable signal (data not shown). The electropherograms at 260 nm showed many

additional peaks between 2.5 and 5 min (data not shown).

Under pH 2.5 (50 mM Na,HPO, buffer) separation conditions, a 4.26 x 10* M
ZnPcS4 solution gave unresolved peaks between 5 and 9 min (Figure 1.7b). A 9.01 x 10
> M solution gave a short and broad peak at 6.5 min (data not shown). The profiles at 260

nm showed a few additional peaks appropriate for impurities (data not shown).

The capillary electropherograms of ZnPcS4 showed that the resolution was
somewhat better at pH 9.0 than at pH 2.5, that is, the bands appeared over 8 min at pH
9.0 but only over ~ 3 min at pH 2.5. The breadth of the peaks indicated that the

compound was aggregated under the CE conditions used.

To study the monomeric form of ZnPcS4, spectra were taken in 20% THF/H,O0,

as reported in literature (Rajendiran & Santhanalakshmi, 2002) (data not shown). The
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UV-vis spectra of ZnPcS4 in 20% THF/H,O showed a sharp monomeric band at ~ 675
nm, with a hint of a shoulder at ~ 610 nm for both the above mentioned concentrations,
1.05 x 10* M and 9.01 x 10 M. UV-vis spectra were taken over the concentration range
of 9.8 x 107 - 1.45 x 10” M to see the change in spectra with concentration (data not
shown). Beer’s law was followed only in the concentration range of 107 - 10° M of the

total concentration range studied.

c. Analysis of NiPcS4.

Under pH 9.0 (10 mM KH,POj, buffer) separation conditions, a 2.82 x 10° M
solution of NiPcS4 showed a very broad peak between 7 and 12 min, centered at ~ 10
min (Figure 1.8a). A 7.05 x 10* M solution of NiPcS4 (4-fold dilution of the first
solution) showed a broad peak between 7 and 11 min (data not shown). The

electropherogram at 260 nm showed very few additional peaks (data not shown).

Under pH 2.5 (50 mM Na,HPO, buffer) separation conditions, a solution of
2.82 x 10° M NiPcS4 gave a sharp tall peak between 5 and 8 min, centered at ~ 7 min
(Figure 1.8b). A solution of 3.08 x 10” M also gave a single broad peak between 4 and
8.0 min, centered at ~ 7 min (data not shown). The profiles at 260 nm showed very few
peaks (data not shown). The single band observed in the CE electropherograms, under

both the separation conditions, might indicate that NiPcS4 was aggregated.

The UV-vis spectra of NiPcS4 are shown in Figure 1.9. The spectra in water and

in pH 9.0 buffer were almost identical, with a peak at 654 nm, the monomer peak
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(Amaral & Politi, 1997) and a shoulder peak at 620 nm, the dimer peak (Zelina &
Rusling, 1995) (Figure 1.9a and 1.9¢). The ratio of the monomer (654 nm) and dimer
(620 nm) peaks was 1.22 and 1.33, in water and in the pH 9.0 buffer, respectively. In pH
2.5 buffer, the main peak was seen at 620 nm and a shoulder peak at 650 nm (Figure
1.9d). The ratio of the absorbances at 650 and 620 nm was 0.85. At low pH (2.5) and
high salt concentration (50 mM Na,HPO4) more aggregation was seen, as the peaks
appearing in the region 620 to 640 nm are due to aggregates. In a 50% ethanol/H,O
mixture a peak was seen at ~ 663 nm and a shoulder peak at 597 nm, indicating that the
compound was largely monomeric in this solvent (Figure 1.9b). UV-vis spectra were
taken over the concentration range of 3.7 x 107 - 1.2 x 10™ M to see the change in spectra
with concentration for NiPcS4 solutions in 50% ethanol/H,O (data not shown). Beer’s

law was followed over the total concentration range studied.

d. Analysis of PcS [synthesized via sulfonation method (PcS4-S) and via

condensation method or the Weber-Busch (PcS4-WB) method]

Under pH 9.0 (10 mM KH,PO, buffer) separation conditions, a solution of 1.46 x
10° M PcS4-S, made via the sulfonation method, showed a small broad peak at ~ 9 min
and a larger broad peak at ~ 12 min (Figure 1.10a). A solution of 1.73 x 10~ M showed

sharper peaks at approximately the same migration time (Figure 1.10b).

Under pH 2.5 (50 mM Na,HPO, buffer) separation conditions, a 1.46 x 102 M
solution of PcS4-S gave a single, relatively sharp peak at ~ 7 min, with a hint of a

shoulder (Figure 1.11a). A 1.73 x 10~ M solution showed a single sharp peak at 6 min
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(data not shown). The profiles at 260 nm showed no additional peaks appropriate for

impurities (data not shown).

PcS4-WB, made via WB method, had similar electropherograms to that of PcS4-
S. Under pH 9.0 (10 mM KH,PO, buffer) separation conditions, a solution of 3.78 x 10
M of PcS4-WB showed a single broad peak at ~ 10 min (Figure 1.10c). A solution of
1.58 x 10° M PcS4-WB showed a narrower peak at ~ 11 min (Figure 1.10d). The
profiles at 260 nm showed no additional peaks (data not shown). A 1.51 x 10™ M solution

was too dilute to give an appreciable signal (data not shown).

Under pH 2.5 (50 mM Na,HPO, buffer) separation conditions, a solution of
3.78 x 10 M PcS4-WB gave a tall peak at ~ 7 min (Figure 1.11b). A 1.58 x 10° M
solution showed a sharp peak at approximately the same time (data not shown). The

profiles at 260 nm showed no additional peaks (data not shown).

UV-vis spectra of PcS4-S and PcS4-WB were essentially the same in all the four
solvents mentioned below. The UV-vis spectra of PcS4-S are shown in Figure 1.12 (data
not shown for PcS4-WB). The spectra in water and in pH 9.0 and pH 2.5 buffers showed
a broad band centered at ~ 625 nm. In a 50% ethanol/H,O mixture, two bands were seen
at 694 and 659 nm. These bands are due to the monomeric species (Reynolds & Kolstad,
1976). The absence of the sharp band at 694 nm in water or in the two buffers, pH 9.0

and pH 2.5, indicated that PcS4-S was mainly aggregated.
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UV-vis spectra of PcS4-S and PcS4-WB were taken at concentrations which
would give the optical absorbances similar to those observed in CE separations. The UV-
vis spectra indicated that PcS4-S and PcS4-WB were aggregated under the CE separation

conditions, at pH 9.0, as well as at pH 2.5.

Section IV.

Characterization of sulfonated phthalocyanines by mass spectrometry and capillary
electrophoresis

Journal of Porphyrins and Phthalocyanines, 2004, vol. 8, pp. 1300 - 1310.
Dabney W. Dixon, Anila F. Gill and Brian R. Sook

Department of Chemistry, Georgia State University, Atlanta, GA 30303.

Abstract

We report the characterization of sulfonated phthalocyanines using capillary
electrophoresis and mass spectrometry. Derivatives investigated included the copper,
cobalt, zinc and metal-free sulfonated phthalocyanines. In general, sulfonated
phthalocyanines were found as aggregates in capillary electrophoresis separations, even
at low concentration. Separations were much better at pH 9.0 than at pH 2.5. The
addition of B-cyclodextrin did not alter the electropherograms significantly. The
electropherograms of commercially available copper phthalocyanine-3,4'4",4"-
tetrasulfonic acid and 4,4',4",4"-tetrasulfonic acid were very different, consistent with the

latter compound having a structure that is not fully sulfonated. Matrix-assisted laser
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desorption/ionization (MALDI) and electrospray ionization (ESI) were used to
characterize the sulfonated phthalocyanines. In general, MALDI gave better results than
ESI. Mass spectral evidence was obtained for a pentasulfonated species of both the
metal-free phthalocyanine and zinc phthalocyanine when these species were made by
sulfonation of the metal-free phthalocyanine (followed by zinc insertion in the latter
case). Sulfonated tetraphenylporphyrin derivatives were used as standards for mass
spectrometry and to estimate the effect of net charge on the capillary electrophoresis
migration time for sulfonated tetrapyrroles. Clean separation of the sulfonated
tetraphenylporphyrin ~ derivatives [5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin
(TPPS4); 5,10,15-tris(4-sulfonatophenyl)-20-phenylporphyrin (TPPS3); and 5,10-bis(4-
sulfonatophenyl)-15,20-diphenylporphyrin (TPPS2a)] was observed by capillary

electrophoresis.

Introduction.

Sulfonated phthalocyanines (PcS) are under increasing consideration as
therapeutic agents. Phthalocyanines have been used clinically as photodynamic agents in
chemotherapy (Wainwright, 1996; Phillips, 1997; Sobolev et al., 2000; Allen et al., 2001,
Tedesco et al.,, 2003). The most widely studied phthalocyanines for photodynamic
therapy are the aluminum sulfonated phthalocyanines (AlPcSn) (Stranadko et al., 1999;
Allen et al., 2001). The sulfonated zinc phthalocyanines have also been the focus of
significant study (Brasseur et al., 1988; Fingar et al., 1993; Margaron et al., 1996; Howe

& Zhang, 1997; Howe & Zhang, 1998; Halkiotis et al., 1999; Tabata et al., 2000).
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Photodynamic treatment with phthalocyanines has been investigated for decontamination
of red blood cell concentrates for transfusion (Ben-Hur et al., 1997; Wainwright, 2002).

Other recent studies have found that sulfonated phthalocyanines have biological
activity that is not dependent on the photosensitization characteristics of the
phthalocyanine. For example, the tetrasulfonated phthalocyanine without a central metal
(PcS4) has been shown to inhibit transmissible spongiform encephalopathies (Priola et
al., 2000). We have shown that sulfonated phthalocyanines have significant activity
against vaccinia (Chen-Collins et al., 2003).

Studies in our laboratories also have shown that some commercially available
sulfonated phthalocyanines have significant activity against the human
immunodeficiency virus (HIV-1) (Vzorov et al., 2003). For the sulfonated zinc
phthalocyanines, little difference in activity was observed as a function of the level of
sulfonation of the material. For the sulfonated copper phthalocyanines, copper
phthalocyanine-3,4',4",4"-tetrasulfonic acid tetrasodium salt [CuPcS(3444), the 1,9,16,23
isomer] was more active than copper phthalocyanine-4,4',4",4"-tetrasulfonic acid
tetrasodium salt [CuPcS(4444), the 2,9,16,23 isomer] (Vzorov et al., 2003). These two
structures ostensibly differ only in the position of a sulfonate on one of the
phthalocyanine rings. Because there was no clear correlation between activity and the
ostensible extent and position of sulfonation, we have characterized the molecular
structure of these phthalocyanines in more detail. Specifically, we have studied copper,
cobalt, zinc and metal-free sulfonated phthalocyanines using capillary electrophoresis

(CE) and both matrix-assisted laser desorption/ionization (MALDI) and electrospray
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ionization (ESI) mass spectrometry. Some compounds were made using the Weber-
Busch template synthesis (WB) (Weber & Busch, 1965), which is expected to give a
phthalocyanine with four sulfonic acid groups. Others were made via sulfonation of the
parent phthalocyanine; these may be mixtures of products with various extents of
sulfonation.  Sulfonated tetraphenylporphyrin (TPPS,) derivatives were used for
comparison of capillary electrophoresis migration times and mass spectral fragmentation

patterns.

Experimental.

Phthalocyanines and Porphyrins.

Sulfonated phthalocyanine was available via the Weber-Busch synthesis (PcS4-
WB) (Weber & Busch, 1965) and via sulfonation of phthalocyanine (PcS4-S)
(Midcentury Chemicals, Chicago, IL). Co(I)PcS4, made via the Weber-Busch synthesis,
was a gift from Dr. Jerry Bommer (Frontier Scientific, Logan, UT). Copper
phthalocyanine-3,4',4",4"-tetrasulfonic acid tetrasodium salt [CuPcS(3444)] was obtained
from Aldrich (St. Louis, MO). Copper phthalocyanine-4,4',4",4"-tetrasulfonic acid
[CuPcS(4444)] was obtained from Fluka (St. Louis, MO). Sulfonated zinc
phthalocyanines, synthesized either via the Weber-Busch procedure (ZnPcS4-WB) or via
zinc insertion into sulfonated phthalocyanine (ZnPcS4-I), were also gifts from Dr.
Bommer. Sulfonated zinc phthalocyanine was also available in a less sulfonated form

from Midcentury (ZnPcS3). The sulfonated tetraphenylporphyrins (TPPS;) used were
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TPPS2a (Frontier Scientific), TPPS3 (Midcentury) and TPPS4 (Aldrich). Ethylene-

diaminetetraacetic acid (EDTA, Aldrich) was added to some samples.

Capillary Electrophoresis.

Capillary electrophoresis was performed on a Beckman P/ACE 5500 series with
Beckman Gold chromatography software and a Beckman diode array detector. A fused
silica capillary column (Beckman, 375 pm o.d., 75 pm i.d., 57 cm overall, 50 cm to
detector) was built in an eCAP capillary cartridge (Beckman, 100 x 800 pm aperture).
Phosphate buffers were prepared by dissolving NaH,PO4, Na,HPO4 or KH,PO4 in
deionized water and adjusting the solution to the desired pH with phosphoric acid, NaOH
or KOH. All running solutions were filtered through a 0.2 um membrane filter (FP-200,
Gelman Science Inc., Ann Arbor, MI) before use.

New capillary columns were rinsed with 1.0 M sodium hydroxide for 1 h, then
with deionized water for 20 min, then with running buffer for 30 min. The capillary
column was regenerated between runs with 0.1 M sodium hydroxide for 5 min, then with
deionized water for 5 - 15 min, then with the running buffer for 10 min. A sample
solution was prepared by dissolving a small amount of the porphyrin or phthalocyanine
(1 - 2 mg) in deionized water (0.5 mL). Further dilutions were done in water.

Separations were performed with normal polarity from the inlet vial (anode) to the
outlet vial (cathode) for high pH and reverse polarity for low pH separations. Pressure
injections of 6 s were used. Voltages were chosen in the range of 20 - 30 kV. The

column temperature was approximately 24 °C.
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Mass Spectrometry.

Electrospray ionization experiments were performed using a Finnegan MAT (San
Jose, CA) LCQ quadrupole ion trap mass spectrometer in positive mode, and the mass
range scanned was 200 - 2000 Da. Samples were prepared by taking approximately 3 mg
of sample and dissolving in 200 uL. MeOH. The solution was then diluted 10-fold with
0.5% acetic acid and 50:50 H,O:MeOH. The spray voltage was 4.5 kV and the flow rate
was 3 pL/minute. For MS", the collision energy was 60%. Negative ion mode
electrospray analysis of porphyrins was also performed on a Micromass Quattro LC triple
quadrupole instrument (Beverly, MA) with Ar as the collision gas and a collision voltage
of 60 V.

MALDI experiments were performed using an ABI Voyager DE-Pro (Applied
Biosystems, Warrington, UK) MALDI reflectron time-of-flight spectrometer. The mass
range scanned was 200 - 4000 Da in positive and negative modes. Some samples were
run with 2.,4,6-trihydroxyacetophenone (THAP) and EDTA as the matrix. The THAP
matrix was prepared as a 10 mg/ml solution in 50:50 mixture of 0.14 M EDTA in H,O
and acetonitrile. The sample was dissolved in MeOH (0.5 mg/ml). The sample solution
was mixed with the matrix solution in a 1:20 ratio and the resulting solution spotted on
the MALDI target plate. Some samples were run with a-cyano-4-hydroxycinnamic acid
(CHCA) as the matrix. CHCA was prepared at 10 mg/ml in a 50:50 mixture of MeOH
and acetonitrile. The sample was dissolved in MeOH (0.5 mg/ml) and mixed with

CHCA. The sample solution was mixed with the matrix solution in a 1:20 ratio and
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spotted on the MALDI target plate. Throughout the text, peaks are rounded to the nearest

unit.

Sulfonation of 5,10,15,20-tetra(2-naphthyl)porphyrin.

The porphyrin was synthesized following the literature (Rocha Gonsalves et al.,
1991). Sulfonation was performed following the procedure of Sutter et al. (Sutter et al.,
1993). 5,10,15,20-Tetra(2-naphthyl)porphyrin (200 mg, 0.24 mmol) was added to 5 ml
of concentrated sulfuric acid (Aldrich). The reaction mixture was heated at 100 °C for 20
h. Ice was added to the green mixture. The acid was neutralized carefully by the
addition of 50% NaOH solution and ice until the color turned red (caution, very
exothermic, keep the flask on ice and add the NaOH very slowly). The pH of the solution
was adjusted to 7. The liquid was evaporated under vacuum. The resulting solid was
pulverized and the sulfonated porphyrin was extracted into methanol with a Soxhlet
apparatus for approximately 24 h. Evaporation of the solvent gave solid material that
was purified by a Sephadex LH-20 (Pharmacia) column (6 g of Sephadex for 100 mg of
porphyrin) using methanol as the eluent. The column was prepared by putting the
Sephadex in methanol and was used immediately. The purple-colored band (continuous,

streaking) was collected and evaporated to obtain the desired product (T2NapS).
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Results.

Sulfonated Tetraphenylporphyrins.

Initial background studies were performed with sulfonated tetraphenylporphyrins.
Partial sulfonation of TPP gives a mixture of sulfonated derivatives (all sulfonic acids in
the 4-position): the monosulfonated (TPPS1), disulfonated (adjacent, TPPS2a and
opposite, TPPS20), trisulfonated (TPPS3) and tetrasulfonated (TPPS4) derivatives.
These compounds, which can be cleanly separated by column chromatography on silica
C-18 (Sutter et al., 1993; Rubires et al., 1999) or pyridine-chloroform-water on silica gel
(Winkelman et al., 1967; Fleischer et al., 1971; Zhang et al., 2003), are commercially
available. Because these compounds can be isolated as individual pure species, they can
be used as standards to assess the fragmentation patterns of sulfonated tetrapyrroles.

The negative ion mode MALDI spectrum of TPPS4 (M°, CHCA) showed the
molecular ion at 934 Da, with the mono-, di-, tri-, and tetrasodium salts at intervals of
+22 Da. No peaks corresponding to loss of SO, (870) or SO3 (854) were observed. The
negative ion MALDI spectrum of TPPS3 (CHCA) also gave a clean molecular ion, again
with no loss of SO, or SO;.

The positive ion mode ESI spectrum of TPPS4 showed the molecular ion at 935
(M+H") Da, with the mono-, di-, tri-, and tetrasodium salts at intervals of +22 Da. There
was no peak at 855 Da, indicating that TPPS4 did not lose SO;. MS/MS analysis of the
935 Da peak showed loss of SO, (871), SO;3 (855) and PhSO; (778). MS? analysis of the
855 fragment showed loss of SO, (791), SO; (775) and a peak at 711 which might be

attributed to loss of both SO, and SO;. In the negative ion mode ESI spectra, TPPS4,



26

TPPS3, TPPS2a and TPPS2o0 all showed only very small peaks for the molecular ions; by
far the most prominent peaks were for the doubly charged ions. The spectra of TPPS20
and TPPS2a were identical. MS/MS of the 386 [(M-2H+)'2] peaks of TPPS2a and
TPPS20 were also identical, with the largest peaks for loss of SO3 and SOz + SO,.

The TPPSn isomers were also used as standards for capillary electrophoresis
separation. TPPS2a, TPPS3 and TPPS4 separated by capillary electrophoresis at pH 9.0
with migration times of 4.0, 5.0, and 6.4 min, respectively, both individually and in a
mixture of all three (Figure 1.13).

As an example of a more complicated system, the sulfonation product of
5,10,15,20-tetra(2-naphthyl)porphyrin  T2NapS was studied. Sulfonation with
concentrated sulfuric acid at 100 °C for 20 h gave a number of products, as shown by a
series of peaks in the CE. The negative ion MALDI (CHCA) showed the tetrasulfonic
acid (1134) and its mono-, di-, and trisodium salts as well as the pentasulfonic acid
(1214) and its mono-, di-, tri-, and tetrasodium salts (Figure 1.14A).

A dimer of the tetrasulfonic acid with three sodium ions was seen starting at 2334,
with salts bearing 4, 5, 6, and 7 sodium ions at increments of +22 (Figure 1.14B).
Smaller peaks attributable to the dimer of the pentasulfonic acid with five sodium ions
centered at around 2539 with salts bearing 6, 7, 8, and 9 sodium ions were also seen.
Finally, a heterodimer of the tetrasulfonic/pentasulfonic acid with four sodium ions was

seen centered at 2437, with salts bearing 5, 6, 7 and 8 sodium ions at increments of +22.
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Sulfonated Phthalocyanine.

PcS4-WB (synthesized via the Weber-Busch process) and PcS4-S (synthesized
via sulfonation of phthalocyanine) each appeared as one peak by capillary
electrophoresis, eluting at 11 min (pH 9). Because sulfonated phthalocyanines aggregate
easily, aggregation was assessed by taking the UV/vis spectra at optical absorbances very
similar to those in the CE experiments. PcS4-WB and PcS4-S in water, pH 2.5 buffer
and pH 9.0 buffer all showed a broad band between 550 and 750 nm with a A« at about
640 nm and a shoulder at about 655 nm. The peak at shorter wavelengths has been
ascribed to an aggregated form (Reynolds & Kolstad, 1976), indicating that these species
are largely aggregated under CE conditions.

The negative ion MALDI mass spectrum (THAP) of PcS4-WB showed the
molecular ion at 834 (M") Da as well as the mono-, di-, tri-, and tetrasodium salts
(Figure 1.15A). A peak at 754 was seen, corresponding to loss of sulfonate. Throughout
this work we assume that phthalocyanines synthesized via the Weber-Busch procedure
are the tetrasulfonates, though trisulfonates present in the product would give the same
mass spectrum as loss of SO; in the mass spectrometer itself. No peak at 770,
corresponding to loss of SO,, was observed. Spectra with CHCA, CHCA/EDTA and
THAP/EDTA were generally similar. No peaks attributable to dimers or trimers were
seen (CHCA/EDTA or THAP/EDTA).

The negative ion MALDI mass spectrum (CHCA) of PcS4-S showed the
molecular ion at 834 Da as well as the mono-, di-, and trisodium salts (Figure 1.15B).

Of interest were peaks at 911 - 914 Da, appropriate for the pentasulfonated
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phthalocyanine (M of 914). Peaks at 933 - 936 Da appropriate for the monosodium salt
of the pentasulfonated species were also seen. The peak at 779 is most likely a matrix
artifact, as it was generally observed in compounds tested under these conditions. In
positive ion mode, the most prominent peaks in the spectrum were that of the

pentasulfonic acid and its four sodium salts.

Sulfonated Cobalt Phthalocyanine.

CoPcS4-WB (synthesized via the Weber-Busch process) was studied using
negative ion mode MALDI mass spectrometry (CHCA, Figure 1.16). The molecular ion
(891, M) and its mono- and disodium (935) salts were seen. Small peaks were observed
for loss of SO, and loss of SO; (827 and 811 Da, respectively). The dimer was also
observed at 1782 Da [(2M)”]. The spectrum in THAP/EDTA was very similar to that in

CHCA, with an additional small peak attributed to the trimer.

Sulfonated Zinc Phthalocyanine.

Three forms of sulfonated zinc phthalocyanine were studied, that made via
Weber-Busch synthesis (ZnPcS4-WB) and two samples made via sulfonation of
phthalocyanine. One of the latter was a mixture with an average of less than four
sulfonates per molecule (ZnPcS3) and the other was a mixture with an average of about
four sulfonates per molecule, made by sulfonation of the metal-free phthalocyanine,
followed by insertion of zinc (ZnPcS4-1). The CE of ZnPcS3 (2.5 x 107 M) at pH 9.0

showed a series of sharp peaks from 7 to 14 min (Figure 1.17). This separation was
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substantially better than that at pH 2.5. The addition of B-cyclodextrin made very little
difference in the electropherogram. The electropherograms of ZnPcS4-1 and ZnPcS4-
WB were very different from those of ZnPcS3. At an injection concentration of
approximately 2.5 x 10* M, the electropherograms of ZnPcS4-I and ZnPcS4-WB were
dominated by a single broad peak which appeared at about 10 min. The substantial
difference between the electropherograms of ZnPcS3, and ZnPcS4-1 and ZnPcS4-WB
might be due to differential aggregation of the samples. Previous studies have shown that
the presence of many isomers in a ZnPcSn mixture reduces the tendency to aggregate;
ZnPcSn mixtures averaging 3-4 sulfonates are generally less aggregated than ZnPcS4
(Brasseur et al., 1987; Martin et al., 1991; Rajendiran & Santhanalakshmi, 2002;
Kuznetsova et al., 2003). Aggregation was assessed by taking the UV/vis spectra at
optical absorbances very similar to those in the CE experiments. ZnPcS4-I and ZnPcS4-
WB in pH 9.0 buffer both showed a broad band between 550 and 750 nm with a A,y at
about 630 nm and a shoulder at about 675 nm. The peak at shorter wavelengths has been
ascribed to an aggregated form (Brasseur et al., 1987; Martin et al., 1991; Spikes et al.,
1995; Rajendiran & Santhanalakshmi, 2002), indicating that these compounds were
largely aggregated under CE conditions. The UV/vis spectra of ZnPcS3 in water, in
buffers at pH 9.0 and 2.5, and in DMSO were all essentially the same, with a major band
at approximately 675 nm; this has been previously identified as the spectrum of the
monomeric form of ZnPcS3 (Brasseur et al., 1987; Martin et al., 1991; Rajendiran &
Santhanalakshmi, 2002). Thus, it appears that ZnPcS3 is not aggregated under CE

conditions.
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In the negative ion mode MALDI (CHCA/EDTA), ZnPcS4-WB showed the
molecular ion (896 Da, M"), as well as the mono- and disodium salts (Figure 1.18). An
intense peak ascribed to loss of SO; was also seen (816 Da). The spectrum in CHCA
without EDTA was not as clear. The spectrum in the THAP/EDTA matrix was similar to
that in CHCA/EDTA, except that no loss of SO3; was seen.

ZnPcS4-1I (negative ion mode, CHCA) showed the molecular ion, as well as the
mono- and disodium salts (Figure 1.19). Small peaks attributable to loss of SO, and SO3
were seen (832 and 816 Da). A series of peaks between 972 and 979 were appropriate
for a pentasulfonated species (M at 976 Da). The monosodium salt was also seen. A
dimer of the tetrasulfonic acid was seen at approximately 1792, with the mono-, di-, and
trisodium salts (Figure 1.20). Small peaks attributable to the dimer of the pentasulfonic
acid at around 1952 with the mono- and disodium salts were also seen. Finally, a
heterodimer of the tetrasulfonic/pentasulfonic acid was seen at approximately 1872, with
the mono-, di-, and trisodium salts. A few very small peaks attributable to dianionic
dimers were seen, e.g., 929 [(tetrasulfonic acid dimer + 3 Na)?] and 776 [(tetrasulfonic
acid dimer — 3 SO;)?]. These peaks are differentiable from those due to monomeric
phthalocyanine species because they have added or lost an uneven number of at least one
molecular group from the dimer (e.g., addition of 3 Na or loss of 3 SO; giving the
appearance of the addition of 1.5 Na or loss of 1.5 SOj;, respectively). With
THAP/EDTA as the matrix, ZnPcS4-I showed peaks at 896 and 918, appropriate for the
molecular ion and the corresponding monosodium salt, respectively. A peak for loss of

SO, from the tetrasulfonic acid was seen. As for the spectra with CHCA as a matrix, a
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peak appropriate for the pentasulfonic acid was observed. Running the sample with
added Na,SO4 in the matrix (CHCA, negative ion mode) did not change the relative
intensity of the peaks, consistent with the assignment of the peak attributed to the
pentasulfonic acid as the molecular species, rather than a salt of the tetrasulfonated

phthalocyanine and sulfate.

Sulfonated Copper Phthalocyanine.

CuPcS(3444) and CuPcS(4444) were compared using both CE and mass
spectrometry. Capillary electrophoresis of CuPcS(3444) showed a major peak eluting at
9.5 min (Figure 1.21A). The UV/vis spectra of CuPcS(3444) in water and in buffer
(Figure 1.22) at pH 9.0 were essentially the same with bands at 660 nm attributed to the
monomer and 625 nm attributed to the aggregated form (Zelina et al., 1999).
CuPcS(3444) in DMSO was quite different than that in aqueous solution, with a major
band at approximately 675 nm (Figure 1.22A); Rusling has proposed that the compound
is entirely monomeric in DMSO (Zelina et al., 1999). Capillary electrophoresis of
CuPcS(4444) showed a single, comparatively broad peak, centered at 5.3 min (Figure
1.21B). The UV/vis spectra of CuPcS(4444) in water and in buffer at pH 9.0 were
essentially the same, showing broad bands centered at 605 and 695 nm. In DMSO, the
bands remained very broad, with a short, sharp peak at 672 nm, presumably attributable
to monomeric phthalocyanine (Figure 1.22B). The UV/vis spectra are consistent with

significant aggregation of CuPcS(4444), even in DMSO.
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CuPcS(3444) was studied using positive and negative ion modes with both MALDI
and ESI mass spectrometry. In the positive ion MALDI (CHCA/EDTA), the parent ion
and the mono-, di-, tri-, and tetrasodium species were seen (Figure 1.23). No peaks
corresponding to loss of SO, or SO; were seen. Clear peaks for the dimers and 3 to 7
sodium ions were seen. Peaks were also seen for the trimers with 5 to 10 sodium ions; no
peaks corresponding to the tetramer and its sodium salts were observed. Negative ion
mode MALDI mass spectrometry (CHCA/EDTA) also showed the parent ion, and the
mono-, di-, and trisodium salts, but no loss of SO, or SO;. Clear peaks for the dimers and
1 to 7 sodium ions were seen. No peaks for the trimers were seen with negative ion mode
MALDI. Neither positive nor negative ESI showed the molecular ion.

Mass spectra of CuPcS(4444) were taken using positive and negative ion MALDI
and positive and negative ion ESI. In no case was a peak for the molecular ion observed.
The positive ion MALDI (CHCA) gave peaks which could be attributed to the parent
CuPc (575 Da, no sulfonic acids) and CuPc with one sulfonic acid (655 Da); a small peak
which might be attributable to CuPc with two sulfonic acids was also seen (735 Da).
There was no evidence for trisulfonated or tetrasulfonated species. Negative ion MALDI
(CHCA) did not give a good spectrum. Negative ion MALDI with CHCA/EDTA again
gave a peak that could be attributed to the parent CuPc (no sulfonic acids) but no clear
peaks for any monomeric sulfonated species with a single negative charge. Significant
peaks were also observed for an extensive series of dimers with a net negative charge of -

1 and varying net numbers of sulfonic acid groups and sodium ions. The negative ion
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ESI showed peaks which could be attributed to CuPc, the parent with one sulfonic acid,

and to the doubly charged tetrasulfonic acid species.

Discussion.

Capillary Electrophoresis.

Previous separations of sulfonated phthalocyanines as a function of pH have used
both low (pH 2.5) (Barbosa et al., 1997) and high (pH 9 — 10.5) (Tapley, 1995; Schofield
& Asaf, 1997; Pokric et al., 1999) pH buffers. The studies herein indicate that the
phthalocyanine components are separated substantially more readily at high pH than at
low pH. The addition of B-cyclodextrin (Andrighetto et al., 2000) did not alter the
electropherograms significantly. Schofield and Asaf have previously observed that the
addition of acetonitrile or 10 mM ammonium acetate to a 10 mM KH,PO4 (pH 9.0)
buffer also had little effect on the separation of ZnPcS,, (Schofield & Asaf, 1997).

Sulfonated phthalocyanines are prone to aggregation, even at low concentrations.
This can give electropherograms that depend on the concentration of the phthalocyanine.
It can also give electropherograms that show very little separation of a mixture of
compounds because the individual species in the mixture are aggregated under the
capillary electrophoresis conditions. The propensity of the compounds to stack under CE
conditions was investigated by taking the UV/vis spectrum of the phthalocyanines with
the same buffer and same net absorbance as that found in the capillary electrophoresis
experiments. The optical bands indicated substantial dimer or aggregate for most of the

phthalocyanines. For example, optical spectroscopy indicated that both PcS4-WB and
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PcS4-S were found in the dimer/aggregated state. Both also had very similar capillary
electrophoresis migration times, with a single broad peak, presumably due to the
aggregated mixture. A very similar situation was observed for ZnPcS4-I and ZnPcS4-
WB. Again, optical spectroscopy indicated that both of these phthalocyanines were
found in the dimer/aggregated state and both also had very similar capillary
electrophoresis migration times, with a single broad peak. In contrast, the UV/vis spectra
of ZnPcS3 indicated that this compound was found as the monomer under CE conditions.
The ZnPcS3 sample has a substantial number of components, which reduces aggregation
compared to the more symmetrical ZnPcS4, even though ZnPcS3 has a smaller average
net charge. It has been observed previously that ZnPcS, mixtures averaging 3-4
sulfonates are generally less aggregated than ZnPcS4 (Brasseur et al., 1987; Martin et al.,
1991; Rajendiran & Santhanalakshmi, 2002; Kuznetsova et al., 2003). van Lier and co-
workers have noted that an isomeric mixture of sulfonated phthalocyanines obtained by
sulfonation of zinc phthalocyanine was ten times more active in photosensitization of V-
79 Chinese hamster cells than the homogeneous derivative prepared via the Weber-Busch
synthesis (Brasseur et al., 1988), presumably because the former preparation was more
monomeric.

The difference in the electropherograms of CuPcS(3444) and CuPcS(4444) was
significant. The major peak for CuPcS(3444) appeared at 9.5 min. CuPcS(4444) showed
no peak at this migration time; all the material appeared as a broad peak coming earlier at
5.3 min. The earlier migration time indicates that the average net charge on the

phthalocyanine ring is less than -4. In a capillary electrophoresis study of AlIPcS,, Pokri¢
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et al. observed approximately 50 seconds separation between each of the mono-, di-, tri-,
and tetrasulfonated species (20 mM 3-cyclohexylamino-1-propanesulfonic acid, pH 10.5
buffer) (Pokric et al., 1999). In our study of sulfonated tetraphenylporphyrins, we
observed approximately two minutes separation between TPPS2a, TPPS3 and TPPS4.
These three derivatives are monomeric at optical concentrations (absorbance < 0.1) at pH
values > 7 (Corsini & Herrmann, 1986; Rubires et al., 1999; Zhang et al., 2003). Both
Pokri¢’s data and our data indicate that sulfonated tetrapyrroles can separate cleanly as a
function of net charge in a homologous series. However, our data on the copper and zinc
sulfonated phthalocyanines indicate that the phthalocyanines do not separate cleanly if
they are aggregated.

The difference in the structure of CuPcS(3444) and CuPcS(4444) was also
indicated by their spectra in DMSO. CuPcS(3444) appeared monomeric, with a peak at
675 nm, as reported previously by Rusling and co-workers (Zelina et al., 1999).
CuPcS(4444), in contrast, showed only a small peak attributable to the monomer in
DMSO (672 nm), with the majority of the material giving a broad peak from 500 to 750

nm (Figure 1.22B).

Mass Spectrometry.

Mass spectrometry has been used to characterize sulfonated phthalocyanines. A
number of studies have only reported the parent ion, including those of AIPcS2 via
positive mode secondary ion MS (Beeby et al., 1992); ZnPcS4 via negative ion ESI

(Beeby et al., 2001); trisulfonated phthalocyanines and their zinc chelates via ESI and
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MALDI (Kudrevich et al., 1997); and the alkylammonium salts of various metallo PcS
using ESI (Sanchez et al., 2001). In their characterization of AIPcS2 using negative ion
FAB mass spectrometry, Ambroz observed the parent ion and reported extensive
fragmentation (Ambroz et al., 1991). Bressan and co-workers used positive ion ESI to
characterize Ru(Il) tetrasulfophthalocyanine made via template-catalyzed condensation
(Bressan et al., 2000). They observed the parent tetrasulfonic acid as well as the parent
with one, two, three, and four sodium ions. A peak attributed to five sodium ions was
also observed. Smyth and co-workers have investigated the mass spectrometry of
CuPcS(3444) (Conneely et al., 2001). The ESI spectrum showed the parent ion as a
major peak at 896 and MS" consecutive losses of 64 (SO,), 80 (SO;), 80 (SO3) and 80
(SO3) Da. Electron autodetachment from NiPcS and ZnPcS has been studied by FT-ICR
(Arnold et al., 2003).

Herein, we used positive and negative ion mode ESI and MALDI to characterize
the sulfonated phthalocyanines. In general, negative ion MALDI conditions gave the best
spectra. In all cases, sodium salt peaks were seen. Peaks were often seen for loss of SOs,
and sometimes for loss of SO, as well. Both CHCA and THAP matrices usually gave
good spectra, although often one was better than the other for a given compound. EDTA
served to chelate any dications that might induce aggregation. In a number of cases, the
addition of EDTA gave clearer sodium salt patterns, which helped in interpretation of the
data.

Sulfonated phthalocyanine made via the Weber-Busch procedure (PcS4-WB) and

via sulfonation of phthalocyanine (PcS4-S) showed somewhat different mass spectra.



37

The former was largely the tetrasulfonic acid. The parent peak was at 834 Da, indicating
that this was the radical ion; Smyth and co-workers have observed radical ions in the
mass spectra of sulfonated copper phthalocyanines (Conneely et al., 2001). In contrast to
PcS4-WB, PcS4-S showed peaks appropriate for a pentasulfonic acid, indicating that one
of the peripheral rings on the structure had sulfonated more than once. Although a
previous study has noted mixtures of a sulfonated copper phthalocyanine that seem to
have high levels of sulfonation (Oppenheimer, 1981), this is, to our knowledge, the first
report of mass spectral evidence for a pentasulfonic acid in a mixture of sulfonated
phthalocyanines. Sulfonation of aromatic rings can give species with more than one
sulfonic acid on a given ring (Cerfontain et al., 1994b). Porphyrins with more than one
sulfonic acid per peripheral ring, made via sulfonation of the parent porphyrin, have been
reported (Hoffmann et al., 1990; Sutter et al., 1993; Rocha Gonsalves et al., 1996). It has
been reported that the Weber-Busch synthesis can give phthalocyanines with more than a
total of four sulfonic acids if some of the starting sulfonated phthalic acid derivative
carries two sulfonic acid groups (Sanderson, 2000).

ZnPcS4-WB gave peaks appropriate for the tetrasulfonic acid, as expected
because this molecule was made via template synthesis. ZnPcS4-I also showed peaks for
the tetrasulfonic acid, as well as its dimer. A peak corresponding to loss of 80 Da could
either be loss of SO; from the tetrasulfonic acid, or trisulfonic acid in the mixture. Of
particular interest was a peak that was appropriate for the pentasulfonic acid. This
appeared both as a monomer and as a dimer. A series of peaks appropriate for the mixed

tetrasulfonic/pentasulfonic acid heterodimer was also seen.
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Mass spectrometry was used to compare CuPcS(3444) and CuPcS(4444).
CuPcS(3444) gave a spectrum readily attributed to the copper tetrasulfonated
phthalocyanine. No loss of SO, or SO; was observed in either the positive or negative
ion MALDI. Smyth and co-workers previously observed peaks attributable to the loss of
both SO, and SO; from CuPcS(3444) (Conneely et al., 2001). Our mass spectrometry
conditions appear to result in less fragmentation than those of Smyth and co-workers.

CuPcS(4444) showed a very different mass spectrum than CuPcS(3444). A very
large number of peaks were observed, consistent with dimers bearing various numbers of
sulfonic acids, and the sodium salts corresponding to these species. Thus, the CE, UV/vis
spectroscopy and mass spectrometry are all consistent with the conclusion that
CuPcS(4444) is a mixture of phthalocyanines, dominated by species with fewer than four
sulfonic acids per ring. This mixture is observed in the dimer/aggregated form by
UV/vis, mass spectrometry and CE.

The negative ion MALDI mass spectrum of the sulfonated naphthyl porphyrin
showed peaks appropriate for the tetra- and pentasulfonic acids, as well as their
homodimers and the tetrasulfonic/pentasulfonic acid heterodimer. Small peaks for the
trimers were also observed. Formation of the pentasulfonic acid reflects the ease with
which more than one sulfonic acid can be added to the naphthyl system. Work of
Cerfontain and colleagues has shown that the model compound 2,2'-binaphthalene
sulfonates initially at the 8-position, followed by sulfonation at the 8’ position, and then
at the 6- or 4-positions. Six equivalents of SO; (in CH,Cl, at 22 °C, 40 min) gave only

9% of the species with one sulfonic acid on each ring, 34% of species with a total of three
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sulfonic acids (two on one ring) and 57% of species with a total of four sulfonic acids
(two on both rings) (Cerfontain et al., 1994a). Thus, addition of more than one sulfonic

acid to a naphthyl ring is facile.

Conclusions.

Capillary electrophoresis separation of sulfonated phthalocyanines is substantially
better at high than at low pH. In general, the compounds are aggregated under CE
conditions, making analysis of mixtures of compounds difficult. Using mass
spectrometry, evidence was found for a pentasulfonic acid for molecules synthesized by
sulfonation of phthalocyanine itself (PcS4-S and ZnPcS4-I). Spectra of dimers of the
sulfonated phthalocyanines were useful in characterizing the mixtures. Overall, both ESI
and MALDI are effective for mass spectral characterization of sulfonated

phthalocyanines, with negative mode MALDI usually giving the best data.
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Figure 1.7. Capillary electropherograms of ZnPcS4.

46



absorbance (mAU)

30

257

20 4

Figure 1.8. Capillary electropherograms of NiPcS4.

(a) 10 mM KH,PO,
pH 9.0
2.82x10°M

w

(b) 50 mM NaH,PO4
pH 2.5
2.82x10°M

w

T T T
18 23 28

time (min)

47



48

"$SOJIN JO B1oads SIA-A N "6'[ 2INT1]

(wu) yibusjanem

100
200
YOdH®eN Ww 05 o
G'Z Hd (p)
S00
05 099 088 05k 0%€ 174
. . . . . 000
100
00
£00
"OdHY INW 0L "
06 Hd (9)

S00

052 059 0SS 0S¥ 0s€

000

O°H/10ueye %06 (q)

r oo

Feoo

r €00

F 00

S0°0

0S. 059 0SS 0S¥ 0S€

O°H ()

roLo

rozo

rogo

roro

F 0S50

- 090

r0L0

080

aoueqlosge



49

06 Hd “"Od®H INW (1 ST Jojynq uoneredas oy,
"AM-S2d Pue (S)1Sod Jo swerdoraydono[d Areqide) (11 2in31

(uiw) swn
N -0LX LG} N N cOLXELL ‘
aM-7Sod (p) e S-¥S2d (q)
[0} 14 (o4 Gl oL 0 0¢ GZ 0z Gl ol 0
LG Hv
F 0ol Ly
F Gl 8
roc koL
N ¢-0LX 82°€E N z-0LX 9t | "
gM-Sod (9) S-¥S°d ()

(nyw) @oueqiosge



25

(a) PcS4-S
207 1.46 x102 M
15
10
—_ 51
-] -
<
S 0 :
~ 0 5 10 15 20 25 30
3
c
®© 40
£
S * (b) PcS4-WB
® 3.78 x10° M
20 -
5
0 ‘ ‘ ‘ ‘ ‘
time (min)

Figure 1.11. Capillary electropherograms of PcS4-S and PcS4-WB.
The separation buffer is 50 mM Na,HPO, buffer, pH 2.5.
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Figure 1.13. Capillary electrophoresis separation of TPPS2a (4 min),
TPPS3 (5 min), and TPPS4 (6.4 min), pH 9.0 (= 10 uM porphyrin, 10
mM phosphate buffer, 30 kV).
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Figure 1.15. Negative ion MALDI spectrum of PcS4. Panel A: PcS4-
WB (THAP/EDTA). The parent ion is seen (834), as are the mono-,
di-, tri-, and tetrasodium salts at intervals of +22 and a peak consistent
with loss of SO3 (754). Panel B: PcS4-S (CHCA). The parent ion is
seen (834), as are the mono- and disodium salts. The peaks at 911 -
914 and 933 - 936 are appropriate for the pentasulfonic acid and its
monosodium salt, respectively. Data interpreted by Brian R. Sook.
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Figure 1.16. Negative ion mode MALDI spectrum of CoPcS4
(CHCA). The parent ion is seen (891), as are the dimer (1782)
and peaks consistent with loss of SO, (827) and SO; (811). Data

interpreted by Brian R. Sook.
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Figure 1.17. Capillary electrophoresis separation of ZnPcS3.
Panel A: pH 9.0 (10 mM phosphate bufter, 30 kV). Panel B: pH 2.5
(50 mM phosphate, -20 kV).
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Figure 1.18. Negative ion MALDI spectrum (CHCA/EDTA) of ZnPcS4-WB.
The parent is seen (896) as is the loss of SO3 (816). Data interpreted by Brian R.

Sook.
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Figure 1.19. Negative ion MALDI spectrum (CHCA) of ZnPcS4-1. The region
corresponding to the monomer is shown. The mono- and disodium salts, as well
as losses of SO2 and SO3 from the parent ion, are seen. Peaks at 976 and 998 Da
are consistent with the pentasulfonic acid and its monosodium salt, respectively.

Data interpreted by Brian R. Sook.
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Figure 1.20. Negative ion MALDI spectrum (CHCA/EDTA) of ZnPcS4-1. The region
corresponding to the dimer is shown. Peaks for the homodimers of the tetrasulfonic (¢)
and pentasulfonic acid (A) as well as the heterodimer of the tetrasulfonic/pentasulfonic
acid (m) and their sodium salts are seen. Data interpreted by Brian R. Sook.
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Figure 1.21. Capillary electrophoresis of sulfonated copper
phthalocyanines at pH 9.0 (10 mM phosphate, 30 kV). Panel A:

CuPcS(3444) (~ 2.5 x 10-5 M). Panel B: CuPcS(4444) (~ 2.5 x 10-4 M).
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Figure 1.23. Positive ion mode MALDI of CuPcS(3444) (CHCA/EDTA).
The monomer and its sodium salts are seen (895), as are the dimer salts
(peaks are centered at 1902; this is the 5 sodium salt) and trimer salts
(peaks centered at 2866; this is the 8 sodium salt). Data interpreted by

Brian R. Sook.
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Chapter 2

Insights into Anionic Tetraaryl Porphyrins

In collaborative studies, we observed that a number of sulfonated porphyrins also
had excellent antiviral activity against the human immunodeficiency virus (Vzorov et al.,
2002) and pox virus (Chen-Collins et al., 2003). These compounds had varying levels of
toxicity and viral inhibition activities. Finally a copper chelate of 5,10,15,20-tetra(2-
naphthyl)porphyrin (T2NapS,Cu) was proposed for clinical trials. We performed a
number of studies to look in detail at the structures and spectra of possible
metalloporphyrin therapeutic candidates. The majority of this work has been published
(Dixon et al., 2005) and is given as Section V of this chapter. Below is a brief overview
of porphyrins (Section I), a review of capillary electrophoresis of porphyrins (Section II),
a review of the study of cyclodextrins with porphyrins (Section III) and experiments that

were not published (Section IV).

Section 1.
Introduction to porphyrins.
i. Structure.

Porphyrins are naturally occurring aromatic macrocyclic compounds derived from
porphin (Figure 2.1a), a tetradentate ligand with four pyrrole rings linked via methine
bridges. Substitution of some or all of the hydrogens on the pyrrole rings and/or at the

methine bridge of the porphin results in porphyrins (Figure 2.1a and 2.1b) (Falk, 1964).
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The pyrrole rings are designated by Arabic numbers. The methine bridges, also called the
meso positions, are designated by the Greek letters, a, B, v, and 6. Porphyrins are planar
structures, however; there can be deviations from planarity due to factors such as
peripheral substitutions, metal incorporation and axial ligation of the central metal.

ii. Spectral properties.

The optical absorption and emission are determined by the m-electrons of the ring
of the porphyrin. The absorption and emission change slightly due to the presence of the
metal in the ring. The UV-vis absorption spectrum shows intense absorption at ~ 400 nm,
the Soret band. It has a high extinction coefficient in the range of 2 - 4 x 10° M'em™,
followed by several weaker absorption bands (Q-bands) at higher wavelengths (450 - 700
nm) (Lindsey et al., 1987). The free-base or metal-free form has a four band, D,;-type
spectrum. The acid dication or the protonated dicationic form, with a proton attached to
each central nitrogen, has a two band D ;-type spectrum.

The metalloporphyrins have an intense Soret band between 380 nm and 420 nm,
depending on the metal. Two visible bands are seen between 500 and 600 nm, with the
extinction coefficient in the narrow range of 1.2 - 2 x 10* Mlem™ (Falk, 1964). To the
blue of the Soret are weaker bands M and N, at ~ 215 and ~ 325 nm and between the two
1s another weaker band, the L band.

iii. Stability.

Certain porphyrins are stable even in the presence of concentrated acids, such as

sulfuric acid under certain conditions (Buchler, 1975). However, degradation of the

tetrapyrrole to monopyrroles has been reported with chromic acid, potassium
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permanganate and hydriodic acid. The two pyrrolic nitrogen atoms, bearing lone pairs of
electrons, can be protonated easily with acids such as trifluoroacetic acid (Falk, 1964).
Strong bases such as alkoxides can remove the protons (pK, ~16) from the inner nitrogen
atoms of a porphyrin to form a dianion. The porphyrin complexes with transition metal
ions are very stable, e.g., the stability constant for the =zinc derivative of
tetraphenylporphyrin (ZnTPP), log K, is 29 (Falk, 1964).

iv. Synthetic porphyrins.

The general method of synthesis of porphyrins is simple. It involves the
condensation of the appropriate aldehyde with pyrrole. The earliest method was reported
by Rothemund in 1939 involving the condensation of more than 25 aliphatic, aromatic
and heterocyclic aldehydes with pyrrole to form porphyrins (Rothemund, 1939). The
earliest methods involved harsh conditions during the synthesis, e.g., using sealed tube
under anaerobic conditions, in pyridine solution, at 220 °C, under nitrogen for 48 h. The
yields were very low, only 5%, and there were contaminants such as chlorin. More
modern synthetic methods do not require harsh conditions and give higher yields. Adler
et al. condensed equimolar amounts of benzaldehyde and pyrrole for 30 min by refluxing
in propionic acid at 141 °C, in open air (Adler et al., 1967). The yield was 20%. This
method still had several disadvantages. It required harsh conditions, needed
benzaldehydes (which can not be used with sensitive functional groups), produced tar and
gave poor reproducibility. To overcome such problems another method was reported by

Lindsey (Lindsey et al., 1987). The condensation reaction was carried out at room
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temperature under nitrogen in methylene chloride, in the presence of a water scavenger,
as well as an acid catalyst, followed by the addition of an oxidant. The yield was 50%.

Any porphyrin derivative in which at least one of the central nitrogen atoms of a
porphyrin forms a bond to a metal atom is called a metalloporphyrin. Metalloporphyrins
found in nature have metals such as Mg (chlorophylls), Mn (blood), Fe (hemes), Co
(vitamin Bj;), V (mineral oils), Zn (yeast mutants), etc (Dolphin, 1978). Many synthetic
metalloporphyrins have been synthesized; almost all metals and some semimetals can be
inserted into the porphin core. Synthetic metalloporphyrins are made via the reaction of a
free base/parent or free acid form with a metal salt. When coordination occurs, two
protons are removed from the pyrrole nitrogen atoms, leaving a charge of -2 on the
porphyrin ring.

v. Anti-HIV activities of porphyrins and their metalloderivatives.

Synthetic porphyrins showed antiviral activity against HIV infection in assays that
measured inhibition of viral replication. Sulfonated derivatives of tetraphenylporphyrin
(TPPS) have been shown to be active, as have other selected tetraaryl porphyrins (Dixon
et al., 1990; Dixon et al., 1992; Neurath et al., 1992; Neurath et al., 1992; Debnath et al.,
1994; Neurath et al., 1994a; Neurath et al., 1995; Song et al., 1997; Vzorov et al., 2002).
In general, activity against HIV was in the micromolar range in such antiviral assays.
Recently it was found that porphyrins can inhibit the initial infection process by

inactivating the infectivity of cell-free virus (Vzorov et al., 2002).
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Section II.

Review.

Capillary electrophoresis separation of porphyrins.
i. Natural porphyrins.

A number of groups have analyzed natural porphyrins via capillary
electrophoresis (CE). Various modes of CE have been used to study natural porphyrins,
e.g., micellar electrokinetic chromatography (MEKC), microemulsion electrokinetic
chromatography (MEEKC), and nonaqueous CE, described in more detail below. Much
of the interest in separations of natural porphyrins comes from efforts to characterize
blood levels of the porphyrins involved in porphyrias. Porphyrias are genetic diseases
caused by enzyme deficiencies in heme production (Alla & Bonkovsky, 2005). CE is
used in clinical laboratory methods for diagnosis of porphyrias (Zaider & Bickers, 1998).
Optimization of capillary electrophoresis for the separation of natural porphyrins.

There has been extensive effort to enhance separations via CE. The separations
can be enhanced by the use of organic solvents, alone or in combination with surfactants.
This review reports the optimization studies specifically directed towards the
investigation of the effects of three parameters on separation enhancement: organic
solvents, surfactants and detectors.

a. Use of organic solvents.
Organic solvents can be used as pure nonaqueous solvents, aqueous/organic

mixtures, or as a combination of an organic solvent with other organic modifier(s). They
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can be used in the sample matrix and/or in separation buffer. The separation of natural
porphyrins is hindered due to their limited solubility in solvents.

Optimization of organic solvents in CE separations is a very common method to
enhance the signal and to improve the resolution of separation. Robert and Spinks
reported the enhancement of separation of metallated petroporphyrins found in crude oils,
by the studying the effect of solvents and the surfactant sodium dodecyl sulfate (SDS)
(Robert & Spinks, 1997). The metalloderivatives separated were Ni(Il) and V(IV)O, with
various porphyrin ring types, e.g., etioporphyrin and octaethylporphyrin. Robert and
Spinks studied the effect of various concentrations of SDS (20 - 100 mM) with borate
buffer at high pH and observed no resolution enhancement (Robert & Spinks, 1997). The
porphyrins co-migrated with the micelles. It was reported that porphyrin solubility in
buffer increased with increasing SDS concentration, evidenced by the increasing peak
areas. The effect of acetone in borate buffer at high pH was studied by varying the
acetone concentration from 0 - 30%. At 30% acetone, all the four porphyrins were
resolved in less than 31 min. The effect of other solvents was also reported, including
methyl ethyl ketone, acetonitrile (ACN) and methanol. A 30% v/v solvent with 70%
buffer containing 40 mM SDS was reported to give best separation. Acetone was reported
to be the best organic modifier. ACN and methanol did not improve the separation.

The enhancement of separation of six porphyrin methyl esters was reported in
both aqueous and nonaqueous media, by the use of various organic solvents (Li et al.,
2005). Li et al. compared four techniques, micellar electrokinetic chromatography,

MEKC (aqueous and nonaqueous), microemulsion electrokinetic chromatography,
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MEEKC (nonaqueous) and CE (nonaqueous). Using aqueous MEKC, they reported
separations at various concentrations of ACN (0 - 50% v/v) in CAPS buffer at high pH
with 60 mM SDS. They recommended the use of 20 - 35 % of ACN. At 20 and 30%
ACN all components were separated, but not to the baseline. Although the resolution was
enhanced, the peak areas were not fully reproducible. They separated the six porphyrins
with KH,PO,4 buffer in N-methyl-formamide, using various concentrations of SDS (100,
120 and 140 mM). The best separation observed was over the longest migration time,
using the highest concentration of SDS. MEEKC separations were performed with a
borate buffer (pH 9.0) containing SDS microemulsion. The best separation (almost to
baseline) was achieved with 30% 2-propanol in a system with 0.8% w/w n-heptane,
2.25% w/w SDS, 1.0% w/w Brij 35, 6.6% w/w 1-butanol, and 30% v/v 2-propanol. They
also performed separations using the above mentioned conditions, but without heptane
and 1-butanol in the system, with 10% or 20% 2-propanol, giving peaks which were
comparatively less resolved. Nonaqueous CZE separations in strongly acidic conditions
(10 mM perchloric acid) with ACN and methanol gave the best separation of all the
techniques tested. With a 50:50 mixture of methanol and ACN, all six peaks were
baseline resolved in as little as 3 min.

So et al. (So et al.,, 2001) reported the separation of the two coproporphyrin
isomers, I and III (negatively charged), using various additives in the general buffer, 20
mM CAPS at high pH. They studied the effect of three surfactants on separation: sodium
cholate (SC), sodium taurodeoxycholate (STDC) and SDS, in the presence of three

organic solvents, ACN, methanol or DMF. The separation in the presence of DMF and
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methanol in the buffer was partially and/or baseline resolved. However, longer migration
times were required, and/or larger baseline noise levels were observed. In comparing the
surfactants, the best separation was observed with 60 mM SC with 20% ACN. This
separation condition was further studied with various amounts of ACN, with and without
NaCl. It was reported that the best separation of the two isomers was achieved with 1%
NaCl and 20% ACN. Stacking (with NaCl) concentrates the analyte in the column. So et
al. reported that NaCl with ACN increased the ionic strength in the sample and facilitated
the removal of any proteins in the system, which can get adsorbed on the capillary walls.
Sharper and taller peaks were observed with the addition of ACN, e.g., with 50% ACN
and 1% NaCl w/v.

b. Use of surfactants.

Surfactants have been regularly used in CE to control the selectivity of the
separation, reduce aggregation of the analyte and increase the efficiency of the
separation. Wu et al. reported the use of a mixture of anionic surfactant for the separation
of various natural porphyrins (Wu et al., 1994). The natural porphyrins studied were both
hydrophobic and hydrophilic: porphyrin carboxylic acids, hematoporphyrin derivatives,
four types of isomers of coproporphyrin and other clinically important porphyrins. They
used a laser-induced fluorescence (LIF) detector (discussed in more detail below). They
studied the enhancement is separation due to surfactants, SDS and Triton QS-15, in
combination with bile salts [taurodeoxycholic acid (TDC) and deoxycholic acid (DCA)],
in borate buffer. Along with this, the effect of the presence of ACN, at both neutral and

high pH, was also analyzed. Bile salts have been reported to be good biological
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surfactants due rigid helical micellar aggregates (Pico & Houssier, 1989). It was reported
that separation of the six porphyrins with Triton and TDC alone was not successful.
However, the combination of the two at pH 7.4 with 15% ACN improved the separation.
Only four out of seven peaks were observed when SDS alone was used. However, with a
combination of Triton and TDC with 10% ACN, all seven peaks were observed at
physiological pH. They reported good separation of the isomers of coproporphyrin with a
combination of Triton and DCA with 15% ACN at high pH (9.0). They also separated
hematoporphyrin derivatives under various conditions.

Kiyohara et al. separated six porphyrins [free base, copper and zinc complexes of
hematoporphyrin (HP) and protoporphyrin (PP)] using MEKC (Kiyohara et al., 1993).
They used varying concentrations of SDS, DMF and CAPS (3-cyclohexylamino) buffer
at pH 11. Kiyohara et al. observed that when CAPS alone was used, the three HP
compounds [H,HP, Cu(HP), Zn(HP)] moved towards the negative electrode, indicating
that the electrophoretic mobility for these negatively charged HP species were smaller
than that of the electroosmotic flow of the solution. SDS (25 mM) was added to the
buffer to increase the solubility of each porphyrin, but a decrease in the reproducibility of
the migration velocities was observed. DMF was added up to 10% (v/v), which did not
improve the reproducibility but did improve the solubility. Both SDS and DMF enhanced
reproducibility and solubility. The effect of the concentration of SDS on the migration
behavior was also studied, and it was found that the capacity factor (the ratio of the
amount of a solute in the micelle phase to that in the bulk aqueous phase) did not always

increase with increasing concentration of SDS.
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Separation of six urinary porphyrins were compared by regular CE and MEKC
using 20 mM CAPS at pH 11 by absorbance and fluorescence detection (Weinberger et
al., 1990). The limit of detection (100 pmol/ml range) was reported with an optimized
fluorescence system. The separation without the presence of surfactant in the running
buffer was performed in the presence of 10% methanol with baseline separation within
12 min. In the case of MEKC, various concentrations of SDS were studied, with and
without 15% methanol. They also analyzed the effect of temperature and voltage on
separation. Increasing the concentration of SDS from 100 mM to 150 mM at 45 °C (no
methanol) only increased the migration time slightly but did not enhance the separation.
Weinberger et al. reported that electrostatic repulsion of the negative nature of both the
analytes and surfactants, under those separation conditions, was the reason for the longer
migration time. Methanol was used to solubilize the analyte and to increase the sharpness
of the peaks. Higher temperature (55 °C) and voltage (30 kV) were used to reduce the
migration time.

Bowser et al. reported using Brij 35 in a nonaqueous, methanol-based 20 mM
CAPS (pH 10.5) buffer for disaggregation, as well as for controlling the selectively of
separation of hematoporphyrin, hydroxyethylvinyl-deuteroporphyrin, protoporphyrin, as
well as Photofrin (Bowser et al., 1996). Various concentrations of the surfactant were
used (5 - 35 mM). The polyether chain of Brij 35 does not form micelles in the presence
of methanol. However, it can complex with the analyte through hydrogen bonding
resulting in separation. They reported partial separation of 60 peaks for Photofrin within

30 min using 5 mM Brij 35. In case of Photofrin, various separations conditions had to be
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used because any one set of conditions was not applicable due to the complexity of this
analyte. Bowser et al. reported that because hematoporphyrin, hydroxyethylvinyl-
deuteroporphyrin, and protoporphyrin have similar sizes and charges, the separation was
mainly due to the difference in the extent of complexation of Brij 35 and the analytes,
especially at lower Brij 35 concentrations. At higher Brij 35 concentrations there were
more monomeric species of the analyte. Hence more complexation was seen with Brij 35
as the peaks converged. Bowser et al. reported that the separation at high Brij 35
concentration was governed by the difference in the charge to size ratio of the monomer-
additive complex instead of the extent of complexation. Bowser et al. reported the
separation of the porphyrin acid monomers, mesoporphyrin, corpoporphyrin,
pentacarboxylporphyrin, hexacarboxylporphyrin, heptacarboxylporphyrin and
uroporphyrin, ascribing the separation to pure electrostatic ion-dipole interaction with
Brij 35 (Bowser et al., 1996).

c. Detection/signal enhancement.

UV detection is often utilized with CE separations because it is simple to use,
rugged, and inexpensive. UV detectors have important advantages, i.e., fluorescent
analytes are not required and sources are available that cover the whole UV and visible
range (Chiang & Li, 1997). Other detection methods have also been emloyed, due to their
higher sensitivity and lower detection limit, e.g., LIF.

Since porphyrins without a central metal are intrinsically fluorescent, no further

modification is required for LIF detection. Wu et al. reported a detection limit in the 1 -
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10 nM range for the natural porphyrins. The separation by the use of surfactants and
organic modifier has been discussed earlier in this section.

In a review on the use of chemiluminescence (CL) for detection of biomolecules
by CE, Garcia-Campana et al. reported that Tsukagoshi’s group developed a new CE
apparatus with on-line CL detection using the luminol-H,O, system for analyzing
hematin as an iron (III) porphyrin complex (Garcia-Campana et al., 2003). The CL
reagent solution (luminol + H,0O;) was left for more than 24 h before use, as a fresh
solution resulted in noise and nonreproducibility. It was reported that almost constant CL
intensity was observed after the solution was allowed to stand for about 12 h.

ICP-MS detection has been reported to offer absolute detection limits that are
slightly lower than those obtained with UV-vis spectrophotometer (Ackley et al., 2000).
Other advantages, including high sensitivity, are element specificity and scans for
multiple mass to charge ratios. Ackley et al. compared the separation of vitamin By,
CoPP, MnPP, and ZnPP using standard on-column UV detection and ICP-MS.

ii. CE analysis of charged synthetic porphyrins.
a. Separation of anionic aromatic porphyrins.

Simple mixtures of sulfonated aromatic porphyrins can be separated by CE as a
function of charge. Most studies have shown enhanced separation with organic modifiers
and surfactants, as discussed in the sections below.

Kalny et al. reported the separation of Pd(I[)TPPS and TPPS (Kalny et al., 2001).
Their efforts were directed towards demonstrating the analytical method for the

determination of traces of Pd (0.8 pg /L) by CE, with no interference from Pt, using
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citrate buffer at low pH (3.5). They reported the quantitative analysis method of the metal
concentration using a linear calibration curve. They compared their studies to an earlier
study using spectrophotometric determination of Pd(Il) in the form of Pd(I)TPPS. The
metalloporphyrins which did not interfere with the Pd were complexes of Mn, Co, Ni, Cu
and Zn. These were analyzed via CE under the same separation conditions. Pd(II)TPPS
eluted at 8.12 min while the free base eluted at 11 min.

1. Addition of surfactants and organic modifiers to enhance separation.

There are several studies based on micellar electrokinetic capillary
chromatography (MECC), where surfactants have been used to enhance CE separations.
Lim et al. used SDS in sodium borate buffer for the separation of Temoporfin,
5,10,15,20-tetra(m-hydroxyphenyl)chlorin ~ (m-THPC) and its conjugate with
poly(ethylene)glycol (PEG), temoporfin—poly(ethylene glycol) conjugates (m-THPC-—
PEG) (Lim et al, 2000). Lim et al. reported good separation and quantitative
measurement of both m-THPC and m-THPC-PEG conjugates in less than 10 min.
However, the detection was not sensitive enough to measure levels in plasma, due to the
limited clinical sample volume.

Zhang et al. used MECC to separate MnTPPS4 and CoTPPS4. They used 10 mM
sodium borate buffer, pH 9.6 (Zhang et al., 1998). Zhang et al. demonstrated the
separation with 10, 20 and 50 mM of SDS. They reported that separation was best with
20 mM SDS. The buffer contained 1 mM luminol, since the efforts were directed towards

improving the apparatus for on-line chemiluminescence (CL) detection with CE.
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Porphyrins are used as catalysts for the CL reaction between luminol and H,O,; the
detection details are discussed below.

Peng et al. reported that the combined use of various surfactants (e.g., SDS) and
organic solvents (e.g., ACN), while varying their concentrations, resulted in good
separation and acceptable time profiles (Peng et al., 2002). They separated synthetic,
unsymmetrical photosensitizer isomers (a variety of optical and region isomers of
porphyrins, and chlorins with different physicochemical properties): benzoporphyrin
derivative monoacid, benzoporphyrin ethyl monoacid, 2-[1-hexyloxyethyl]-2-
devinylpyropheophorbide-a, diethyleneglycol diester benzoporphyrin derivative and tin
ethyl etiopurpurin. However, only the separation of the first two compounds will be
reviewed here as they were anionic under the separation conditions. Individual separation
of the two compounds and their two enantiomers was performed using a 40 mM borate
buffer, pH 9.2 with 30% ACN and 10 mM SDS. The presence of ACN and SDS helped
to remove the aggregation problem.

Peng et al. have shown that the simultaneous CE separation of the two
compounds, each into its two enantiomers, could be enhanced at a lower voltage of 10 kV
with 120 mM borate, 28% ACN, and 15 mM SDS (Peng et al., 2002). This recipe also
reduced the current during the separation significantly. Effect on separations due to SDS
concentration, ACN amount, buffer types, or buffer ionic strength was also studied. It
was reported that separation efficiency improved by the presence of ACN and DMF in
the running buffer; however, the presence of methanol or propanol did not improve the

separations.
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In an other study, Peng et al. again reported the use of surfactants and organic
modifiers for the analysis and separation of two synthetic, unsymmetrical photosensitizer
isomers, derivatives of benzoporphyrin (BPD) (Peng et al., 2005). The separations were
performed at various pH values, with various buffers. The first compound was
benzoporphyrin derivative monoacid, BPDMA. The second compound was the principal
metabolite, benzoporphyrin derivative diacid, which has two enantiomers. Peng et al.
reported that BPD enantiomers are very easily hydrolyzed at high pH (CAPS buffer, pH
> 11). They did not recommend the use of high concentrations of ammonium acetate
buffer, because it caused formation of bubbles inside the capillary. In citric acid buffer,
the BPD enantiomers were protonated at the propionic side chain. The effective charge
was the same for BPDDA and BPDMA, and the electrophoretic mobility difference
between the two enantiomers was very small. However, at pH > 3.5 BPDDA and
BPDMA were deprotonated. The preferred buffer was borate due to its high buffering
capacity and its ability to be used at high concentrations. BPDMA and BPDDA
enantiomers were poorly separated at pH 8.1. They could be separated to some extent at
pH 8.6 and were completely separated at pH 9.2 with less than 1% decomposition in 1 h.
By increasing the pH to 9.6, the BPD enantiomers were further distinguished but a
decrease in signal was reported. At this high pH, the fluorescence was adversely affected
and the migration time was longer.

Peng et al. have also discussed the separation enhancement by the use of chiral

selectors, HP-B-CD, DM-3-CD, B-CD and y-CD and bile salts (Peng et al., 2005). They
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reported bile salts, especially sodium cholate (20 - 25 mM) to give the best separation of
all the chiral selectors used. None of the other additives improved chiral separation.

Peng et al. have also discussed the effect of organic solvents in enhancing the
separation in the case of BPD derivatives. The organic solvents alter the polarity and
viscosity of the buffer, by acting as solvents for the analytes which are poorly soluble in
aqueous solution. The organic solvents increase solvation of solutes and modify the
affinities of hydrophobic solutes. ACN, DMF, methanol, DMSO, n-propanol and
isopropanol were studied. Separations of the enantiomeric forms were reported by
varying the percentage of ACN. It was reported that 10 - 15% ACN was ideal.

Andrighetto et al. reported the effect on CE separation due to the presence of
cyclodextrins (CDs) and organic modifiers (Andrighetto et al., 2000). They studied
water-soluble  anionic  porphyrins, such as  TCPP [meso-tetrakis(4-
carboxyphenyl)porphyrin], TSPP [meso-tetrakis(4-sulfonatophenyl) porphyrin] and its
zinc and copper complexes (Andrighetto et al., 2000). The aggregation of the porphyrins
in aqueous solutions was prevented by using cyclodextrins (CDs) and organic modifiers.
B-CD and its O-methylated derivatives, DM-BCD [heptakis-(2,6-di-O-methyl)-p3-
cyclodextrin] and TM-BCD [heptakis-(2,3,6-tri-O-methyl)-B-cyclodextrin] were used to
separate CuTPPS and TPPS. Andrighetto ef al. used a high concentration phosphate
buffer. The separations were performed at low pH, < 3 to minimize the electroosmotic
flow (EOF) and the analysis times. The addition of 1 mm BCD to the buffer resulted in

sharper peaks and longer migration times. In the presence of 1 mM DM-BCD the peaks

were not separated and the migration times increased. In the presence of TM-BCD, a
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stronger complexation was observed, where the two porphyrins comigrate to give a single
peak. Andrighetto et al. concluded that the binding of cyclodextrins to the porphyrins
increased in the order of BCD < DM-BCD < TM-BCD, which is opposite to the order for
separation of the porphyrins.

Andrighetto et al. also used the organic modifier, 20% DMSO, to separate TSPP,
CuTPPS and ZnTPPS with 0.75 mM BCD. At this concentration of BCD, CuTPPS and
ZnTPPS peaks could not be resolved but the peak for TPPS was observed. Changing the
BCD concentration did not help to separate the two porphyrins. The addition of DMSO to
the buffer reduced the binding affinity between the porphyrin and BCD, allowing for
better separation. The reason reported for this observation was the formation of inclusion
compounds between BCD and the organic solvents, due to the hydrophobic effect. This
gives these complexes more stability in aqueous solutions than in organic solvents or in
mixed water-organic solvent mixtures (Zhang et al., 1998). In the presence of 20%
DMSO in the buffer, only two peaks were observed. However, the presence of 0.75 mM
BCD resulted in baseline separation of the three porphyrins and even some minor
porphyrin impurities.

Dixon et al. showed that simple mixtures of sulfonated naphthyl porphyrins can
be separated as a function of charge by capillary electrophoresis at high pH (Dixon et al.,
2004). This work has been reported in its entirety as Section V of this chapter. Separation
was enhanced by the use of cyclodextrins. The sulfonated naphthyl porphyrins studied
were mixtures of numerous compounds, in which the porphyrin had been sulfonated to

variable extents or had various positional isomers. The compounds analyzed were
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sulfonated 5,10,15,20-tetra(1-naphthyl)porphyrin (T1NapS) and sulfonated 5,10,15,20-
tetra(2-naphthyl)porphyrin (T2NapS) and their Cu or Fe derivatives.

The electropherograms of the TINapS and T2NapS species were in general
similar. The comparison of the separation of T2Nap5S,Cu in the presence of FCD and
vCD showed that BCD gave a series of poorly resolved peaks from approximately 4 - 6
min; YCD showed three prominent peaks from 3.5 - 4.5 min. The electropherogram of
T1Nap5S,Cu in the presence of CD was very similar to that of T2Nap5S,Cu. However,
unlike the 2-naphthyl T2Nap5S,Cu, the 1-naphthyl T1Nap5S,Cu showed three distinct
peaks even in the absence of cyclodextrin. This could be the result of reduction in self-
stacking of the 1-naphthyl porphyrin; its atropisomers have hindered rotation around the
I-naphthyl-porphine bond. As for the 2-naphthyl isomers T2NapS, BCD seemed to show
more components, but without baseline separation. The extent of sulfonation was greater
for TINap10S (10 h sulfonation) than for T1Nap5S (5 h sulfonation), as indicated by an
additional peak at 7 min for T1Napl0S. The addition of a metal to the central core
affected the detailed pattern of the peaks and the net migration times. CE separation of
T2NapS,Fe species did not give good separation even with cyclodextrins, presumably
due to the axial ligation of the iron (various axial ligands in exchange as well as the
equilibrium between the monomer and p-oxo dimer).

2. Detection methods/signal enhancement.

Zhang et al. reported the enhancement of CE signal by the use of on-line

chemiluminescence (CL) detection (Zhang et al.,, 1998). For chemiluminescence

reactions involving various analyte separations, luminol in NaOH was added to H,O,.
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The metalloporphyrins were used as catalysts for this reaction. Zhang et al. reported the
separation and detection of MnTPPS4 and CoTPPS4. The separation conditions for
CoTPPS4 were: 0.01 M phosphate buffer electrophoretic buffer with 0.001 M luminol at
pH 4.5, adjusted with 0.001 M nitric acid. For the separation of MnTPPS4 the separation
conditions were: 0.01 M borate buffer with 0.001 M luminol at pH 9.6.

b. Cationic Porphyrins. Dixon et al. reported the separation of symmetrical and
unsymmetrical, synthetic cationic porphyrins at low pH (2 - 5) based on the difference in
charge and/or mass of the analytes (Dixon et al., 1998). The porphyrins were synthesized
by alkylation of the parent tetrapyridylporphyrin (TPyP) to give various pyridinium
porphyrins, including the tetramethylated (TMPyP4), tetrabutylated (TBPyP4), and
tetraoctylated (TOPyP4) derivatives. The methylation of TPyP resulted in a mixture of
the mono-, cis-di-, trans-di-, tri and tetramethylated porphyrins (TMPyP4). The other
porphyrins had side chain of aminopropyl and ethylcarboxylic acid. Porphyrins with
pyridinium group at the 2-position, on the phenyl ring (TMPyP2) were also studied.

The effect of pH on separation was showed by the separation of a mixture of
TMPyP4, TBuPyP4 and TOcPyP4 at pH 3.0, 3.7 and 4.4. The best separation was seen at
the lowest pH. The migration time was dependent on the length of the side chain on the
pyridyl group, TOcPyP4 having the longest migration time.

Tetraphenylporphyrins with a single substituent at the 2-position, in which each
ring has identical substituents, have four isomers, termed atropisomers: aooo, ooob,
ooBp and afaf. Separation of the fully methylated tetra-2-pyridyl porphyrin was done

at high concentration of the phosphate buffer at three different pH values (2.0, 3.0 and
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4.0). The different atropisomers had different mobilities, presumably resulting from
different shapes and dipole moments.

Capillary electrophoresis separations were also reported for the synthetic mixture
of authentic samples of the monomethylated, cis-dimethylated, trimethylated and
tetramethylated TMPyP4. Good separation was achieved with a 75 mM phosphate buffer
at pH 2.0, 3.0, 4.0 and 5.0. The separation was sensitive to pH and ionic strength of the
buffer, as well as to the applied voltage. At pH 2, only three peaks were observed. When
the pH was higher than 5, no baseline separation was observed. The best resolution of
this mixture was observed at pH 3 - 4, where the unalkylated pyridyl rings are
presumably protonated. The ionic strength of buffer was also important for this
separation. With a lower concentration buffer, 50 mM, only a single peak was observed.
At a buffer concentration of 100 mM, only a diffuse and broad peak was observed. When
the voltage was higher than 10 kV, the separation time was shorter but the resolution was
poorer. At voltages lower than 10 kV, peak broadening occurred. At pH values where the
pyridyl nitrogens were not protonated (pH.5), good separations were not achieved,
presumably because the cationic porphyrins interacted with the partial negative charges
of the silica on the capillary walls. Also, the four components were not separated
completely at low pH (pH 2).

Dixon et al. also showed the separation of TPyP derivatives bearing additional
charges. Optimal separation of the propionate TPyP derivatives by capillary
electrophoresis was achieved at 13 kV with a 50 mM phosphate buffer at pH 2.5.

Voltages higher or lower than 13 kV gave different resolutions, but did not affect the
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separation significantly. Relatively low pH values (< 3) were needed to achieve this
separation. No separation was observed at pH 5, where these propionate TPyP derivatives
were presumably zwitterions with a net charge of zero, and hence had no electrophoretic
mobility.

I . I I PN | SN A1
, copper , iron, manganese , palladium™, tin' ",

Dixon et al. reported that cobalt

vanadyl (VO) and zinc" derivatives of TMPyP4 complexes can be separated. Separation
conditions involved high concentration phosphate buffer at low pH (2.1).
iili. Complexation between a synthetic, aromatic and anionic porphyrins (organic
anion) organic cation and an organic anion in aqueous solutions. It has been shown
that the complexation of a organic anionic group and an organic cation can be enhanced
by the addition oligosaccharides, e.g., TPPS4 with Methylene Blue in the presence of
CDs (Hamai & Satou, 2001). Hamai et al. studied the complexation between TPPS4 and
the organic cationic groups octyltrimethylammonium bromide (OTMA) and
hexyltrimethylammonium bromide (HTMA) in the presence of yCD (Hamai et al., 2006).
In the case of both OTMA and HTMA micelles were not formed due to using low
concentrations of both. They have used spectrometric methods and CE in this study.

Hamai et al. reported the absorption spectra of the complex of TSPP (1 uM) with
OTMA (variable concentrations) in YCD (5 mM) solution at pH 7.3. They proposed the
formation of a ternary inclusion complex of 1:1:1 CD:TPPS4:0TMA, via ICD (induced
circular dichroism). The addition of OTMA did not dissociate the TPPS4-CD complex.

Hamai et al. reported the fluorescence spectra of TPPS4 in the presence of yCD at pH 7.3,

with varying concentrations of OTMA. The formation of the yCD-TSPP-OTMA ternary
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inclusion complex was shown via fluorescence; the 1:2 TPPS4-OTMA complex might be
formed at high OTMA concentration. Equilibrium constant was not evaluated using
fluorescence for the formation of the yCD-TSPP-OTMA in the presence of 5 mM CD and
variable OTMA concentrations. Equilibrium constant was not evaluated due to the less
than 10% variation in fluorescence intensity change. However, equilibrium constant was
reported via CE studies. The equilibrium constants for TPPS4.0TMA (K;) and

TPPS4.20TMA (K;) complexes were evaluated via fluorescence studies. The same

analytical analysis was performed with HTMA and similar trends were seen; formation of
the 1:1 and 1:2 TPPS4-HTMA complex. The K; for HTMA was greater than that for
OTMA and the K, for HTMA was smaller than that for OTMA. It was reported that this
was probably due to hydrophobic and hence cooperative interactions between the two
OTMA compared to the interactions TPPS4 and OTMA. The formation of the 1:2
TPPS4-OTMA-HTMA complex was cooperatively preferred. Hamai et al. proposed that
since the cooperative interactions of OTMA seemed to be much stronger than those of
HTMA, it lead to the greater K, value for OTMA.

The CE studies were performed using the same buffers which were also used for
spectroscopic studies (6.7 mM phosphate buffer, pH 7.3). Electropherograms were
reported for 10 uM TPPS4 with variable CD concentration. Hamai et al. reported that as
the CD concentration increased, the migration time of TPPS4 shortened, indicating the
formation of yCD-TPPS4 inclusion complex. The incorporation of TSPP into the yCD
cavity increased the apparent molecular volume of TPPS4. The apparently increased

volume of a TPPS4 molecule increased the electrophoretic mobility of TPPS4, because
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TPPS4 is negatively charged. The complex formed was 1:1 yCD-TPPS4. The equilibrium
constant for the formation was determined via electrophoretic mobility of TPPS4.
Electropherograms were also reported where the concentration of TPPS4 was 10
uM, CD was 5 mM and the concentration of OTMA was variable. The migration time of
the EOF marker indicated the adsorption of OTMA on the walls of the capillary. The
electrophoretic mobility of TPPS4 increased with increased OTMA concentration,
indicating complexation. It was reported that the equilibrium constant for the formation
of 1:1 TPPS4.0TMA (K;) was twice that of the equilibrium constant measured via
fluorescence. It was reported that 1:2 TPPS4.0TMA could not be formed due to low

OTMA concentrations.

Section I1I.
Review.
Cyclodextrins and TPPS4.

A considerable amount of work has been reported concerning the complexation of
cyclodextrins (CDs) and the tetrasulfonated 5,10,15,20-tetraphenylporphyrin (TPPS4). In
our study, capillary electrophoresis (CE) was used to analyze analytes, including TPPS4.
Cyclodextrins were added to the running buffer in the CE experiments to enhance the
signal, obtain sharper peaks, prevent aggregation of sample, and if possible, reduce the
migration time of the analytes. The experimental details are discussed in Section IV and
V of this chapter. This section reviews the work of various research groups on

cyclodextrins and TPPS4 and the effects of this complexation.
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Cyclodextrins are cyclic oligosaccharides, named according to the number of D-
glucopyranose units: aCD has 6, BCD has 7, and yCD has 8 units (Gubitz & Schmid,
1997). They are cone-shaped with a hollow cavity. They are soluble in water due to the
presence of the primary and secondary hydroxy groups, positioned at the narrow and the
wide rim of the cyclodextrin cavity, respectively. However, the core is very hydrophobic,
enabling a wide variety of organic compounds to form inclusion complexes with
cyclodextrins in aqueous solution.

Along with the native a-, B- and yCD, their various modified cyclodextrins have
also been studied. Cyclodextrins modified by spacers are not reviewed herein. Studies of
both uncharged and charged cyclodextrins (cationic and anionic) have been reported.
TPPS4 has been studied with the O-methylated derivatives, DM-BCD and TM-BCD
(Andrighetto et al., 2000), the 2-hyroxypropyl derivatives (Hamai & Koshiyama, 1999;
Mosinger et al., 2000); the ionic cyclodextrins, sulfurbutylether-BCD (SBE-BCD) and
carboxymethyl-BCD (CM-BCD), have also been used (Wang et al., 2001a; Wang et al.,
2002). Complexation between TPPS4 and different cyclodextrins has been studied via
fluorescence spectroscopy, polarography, TLC and NMR (Wang et al., 2002). For ionic
cyclodextrins the charge interaction plays an important role in the inclusion procedure
(Wang et al., 2002).

i. Aggregation of TPPS4.

Before detailing the interaction of TPPS4 with cyclodextrins, it is useful to review

the aggregation of TPPS4, for example, in aqueous solutions. Aggregation has been

reported in neutral conditions at 40 uM and basic conditions at 20 uM concentration of
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the porphyrin (Rib6 et al., 1995). TPPS4 aggregation in acidic aqueous solutions at | mM
concentration has also been studied (Rubires et al., 1999). Aggregation has been
proposed to be due to the hydrophobic phenyl groups leading to lateral aggregation
(Rubires et al., 1999; El Hachemi et al., 2001). Under neutral conditions, staggered n-1t
stacking is due to the hydrophobic interaction between porphyrin macrocycles, where
TTPS4 aggregates into stacks of no particular geometry (Ribo et al., 1995). When TPPS4
is diprotonated (acidic conditions) aggregation results through the -electrostatic
interactions between the positively charged porphyrin ring and the sulfonate groups
(edge-to-edge or J-aggregates). These J-aggregates give different arrays depending on the
meso-substitution pattern (Rubires et al., 1999). H-aggregates (face-to-face) are reported
for porphyrin species with less than four sulfonic acid groups or phenyl rings. It was
proposed that it was easy to convert from homoassociates of TPPS4 to heteroassociates
of cyclodextrin-TPPS4. This was facilitated by the free rotation of the sulfonatophenyl
group inside the cyclodextrin cavity (Ribo et al., 1995).

ii. The effect of cyclodextrins on the aggregation of TPPS4.

Using techniques such as NMR (Rib¢ et al., 1995; El Hachemi et al., 2001) and
adsorption and fluorescence spectroscopy (Wang et al., 2001b) it has been reported that
cyclodextrins help in disintegrating the easily formed aggregates in case of concentrated
aqueous solutions of TPPS4.

El-Hachemi et al. studied a series of sulfonatophenyl meso-substituted porphyrins
with varying degree of sulfonation (TPPS,), including TPPS4, with native cyclodextrin

(E1 Hachemi et al., 2001). They used NMR, where the concentration of the porphyrin was
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high, resulting in partially aggregated TPPS4. The effect of the extent of homoassociation
on the ratio of sulfonatophenyl to phenyl substituents was studied. The less sulfonated
porphyrins aggregated more, utilizing their hydrophobic phenyl groups. Cyclodextrins
did not have significant effect on porphyrin disaggregation, as seen by small or no
changes in the NMR spectra of the porphyrin aggregates. El-Hachemi et al. also reported
the competition between porphyrin homoassociation and porphyrin-cyclodextrin
heteroassociation. El-Hachemi et al. proposed that the complexation between the
porphyrin and the cyclodextrin can hinder the formation of staggered stacks of porphyrin
homoassociates (n-m stacking) but has less effect on aggregation due to the
homoassociation through the hydrophobic region of the phenyl substituents (lateral
aggregation).

El-Hachemi et al. reported that at least partial, and under certain experimental
conditions complete, disaggregation of TPPS4 occurred with - and yCD; studies were
performed at 500 MHz over a temperature range of 7 - 67 °C. Disaggregation occurred at
higher temperature and also with the addition of cyclodextrins. This was detected through
a significant change of the chemical shifts of the porphyrin signals and also through an
increase in signal resolution. For TPPS4 disaggregation was possible at high cyclodextrin
concentration at room temperature. For the less sulfonated porphyrins, both high
temperatures and high cyclodextrin concentrations were necessary to obtain 'H NMR

spectra of good resolution.
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iii. Complexation through the meso-phenyl group.

Rib6 et al. reported that TPPS4 in neutral media forms inclusion assemblies, through its
meso-phenyl groups, with BCD and yCD, but not with aCD (Rib¢ et al., 1995). This was
suggested by the presence of an NOE signal observed between the internal protons of
cyclodextrins and the ortho and meta protons of TPPS4 for BCD and yCD, but not with
aCD. Ribo et al. proposed that the phenyl ring of the porphyrin penetrates to a similar
extent for both of the larger cyclodextrins. In the case of diprotonated TPPS4, inclusion
complexes were formed only with BCD. This is because the inclusion complex formed
between diprotonated TPPS4 and BCD could place the phenyl groups of the porphyrin
nearly orthogonal to the porphyrin ring. However, with yCD, inclusion complexes are not
formed. This is because the phenyl groups of the porphyrin are planar to the porphyrin
ring in the inclusion complex. This might cause steric hindrance between the cyclodextrin
CH,OH groups and the phenyl rings.

iv. Complexation of TPPS4 takes place through the primary and secondary face for
vCD and BCD, respectively.

Primary and secondary hydroxy groups are positioned at the narrow and wide rim
of the cyclodextrin cavity, respectively. The ends are referred as primary and secondary
face of the cyclodextrin, respectively (Ribo et al., 1995).

Studies of native, B- and yCD have been able to show how these cyclodextrins
interact with the porphyrin. NMR studies indicated that B- and yCD complex with TPPS4
through the secondary and primary face, respectively. This was indicated by the

significant chemical shifts for the hydrogens placed in the primary face in the case of
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yCD and for hydrogens placed in the internal secondary face in the case BCD (Rib¢ et al.,
1995; Hamai & Koshiyama, 1999; El Hachemi et al., 2001). UV-vis absorption and
fluorescence studies were used to propose the complexation geometries through the
binding constant calculations (Mosinger et al., 2000). Mosinger et al. used the modified
cyclodextrin, HP-BCD, and reported that complexation involves the primary face of the
modified cyclodextrin with a binding constant, Ky, of about 10° times the Ky, for native
BCD.

v. Different cyclodextrins complex with TPPS4 with different stoichiometries.

The equilibrium constant for the 1:1 complexation between TPPS4 and B-CD have
been reported (Venema et al., 1998; Mosinger et al., 2000). Rib6 et al. studied the
complex formation in aqueous solution using NMR and electronic absorption
spectroscopy (Ribo et al., 1995). A 2:1 complexation ratio with - and yCD, but not with
oCD was reported. Wang et al., in an earlier (Wang et al., 2001¢) and also in a more
recent work (Wang et al., 2002), with native as well as modified cyclodextrins, e.g.,
yCD, BCD, HP-BCD, SBE-fCD and CM-BCD, reported 1:1, as well as 1:2
complexations with the cyclodextrins. Hamai and Koshiyana studied the complexation of
TPPS4 with aCD, BCD, TM-BCD and yCD by absorption, fluorescence and induced
circular dichroism spectra in basic solutions (pH 10.1) (Hamai & Koshiyama, 1999).
They proposed that aCD and BCD most likely form 1:1 and 2:1 host-guest complexes
with TPPS4, while TM-BCD and yCD form 2:1 and 1:1 complexes with TPPS4,
respectively. Mosinger et al. proposed a 1:1 complexation between TPPS4 and HP-CDs

in aqueous neutral solutions (Mosinger et al., 2000).



97

Section IV.

Experiments.
i. Materials and methods.

The porphyrins purchased from Frontier Scientific (Logan, Utah) were: TPP,
meso-tetraphenylporphine; TPPS4, meso-tetraphenylporphyrin tetrasulfonate;
Co(I)TPPS4, the cobalt chelate of meso-tetraphenylporphyrin tetrasulfonate and
Cu(I)TPPS4, the copper chelate of meso-tetraphenylporphyrin tetrasulfonate. The
porphyrins obtained from Midcentury Chemicals (Chicago, IL) were TPPS3, meso-
tetraphenylporphyrin trisulfonated (Midcentury Chemicals, Chicago, IL); Mn(III)TPPS4,
the manganese chelate of meso-tetraphenylporphyrin tetrasulfonate; Ag(I[)TPPS4, the
silver chelate of meso-tetraphenylporphyrin tetrasulfonate; TNapPS, sulfonated
5,10,15,20-tetra-naphthalenenephenylporphyrin; TAnthPS, sulfonated 5,10,15,20-tetra-
anthracenephenylporphyrin; TPP(8Br)S,Cu, the copper chelate of sulfonated beta-Brg-
tetraphenylporphyrin; TPP(16F)S,Cu the copper chelate of sulfonated tetra(2,3,5,6-
tetrafluoro)phenylporphyrin; TPP(2,3-F2)S,Cu, the copper chelate of sulfonated tetra(2-
3-dilfuoro)phenylporphyrin; TPP(2,4-F2)S,Cu, the copper chelate of sulfonated tetra(2-
4-dilfuoro)phenylporphyrin; TPP(2,5-F2)S,Cu, the copper chelate of sulfonated tetra(2-
5-dilfuoro)phenylporphyrin; and TPP(3,5-F2)S,Cu, the copper chelate of sulfonated

tetra(3-5-dilfuoro)phenylporphyrin.
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The letter ‘S’ in the designation indicates that the parent porphyrin was
sulfonated. A compound abbreviation followed by a metal refers to the metal chelate of
that compound; e.g., TPPS4,Cu is the copper chelate of TPPS4.

ii. Results and discussion.
Capillary electrophoresis analysis of porphyrins.

Porphyrin stock solutions of ~ 2 x 10° M were prepared by weight. The stock
solution was diluted to 10- and 100-fold. The data at higher concentrations was not very
helpful due to porphyrin aggregation in solutions. Separations were performed at two pH
conditions; with a low pH buffer, 50 mM phosphate (pH 2.5; reverse polarity) and with a
high pH buffer, 10 mM phosphate (pH 9.0; normal polarity).

The UV-vis spectra were recorded under the same conditions as used for CE
separations (pH 2.5 and 9.0), as well as in other solvents. The dilutions for UV-vis studies
were made from the same stock solution which was used for CE separations.

a. Capillary electrophoresis analysis of porphyrins with phenyl groups with sulfonic
acid groups only as substituents:
1.1. Capillary electrophoresis separation of TPPS4.

A single peak was seen at 5.9 min under pH 9.0 separation conditions (Amax 413.5
nm) and 13.9 min under pH 2.5 separation conditions (Amax 433 nm) (data not shown).
The migration times varied with concentration of the porphyrin solution, especially for
separations at pH 9.0. The electropherograms at higher concentrations showed multiple,
asymmetric peaks with longer migration times perhaps due to porphyrin stacking. The

shift of the A, from 412 nm under pH 9.0 separation conditions to ~ 433 nm under pH
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2.5 separation conditions is due to the protonation of the inner nitrogens of the porphyrin

at low pH (Jimenez et al., 1991).

1.2. UV-vis spectra of TPPS4.

The UV-vis spectra of TPPS4 in deionized water showed the characteristic
porphyrin peaks for the three dilutions of the stock solution (~ 2 x10™ M by weight; the
dilution factors of 301, 1001 and 3001, in the concentration range of ~ 3 x 10°-3x 107
M by weight) (Figure 2.2a). The major peak (Soret) was observed at 413.5 nm and the
smaller peaks (Q-band) at 515, 553, 579 and 633 nm. An almost identical pattern of
peaks was seen in a 10 mM KH,PO, buffer (pH 9.0) (Figure 2.2b). In a 50 mM
Na,HPO, buffer (pH 2.5) at the lower concentrations of TPPS4 (~ 10° and 10° M by
weight), a major peak at ~ 434 nm and two minor peaks at ~ 644 and 592 nm were seen
(Figure 2.2¢). However, a solution of dilution factor 301 (~ 10™* M by weight), in the low
pH buffer, showed two additional peaks at ~ 490 nm and ~ 705 nm, along with the rest of
the peaks appearing at lower concentrations. These two additional peaks have been
ascribed to the formation of J aggregates of the diacid (HyTPPS4?) (Ohno et al., 1993).
This occurs at high TPPS4 concentrations, where Beer’s law is no longer followed. The
appearance of the 490 nm peak for TPPS4 has also been attributed to aggregate formation

upon protonation of the porphine monomers (Akins et al., 1996b).
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2.1. Capillary electrophoresis separation of CuTPPS4.

Under pH 9.0 separation conditions, a sharp peak with slight fronting at 7.0 min
(Amax 410 nm, with a second band at 537 nm) was observed (data not shown). Under pH
2.5 separation conditions, only a single sharp peak at 6.2 min with tailing and a Apax of
411 nm was observed (data not shown). The An.x shifted slightly from 405 nm to 411 nm
as the concentration of the porphyrin solution decreased (over a concentration range of ~
10%-10° M by weight) under pH 2.5 separation conditions. The reason is unknown for
the small shift observed in the A,x with concentration in the CE experiment but not in the

UV-vis experiment.
2.2. UV-vis spectra of CuTPPS4.

The UV-vis spectra of CuTPPS4 in deionized water (Figure 2.3) and in 10 mM
KH,PO4 buffer (pH 9.0) (data not shown) showed the characteristic porphyrin peak at
412 nm and a second peak at 540 nm for all five dilutions of the stock solution (~ 10* M
by weight; the dilution factors of 26, 39, 51, 101 and 752 in the concentration range of ~
4 x 10° -1 x 107 M by weight). The Q-band region consisted of a single peak, as
expected for a metalloporphyrin (Herrmann et al., 1978). The spectra of dilutions of
TPPS4 in 50 mM Na,HPO, buffer (pH 2.5) were almost identical to those in the 10 mM
KH,PO4 buffer (pH 9.0) (data not shown). The reason for similar spectra at both the high
and low pH conditions is due to the fact that CuTPPS4 does not undergo core protonation

and remains tetraanionic in moderately acidic solutions (Herrmann et al., 1978).
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3.1. Capillary electrophoresis separation of TPPS3.

Under pH 9.0 separation conditions an unresolved peak, with slight fronting, was
observed at 4.7 min (412 nm) (data not shown). The fronting effect was observed at the
both high and low concentrations of the porphyrin. Under pH 2.5 separation conditions
the peak height was much lower than that in the case of pH 9.0 for equivalent
concentrations (data not shown). An unresolved, sharp peak at 14.4 min with a short peak
at 14.8 min was observed (433 nm). The shift of A, from 412 nm under pH 9.0
separation conditions to 433 nm under pH 2.5 separation conditions was observed due to

protonation of inner nitrogens at low pH.

3.2. UV-vis spectra of TPPS3.

The UV-vis spectra of TPPS3 in deionized water (~ 10 M by weight; the dilution
factors of 17, 25, 33, 50, 100, 200 and 1000 in the concentration range of ~ 1 x 10°-3x
107 M by weight) (Figure 2.4a). The Soret peak shifted slightly from ~ 418 to ~ 415 nm
as the sample concentration was increased, indicating possible aggregation. The Q-bands
were seen at ~ 515, 555, 584 and 634 nm. Pasternack et al. reported the spectral data for
TPPS3 in an 80 - 90% ethylene glycol-water mixture at pH 7.5. The Soret peak was
reported at 418 nm, while the Q-band at 514, 550, 587 and 642 nm (Pasternack, 1973).
Rubires et al. reported the UV-vis spectral data of TPPS3 in water for 5 x10° M and 2
x10*M aqueous solutions (Rubires et al., 1999). In both cases the Ap,x was ~ 412 nm and
the Q-bands were ~ 515, 553, 580 and 636 nm. In a more recent study, after ours and

others earlier research, Zhang et al. reported the UV-vis spectra of TPPS3 under three
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different conditions (Zhang et al., 2003a). In neutral solution the Soret band was reported

at 413 nm and four weak Q bands at 516, 553, 580, and 634 nm.

The Q-bands of TPPS3 and TPPS4 spectra are slightly different in a pH 9.0 buffer
(data not shown). For TPPS4 the peak heights decreased in going from 515 nm to 633 nm
(the first to the fourth peak of the Q-band) whereas for TPPS3 the first two peaks of the
Q-band at 515 and 555 nm are essentially of the same height and the third peak at ~ 584

nm is quite broad. This was observed at all concentrations studied.

The UV-vis spectra of TPPS3 in 50 mM Na,HPO, buffer (pH 2.5) (~ 10* M by
weight; the dilution factors of 17, 20, 25, 33, 50, 100, 200 and 500 in the concentration
range of ~ 1 x 10 - 5 x 107 M by weight) are shown in Figure 2.4b. It is known that
TPPS3 shows extensive aggregation and low solubility in water (Kalyanasundaram &
Neumann-Spallart, 1982). Our UV-vis data is consistent with all the previous and more
recent studies. In mildly acidic solution (pH 4 - 5), the Soret was red-shifted to 434 nm
and the Q-bands were at 595 and 647 nm due to the formation of N-protonated diacid
(H4,TPPS3*", reported earlier). When the pH of the solution decreased below 2, new
bands of the aggregated porphyrin diacid (HsTPPS3*") appeared at 489 and 708 nm with

higher intensity than the Soret at 434 and the Q-band at 647 nm.

A broad and split Soret peak was observed with Ap,x of 421 and 433 nm (Figure
2.4b). As the concentration of the porphyrin was increased, the peak height at 421 nm
increased at the expense of the 433 nm peak. Four peaks were seen in the Q-band region,

~ 556, 594, 645 and 700 - 707 nm. The peak at ~ 700 - 707 nm is known to be due to the
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formation of J-aggregates in the case of TPPS4 (Akins et al., 1996a). As in the case of
TPPS4, a peak ~ 490 nm was seen even at very low concentrations of the sample. Rubires
et al. reported the UV-vis data for the three different concentrations of TPPS3, 2 x 10'6,
2x 10° and 2 x 10* M solutions in 0.1 M HCI (Rubires et al., 1999). The Soret peak was
shifted to ~ 440 nm for the two higher concentrations. The prominent peak was not the
Soret peak but the peak at 490 nm. The aggregation was more pronounced in the work of
Rubires et al., due to the presence of 0.1 M HCI, compared to 50 mM Na,HPO, buffer
(pH 2.5) as used in this study. The band at ~ 700 nm was almost the same height as the

Soret band.

4. Capillary electrophoresis separation of a mixture of metalloderivative of TPPS4.

A solution mixture containing Mn(III), Co(II), Cu(Il) and Ag(Il) derivatives of
TPPS4 was prepared (~ 10° M each by weight). Peaks were seen at 4.29 min (Mn, 400
nm), 5.33 min (Co, 425 nm), 6.38 min (Cu, 412 nm) and 7.7 0 min (Ag, 420 nm) (Figure
2.5). The peaks were assigned according to their migration time from their individual
separations. The clear separation indicated that CE was a useful technique for the

separation of metalloTPPS4 mixtures.

b. Capillary electrophoresis analysis of commercial samples of porphyrins with aryl

groups with sulfonic acid groups as substituents (naphthyl and anthracyl groups):
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1.1. Capillary electrophoresis separation of TNapPS.

A commercially available sample had four peaks at 5.7, 7.6, 10.6 and 16.1 min
under pH 9.0 separation conditions (Figure 2.6a). Under pH 2.5 separation conditions,
four peaks at 6.0, 8.3, 10.7 and 16.6 min were observed (Figure 2.6b). The shift of Ay
from 420 nm under pH 9.0 separation conditions to 444 nm under pH 2.5 separation
conditions could be due to the protonation of the inner nitrogens at low pH (Herrmann et
al., 1978). The peaks were much taller under pH 9.0 separation conditions for equivalent

concentrations.

The multiple peaks under both high and low pH separation conditions could be
due to the presence of species that were sulfonated to different extents. The observation
that the peak pattern does not change with dilution indicates that TNapPS is less prone to
self-stacking than TPPS4, probably because the naphthyl rings are larger than the phenyl
rings. Hanyz and Wrobel reported that the substitution of the porphyrins with larger
naphthyl groups probably leads to the delocalization of the © electrons in the porphyrins
ring due to the various structures and symmetry of the porphyrin (Hanyz & Wrobel,

2002).
1.2. UV-vis spectra of the TNapPS.

The UV-vis spectra of TNapPS in deionized water were taken for five dilutions of
the stock solution (~ 1 x107 M; the dilution factors of 101, 151, 216, 301 and 752, in the

concentration range of ~ 1 x10™ - 1 x10° M by weight) (Figure 2.7a). The major peak
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(Soret) at 419 nm and the smaller peaks (Q-band) at ~ 516, 553, 579 and 633 nm were
observed. The heights of the 553 and 580 nm peaks were different from those of TPPS4.
In the case of TPPS4, the 553 nm peak was taller than the 580 nm peak but the reverse
was seen in the case of TNapPS, where 553 nm was more of a plateau-shaped region. In
both the cases the 516 nm peak was the tallest peak of the Q-band. Absorbance was also
observed in the 250 - 350 nm region, with a slight indication of a peak at ~ 278 nm. An

almost identical pattern of peaks was seen in the pH 9.0 buffer (data not shown).

In the pH 2.5 buffer a major, a relatively broad peak at ~ 444 nm and two minor
peaks at ~ 636 and 683 nm (Q-band) were observed (versus the four peaks in water or in

a pH 9.0 buffer (Figure 2.7b).

2.1. Capillary electrophoresis separation of TAnthPS.

A commercially available sample had multiple peaks with shoulder peaks, at 8.8,
10.2 and 10.5 min (435 nm) under pH 9.0 separation conditions. Under pH 2.5 separation
conditions the sample had only a small single peak at ~ 6.3 min (434 nm) (Figure 2.8a).
The peak heights were about twice higher under pH 2.5 separation conditions (Figure
2.8b). TAnthPS does not stack under the CE conditions at both pH, shown by the same

peak pattern at both high and low concentrations of the sample (data not shown).

2.2. UV-vis spectra of the TAnthPS.

The UV-vis spectra of TAnthPS in deionized water (data not shown), and in

buffers at pH 2.5 (Figure 2.9) and pH 9.0 (data not shown) are almost identical. Five
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dilutions of the stock solution (~ 1 x107 M; the dilution factors of 101, 151, 216, 301 and
752, in the concentration range of ~ 1 x10” - 1 x10° M by weight) were used. The Soret
peak was observed at ~ 434 nm, usually observed at ~ 415 nm at neutral and high pH for
most porphyrins. The Q-band region had two peaks, at ~ 560 nm, and very low

absorbance at ~ 517 nm.

¢. Sulfonated tetraphenylporphin with two fluoro-groups on the phenyl rings:
TPP(2,6-F2)S (free base, DD194), TPP(2,3-F2)S,Cu (DD755), TPP(2,4-F2)S,Cu
(DD720), TPP(2,5-F2)S,Cu (DD713) and TPP(3,5-F2)S,Cu (DD746).

The sulfonated derivatives of five difluoro tetraphenylporphyrins were studied:
derivatives with 2,3-, 2,4-, 2,5-, 2,6- and 3,5-difluoro substituent patterns (Figure 2.10).
The 2,6-derivative is the free-base. These derivatives differed only in the position of the
two fluorine substituents on the peripheral phenyl rings. Biological tests (done in Dr.
Compans’ laboratory) indicated that these porphyrins inhibited the HIV-1 virus to
different extents (Table 2.1). The goal of this study was to determine if there was a
correlation between the structure of the porphyrins and their biological activities.

i. UV-vis spectroscopy.
1. The 445 - 450 nm spectral band.

The aqueous solutions of these porphyrins did not have the same color. TPP(2,3-
F2)S,Cu (DD755), TPP(2,5-F2)S,Cu (DD713) and TPP(3,5-F2)S,Cu (DD746) gave green
aqueous solutions while TPP(2,6-F2)S (free base, DD194) and TPP(2,4-F2)S,Cu

(DD720) gave red aqueous solutions.
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The UV-vis spectrum of the free base TPP(2,6-F2)S (DD194) was red-shifted
slightly from a Ay (Soret) at 412 nm in a pH 9.0 buffer to a Ay, 0f 417 nm in a pH 2.5
buffer (data not shown). This red-shift in acidic medium could be due to the partial
protonation of the inner nitrogens at low pH (Herrmann et al., 1978). For TPPS4, the
Soret at 412 nm is shifted to even longer wavelengths, to ~ 430 nm upon protonation of
the inner nitrogens at pH 2.5 (Ribo et al., 1994). Protonation of the inner nitrogens of
TPP(2,6-F2)S derivatives might be reduced, in comparison to TPPS4, either because the
fluoro groups remove electron density from the porphyrin or because the ortho fluoro
groups prevent the bending of the porphyrin which is a consequence of protonation.

Figure 2.11 shows the UV-vis spectra of the copper chelates of the difluoro
porphyrins in four different solvents: water, ] mM EDTA, and phosphate buffers at pH
7.1 and 9.0. The UV-vis spectrum of TPP(2,4-F2)S (DD720), a red aqueous solution, had
a Amax at 410 nm in all four solvents. The UV-vis of the two difluoro compounds,
TPP(2,3-F2)S,Cu (DD755) and TPP(2,5-F2)S,Cu (DD713), had a 445 - 450 nm spectral
band, in addition to the Soret at ~ 410 nm, in all four solvents; the aqueous solutions of
these compounds were green. The 455 nm peak was taller than the 410 nm peak in case
of TPP(2,5-F2)S,Cu (DD713) in all the four solvents. TPP(3,5-F2)S,Cu (DD746) did not
have a 410 peak, but only a broad, short band at 450 nm with a slight shoulder at ~ 475
nm in all the four solvents; the aqueous solutions of this compound was green.

2. Possible origins of the 445 - 450 nm band.
There are at least four possible origins of the 445 - 450 nm band. First, the 445 -

450 nm band might be due to the presence of a different metalloporphyrin as an impurity,
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along with the copper derivatives. For example, WYOTPPS4 (451 nm) (Fleischer et al.,
1979) and PbTFPS (463 nm) (Langley & Hambright, 1985) are substantially red-shifted
in comparison to the other metalloderivatives of TPPS4, including copper (412 nm)
(Kadish et al., 1989). However, it seems unlikely that such large and varying amounts of
another metal would have been introduced inadvertently in the synthesis, because the
compounds were all made by Dr. Peter Hambright (Howard University) within a few
weeks of one another. In our laboratory, precautions were taken so that porphyrin did not
pick up metals from the surroundings. Glassware was washed with EDTA, and reagents
(e.g., methanol) were refluxed with EDTA. Reagents with no or minimum traces of
metals were used (e.g., sulfuric acid). EDTA was added to the solutions to sequester any
free metal in the sample.

A second possible reason for the observation of long wavelength band is the
protonation of the inner core nitrogens of the porphyrin at low pH, shifting the Soret to
longer wavelengths (Herrmann et al., 1978). In this study, however, the porphyrins
studied were copper chelates and the inner core was prevented from being protonated due
to complexation of the inner nitrogens with copper. It is unlikely that the copper was lost
because copper porphyrins are in stability class II, and only lose copper when treated
with 100% H,SO4 at 25 °C for 2 h (Buchler, 1975). The spectra were independent of pH,
also consistent with protonation not being the correct explanation for the red-shift of the
Soret band.

Self-stacking of sulfonated porphyrins can lead to significantly red-shifted Soret

band. Akins et al. reported that the appearance of the 490 nm peak for TPPS4 could be
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due to aggregate formation upon protonation of the porphine monomers (Akins et al.,
1996b). However, the cause for the appearance of the 445 - 450 nm band was not
aggregation of the compounds under study, because no changes in the UV-vis spectra of
the compounds were observed even with the addition of DMSO or methanol to the
porphyrin solution (regularly used to break aggregates of porphyrins) (Figure 2.12a).
Also, no changes in the UV-vis spectra were observed upon varying the concentration of
the compounds (Figure 2.12b). The ratios of the Soret peak and the 445 - 450 nm peak
were the same for all the different concentrations.

A long wavelength band could also be due to additional conjugation within the
porphyrin that develops as a result of sulfonation. This would be most likely due to the
formation of the intramolecular sulfone, formed by loss of water between a sulfonic acid,
at the ortho position of one of the phenyl rings, and a neighboring pyrrole position. There
is precedence for this in the formation of the related cyclic ketones, first reported by
Richeter et al. (Figure 2.13) (Richeter et al., 2003). The addition of unsaturated rings
fused to the porphyrin system results in bathochromic shifts of all bands. Metal-free
5,10,15,20-tetraphenylporphyrin (H,TPP) has a Any.x of 418 nm. The addition of one
intramolecular ketone to the structure results in a shift of the Soret from 418 nm to 466
nm in dichloromethane. In further work, Richeter and co-workers made all six isomeric
porphyrin diketones and observed that the shift in Soret bands up to 560 nm in
dichloromethane (Richeter et al., 2001; Richeter et al., 2004). Richeter also made the
derivatives in which an amine link replaced the ketone (Richeter et al., 2004). These also

showed a red-shifted Soret.
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The hypothesis that the red-shifted bands arise from intramolecular sulfone
formation is strengthened by correlating the extent of the formation of the 445 - 450 nm
band to the substituent patterns of the difluoro porphyrins. Fluoro groups are
predominantly para directing (99.1%) and ortho directing (0.9%) in sulfonation (March,
1992). Thus, the rings are sulfonated at either para or ortho position to the two fluoro
groups on the phenyl rings. This results in the placement of sulfonic acid groups in the
ortho position on the phenyl ring (and thus in the close proximity to the pyrrole ring of
the porphyrin core), in case of TPP(2,3-F2)S,Cu (DD755), TPP(2,5-F2)S,Cu (DD713)
and TPP(3,5-F2)S,Cu (DD746). If these sulfonates near the pyrrole were to lose a water
molecule from the sulfonic acid group and the adjacent pyrrole ring, a cyclized sulfone
would result (Figure 2.14a). The text below looks at the compounds in turn to estimate
to what extent they might form the sulfone, and compare this with the experimental
observations.

TPP(2,6-F2)S (free base, DD194) cannot sulfonate in the positions ortho to the
porphyrin, closer to the pyrrole ring, because both of these positions are blocked by
fluorines themselves (Figure 2.14b). In line with a cyclic sulfone hypothesis, no 450 nm
band was observed. TPP(2,4-F2)S (DD720) should not have sulfonated in the position
ortho to the porphyrin, closer to the pyrrole ring, because this is meta to both fluorines
(Figure 2.14b). Again, in line with a cyclic sulfone hypothesis, no 450 nm band was
observed. TPP(3,5-F2)S,Cu (DD746) has two positions ortho to the porphyrin, each of
which is para to a fluorine. These ortho positions are therefore the most likely to be

sulfonated. This compound showed the Soret as a 450 nm band, consistent with the



111

extensive formation of the sulfone. TPP(2,5-F2)S,Cu (DD713) has one open position
ortho to the porphyrin; this 6-position is ortho to one fluorine and meta to another
(Figure 2.14b). The 3- and 4-positions on the phenyl ring are each ortho to one fluorine
and meta to another. Thus, all three positions on the ring might be expected to sulfonate.
Sulfonic acid groups at the 3- and 4-positions can not ring-close to give the sulfone,
whereas a sulfonic acid group at the 6-position can ring-close to give the sulfone.
Consistent with this, significant bands at both 410 and 450 nm were seen. TPP(2,3-
F2)S,Cu (DD755) is expected to sulfonate at the 5- and 6-positions. The latter can ring-
close; the former cannot. Both 410 and 450 nm bands were observed (Figure 2.14b).
Overall, there is a high correlation between the likelihood that a porphyrin will sulfonate
adjacent to the porphine ring, and the observation of intensity at 450 nm in the optical
spectrum. This is in line with the proposed formation of an intramolecular sulfone.

These experiments may explain our previous observations on efforts to “over-
sulfonate” porphyrins, i.e., to add more than one sulfonic acid group per phenyl ring in
tetraphenylporphyrins. When TPP was treated with fuming sulfuric acid (15% oleum)
for long periods of time, it was observed that the porphyrin was sulfonated beyond four
sulfonic acid groups (shown by TLC, data not shown here). The resulting species had
only a 450 nm absorption band (and no Soret peak at ~ 410 - 420 nm). Thus,
oversulfonation may ultimately result in sulfone formation. This could be due to the
presence of more sulfonic acid on at least one phenyl ring of the porphyrin, improving the
chances of sulfonic acid group being in close proximity of a pyrrole ring, to form the

sulfone.



112

ii. CE separation.

Further analysis was done via CE to gain insight into the components of the
difluoro derivatives and the 445 - 450 nm band. The CE data is summarized in Table 2.2.
Simple mixtures of negatively charged sulfonated porphyrins can be separated as a
function of charge by capillary electrophoresis. We have separated the negatively charged
TPPS2a, TPPS3 and TPPS4 by capillary electrophoresis at pH 9.0 (Dixon et al., 2004).
The three compounds had migration times of 4.0, 5.0, and 6.4 min, respectively, i.e., the
least charged specied had the shortest migration time under the separation conditions.
The sulfonated difluoro derivatives of had multiple peaks, indicating the presence of
porphyrin species with varying extents of sulfonation.

Figure 2.15 shows the CE separations of the difluoro derivatives. Separations of
these compounds at low pH (2.5) were not well resolved (data not shown). Table 2.2
gives this data as well as that in phosphate buffer, pH 9.0, without BCD.

TPP(2,6-F2)S (DD194), free base, had four unresolved peaks between 7.3 and
7.6 min (Amax 412 - 416 nm) (data not shown).

TPP(2,3-F2)S,Cu (DD755), TPP(2,4-F2)S,Cu (DD720), TPP(2,5-F2)S,Cu
(DD713) and TPP(3,5-F2)S,Cu (DD746) all showed multiple peaks when separations
were performed with a 10 mM phosphate buffer (9.0) containing 1 mM BCD. At least
two peaks for each compound, at both high (data not shown) and low concentrations of
the compounds (up to 100-fold difference between the high and low concentrations of the

compounds) (Figure 2.15). Addition of BCD to the running buffer decreased the

migration time (Table 2.2). The effect of BCD on the enhancement of separation was not
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the same for all the four compounds. In the case of TPP(2,4-F2)S,Cu (DD720), two sharp
peaks at 5.0 and 6.1 min with A, of 409 and 414 nm, respectively, were observed
(Figure 2.15). No change in the electropherograms was observed due to the addition of 1
mM BCD to the running buffer. The negative ion MALDI data (below) indicated that this
compound was a mixture with significant amounts of at least three compounds, the di-,
tri- and tetrasulfonated species. However, under the CE separation conditions used, only
two major CE peaks were observed.

In the case of TPP(2,5-F2)S,Cu (DD713), separation without BCD resulted in
several sharp unresolved peaks between 6.0 and 9.0 min, with only one peak at 6.5 min
with both 414 and 450 nm bands (data not shown). The rest of the peaks had a Aax of ~
420 nm. With 1 mM BCD in the running buffer, three distinct peaks were observed, at
4.3, 5.1 and 6.3 min (Figure 2.15). Only the peak at 4.3 min had both the 416 nm and
449 nm UV-vis bands. The other two peaks had a Ay of ~ 420 nm. Close inspection of
the first peak, at 4.3 min showed that the ratio of the 414 nm and 450 nm bands changed
as one moved through the peak. Thus, it is likely that this peak in the CE was a result of
two different compounds co-eluting under one apparent peak.

For TPP(2,3-F2)S,Cu (DD755), the three major peaks were observed without
BCD at 5.2, 6.4 and 7.7 min (data not shown). There were also shorter peaks at ~ 4.5 and
12.0 min. The peaks at 5.2 and 7.7 min had A, values of 409 and 419 nm, respectively.
The peaks at 6.4 min had Ay.x values of 414 and 443 nm. With the addition of 1 mM

BCD to the running buffer, the three major peaks were still observed at 5.1, 6.2 and 7.4
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min, although more short peaks also appeared. The peaks at 5.1 and 7.4 min had Apax
values of 409 and 420 nm, respectively. The peaks at 6.2 min had A, values of 414 and
444 nm.

TPP(3,5-F2)S,Cu (DD746) gave unresolved peaks without BCD between 5.0 and
10.0 min (data not shown). All the peaks had An.x values of ~ 440 nm. The addition of
BCD did not resolve the peaks significantly; four unresolved peaks between 4.0 and 10.0
min were observed (Figure 2.15). All the CE peaks had A« of about ~ 440 nm. If 440

nm bands were due to cyclic sulfones, then more than one component of this compound

had this moiety.

iii. Mass spectrometry.

The negative ion MALDI technique was used to gain information about the
substitutions of these compounds. While one can sometimes see dimers in the mass
spectrometry of sulfonated tetrapyrroles (Dixon et al., 2004), only in the case of TPP(3,5-
F2)S,Cu (DD746) were trace amounts of homo- and heterodimers observed in this work.
Table 2.2 summarizes the MS and CE data of difluoro derivatives of CuTPPS4.

1. Number of sulfonic acid groups.

The negative ion MALDI data for almost all the difluoro derivatives showed
peaks appropriate for the tri- and tetrasulfonated species and their sodium adducts
(Figure 2.16 and 2.17). Traces of the monosulfonate (896 Da) and its monosodium
adduct were seen for TPP(2,4-F2)S,Cu (DD720). Peaks appropriate for the disulfonated

species and its monosodium adduct were seen for TPP(2,4-F2)S,Cu (DD720) and
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TPP(2,5-F2)S,Cu (DD713). Traces of the pentasulfonate (1219 Da) and its mono- and
disodium adducts were seen for TPP(2,3-F2)S,Cu (DD755). Consistent with this
observation, the CE electropherogram showed peaks appearing at migration times longer
than for other porphyrins, indicating species with higher negative charge, and hence a
greater extent of sulfonation.

The spectrum for TPP(3,5-F 2)S,Cu (DD746) had very few peaks compared to the
other compounds. It was interesting to observe that the parent sulfonated species
(molecular ion peaks of the sulfonated species) were missing. Some peaks seemed to be
consistent with their sodium adducts.

2. Loss of 18 Da.

All four copper chelates showed peaks consistent with the loss of 18 Da from the
sulfonated species (Figure 2.16 and 2.17). However, in most cases the loss of 18 Da was
not observed from the sodium adducts of these sulfonated species. This may indicate that
the loss occurred more readily from the fully protonated species rather than from their
sodium adducts. This 18 Da loss is very likely the loss of water from a sulfonic acid and a
pyrrole ring, which are in close proximity, as discussed earlier in this section.

TPP(2,5-F2)S,Cu (DD713) showed a peak at 1040 Da consistent with the loss of
water from the parent trisulfonated species (1058 Da) (Figure 2.17a). The 960 Da peak
was appropriate for the loss of water from the parent disulfonated species (978 Da). A
significant peak appropriate for the loss of water from the tetrasulfonated porphyrin
(1138 Da) was not observed at 1120 Da. This peak might have overlapped with the

sodium adduct of the trisulfonated species, i.e., the peak at 1124 Da was more appropriate
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for the sodium adduct of trisulfonated species than for the water loss from the
tetrasulfonate species. The loss of water could happen for this compound, for at least for
one of its sulfonated species, based on observation of the CE data for this compound. The
CE data of this compound showed one peak, out of the three major peaks, with the 450
nm band along with the Soret band.

There were many overlapping peaks in the mass spectrum of TPP(2,3-F2)S,Cu
(DD755) (Figure 2.16b). The 1120 Da peak was appropriate for the loss of water from
the parent tetrasulfonated species (1138 Da). A peak appropriate for the loss of water
(1200 Da) from the pentasulfonated species (1218) might have overlapped with the peak
for the sodium adduct of the tetrasulfonated species. The water loss in case of this
compound possibly results in the formation of the sulfone ring, at least in case of one of
the sulfonated species. That species could be di-, tri- or tetrasulfonated. CE data indicated
that only the one peak out of the three major peaks, at 6.4 min, had the 445 nm band
along with the Soret band. The other CE peaks did not have the 445 nm band.

In the case of TPP(2,4-F2)S,Cu (DD 720), the tallest peak was not for the loss of
water, but for the trisulfonated species (Figure 2.17b). Peaks for the loss of water at 960
Da, 1040 and 1120, respectively, were seen for the di- (978 Da), tri- (1058 Da) and
tetrasulfonated (1218 Da) porphyrins. But according to our reasoning for the loss of water
and consequential sulfone formation, TPP(2,4-F2)S,Cu (DD720) which does not
sulfonate on the ortho or para positions of the ring cannot lose water to form the sulfone
ring. Therefore, the 18 Da loss for this compound could not be the loss of water resulting

in sulfone formation. This is supported by the CE data for this compound, where neither
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of the two CE peaks had the 445 - 450 nm band. The origins of the -18 Da peaks are not
known at this point.

In the case of TPP(3,5-F2)S,Cu (DD746), the parent sulfonated peaks were
missing (Figure 2.16a). The peaks observed were appropriate for the loss of 18 Da from
the tri- and tetrasulfonated species and their sodium adducts. However, the taller peaks
seemed to be consistent with the sodium adducts of the trisulfonated species. This is the
compound which is most likely to have lost water to form a sulfone. All the CE peaks of
this compound had the Ay.x of ~ 440 nm. Thus, the UV-vis and mass spectrometry data is
consistent and lead to the conclusion that the sulfonation products of this molecule have
lost water to form the sulfone.

3. Loss of SO,.

Loss of SO, has been observed previously for the sulfonated tetrapyrroles (Dixon
et al., 2004). The sulfonic acid group can lose SO; to form phenol (Conneely et al.,
2001). Loss of a SO, was not significant in the case of TPP(2,5-F2)S,Cu (DD713) and
TPP(3,5-F2)S,Cu (DD746). These are the two compounds which had very prominent red-
shifted bands, at 445 - 450 nm. Presumably, loss of SO, was not significant for the
sulfonated parent peaks which lost water to give the sulfone peaks.

On the other hand, loss of SO,, and not the loss of water, was significant in the
case of TPP(2,4-F2)S,Cu (DD720) and TPP(2,3-F2)S,Cu (DD755) (Figure 2.18).
TPP(2,4-F2)S,Cu (DD720) did not have the 445 - 450 nm UV-vis band and for TPP(2,3-
F2)S,Cu (DD755) the band was not as significant. Peaks appropriate for the loss of one

SO, were observed from the tetra- and pentasulfonated species. Peaks appropriate for the
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loss of one SO, were also observed from their mono-, di- and trisodium adducts (Figure

2.18).

Conclusions about the difluoro derivatives from UV-vis spectroscopy, capillary
electrophoresis and negative ion MALDI data:

The UV/vis Soret band at about 450 nm is best explained as due to additional
conjugation in the ring. This is most easily explained as an intramolecular sulfone. An
intramolecular sulfone can form by condensation of a sulfonic acid, at the ortho position
of the phenyl ring, with the pyrrole ring. In comparing the various difluoro derivatives,
we note that the more likely the porphyrin is to sulfonate in the ortho position of the
phenyl ring, the more 450 nm band intensity is observed. Thus, the presence and intensity
of the 450 band are consistent with the predicted sulfonation pattern of the difluoro
porphyrins. All of the sulfonated difluoro derivatives were mixtures, as shown by
capillary electrophoresis and mass spectrometry. In general, only a few of the peaks had
the optical signature of the intramolecular sulfone in the CE. The MALDI data showed
that the porphyrins had various extents of sulfonation, consistent with the observation of
a number of peaks in the capillary electropherograms. Significant peaks in the MALDI
spectra were attributed to loss of water from the parent species, again consistent with the
intramolecular sulfone structure. Although the intramolecular sulfone species has not
been reported in the porphyrin literature to our knowledge, extended conjugation via
either a carbonyl or amine linkage is known, and results in a red-shifted Soret (Richeter et

al., 2001; Richeter et al., 2004).
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Regarding the MALDI fragmentation patterns, in general loss of water seemed to
come from the sulfonic acid forms, not their sodium adducts, as might be expected. It
also appeared that some parent peaks would lose H>O and some SO,; the mass spectral
patterns were not consistent with a single molecular entity losing either H,O or SO,.

Although it is in general possible to add more than one sulfonic acid to a phenyl
ring via sulfonation, “oversulfonated” tetraphenyl porphyrins (e.g., a pentasulfonated
derivative) have not been reported in the literature. In our case, TPP treated under forcing
sulfonation conditions gave species that absorbed at 450 nm but were not the protonated
parent TPP. In view of our work on the difluoro porphyrins, we now believe these species

to be the intramolecular sulfones.

d. Sulfonated tetraphenylporphin with bromo groups on the phenyl rings:
TPP(4-Br)S (free base) (DD709), TPP(2-Br)S,Cu (DD774), TPP(3-Br)S,Cu (DD707),
and TPP(4-Br)S,Cu (DD710).

Four bromo derivatives of TPPS4 and CuTPPS4 were studied (Figure 2.19).
These derivatives differed only in the position of the bromo substituent on the peripheral
phenyl rings. The compounds showed good inhibitory activity against HIV virus and
were not especially toxic (biological tests done at Dr. Compans’ laboratory). The goal of
this work was to study the structural properties of these compounds.
i. CE separation.

Figure 2.20 shows the CE separation of these compounds in a pH 9.0 buffer with

I mM BCD. The results are summarized in Table 2.3. In the presence of 1 mM BCD, the
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electropherograms of the free base TPP(4-Br)S (DD709) and its Cu derivative TPP(4-
Br)S,Cu (DD710) had several peaks, not resolved to the baseline. The general pattern of
the peaks was the same for the two compounds. However, the Cu derivative of TPP(4-
Br)S (DD709), TPP(4-Br)S,Cu (DD710) had more unresolved components. The broad
peak at longer migration time appeared at even longer migration time, i.e., ~ 15 min.
Multiple peaks and longer migration time indicate greater extent of sulfonation (Dixon et
al., 2004). TPP(2-Br)S,Cu (DD774) had several peaks with considerable resolution
between 4.5 and 9.5 min in the presence of 1 mM BCD. The major peaks, however, were
observed between 5.5 and 6.5 min. TPP(3-Br)S,Cu (DD707) had only two sharp peaks
and had the shortest migration time amongst all the four compounds. Overall, | mM BCD
did help in resolving peak components and improving the shape of the peaks (data
without BCD not shown).

ii. UV-vis spectra.

Figure 2.21 shows the UV-vis spectra of these compounds in water. The Ap,x
were in the range of 412 - 419 nm. A Q-band was seen ~ 540 nm. In case of TPP(3-
Br)S,Cu (DD707) a hint of a 450 nm band was observed. According to our pervious
discussion of difluoro derivatives of TPPS4, the 450 nm band could be a result of loss of
water from a sulfonic group on the phenyl ring and the pyrrole ring to form a sulfone. For
the formation of the sulfone ring the sulfonic ring would have to be in close proximity of
the pyrrole ring. This is directed by the position of the halogen substituent on the phenyl
ring; the 3-bromo substituent, TPP(3-Br)S,Cu (DD707), should have a sulfonic groups

adjacent to the pyrrole ring.
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Spectra were also taken in various solvents and at various pH values; in water, 1
mM EDTA, and phosphate buffers at pH 7.1 and 9.0 (data not shown). No difference in
spectra, except for peak heights, was observed under the different conditions.

iii. Mass spectrometry.

The data is summarized in Table 2.4. The multiple CE peaks for each compound
indicated the presence of more than one sulfonic acid group on the phenyl ring. This is
also shown by the negative ion MALDI data. Peaks appropriate for the loss of a SO,
group from the parent sulfonated species were not observed.

The mass spectrometry data indicated that the free base TPP(4-Br)S (DD709) had
peaks for the di- (1086 Da), tri- (1166 Da), tetrasulfonated (1246 Da) species and their
sodium adducts. TPP(4-Br)S,Cu, (DD710) showed peaks appropriate for the di- (1086
Da), tri- (1166), and tetrasulfonated (1246) species, as well as their sodium adducts.

TPP(3-Br)S,Cu (DD707) data was different from other compounds in that no peak
for the tetrasulfonated species was seen. Peaks appropriate for the di- and trisulfonated
species and the peaks for the sodium adducts of the trisulfonated species were not very
significant. The other peaks in the spectrum, including the tallest peak, could not be
assigned. The pattern of the peaks could not be assigned.

In the case of TPP(2-Br)S,Cu (DD774), the prominent peak was for the
pentasulfonated species (1326 Da) and its sodium adducts. Trace amounts of the

tetrasulfonated species (1246 Da) and its sodium salts were also observed.
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Sulfonated Naphthyl Porphyrins as Agents Against HIV-1
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Abstract

Sulfonated 5,10,15,20-tetra(1-naphthyl)porphyrin (T1NapS) and 5,10,15,20-
tetra(2-naphthyl)porphyrin (T2NapS) and their copper and iron chelates show activity
against the human immunodeficiency virus (HIV-1). The porphyrins were prepared by
sulfonation of the parent structures with sulfuric acid. More highly sulfonated structures
were prepared by sulfonation for longer times. Matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry showed species with as many as eight
sulfonates. Some of the mass spectral peaks for the copper chelates were consistent with
loss of water, apparently from intermolecular sulfone formation between two adjacent
naphthalene rings that took place during copper insertion. The compounds could be
separated using capillary electrophoresis; addition of B- or y-cyclodextrin gave
substantially better separation of the components. Activity against HIV was evaluated
using an epithelial HeLa-CD4-CCRS cell line; ECsg values for HIV-1 IIIB and HIV-1 JR-

FL ranged from 1 to 15. The compounds exhibit low toxicity for human epithelial cells
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and have potential as microbicides which might be used to provide protection against

sexual transmission of HIV.

Introduction.

Although many important strides have been made in both pharmaceutical
approaches and in changing social practices, the cost of the human immunodeficiency
virus (HIV) epidemic in both human and economic terms continues to be staggering.
One approach to slowing the spread of HIV is to prevent initial infection by the virus.
This is most likely to be effected with microbicides, topical agents which are designed
to prevent infection, rather than attempting to minimize its later ravages (Stone, 2002;
Turpin, 2002; Harrison et al., 2003; D'Cruz & Uckun, 2004). Microbicides need to be
safe, effective, convenient, and affordable as they will be used on a long-term basis.

Porphyrins have been known for some years to show antiviral activity against
HIV infection in assays that measured inhibition of virus replication.  Studies
investigated protoporphyrin (Asanaka et al., 1989), hemin (Levere et al., 1991; Neurath et
al., 1991) and other related natural porphyrins and metalloporphyrins (Dixon et al., 1990;
Neurath et al., 1991; Neurath et al., 1992; DeCamp et al., 1992; Debnath et al., 1994;
Neurath et al., 1994a; Neurath et al., 1994b; Debnath et al., 1999; Vzorov et al., 2002;
Dairou et al., 2004). In general, activity against HIV is in the micromolar range in such
antiviral assays. In the synthetic porphyrin class, sulfonated derivatives of
tetraphenylporphyrin have also been shown to be active, as have other selected tetraaryl

porphyrins (Dixon et al., 1990; Neurath et al., 1992; Dixon et al., 1992; Debnath et al.,
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1994; Neurath et al., 1994a; Neurath et al., 1995; Song et al., 1997; Vzorov et al., 2002).
Recently, we have found that porphyrins can inhibit the initial infection process by
inactivating the infectivity of cell-free virus, and therefore have potential as microbicides
(Vzorov et al., 2002). Porphyrins can chelate metals, specifically copper and iron, giving
structures that are stable, not photoactive, have chemistry that is independent of pH over
the values expected in the female genital tract, and are without redox chemistry that
would interfere with pharmacological use. All of these are important in the development
of a microbicide. Three classes of porphyrins were studied (Vzorov et al., 2002): 1)
natural porphyrins, II) metal chelates of tetraphenylporphyrin tetrasulfonate (TPPS4), and
IIT) sulfonated tetraaryl porphyrin derivatives. None of the natural porphyrins studied
reduced infection by more than 80% at a concentration of 5 pug/ml in these assays. Some
metalloTPPS4 were more active and a number of sulfonated tetraaryl derivatives showed
significantly higher activity. Some of the most active compounds were the sulfonated
tetranaphthyl porphyrins (T1NapS and T2NapS, Figure 2.22). The present study
extends our previous work by further defining the chemistry and antiviral activity of
naphthyl porphyrins. The characterization of the sulfonated naphthyl porphyrins is of
interest not only in conjunction with their antiviral activity, but also their use as
photosensitizers (Ion et al., 1998; Ion, 1999) and with respect to the effect of the

naphthyl group on the spin state of the central metal atom (Silver & Taies, 1988).
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Experimental.

a. Synthesis. 5,10,15,20-Tetra(1-naphthyl)porphyrin (T1Nap) (Treibs & Haeberle, 1968;
Fonda et al., 1993) and 5,10,15,20-tetra(2-naphthyl)porphyrin (T2Nap) (Fonda et al.,
1993; Rao & Maiya, 1994) were synthesized according to the general literature procedure
(Abraham et al., 1975). A recent synthetic procedure involving heating for 10 days at
lower temperatures may give more facile access to larger quantities of the pure parent
porphyrins (George & Padmanabhan, 2003). Sulfonation was performed following the
literature (Miller et al., 1987; Ion et al., 1998; Sutter et al., 1993). Sulfonation with
concentrated sulfuric acid (Miller et al., 1987; Sutter et al., 1993) gave cleaner products
than sulfonation with fuming sulfuric acid (Sutter et al., 1993; Ion et al., 1998). As an
example, TINap (200 mg, 0.24 mmol) was added to 5 ml of concentrated sulfuric acid
(Aldrich). The reaction mixture was heated at 100 °C for 5 h. Ice was then added to the
green mixture (when working at larger scale, it is safer to pour the sulfuric acid mixture
over ice). The acid was neutralized carefully by the addition of 50% NaOH solution and
ice until the color turned red (caution: very exothermic, keep the flask in ice and add the
NaOH very slowly). The pH of the solution was adjusted to 7. The liquid was
evaporated under vacuum. The resulting solid was pulverized and the sulfonated
porphyrin was extracted into methanol with a Soxhlet apparatus for approximately 24 h.
Evaporation of the solvent gave solid material which was purified by a Sephadex LH-20
(Pharmacia) column (6 g of Sephadex for 100 mg of porphyrin) using methanol as the
eluent. The column was prepared by putting the Sephadex in methanol and was used

immediately. The purple-colored band (continuous, streaking) was collected and
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evaporated to obtain the desired product. The T2Nap sulfonation products were made
analogously. Components could be separated by thin layer chromatography (TLC)
(Merck, RP-18 F, 60/40 MeOH/H,0).

Copper insertion was performed by the copper oxide method (Herrmann et al.,
1978). The porphyrin (30 mg) was added to refluxing water which contained 500 mg of
copper oxide. The reaction mixture was refluxed for 12 h. The completion of the reaction
was indicated by UV/vis spectroscopy (four Q-bands of free-base porphyrin reduced to
two bands of metalloporphyrin). The solvent was filtered to remove excess copper oxide.
The solvent was evaporated under vacuum to get solid material. This was passed down a
column of ion-exchange resin (5 g; Dowex-50W; H' form; 100-200 mesh, washed with
water 3 to 4 times prior to loading solid material to remove excess acid), eluting with
water. The red colored band was collected and evaporated to dryness under reduced
pressure to obtain the desired product. Studies of copper insertion using copper oxide
showed that the insertion was often complete by stirring at room temperature for about 6
h (30 mg porphyrin and 500 mg copper oxide).

Iron insertion was achieved by adding the porphyrin (30 mg) to refluxing water,
which contained 500 mg of powdered iron (Herrmann et al., 1978). The reaction mixture
was refluxed for 6 h. The completion of the reaction was indicated by UV/visible
(UV/vis) spectroscopy (four Q-bands of free-base porphyrin reduced to two bands of
metalloporphyrin). The solvent was filtered to remove excess iron. The product was

worked up as described above for the copper chelate.
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As in previous studies of sulfonated naphthyl porphyrins, (Miller et al., 1987; Ion
et al., 1998; Ion, 1999), pure materials were not isolated, presumably due to the presence
of inorganic salts and water. In this work, purities were estimated by UV/vis. The
extinction coefficients of T1Nap and T2Nap in chloroform have been measured as 4.4 x
10° and as 4.5 x 10° M cm™, respectively (425 nm) (George & Padmanabhan, 2003).
Previous work had shown that the extinction coefficients of TPP in CHCI; (Dudic et al.,
1999) and CuTPPS4 in aqueous solution (Gibbs et al., 1980) were very similar.
Therefore, we used the published TINap and T2Nap extinction coefficients for our
sulfonated copper derivatives. A similar analysis for iron, using the extinction coefficient
of FeTPPS4 (Fleischer et al., 1971) indicated that the iron chelate should have an
extinction coefficient at the Soret of about 1.5 x 10° M cm™. Purities, expressed as the
percent of the material that was porphyrin (assuming a tetrasulfonate with four sodium
counterions), were then estimated as T1Nap,Cu (35%); T2NapS,Cu (36%); T1NapS,Fe
(38%); and T2NapS,Fe (59%). For comparison, T1NapS prepared by sulfonation with
concentrated sulfuric acid was estimated to be 61% porphyrin (assuming the fully
protonated porphyrin dication) by elemental analysis (Miller et al., 1987). Analytical
figures were not given for the iron complex (T1NapS,Fe) in that study, because samples
contained variable amounts of Na,SO,4 (Miller et al., 1987).

b. Capillary electrophoresis. Capillary electrophoresis was performed on a Beckman
P/ACE 5500 series with Beckman Gold chromatography software and a Beckman diode
array detector. A fused silica capillary column (Agilent, Wilmington, DE, 375 um o.d.,

75 pm i.d., 57 cm overall, 50 cm to detector) was built in an eCAP capillary cartridge
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(Beckman, 100 x 800 pum aperture). Phosphate buffers were prepared by dissolving
KH,POy in deionized water and adjusting the solution to the desired pH with phosphoric
acid or KOH. All running solutions were filtered through a 0.2 pm membrane filter (FP-
200, Gelman Science Inc., Ann Arbor, MI) before use.

New capillary columns were rinsed with 1.0 M sodium hydroxide for 1 h,
followed by deionized water for 20 min and running buffer for 30 min. The capillary
column was regenerated between runs with 0.1 M sodium hydroxide for 5 min, followed
by deionized water for 5 - 15 min and running buffer for 10 min. A sample solution was
prepared by dissolving a small amount of the porphyrin (1 - 2 mg) in deionized water (0.5
mL). Further dilutions were done with water. Separations were performed with normal
polarity from the inlet vial (anode) to the outlet vial (cathode). Pressure injections of 6 s

were used. The voltage was 30 kV. The column temperature was 24 °C.

c. Mass spectrometry (MS). Matrix-assisted laser desorption/ionization (MALDI)
experiments were performed using an ABI Voyager DE-Pro (Applied Biosystems,
Warrington, UK) MALDI reflectron time-of-flight spectrometer. The mass range
scanned was 200 - 6000 Da in positive and negative modes. The samples were run with
a-cyano-4-hydroxycinnamic acid (CHCA) as the matrix. CHCA was prepared at 10
mg/ml in a 50:50 mixture of MeOH and acetonitrile. The sample was dissolved in
MeOH (0.5 mg/ml) and mixed with CHCA. The sample solution was generally mixed
with the matrix solution in a 1:20 ratio and spotted on the MALDI target plate.

Throughout the text, peaks are rounded to the nearest unit. Data analysis concentrated on



129

the region around the molecular ion (net charge of -1 for negative ion MALDI). Samples
were isolated as the sodium salts; partial exchange of the sodium for protons presumably
occurred in the matrix.

A QTOF (quadrupole-time-of-flight) spectrometer (Waters Micromass Q-TOFTM
micro, Waters Corporation, Milford, MA) was used to carry out the electrospray (ESI)
mass spectrometric experiments. Nitrogen supplied by a nitrogen generator (Model 75-
72, Parker Balston, Haverhill, MA) was used as the cone gas at 50 L/h, and as the drying
gas heated to 150 °C at a flow-rate of 450 L/h to evaporate solvents in the spray chamber.
Argon was used as the collision gas. The voltage settings for the API electrospray
interface were capillary, 2700 V; sample cone, 35 V; extraction cone, 0.5 V. The source
temperature was at 80 °C and the desolvation temperature was 150 °C. Samples in
negative ion mode were in 50% MeOH. All solutions were continuously infused by
means of a syringe pump at a typical flow rate of 5 pl min™ into the electrospray probe.
MassLynx (version 4.0) software was used for instrument control, data acquisition and

processing.

d. Molecular modeling was performed using PCModel (version 8.0, Serena Software,

Bloomington, IL) and the MMX force field.

e. Screening of porphyrins for activity against HIV-1. HIV-1 IIIB (laboratory-adapted
CCXCR4 usage virus) and JR-FL (primary CCRS5 usage virus) were obtained from the

NIH AIDS Research and Reference Reagent Program, and grown as previously described
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(Vzorov et al., 2002). The virucidal activity of the sulfonated naphthyl porphyrins was
evaluated using MAGI-CCRS5 cells (NIH AIDS Research and Reference Reagent
Program), which are epithelial HeLa cells with human receptor CD4, coreceptor CCRS5,
and an integrated LTR-B-galactosidase gene (Chackerian et al., 1997). Porphyrin stock
solutions were prepared at concentrations of 5 mg/ml, diluted 100-fold in Dulbecco’s
minimal essential medium (DMEM), and mixed with virus stock. Samples were left in
the dark at room temperature for 1 h. For the assays, 25 ul of virus/compound mixture
was mixed with 225 ul of growth medium containing DEAE-dextran (15 pg/ml) and 50
ul added to wells with confluent monolayers of MAGI-CCRS5 cells. At 2 h post infection,
an additional 200 ul of complete DMEM was added. After three days residual virucidal
activity was measured as described previously (Vzorov et al., 2002) by removal of the
media, fixation with 1% formaldehyde and 0.2% glutaraldehyde and staining with 5-
bromo-4-chloro-3-indolyl-pB-D-galactopyranoside (X-gal). We observed about 50 - 60
separate blue nuclei per well for the positive control. Scoring of blue nuclei in a 96-well
format was greatly enhanced by using a planar lens [Olympus (Japan) 4x] to visualize the
entire well. Comparison of the number of blue cells in wells infected with compound-
treated virus to the number found in wells infected with untreated virus was used to

determine residual viral infectivity (expressed in percent).

f. Cytotoxicity test. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Pauwels et al., 1988) was performed using the human endometrial

adenocarcinoma cell line HEC-1-B (obtained from the American Type Culture
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Collection, Manassas, VA) and the human epithelial MAGI-CCRS5 cell line. For the
MTT assay, compounds of varying concentrations (1000, 100, 20, 5, and 0.5 pg/ml) in
growth medium were added to 96-well plates with HEC-1-B or MAGI-CCRS cells.
Following a 72 h incubation, cells were washed with Hanks’ balanced salt solution to
remove colored compounds and 100 pl of growth medium with 10 pl of MTT (10 mg/ml)
reagent was added to each well. After 4 - 12 h incubation at 37 °C, 100 ul acidic
isopropanol (0.04 M HCI in absolute isopropanol) was added. The absorbance was read
in a computer-controlled photometer. The absorbance at 690 nm was automatically
subtracted from the absorbance at 540 nm to eliminate the effects of non-specific

absorption. Data are reported as the average of quadruplicate assays for each compound.

Results

a. Synthesis. The 1-naphthyl and 2-naphtyl porphyrins were synthesized following a
literature procedure (Abraham et al., 1975). A recent synthetic procedure involving
heating for 10 days at lower temperatures may give more facile access to larger quantities
of the pure parent porphyrins (George & Padmanabhan, 2003). The naphthyl porphyrins
were sulfonated with sulfuric acid at 100 °C (Sutter et al., 1993) for 5 and 10 hours
(T1Nap) and 5, 10 and 20 hours (T2Nap) to give samples with increasing extents of
sulfonation on the naphthalene rings. Cu or Fe were inserted into both the T1Nap and

T2Nap ring systems, for a total of fifteen sulfonated naphthyl porphyrins.
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b. Capillary electrophoresis (CE). Simple mixtures of sulfonated porphyrins can be
separated as a function of charge by capillary electrophoresis (Pokric et al., 1999;
Andrighetto et al., 2000; Dixon et al., 2004). The sulfonated naphthyl porphyrins are
mixtures of numerous compounds, however, making separation more difficult. For
example, the T2NapS derivatives were generally one broad peak under standard
conditions of pH 9.0, 10 mM KH,PO, buffer. The addition of cyclodextrins aided the
separation. The electropherograms of T2Nap5S,Cu in the presence of B- and y-
cyclodextrin are shown in Figure 2.23. B-Cyclodextrin gave a series of poorly resolved
peaks from approximately 4 to 6 min; y-cyclodextrin showed three prominent peaks from
3.5 to 4.5 min.

Electropherograms of samples prepared by 5, 10 and 20 h of sulfonation were
compared. Figure 2.24 shows the capillary electrophoresis separation of the free base
porphyrin sulfonated for 5 and 20 h. In both cases, many peaks were seen. The peaks for
T2Nap5S came between 3 and 6 min while those for T2Nap20S came largely between 4
and 7 min. Because more sulfonated species have longer migration times under the
conditions of the experiment, this observation indicates that T2Nap20S is more
sulfonated than T2Nap5S, as expected.

Figure 2.25 compares the three sulfonation levels of T2NapS,Cu. T2Nap5S,Cu
and T2Napl0S,Cu have very similar electropherograms, with large peaks at
approximately 3.5 and 4 min. T2Nap20S,Cu shows some material at these times, but has
a considerable amount of material with longer migration times (5 to 7 min), indicating

higher levels of sulfonation. Comparing the electropherogram of free base T2Nap20S
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(Figure 2.24B) with that T2Nap20S,Cu (Figure 2.25) shows that the addition of a metal
to the central core affects the detailed pattern of the peaks; the net migration times,
however, are similar. Capillary electrophoresis of the T2NapS,Fe species did not give
good separation even with cyclodextrins, presumably due to the axial ligation of the iron
(various axial ligands in exchange as well as the equilibrium between the monomer and
p-oxo dimer) (Hambright, 2000). A previous study on the optical spectroscopy of a
sulfonated naphthyl porphyrin was interpreted in terms of self-stacking of this species
(Silver & Taies, 1988).

The electropherograms of the T1NapS species were in general similar to that of
the T2NapS. For example, the electropherogram of T1Nap5S,Cu in the presence of y-
cyclodextrin (not shown) was very similar to that of T2Nap5S,Cu (Figure 2.23B).
However, unlike the 2-naphthyl T2Nap5S,Cu, the 1-naphthyl T1Nap5S,Cu showed three
distinct peaks even in the absence of cyclodextrin. This may be due to less self-stacking
of the 1-naphthyl porphyrin resulting from atropisomers due to hindered rotation around
the 1-naphthyl-porphine bond. As for the 2-naphthyl isomers, B-cyclodextrin seemed to
show more components, but without baseline separation. The extent of sulfonation was
greater in TINapl0S than in T1Nap5S as shown by an additional peak at 7 min in the

former product.

c. Mass spectrometry.
c. 1. Effect of central metal ion. As reported previously, the negative ion MALDI

(CHCA matrix) of T2Nap5S showed a very simple, clear pattern for the tetrasulfonic acid
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(1134, M) and its mono-, di- and trisodium salts (Dixon et al., 2004). The pentasulfonic
acid (1214, M") and its mono-, di-, tri-, and tetrasodium salts were also seen. Very small
peaks consistent with sodium salts of the hexasulfonic acid were seen as well. In the
higher mass region, homodimers of the tetrasulfonic acid and pentasulfonic acid, as well
as a heterodimer of the tetrasulfonic acid and pentasulfonic acid were seen.

The copper chelate of the molecule gave a very different mass spectral pattern.
T2Nap5S,Cu showed a large peak for the tetrasulfonic acid at 1195, but essentially no
peaks attributable to the sodium salts of this species (Figure 2.26). A smaller peak at
1275 was attributable to the pentasulfonic acid. Peaks attributable to the homo- and
heterodimers of the tetra- and pentasulfonic acids were seen. Additional large peaks were
observed at 1257 and 1337. These have the mass corresponding to loss of water from
pentasulfonic acid and hexasulfonic acid, respectively. The (parent)/(parent - water)
ratios were approximately 85, 0.5 and 0.05 for the tetrasulfonic acid, pentasulfonic acid
and hexasulfonic acid, respectively. In the Fe series, T2Nap5S,Fe showed a MALDI
spectrum very similar to that of the free base, i.e., with the parent ion and its mono-, di-
and trisodium salts, but without significant peaks due to loss of water.

The negative ion MALDI of TINap5S,Cu showed a clean pattern for the
tetrasulfonic acid and its mono-, di- and trisodium salts. The mono- and disodium salts
of pentasulfonic acid — H,O and small peaks appropriate for the same salts of
hexasulfonic acid — H,O were also observed. TINap5S showed peaks for the

tetrasulfonic acid and its sodium salts, as well as those for the dimers and trimers.
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c. 2. Effect of extent of sulfonation. In the Cu series, the T2Nap5S,Cu showed peaks
appropriate for the tetra-, penta- and hexasulfonic acids or their loss of water (M — H,0)
peaks. T2Nap10S,Cu was quite similar, consistent with the very similar
electropherograms of these mixtures. T2Nap20S,Cu showed peaks appropriate for the
penta-, hexa-, hepta- and octasulfonic acids or their loss of water peaks (Figure 2.27).
For the pentasulfonic acid, only the parent peak (M), and not that for loss of water (M —
H,0), was observed, while for the octasulfonic acid, only the peak for loss of water (M —
H,0), and not the parent (M), was observed. The (parent)/(parent - H,O) ratios were
approximately 5 and 0.2 for the hexa- and heptasulfonic acid, respectively. Water loss
was not observed in the MALDI spectra of either the free base or iron porphyrins.

To establish whether water loss had occurred during copper insertion or was
occurring in the gas phase, we looked at the negative ion electrospray ionization (ESI)
spectrum of T2Nap5S,Cu. The ESI spectrum itself showed peaks for the tetrasulfonic
acid (but not tetrasulfonic acid — H,O), the pentasulfonic acid and pentasulfonic acid —
H,O, and both the hexa- and heptasulfonic acids — H,O (but no significant peaks
corresponding to the molecular ion of these species). The MS/MS spectrum of the
pentasulfonic acid of T2Nap5S,Cu is shown in Figure 2.28. A clear pattern of
fragmentation can be seen. The parent compound (1274, M") loses SO, (64) and SO; (80)
to give peaks at 1210 and 1194, respectively. These species can each lose either SO, or
SOs again to give species assigned as (M™ - 250,) (M - SO, - SO3) and (M™ - 2S03) at

1146, 1130 and 1114, respectively. The pattern continues down through loss of SO, from
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the monosulfonic acid. A very similar pattern was seen for the fragmentation of the
tetrasulfonic acid of T2Nap5S,Cu. Loss of water in the gas phase was not seen in these
experiments, indicating that the M — 18 peaks are probably due to products formed during
copper insertion. An experiment in which T2NapS was allowed to stir with copper oxide
for 3, 6, and 22 h showed significant water loss for the more highly sulfonated species,

but did not show increasing water loss with increasing copper oxide contact time.

d. Inhibition of viral infection. To measure the inhibition of HIV-1 by the compounds
we used human epithelial HeLa-CD4-CCRS cells stably transfected with a plasmid
containing the HIV-1 LTR fused to the B-galactosidase gene. This indicator cell line
allows rapid quantification of infectious HIV-1, including primary isolates (Chackerian et
al., 1997). Figure 2.29 shows that most compounds gave similar levels of inhibition of
the virus for HIV-1 IIIB. In general, these compounds inactivated 80 — 95% of viral
infectivity at a final compound concentration of 5 pug/mL. Little effect of the central
metal was observed. For T2NapS and T2NapS,Fe, the most highly sulfonated product
had the least activity. No dependence of the activity on the degree of sulfonation was
observed for T1NapS or its copper or iron chelates, or for T2NapS,Cu. In previous work,
we observed that viral inhibition by TNapS was very rapid, being essentially complete
within two minutes (Vzorov et al., 2002). We have also shown that, for some of the
sulfonated porphyrins, HIV-1 remains inactivated after the removal of the compound

(Vzorov et al., 2002).
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To determine the effective concentration of some of the porphyrins, virus samples
were mixed with the compounds at varying concentrations. ECs, values for HIV-1 I1IB
were lower than those for the primary isolate HIV-1 JR-FL (Table 2.5).

Cell viabilities were determined using an MTT assay with the human endometrial
adenocarcinoma cell line HEC-1-B or MAGI-CCRS cells. The compounds exhibited low
toxicity in both cell lines. CCsg values for MAGI-CCRS cells ranged from 415 to 1000
pug/ml (Table 2.5). Therapeutic indices for HIV-1 IIIB varied from 86 to 925, with
T1Nap20S,Cu having the highest index. The compounds had lower therapeutic indices

with HIV-1 JR-FL, varying from 32 to 132.

Discussion
a. Extent of sulfonation. The extent of sulfonation was expected to increase as the time
of sulfonation increased, as was generally observed to be the case. In general, the longer
the sulfonation time, the longer the average capillary electrophoresis migration time. For
example, the electropherograms of the T2NapS,Cu series were consistent with species
with net charges of -4, -5 and -6 from the 5 h sulfonation and species with net charges of
-5 and higher from the 20 h sulfonation. The MALDI mass spectra also generally
showed higher levels of sulfonation with longer sulfonation times. The data indicate that
a significant fraction of the porphyrins have one or more naphthyl rings with more than
one sulfonic acid.

Addition of more than one sulfonic acid group per naphthyl ring is expected to be

facile. Work of Cerfontain and colleagues has shown that the model compound 1,1°-
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binaphthalene sulfonates initially at the 4-position, followed by sulfonation at the 4’-
position, and then with almost equal facility at the 6- or 7-position. Six equivalents of
SO; (in CH,Cl, at 22 °C, 40 min) gives only about 10% of the species with one sulfonic
acid on each ring; all the rest of the material has two sulfonic acids on at least one ring
(Cerfontain et al., 1994a). 2,2'-Binaphthalene sulfonates initially at the 8-position,
followed by sulfonation at the 8’-position (Cerfontain et al., 1994a). The subsequent
sulfonic acids are added at the 6- or 4-positions. Six equivalents of SO; (in CH,Cl, at 22
°C, 40 min) give only 9% of species with only one sulfonic acid on each ring. As for the
I-naphthyl system, addition of more than one sulfonic acid to the naphthyl ring is facile.
The positional isomers upon sulfonation with sulfuric acid are expected to be very similar
to those obtained with sulfonation with SO; in CH,Cl, (Cerfontain et al., 1982). Neither
naphthyl system sulfonates to give sulfonic acids adjacent to one another in either the

ortho or peri positions.

b. Loss of water. Significant peaks were seen for loss of water in a number of MALDI
mass spectra of the copper chelates for both the T1Nap and T2Nap structures, but not for
the free bases, or for the iron chelates. Loss of water for the copper chelates was also
observed in the ESI mass spectrum. However, no loss of water was observed in the ESI
MS/MS experiment, indicating that water loss was probably not occurring in the gas
phase. These data are consistent with water loss occurring during copper insertion (using

copper oxide). Rocha Gonsalves and colleagues have noted degradation of sulfonated
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porphyrins upon copper insertion when the porphyrin was left in contact with the copper
for extended periods (Rocha Gonsalves et al., 1996).

Loss of water could be a result of either sulfone or sulfonic anhydride formation.
For the naphthyl porphyrins, molecular modeling shows that sulfones bridging the 7,7’-
positions in the 1-naphthyl series or the 4,8 or 8,8’-positions in the 2-naphthyl series can
be formed without substantial deformation of the porphyrin central core. It is also
possible that an anhydride might be formed from two sulfonic acids. Sulfonic acid
anhydrides are quite sensitive to water, however, generally hydrolyzing rapidly in the
absence of steric compression (Cerfontain et al., 1997); Christensen has measured a half-
life of less than 10 seconds at room temperature (Christensen, 1966). Because the copper
insertion was performed in water, it is likely that the products are the sulfones. As
outlined above, the extent of loss of water increased with the level of sulfonation in the
T2Nap,Cu series. This may indicate that sulfone formation is more facile for the more
highly sulfonated species, as might be expected both because there are more sulfonic acid
groups in appropriate positions for sulfone formation and because sulfone formation will

minimize electrostatic repulsion in more highly sulfonated derivatives.

c. CE separation. In the current study, some separation of the components of the 1-
naphthyl mixture was achieved without the addition of cyclodextrins. This may reflect
the conformations of the I-naphthyl groups, which extend above and beneath the
porphyrin plane, reducing self-stacking. Previous work has shown that self-stacking

reduces the CE separation of tetrapyrroles (Dixon et al., 2004). In the 2-naphthyl series,
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separation was aided significantly by the addition of cyclodextrins; B- and Y-
cyclodextrins gave quite different patterns. The electropherogram of T2NapS (Figure
2.24) shows a multiplicity of peaks, indicating molecules with different numbers of
sulfonic acids as well as different positions of the sulfonic acids. Cyclodextrins have
been shown to be effective in separating the positional isomers of naphthalene sulfonic
acids (Alonso et al., 1999; Fischer et al., 2003; Chen & Ding, 2004). Some of the peaks
may also be due to atropisomers; separation of atropisomers using a cyclodextrin has

been observed previously in a different system (Zerbinati & Trotta, 2003).

d. Antiviral activity. Small polyanionic molecules have been shown to inhibit HIV
replication by preventing virus attachment (adsorption) to the surface of the host cell (De
Clercq, 2002). The viral entry process involves the interaction of gp120 with the primary
cellular receptor, CD4 (Dalgleish et al., 1984). Such binding results in a conformational
change in gp120 (Sattentau & Moore, 1991) which in turn enables gp120 to interact with
a co-receptor, generally either CCRS or CXCR4. Studies have shown that changes in the
conformation of the V3 loop of gpl20 may lead to the inhibition of virus entry into
susceptible cells (Trujillo et al., 2000; Cormier & Dragic, 2002; Dettin et al., 2003). The
interaction of polyanionic substances with HIV can be considered specific, as repeated
passage in the presence of polyanions can lead to resistance mediated by mutations in the
envelope glycoprotein gp120, particularly in the V3 loop (Este et al., 1997; Cabrera et al.,

1999).
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A number of studies have indicated that negatively charged porphyrins can
inhibit HIV via interaction with the V3 loop of gp120 (Debnath et al., 1994; Debnath et
al., 1999; Neurath et al., 1995; Neurath et al., 1992; Neurath et al., 1991; Song et al.,
1997; Dairou et al., 2004). The sulfonated naphthyl porphyrins presumably also interact
with the the V3 loop, which is rich in arginine and lysine residues. In doing so, the
polyanions could shield the V3 loop and therefore interfere with binding of the HIV
virions to cell surface components (Gallaher et al., 1995). Recent work on sulfonated
phthalocyanines has shown no correlation of anti-HIV activity and inhibition of gp120-
CD4 binding, however, indicating that the mechanism of inhibition of these compounds
may involve inhibition of binding to the co-receptor, or that some other mechanism of
blocking of HIV infection is operative (Vzorov et al., 2003). The present results
demonstrate that the anti-HIV activity of the sulfonated naphthyl porphyrins is relatively
independent of the degree of sulfonation and the nature of the central metal atom,

indicating that a range of structures may be effective for viral inhibition.
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Table 2.4. Summary of the negative ion MALDI data for the bromo derivatives of TPPS4.

TPP(4-Br)S (DD709) (M) 2S 3S 4s 5S
Na adducts 0,1,2 0,1,2 0,1,2,3

TPP(2-Br)S,Cu (DD774)
Na adducts 0,1,2,3 0,1,2,3,4,5

TPP(4-Br)S,Cu (DD710)
Na adducts 0,1,2 0,1,2,3 0,1,2

M = molecular ion peak or the parent sulfonated species peak
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Table 2.5. ECsp and CCs for selected sulfonated metalloporphyrins. Data from the
laboratory of Dr. Compans.

Compound Inactivation Inactivation CCso Therapeutic ~ Therapeutic
HIV-1 1IIB HIV-1JR-FL  (ug/ml)® index index
ECso (ng/ml)  ECso (ng/ml) (HIV-1 1IB)®  (HIV-1 JR-
FL)"
T1Nap20S,Cu 1 7 925 925 132
T2Nap20S,Cu 2 12 500 250 42
T1Nap10S,Fe 2 13 415 208 32
T2Nap10S,Fe 10 14 860 86 61

*Results obtained by MTT assay using MAGI-CCRS cells
°The therapeutic index value was defined as the CCso/ECso
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Figure 2.1a.Structure of porphin (left), tetraphenylporphyrin (TPyP4) (center),
and tetrasulfonated tetraphenylporphyrin (TPPS4) (right).

Figure 2.1b.Structure of naphthyl porphyrin (TNapPS) (left) and anthracyl
porphyrin (TAnthPS) (right).
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Figure 2.2. UV-vis spectra of TPPS4. In the order of decreasing concentration, the
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Figure 2.3. UV-vis spectra of CuTPPS4 in water. In the
order of decreasing concentration, the dilution factors are
26, 39, 51, 101 and 752 of the stock solution (~ 10°M by
weight).

700

150



151

2.0

(a) H,0

=

_~NWPhOTO

absorbance

O:JJL

600 700 800

w
=]
S
N
S
S
o
S
S

(b) pH 2.5

absorbance

A NWDOOIONO©

300 400 500

600 700 800
wavelength (nm)

Figure 2.4. UV-vis spectra of TPPS3 in water: (a) In the order of
decreasing concentration, the dilution factors are 17, 25, 33, 50, 100, 200
and 1000 of the stock solution (10 M by weight). (b) In the order of
decreasing concentration, the dilution factors are 17, 20, 25, 33, 50, 100,
200 and 500 of the stock solution (10™* M by weight).
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Figure 2.7. UV-vis spectra of TNapPS. In the order of decreasing
concentration, the dilution factors were 101, 151, 216, 301 and 752 of
the stock solution (~ 10~ M).



absorbance (mAU)

154

5.0

(a) 10 mM KH,PO, (b) 50 mM Na,HPO,
pH 9.0, 435 nm pH 2.5, 434 nm

4.0

3.0

T T T 20 T T T T T T T
4 6 8 10 12 14 2 3 4 5 6 7 8 9 10

time (min)

Figure 2.8. Capillary electropherograms of TAnthPS.

absorbance

2 NWhAO

JLN

200 300 400 S‘DD 6(;0 7(;0 800
wavelength (nm)
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(b)

Figure 2.13. Formation of cyclic structures in tetraphenylporphyrins. (a) the
proposed cyclic sulfone ring, (b) cyclic ketone and amine rings in
tetrapyrroles reported in literature.
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TPPS(4-Br)S (DD709) TPPS(4-Br)S,Cu (DD710)

Figure 2.19. Structures of bromo derivatives of TPPS4.
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Figure 2.22. Structures of sulfonated 1-naphthyl (T1NapS, left) and 2-naphthyl
(T2NapS, right) porphyrins. Tetrasulfonated porphyrins with one sulfonic acid on
each side chain are shown. M is Cu, Fe or 2H.
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Figure 2.23. CE separation of T2Nap5S,Cu in pH 9.0, 10 mM KH,PO, buffer. A:
with 1 mM B-cyclodextrin; B: with 1 mM y-cyclodextrin.
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Figure 2.24. CE of T2NapS made by sulfonation for 5 h (A, T2Nap5S) and 20 h
(B, T2Nap20S) (pH 9.0, 10 mM KH,PO, buffer, 1 mM y-cyclodextrin).
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Figure 2.25. CE of T2NapS,Cu (pH 9.0, 10 mM KH,PO, buffer, | mM y-
cyclodextrin). Sulfonation for Sh(-.-.-), 10h(----- )and 20 h ( ).
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Figure 2.26. Negative ion MALDI mass spectrum of T2Nap5S,Cu. Peaks
corresponding to the tetrasulfonic acid (¥, 1195) and pentasulfonic acid (A,
1275) are seen. The peaks at 1257 and 1337 are attributed to the sulfones (loss of
water) from pentasulfonic acid ( A ) and hexasulfonic acid (m), respectively.
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Figure 2.27. Negative ion MALDI mass spectrum of T2Nap20S,Cu showed
peaks appropriate for the pentasulfonic acid (A ); the hexa- (m) and heptasulfonic
acids (#) and their M - H,O peaks; and the M - H,O peak corresponding to the
octasulfonic acid (®). Sodium salts of some of the sulfonic acid species are also
seen.
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Figure 2.28. Negative ion ESI MS/MS of the pentasulfonic acid peak (A)
at 1274 of T2Nap5S,Cu. The peak at 1210 is attributed to loss of SO2 ().
Successive losses of nSO3 (0) and [SO;, + (n-1) SO3] (©) can be seen
(n=2 -4). Peaks are also seen for losses of two SO, and either one or two
SO:s.
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Figure 2.29. Activity of sulfonated naphthyl porphyrins against HIV-1 IIIB. Compounds
at a concentration of 50 pg/ml were incubated with HIV-1 I1IB in the dark for 1 h; the
compound/virus mixture was diluted 10-fold and used to inoculate MAGI-CCRS5 cells.
HIV infectivity was measured after three days by removal of the media, fixation and
staining with X-gal. The activity against HIV was measured by dividing the number of
infected, B-gal expressing cells in wells infected with compound-treated virus by the
number in wells infected with untreated virus. Data are plotted as the mean of one or two
experiments, each with three or four replications. Error bars represent standard
deviations. The naphthyl porphyrins were sulfonated for 5 and 10 hours (T1Nap) and 5,
10 and 20 hours (T2Nap). Data from the laboratory of Dr. Compans.
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Chapter 3

Irradiation of Cationic Metalloporphyrins Bound to DNA

Radiation is widely used in cancer chemotherapy. It is desirable to reduce damage
beyond the tumor cells. One way of doing so is to use brachytherapy seeds, small
radioactive seeds which are implanted in the tumors and increasingly used for localized
irradiation of tumors (Rivard et al., 2004; Murphy et al., 2004; Williamson et al., 2005).
If the tumor could be sensitized to radiation, this would also be helpful. It has been
proposed that sensitization might be achieved with photon activation therapy (PAT)
(Fairchild et al., 1982b). PAT involves irradiating a high Z atom near the cellular DNA.
The high Z atom first absorbs a photon, and then releases a number of low energy Auger
or Koster-Kronig electrons (Tisljar-Lentulis et al., 1973). This is expected to induce
localized or clustered damage in the DNA. Clustered DNA damage may inhibit the
cellular repair processes and slow tumor growth.

We have studied a series of metals as PAT candidates. The metals were chosen on
the basis that they have appropriate energy levels for irradiation by brachytherapy seeds,
which commonly include '“Pd (21 keV), '*I (28 keV) and "'Cs (29.5 - 36.5 keV).
Table 3.1 shows the energy levels of the metals chosen, which include silver, indium,
molybdenum, palladium, platinum, ruthenium and zirconium. To allow direct comparison
of these metals, the cationic porphyrin, meso-tetrakis(4-N-methyl-pyridinium) porphyrin
(TMPyP4) was chosen as the scaffolding to carry the metal to the DNA. To assess the

role of the porphyrin skeleton in determining DNA binding, five indium porphyrins,
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alkylated derivatives of tetrapyridyl porphyrin with methyl, ethyl, propyl, butyl and
benzyl side chains, were investigated. Plasmid cleavage assays were run to evaluate the
potential of these molecules to create clustered DNA damage on irradiation. Upon
irradiation, the amount of nicked plasmid DNA (OC) increased smoothly as a function of
the irradiation time; a small amount of linear (L) form of the DNA was also observed.

Section II of this chapter describes the experimental details and results.

Section I.
Introduction.

i. Auger electrons
a. Background.

When a heavy metal is irradiated with an x-ray of a suitable energy, a core
electron can be ejected (Kassis, 2003; Kassis, 2004). The cascade of external shell
electrons towards the core vacancy releases both energy and electrons. The range of
Auger electrons in water is from a fraction of a nanometer to several hundreds of
micrometers (Kassis, 2004). Auger electrons have high LET (the average amount of
energy lost per unit of distance traveled) due to their slow speed, i.e., ~ 26 keV/um at low
energies of 35 - 55 eV (Cole, 1969). The dimensions of the mammalian DNA and
proteins responsible for the biological functions are all within the range of these high-
LET Auger electrons, i.e., 8 - 26 keV/um, low-energy (< 1.6 keV), short range (< 130

nm) electrons (Kassis, 2004).
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b. Auger electrons in radiobiology.

Fairchild et al., in the early 1980’s, proposed Photon Activation Therapy (PAT)
(Fairchild et al., 1982a). Their goal was to increase the radiation dose for malignant
tumors by incorporating stable IdUrD into DNA and inducing Auger electron emission
via external irradiation. They demonstrated an enhancement of radiation dose to using
iododeoxyuridine (IdUrD) and bromodeoxyuridine (BrdUrd), and comparing the effects
of irradiating above the iodine K edge and below the iodine K edge (Laster et al., 1993).
c. The damage caused by radionuclides.

The biological effects could be due in part to the high positive charge of the
resulting atom leading to the neutralization and deposition of highly localized energy
around the decay site. The damage could be the result of radiation-induced ionizations
and excitations, nuclear recoil, chemical transmutations and local charge effects
(Frankenberg-Schwager, 1990). Double-stranded DNA breakage (dsb) can be one of the
usual consequences of the production of Auger electrons from radioactive metals
(Hafliger et al., 2005). The dsb yield is 50- to 100-fold lower than that of the single strand
breaks in DNA (ssb) yield for low-LET radiation (Stanton et al., 1993).

Kassis has pointed out that the deleterious effects of low-energy electron emitters
in mammalian cells is not solely due to direct ionization of DNA, but caused mainly
(~90%) by indirect mechanism(s) (Kassis, 2004). Hydroxyl radicals play a significant
role (Chatgilialoglu & O'Neill, 2001). Even in the presence of high concentrations of
scavengers, it is difficult to estimate the DNA damage due to the direct effect of Auger

electrons (Yokoya et al., 2002). Along with the hydroxyl radical, sugar radicals, formed
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by ionization of DNA are thought to cause strand breakage (Debije et al., 2001). The
nucleobases are also effected by the overall damage leading to damage of DNA (Swarts
et al., 1992; Swarts et al., 1996). Along with the oxidation of the DNA bases, and ssb and
dsb of the phosphate backbone, DNA damage can also occur by cross-linking with
proteins.

ii. Metals used in PAT.

Maeda et al. studied the dsb via photoabsorption at K-shell of phosphorus and
Lyy-shell of platinum (Maeda et al., 2004). They irradiated free and platinum-bound
pBR322 plasmid DNA using synchrotron radiation, monochromatic X-rays, with
energies above and below the phosphorus K- and platinum Ly-shell. It was reported that
the inner-shell photoabsorption of phosphorus and platinum significantly increased the
induction of dsb but not the ssb induction. Since the quantum yield for the dsb induction
of platinum was significantly larger than that for the phosphorus, Maeda et al. proposed

that magnitude of the Auger cascade does affect the dsb.

Section II.

The goal of this work was to survey metals that might be considered as possible
PAT candidates in conjunction with brachytherapy seeds. Given the available energies,
there are a number of metals that night be considered. Herein are reported the studies of
AgH, In", Mo", Pd", Pt", Ru" and Zr"V. DNA damage was assessed by a nicking plasmid
assay. Clustered damage in the DNA was indicated by double stranded cleavage of the

plasmid, resulting in a linearized form. If the radiation damage leads to a ssb in the
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phosphate backbone, an open circular form of the plasmid results. If the two breaks in the
phosphate backbone occur within about a turn of the DNA helix, the plasmid linearizes.

It is important that the high Z nuclei be positioned close to the DNA. We have
chosen the cationic porphyrin TMPyP4 as the metal carrier. A porphyrin scaffold is a
good choice for studying the effect of various metals in the porphyrin core, because the
binding of the metalloporphyrin to the DNA is primarily determined by the four cationic
charges on the periphery of the metal. Many of the details of these interactions have been
elucidated, particularly of TMPyP4 derivatives (Marzilli, 1990; Pasternack & Gibbs,
1996). A second advantage of using a cationic porphyrin as a scaffold is that it can
localize in cancer cells; in particular, studies with '"'InTMPyP4 have shown that this
compound is taken up somewhat selectively in tumors (Foster et al., 1985; Maric et al.,
1988). Cationic porphyrins have been shown to bind to chromosomal DNA (Izbicka et
al., 1999). Porphyrin localize subcellularly not only in the chromosomal DNA, but in
many structures, such as the cell membrane, nucleus, mitochondria and lysosomes
(Woodburn et al., 1991; Georgiou et al., 1994; Tobin & Greene, 1999; Kessel & Poretz,

2000; Kessel et al., 2003; Ricchelli et al., 2005).

ii. Experiments.
a. Materials and method.

The plasmid (pUC19) DNA was purchased from Bayou Biolabs (Harahan, LA)
and was used without further purification. Plasmid (pUC19) DNA was also synthesized

in the lab with Ms. Beth Wilson’s assistance. Transformation of Escherichia coli
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competent cells (Stratagene, XL-1 blue) with pUC19 plasmid DNA (Sigma) and growth
of bacterial cultures in Lauria-Bertani broth were performed using standard laboratory
protocols (Sambrook et al., 1989). The plasmid DNA was purified with a Qiagen Plasmid
Mega Kit. Ethidium bromide (EtBr) and the gel electrophoresis buffers, TAE (Tris-
Acetate-EDTA) and TBE (Tris-Borate-EDTA), Tris base, glacial acetic acid, glycerol,
monobasic and dibasic sodium phosphate, and EDTA disodium salt were purchased from
Fischer Scientific (Fair Lawn, NJ). Metalloporphyrins used included the Ag, In, Mo, Pd,
Pt, Ru and Zr chelates of TMPyP4. The alkyl derivatives of InTPyP4 were purchased
from Mid-Century Chemicals (Posen, IL) and the rest of the metalloderivatives were
purchased from Frontier Scientific Inc. (Logan, UT). Purity was established by CE (< 5%
of another porphyrin).

Thermal melting (T,,) studies of the 10 mer duplex 5'- GCGAATTCGC-3’
(Midland Certified Reagent Company, Inc., Midland, Texas) in the presence of alkyl
derivatives of InTPyP4 were conducted on a CARY 3E spectrophotometer (Varian, Palo
Alto, CA) attached to a temperature controller. Experiments were performed in a 20 mM
phosphate buffer (pH 7.0) containing 100 mM NaCl. The working concentration was 18
uM, determined using the extinction coefficient 1.872 x 10° M cm™ (Fasman, 1975).

CE separations were performed with a 50 mM phosphate buffer (pH 3.0).
Separations were conducted at normal polarity and the injection size was 6 s. A 11 kV
voltage was used for separation. The detailed CE setup is discussed in section IV of

Chapter 1. To check the stability of porphyrin solutions, UV-vis spectra were taken in
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water and in 50 mM phosphate buffer at pH 3.2 and 8.0. The spectra were recorded on
Shimadzu UV-1601 spectrophotometer (Columbia, MD).

The irradiation of samples was performed by Dr. Tomasz Wasowicz in the
laboratory of Dr. William H. Nelson (Department of Physics and Astronomy at Georgia
State University). The irradiation buffer used was 10 mM phosphate at pH 7.0 with 2 mM
glycerol. The samples were irradiated using a Philips PW 2182/00 X-ray tube connected
to a Philips MCG 40 power supply with 50 kV voltage and 20 mA current settings
resulting in a 0.67 Gy/s dose rate as measured at the centerpoint of the sample. The Dose-
rate was calibrated using two independent methods: alanine EPR dosimeters and a
Victoreen 550-6A ionization chamber at 250 V with Keithley 487 picoammeter/voltage
source (Bradshaw et al., 1962; Nette et al., 1993). The samples were placed for
irradiation at room temperature in a Janis SVT-300 cryostat. The x-ray beam was 80 mm
in length passing through one 0.3 mm Be window and two Al windows, each 0.3 mm
thick. Irradiation was performed with X-rays from a tungsten-target tube operating from
a constant-potential supply. The plasmids were irradiated in Eppendorf tubes at room
temperature. Reactions were terminated by chilling on ice, where they remained until
they were loaded on an agarose gel.

The stock plasmid (pUC19) DNA was 1.00 pg/ul. The irradiated plasmid samples
were 20 uM bp unless indicated otherwise. Reactions were conducted in a 10 mM
phosphate buffer at pH 7.0 with 2 mM glycerol. The scavenging capacity of 2 mM
glycerol is about 3.8 x 10° s (Klimczak et al., 1993). The irradiation dose was 40

Gy/min (0.667 Gy/s). The control and the irradiated samples were loaded on a 1.5%
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agarose gel with 0.5 pg/ml EtBr. Electrophoresis was carried out for 1.5 hin 1 X TAE
buffer (40 mM Tris base, 20 mM acetic acid, 1 mM EDTA, pH 8.0; the loading dye
contained 0.25% bromophenol blue-15% Ficoll) or TBE buffer (89 mM Tris-borate, 2
mM EDTA, pH 8.0; the loading dye contained 3X TBE buffer, 60% glycerol, 0.6% SDS,
0.06% bromophenol blue).

Gel images were quantified with a Biospectrum AC Imaging System (UVP,
Upland, CA). The background was calculated as the average background above and
below each DNA band. The amount of SC form of plasmid DNA was corrected by a
factor of 1.4 for the less-efficient incorporation of EtBr (Milligan et al., 1993). The
relative amounts of the three DNA forms (OC, L and SC) were calculated for each
irradiation dose. The average number of nicks (cleavage) per plasmid was calculated
using the Poisson distribution (Hertzberg & Dervan, 1982).

The concentration of the porphyrin solutions was determined via UV-vis
spectroscopy. The extinction coefficients (g) used for determining the concentrations
were: 2.33 x 10° M'em™ in water for Ag(I)TMPyP4 at 430 nm (Harriman et al., 1983),
7.40 x 10* M'em™ in water for Mo(V)TMPyP4 at 469 nm (Masahiko et al., 1985), 1.71 x
10° M"'em™ in water for PA(I)TMPyP4 at 414 nm (Harriman et al., 1983), 1.72 x 10° M"
'em™ in water for Pt(I)TMPyP4 at 402 nm (Pasternack et al., 1990), 1.47 x 10° M'cm™
in water for RuTMPyP4 at 420 nm (Hartmann et al., 1997), 3.90 x 10° M"'cm™ in nitric
acid (pH 2.0) for InNTMPyP4 (and assumed for InTBzPyP4) at 424 nm (Hambright et al.,

1985), and assumed as 2.0 x 10° M'em™ in water for Z'TMPyP4 at 419 nm. The spectra
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were taken in the specified solvents and in water. The concentration in water was

determined from the known extinction coefficients in the respective solvents.

b. Results and discussion.
1. Hydrophobicity.

XlogP values of the methyl, ethyl, propyl, butyl, and benzyl derivatives of
pyridine were calculated using PCModel 9 (Serena Software, Bloomington, IN). The
XlogP values were in direct proportion to migration times of CE peaks of these
homologous derivatives (Table 3.2).

2. Thermal melting studies.

The working concentration of the duplex was 18 uM, with a drug:duplex ratio of
0.1. T, melting profiles were obtained by measuring the absorbance at 260 nm as a
function of temperature (5 - 95 °C) at a ramp rate of 0.5 °C/min. The duplex had a Ty, of
46.9 °C. The Ty, of the methyl, ethyl, propyl, butyl and benzyl derivatives of InTPyP4
was very similar, i.e., 59.0 + 1 °C (Figure 3.1).

3. Capillary electrophoresis separation of porphyrins.

The most effective method of characterization of cationic porphyrins is by CE
(Dixon et al., 1998). The organic impurities can be due to the presence of other
porphyrins (often not fully alkylated). The separations were performed at low pH, 3.0
with a 50 mM sodium phosphate running buffer. Each compound was pure as shown by a

single peak (data not shown). The CE peaks for the Ag, Mo, Pd, Ru and Zr chelates of
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TMPyP4 appeared at 9.5 min (421 nm), 10.9 min (403 nm), 12.3 min (467 nm), 11.2 min
(416 m), 12.0 min (415 nm), and 11.6min (419 nm), respectively (data not shown).

Figure 3.2 shows the separation of five alkyl derivatives of InTRPyP4, methyl,
ethyl, propyl and butyl and benzyl derivatives. The separation was due to the difference
in molecular weight of the alkyl side chains. The peaks for methyl, ethyl, propyl, benzyl
and benzyl derivatives appeared at 12.4, 13.3, 14.2, 14.9 and 15.0 min, respectively.

4. UV-vis spectra of cationic porphyrins.

For most metalloderivatives of TMPyP4 there was no difference in spectra in the
three solvents, water and in low (3.2) and high pH (8.1) buffers. Figure 3.3 shows the
spectra of Mo, and Zr chelates of TMPyP4 in the three solvents. MoTMPyP4 had a Apax
of 458 nm as reported by Masahiko et al. (Masahiko et al., 1985). However, the spectrum
was blue-shifted at high pH and red-shifted at low pH. This could be due to various
ligation patterns of Mo in different solvents.

5. Control experiments.

Experiments were conducted to evaluate the effect of the following parameters on
the quantification of plasmid DNA cleavage via gel electrophoretic assay: gel
electrophoresis buffer, concentration of glycerol ("OH radical scavenger) in the irradiation
buffer, irradiation time, ratio of the plasmid to porphyrin for irradiation study, agarose gel
composition, use of SDS to prevent fluorescence quenching of EtBr by porphyrin,
determination of abasic sites on the plasmid DNA prior to irradiation and the freeze-thaw

effects on the plasmid DNA.
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5.1. Electrophoresis buffer.

Various gel electrophoresis buffers have been used for the plasmid DNA damage
quantification, irrespective of the type of photosensitizer and the irradiation source. Some
of the common buffers used are TAE (Barry et al., 2002; Hergueta-Bravo et al., 2002;
Yang et al., 2004; Jin & Cowan, 2005; Sissi et al., 2005), TBE (Benimetskaya et al.,
1998; Benimetskaya et al., 1998; Leloup et al., 2005b) and Tris-borate (Anzai et al.,
2006). Both TAE and TBE were used for the DNA damage quantification. No significant
difference in the DNA damage essay was observed between the two buffer systems. The
study was then carried out with TAE buffer.

5.2. Addition of scavengers.

DNA damage results from both direct (effect of the x-rays themselves) and
indirect (resulting from ‘OH radicals produced by the radiolysis of water surrounding the
DNA) effects (Blok & Loman, 1973). A variety of "OH radical scavengers has been in
radiation studies of plasmid DNA. The scavenging capacities of these scavengers at
various concentrations have been reported (Klimczak et al., 1993). The most common
OH radical scavengers are DMSO (Povirk et al., 1977; Wolf et al., 1993; Yamakawa et
al., 2001; Laine et al., 2004; Lobachevsky et al., 2004; Maeda et al., 2004) and glycerol
(Klimczak et al., 1993; Blaisdell et al., 2001; Laine et al., 2004; Leloup et al., 2005a).
Other scavengers include methanol (Klimczak et al., 1993; Laine et al., 2004), Tris
(Klimczak et al., 1993; Gulston et al., 2002), sodium formate (Milligan et al., 2000),
sodium azide (Jia et al., 2006) and sodium thiosulfate (Banfi et al., 2003). In this study,

the effect of 2 and 200 mM glycerol and 200 mM Tris buffer on DNA damage were
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evaluated (Section II). The latter two conditions were chosen to mimic the interior of the
cell (Leloup et al., 2005c). The cleavage patterns with the two scavengers were very
similar to that observed without scavengers. However, ten times more irradiation time
was needed with 200 mM glycerol or with 200 mM Tris buffer than with 2 mM glycerol
as scavenger in the irradiation buffer, to give the same extent of cleavage. To minimize
irradiation time, thus it was decided to perform the study with 2 mM glycerol.

5.3. Irradiation time.

DNA damage by ssb increases linearly with radiation dose (Freifelder & Trumbo,
1969; Bopp & Hagen, 1970; Siddiqi & Bothe, 1987; Krisch et al., 1991; Klimczak et al.,
1993). In this study a mixture of plasmid and buffer alone (no porphyrin) was irradiated
up to 1000 s (Figure 3.4). After ~ 300 s significant fragmentation of plasmid was
observed. Therefore, to avoid significant double stranded cleavage from the irradiation
alone, the maximum irradiation time for the rest of the study was 100 - 150 s.

5.4. Gel concentration.

Depending on the size of the DNA, the agarose gel concentration was adjusted for
the best separation of the three forms of the plasmid DNA, OC, L and SC. In our hands,
a significant effect of the concentration of the agarose was observed. Higher
concentrations of agarose (1.5% and 2%) gave a better separation of the bands than lower
concentrations (1%). The study was performed at a 1.5% agarose concentration.

5.5. Porphyrin:plasmid ratio.
A control experiment was conducted to determine the appropriate

porphyrin:plasmid ratio (R) to be used for the study. In the first part of the experiment,
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using 10 pM plasmid, working with lower concentrations of ZrTMPyP4 (0.1, 0.5, 1.0, 3.0
and 5.0 uM), with 4 s irradiation, significant shifting of the bands was observed (Figure
3.5). However, at concentrations higher than 1 pM of ZrTMPyP4, band dimming was
also observed. At 5 uM concentration of ZrTMPyP4 bands were significantly dimmed
and shifted.

In the second part of the experiment, the effect of much higher concentrations of
both Zr*TMPyP4 and MoTMPyP4 were studied (data not shown). The mixtures contained
10 uM plasmid and varying concentration of the porphyrin (Zr'TMPyP4 or MoTMPyP4;
1,5,10,50, 1.0, and 100 uM). For both ZrTMPyP4 and MoTMPyP4, with 4 s irradiation,
band shifting as well as band dimming was observed in the gel assay. At 1 uM
concentration of the both porphyrins, about 50% SC and OC forms were observed. In
case of ZrTMPyP4, no DNA bands were seen at 50 and 100 uM concentration of the
porphyrin. Hence it was concluded that the most appropriate R value was 0.05, i.e., 1 uM
porphyrin and 20 uM plasmid.

5.6. Band “dimming.”

As pointed out above, the DNA bands in the presence of higher concentrations of
metalloporphyrin were sometimes dim (Figure 3.5). This might be due to the tight
binding of the metalloporphyrin, and hence the inability of the EtBr to completely
displace the metalloporphyrin in the gel. Alternatively, in the case of diamagnetic
porphyrins, it might partly be due to the fluorescence quenching of the porphyrin by the
EtBr as has been shown previously (Pasternack et al., 1991). The absorption and

emission of EtBr overlaps the absorption region of regular porphyrins (390 - 500 nm).
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The Amax for absorption of EtBr is 480 nm and that for emission is ~ 620 nm (Patel &
Canuel, 1976). SDS (up to 2%) was added to the loading dye of the gel assays to try to
remove the porphyrin from the DNA and sequester it so that it would not quench the
EtBr. However, it was observed that the presence of SDS did not enhance EtBr
fluorescence. On the contrary, in some cases the bands were dimmer in the presence of
SDS; reasons for which are not known to us at this point. We therefore quantitated the
effect of the dimming of the bands, and performed the appropriate corrections (data taken
by Ms. Dijana Piljak and given in her reports).

5.7. Abasic sites in the DNA.

Control experiments were conducted to determine presence of abasic sites
(apurinic or apyrimidinic, AP-sites) on the plasmid to be irradiated. Formation of abasic
sites on the DNA is the most common form of DNA lesions in mammalian cells
(Lhomme et al., 1999). The abasic sites are formed when the N-glycosidic bond that exits
between a nucleic acid base and the deoxyribose sugar moiety is cleaved, creating a
“baseless” site (Sugiyama et al., 1994). The abasic sites on the plasmid can cause
significant background cleavage in nonirradiated DNA (Steullet et al., 1999). The
presence of abasic sites on the plasmid was checked by the addition of variable amounts
of amine (3,3’-diamino-N-methyldipropylamine), which had been shown previously by
our group to be a very effective cleaver of abasic sites (Steullet et al., 1999; McKnight et
al., 2002).

As part of this study to determine the presence of abasic sites, in the first part of

this experiment, 20 uM plasmid was incubated at 37°C for 30 min with 50, 150, 250, 350
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and 400 uM amine. The SC form decreased and the OC form increased by 15% in the
presence of 50 uM amine. As the concentration of the amine increased, the OC and SC
forms remained the same within experimental error. In a second experiment, 20 uM
plasmid was incubated at 37 °C with 300 uM amine for variable incubation times (0 - 120
min). The SC form decreased and OC form increased by 14% when incubated for 10 min.
Increasing the incubation time did not seem to increase the OC form or decrease the SC
form. These two experiments indicated that there were no significant abasic sites on the
plasmid (pUC19) DNA that was used for this study.

5.8. Freeze-thaw cycles.

In some experiments, particularly in time course experiments, reaction mixtures
were frozen for a time before the gel electrophoresis was performed. An experiment was
conducted to determine if the process of freezing and thawing of the reaction mixtures
prior to irradiation induced any DNA damage. A sample was prepared with 20 uM bp
plasmid and 1 uM InTBzPyP4 in the irradiation buffer. The reaction mixture was stored
at -80 °C. Aliquots were taken from this reaction mixture every hour for five hours, after
thawing the frozen reaction mixture. The aliquots were then stored at 4 °C. It was
observed that the extent of OC form did not change significantly even when the reaction
mixture was thawed after 5 h of incubation at -80 °C. The change in OC form was from
20 to 24% from 0 to 5 h after incubation at -80 °C.

After conducting the control experiments and optimizing the experimental
parameters, it was decided that the working plasmid concentration would be 20 uM bp

and that of porphyrin would be 1 uM. The porphyrin solutions were made in 100 uM
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EDTA to prevent the interference of any free metal in the porphyrin solution. The final
irradiation mixture contained 20 uM bp plasmid (pUC19) DNA, 1 uM porphyrin in 10
mM phosphate (pH 7.0) with 2 mM glycerol. Multiple irradiation times were chosen,
from 5 - 150 s.

6. Control experiments with InTBzPyP4.

As outlined in the introduction, studies with '''InTMPyP4 have shown that this
compound is taken up somewhat selectively in tumors (Foster et al., 1985; Maric et al.,
1988). An indium cationic porphyrin has also been shown to bind to chromosomal DNA
in whole cells (Izbicka et al., 1999). Initially, therefore, indium chelates seemed excellent
candidates for PAT. Studies in Dr. Brenda Laster’s laboratory (unpublished) showed that
the benzyl derivative was taken up into the trichloroacetic acid insoluble fraction (DNA
and high molecular weight proteins) of cells the most effectively of any of the derivatives
studied (including also Me, Et, Pr, and Bu). Therefore a number of studies were
performed on InTBzPyP4, with a particular focus of understanding how the benzyl group
might affect the DNA binding, so that this understanding could be applied in the future to
other benzyl metalloporphyrin derivatives.

6.1. Cleavage of plasmid DNA with increased contact time with porphyrin followed
by irradiation.

An experiment was conducted using the reaction mixture of 20 uM bp plasmid, 1
UM InTBzPyP4 in the irradiation buffer (10 mM phosphate, pH 7.0 with 2 mM glycerol).
The reaction mixture was irradiated soon after preparation for variable irradiation times,

0 - 150 s. In the first part of this experiment, an old batch of plasmid DNA, which was
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already 33% OC, was used. Upon contact InTBzPyP4, prior to irradiation, the OC
content increased to 66% ssb.

In the second part of this experiment a relatively newer batch of plasmid was used
with only 19% OC form originally. With this batch of plasmid the OC form did not
increase in the absence of irradiation. However, upon irradiation up to 100 s, the OC
increased from 19% to 72% upon irradiation for 100 s. Thus, it was apparent that
InTBzPyP4 was somehow able to cleave the phosphate backbone in plasmid that had
already sustained some type of damage.

In the second experiment in this series, a reaction mixture (20 uM bp plasmid, 1
UM porphyrin in the irradiation buffer) was irradiated (up to 100 s) after 24 h incubation
at 4 °C. It was observed that the OC form changed from 19% to 72% when irradiated up
to 100 s. However, the same effect was seen with reaction mixtures which were prepared
just before irradiation. Thus, storage of a plasmid (pUC19) DNA in the presence of
porphyrin at 4 °C for a shorter time (e.g., 24 h) did not result in plasmid damage. In the
absence of irradiation, the porphyrin alone did not seem to increase ssb or dsb, at least
after a 24 h period.

In the third experiment in this series, the reaction mixture (20 uM bp plasmid, 1
UM porphyrin in the irradiation buffer) was irradiated (up to 100 s) after two weeks of
incubation at -20 °C. It was observed that prior to irradiation, the OC form had changed
from 19% to 41%. Therefore, contact with the porphyrin for extended periods of time,
even in a frozen solution, results in significant ssb. Upon irradiation after two weeks of

incubtion, the plasmid had 70% OC when irradiated for 100 s.
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6.2. Cleavage of plasmid DNA due to presence of abasic sites on the plasmid due to
prolonged contact time with InTBzPyP4 (30 days); checked by addition of variable
amounts of amine (3,3’-diamino-N-methyldipropylamine); no irradiation.

The reaction mixture (20 uM bp plasmid, 1 uM porphyrin in the irradiation
buffer) was incubated for 30 days at -20 °C. After the incubation period, the presence of
abasic sites on plasmid DNA was checked by the addition of 0 - 5000 uM 3,3’-diamino-
N-methyldipropylamine. The reaction mixture containing the triamine was then incubated
for 30 min at 37 °C; all samples were prepared and stored on ice. An increased fraction of
OC in the presence of the triamine indicated that abasic sites had been created on the
DNA by the porphyrin, even in frozen solution (Figure 3.6). It was observed that the
OC/SC of the plasmid before incubation with the porphyrin for 30 days was 24/76 with
no linear form. Incubation alone, with the porphyrin, changed the OC and SC to 53% and
46% with ~ 1% linear form. Subsequent addition of the amine further increased the OC
and SC to 77% and 19% with 4% linear for 50 uM amine. With 5000 uM the OC and SC
were 83% and 8% with ~ 10% linear form.

6.3. Cleavage of plasmid DNA due to incubation time (0 - 120 min; 37 °C; no
irradiation).

Additional experiments were performed to evaluate DNA damage induced by
InTBzPyP4 prior to irradiation. A series of reaction mixtures (20 uM bp plasmid, 1 uM
porphyrin in the irradiation buffer) were incubated for 0 - 120 min at 37 °C; all samples
were prepared and stored on ice. It was concluded that incubation of plasmid DNA with 1

uM InTBzPyP4 up to 120 min did not show significant increase in cleavage. This
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indicated that relatively long incubation times of the DNA with the porphyrin was needed
for the induction of significant ssb.

Overall, it was concluded that InTBzPyP4 could induce DNA damage, at least
partly due to the formation of abasic sites, upon prolonged storage in frozen solution.
The mechanism of the process is not known to us. However, because the effect does not
seem to be significant on the usual laboratory time scale of a few hours, this study was
not pursued. It should be noted that the irradiated mixture of plasmid (pUC19) DNA
should be analyzed shortly after irradiation, and should not be stored, even frozen, for
lengthy periods of time.

7. Irradiation of plasmid DNA with metalloderivatives of TPyP4.

As an example of the experiments performed, that for Ru(CO)TMPyP4 will be
discussed (Figure 3.7). The plasmid alone was irradiated up to 250 sec. A reaction
mixture with 20 pM plasmid and 1 uM Ru(CO)TMPyP4 in irradiation buffer was
irradiated up to 150 s. Figure 3.7 shows that the presence of porphyrin enhanced DNA
damage. Data were fit to the Poisson distribution, using the Freifelder-Trumbo equations
(Freifelder & Trumbo, 1969):

fsc = supercoiled form = exp [-(ngs + ngs)]

fi. = linear form = ngs exp (-ngs)

fsc +foc+fL=1

where ng = average number of single stranded cuts per unit time and ngs = average
number of double stranded cuts per unit time. Rates were obtained by multiplying ng and

ngs by the irradiation time. The data for the fsc and fi were fit simultaneously using
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Mathematica; ng was 1.82 x 102 and ngs was 1.47 x 10, Thus, ssb were 124 times more
likely to be formed than dsb for Ru(CO)TMPyP4. For the sample without porphyrin, ng
was 1.02 x 107 and ng was 3.20 x 10'4; thus, ssb were 32 times more likely to be formed
than dsb. It was clear that the addition of the Ru(CO)TMPyP4 did not increase the extent
of dsb. However, the extent of ssb is increased by about 80%, indicating that the
ruthenium porphyrin served as an effective radiosensitizing agent.

Experiments with the other metalloporphyrins were run analogously. Table 3.3
and Figure 3.8 summarize the results of DNA cleavage in the presence of the
metalloderivatives of TMPyP4. Significant dsb was not observed with any of the metals.
However, substantial ssb was observed. As discussed above, platinum compounds are
being investigated by other groups as potential PAT candidates. Our work shows that Ru,
and particularly Zr, are far more effective radiosensitizers than Pt. Thus, these are worth

pursuing as possible PAT clinical agents.

Conclusions.

A combination of few metalloderivatives of TMPyP4 (Pd, Ru, and Zr) and
radiation was more effective than either by itself in changing the plasmid from
predominantly SC to mainly open circular. Zr caused the highest extent of ssb. A
combination of rest of the metalloderivatives of TMPyP4 studied (Ag, InMe, InBz and
Pt) and radiation, was not effective in changing the plasmid from predominantly SC to
mainly open circular. The Freifelder-Trumbo equations are an appropriate model for the

data. The extent to which the Auger effect contributes to the cell killing is not yet known.
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Significant prompt double stranded damage was not observed. It was observed that
incubation with InBzPyP4 lead up to 10% linear form (dsb) cleaving with the amine at

the induced abasic sites due to prolonged incubation (no irradiation involved).
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Table 3.1. The inner shell energies (keV) of the metals chosen for
irradiation. All have L or K edge energies suitable for irradiation
by clinically used brachytherapy seeds.

Edge
Transition energies K
metals shell (keV)
Pt (L,) 13.89
Zr 18.00
Mo 20.00
Ru 22.12
Pd 24.35
Ag 2551
In 27.94

from data at http://www.csrri.iit.edu/periodictable.html



Table 3.2. Relationship between XlogP and

capillary electrophoresis migration times.

CE migration
R XlogP time (min)
Me 14.99 12.4
Et 17.27 13.3
Pr 19.07 14.2
Bu 20.87 15.1
Bz 20.82 15.3
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Table 3.3. Summary of the results of plasmid (pUC19) DNA cleavage
when irradiated in the presence of the metalloderivatives of TMPyP4.

n, Ny, ratio
no metal 1.02E-02 3.20E-04 32
Pt 1.18E-02 2.57E-04 46

Ru 1.82E-02 1.47E-04 124
InMe 7.96E-03 2.05E-04 39
InBz 8.63E-03 2.60E-04 33
Ag 1.10E-02 3.14E-04 35
Pd 1.56E-02 2.88E-04 54

Zr 5.16E-02 1.91E-04 270
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Figure 3.1. Thermal melting profiles of 10 mer duplex DNA (5'-
GCGAATTCGC-3’) alone (46.9 °C) and after complexation with the
alkyl derivatives of INTRPyP4 (59.0 + 1 °C).
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Figure. 3.3. UV-vis spectra of (a) Zr and (b) Mo derivatives of TMPyP4.
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Figure 3.4. Enhancement of pUC19 cleavage was observed due to longer
irradiation times. Experimental conditions: 20 uM pUC19 in 10 mM phosphate
buffer (pH 7.0) + 2 mM glycerol; Rh target tube, 50 kV, 20 mA, 40 Gy/min.
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Figure 3.5. Increasing porphyrin concentration enhanced pUC19 Cleavage.
“Dimming” of the bands was also observed. Experimental conditions: 10
uM pUC19 in 10 mM phosphate buffer (pH 7.0) + 2 mM glycerol; 4 s
irradiation; Rh target tube, 50 kV, 20 mA, 40 Gy/min.
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Figure 3.6. An increased fraction of OC was observed by the addition of
3,3’-diamino-N-methyldipropylamine to a mixture of plasmid (pUC19)
DNA and InTBzPyP4 that was incubated for 30 days. This indicated the
formation of abasic sites on the DNA due to the prolonged incubation with
the porphyrin, even in a frozen solution (-20 °C). Experimental conditions:
10 uM pUCI19 and 1 uM InTBzPyP4 in 10 mM phosphate buffer (pH 7.0)
+ 2 mM glycerol.
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