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Graphical Abstract

In the past few years there has been an explosive growth in the development of chemically 

diverse libraries of molecules. Combinatorial libraries have proven to be a powerful method 

to examine structure—function relationships, and the synthesis and screening of small 

molecule libraries is emerging as an important strategy for drug discovery.1 Several 

strategies have been employed to create and characterize these linear- and core-structured 

combinatorial libraries including: (i) solid phase and solution phase synthesis and (ii) grid, 

deconvolution, and tagging methods to identify compounds.1 We describe herein the 

synthesis and characterization of directed combinatorial libraries of meso-

tetraphenylporphyrin (H2TPP) derivatives3—core-structured libraries—where the largest 

contains 1540 compounds (including isomers) (Figure 1). The derivitization of entire 

libraries to make them amphipathic (Figure 1) and the iterative selection of winning 

compounds by DNA binding are described. As a demonstration of the methodology, we find 

the dipositively charged porphyrins bearing at least one hydroxyl group to be the most 

efficacious in the photoinitiated cleavage of plasmid DNA.

Both naturally occurring and synthetic porphyrins have long been known to exist in a large 

variety of isomers. For example, there are 60 possible isomers for protoporphyrin due to the 

four methyl, two vinyl, and two propionate groups on the eight pyrrole positions, and there 

are 420 possible isomers of the heme a prosthetic group in cytochrome a.4 Similarly, we and 

others have exploited the six possible compounds and isomers when two different 

arylaldehydes are employed in the synthesis of meso-substituted porphyrins5–7 and libraries 

of chemically inert, lipophilic, alkyl-substituted H2TPPs have been made.8,9 The Photo 
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Dynamic Therapeutic (PDT) Photofrin (QLT Phototherapeutics, Canada) is a mixture of 

monomers and ester-linked multimers of protoporphyrin IX. The advantages and drawbacks 

of PDT are extensively reviewed.10–13 Although the binding mode is still controversial,14–19 

the ability of 5,10,15,20-tetrakis(4′-N-methypyridinium)porphyrin to strongly bind DNA 

has been known for over 20 years, but negatively charged tetrabenzoate porphyrins do not 

bind strongly. Similarly, the mechanism of action of these compounds is also under debate, 

but it probably arises from the formation of singlet oxygen and subsequent damage to lipids, 

proteins, and nucleic acids, as well as hypoxia.10–13,20–23 The purpose of this study is to 

identify new combinations of functional groups that enhance porphyrin binding to 

biomolecules relative to the homosubstituted parent molecules, not to get embroiled in 

mechanistic debates. Since porphyrins have been shown to congregate in a variety of cell 

structures,20,24,25 it is likely that different substitution patterns will target different tissues or 

cellular components. In vivo experiments show that the greater the amphipathicity the 

greater the selectivity toward tumor cells.20–25 The assays chosen herein (DNA binding and 

cleavage, and water—octanol partition coefficient) are currently standards used to identify 

potential new PDT agents.10–25 Therefore, a directed porphyrin library is made in order to 

bind or cross the cell membrane (which generally contain negatively charged lipids), to be 

reasonably soluble under physiological conditions, and to bind nucleic acids. Thus, the 

members of the libraries should be amphipathic with some positive charge.

The standard Adler,28 Lindsey,29 and gas phase30 methods of porphyrin synthesis result in 

low or erratic yields when the aldehyde bears highly polar or charged groups such as 

alcohols, thiols, carboxylic acids, pyridinium, and quaternary ammonium moieties. 

Therefore the starting aryl aldehydes bearing the methyl protected precursors of the above 

groups were used in the Adler synthesis of combinatorial libraries L, L1, L2, L3—libraries 

of 1540, 120, 120, and 21 porphyrins, respectively. Subsequent removal of the methyl 

groups from the ether, thioether, and ester, followed by careful methylation of the amino 

groups resulted in the desired amphipathic porphyrin libraries, LA, L1A, L2A, and L3A 

(Figure 1, Scheme 1). This is a directed library since the rationale for choosing the 

aldehydes for this study includes the following: (i) the substituted aldehyde must yield the 

tetra derivative in normal yields, (ii) cleavage of the protecting group must proceed near 

quantitatively, (iii) the resulting functional group should impart some amphipathic character 

to the macrocycle,20,24,25 (iv) positively charged moieties are preferable to negatively 

charged ones for membrane, polysaccharide, and nucleic acid binding, (v) the number and 

kinds of derivatives should be maximized. Functional groups were chosen for their 

hydrophobic, electrostatic, and hydrogen-bonding potentials. The resulting libraries contain 

a variety of amphipathic, hydrophobic, and hydrophilic porphyrins. After partitioning the 

1540-member LA into water, ethanol, and ethyl acetate fractions, the water and ethanol 

fractions were screened for DNA binding by elution through a calf-thymus (CT)-DNA 

column. Electrosspray ionization mass spectra (ESI-MS), 1H NMR, and UV—vis spectra 

were used to characterized the last fractions off the column. The results from this first 

screening showed a paucity of 2′-hydroxy, 4′-nitro, 4′-bromo, perfluoro, and 4′-thio 

groups. To further identify those porphyrins that bind strongest to DNA,32 it was decided to 

make smaller libraries, L1 and L2 (Scheme 1).
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Characterization of the libraries and their diversity is accomplished by a variety of 

spectroscopic techniques.31 Characterization of the initial library, L, and that of the 

modified, amphipathic library, LA, follow the same course. A clean UV—visible spectrum 

indicates the lack of chlorins, polypyrromethanes, and other side products of porphyrin 

synthesis. 1H NMR spectra also demonstrate the lack of side products and starting materials. 

The methyl resonances can be used as a handle to characterize the library since they should 

represent a statistical distribution of compounds and therefore exhibit a broader peak width. 

Most importantly, the ESI-MS can be used to identify the number of isobaric species for 

small libraries of <60 components and provide a highly sensitive fingerprint in the 

characterization of all libraries.8,9,31,32

The characterization of the largest libraries, L and LA, is described and is generally 

applicable to the smaller libraries as well. A statistical mixture of 1540 porphyrins in L is 

clearly demonstrated by the UV—vis, ESI-MS (L has 715 isobaric species, L1 and L2 have 

70, and L3 has 15 isobaric species), and 1H NMR spectra. The absorption spectra shows a 

substantially broadened Soret peak and that there are no porphyrin side products such as 

chlorins or dipyrromethanes.31 The 1H NMR spectra of L shows no starting aldehydes or 

pyrrole, all five of the different methyl group resonances between 2 and 5 ppm (there are 5 

for L1, and 4 for L2), a highly complex aromatic region, and the characteristic absorption of 

the pyrrole NH at about −2.75 ppm. The half-widths of the methyl resonances of L are about 

2.5 times as broad as those of the individual tetrasubstituted porphyrins and have a much 

broader base.31 There is a substantial increase in the 1H NMR methyl peak half-widths upon 

going from 1-, 6-, 21-, 55-, 120-, to 1540-member libraries.32 Metalating the libraries with 

high spin cobalt (II) expands the methyl resonances in the 1H NMR such that they are ∼3 

times broader than those for the individual Co(II) porphyrins. NMR spectra of the free-base 

and Co(II) L1 and L2 are also consistent with fully diverse libraries. The ESI-MS of L31 

(Figure 2) is remarkably similar to the calculated spectra. The calculated and observed ESI-

MS spectra of the Co(III) metalated library L-Co [Co(III) imparts one positive charge on 

each porphyrin] ensures the results of the free-base L. Since these are core-structured 

libraries, the range of molecular weights is limited. Thus, L was chromato-graphed on a 

silica gel column, and the ESI-MS and 1H NMR of each fraction were taken. In this way, all 

715 of the isobaric compounds are identified, and >93% of the com pounds/isomers are 

found based on relative intensities compared to known unique m/z peaks. There is a random 

distribution of functional groups on the porphyrins not identified by these procedures—

ensuring the reactivities of the aldehydes are similar under the synthetic conditions. The 70 

isobaric compounds/isomers in L1 and L2 are readily observed by ESI-MS using the same 

variety of instrumental methods,31 including the Co(III) metalated libraries. Taken together, 

these results indicate that the expected diversity of the libraries is maintained throughout the 

synthesis and purification.

Upon completion of the quaternization and cleavage reactions, the 1H NMR exhibits the 

ammonium and tolyl methyl groups and the thiol, alcohol, and acid protons, in addition to 

the resonances due to the macrocycle. Integration of these resonances yielded the expected 

ratios and indicated that each modification reaction proceeds with >90% efficiency. 

Unreacted groups may be considered to further diversify the library. ESI-MS of amphipathic 

libraries LA, L1A, L2A, and L3A are essentially similar to their calculated spectra. Thus 6-, 
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21-, 120-, and 1540-member libraries have been constructed and characterized by 1H and 
13C NMR, UV—vis, and ESI-MS and indicate that each library’s diversity is maintained 

upon modification.

We initially differentiated the resultant amphipathic porphyrin libraries by solubility: by 

exhaustively extracting solid LA, or L1A, or L2A with water, the remaining solid with 

ethanol, and finally with ethyl acetate. This yields three “fractions” (hydrophilic, 

amphipathic, hydrophobic) of which the ethanol fraction is by far the largest of all three. 

ESI-MS of all three fractions of the three libraries, using methods described above, further 

assist in characterization of the libraries, with the water and ethyl acetate fractions yielding 

members that would be expected or are known to be hydrophilic and hydrophobic, 

respectively.

Elution of the ethanol and water soluble fractions, from LA, over a column of calf-thymus 

DNA absorbed onto glass wool further differentiates the porphyrins and selects those that 

tightly bind DNA.31,32 The eluent is a salt gradient followed by a water-to-ethanol gradient. 

In control experiments, we find that the tetracationic species are the predominant ones that 

bind to the glass wool, and since these are known compounds they are not used in further 

analysis. The last two salt and last two ethanol fractions from L showed very little or no thio, 

nitro, bromo, or perfluoro moieties by ESI-MS. Therefore L1 and L2 were constructed. ESI-

MS analysis finds about eight porphyrins from L2A constitute the major part of the fraction 

that binds most strongly to the DNA (see Table 1), although we can detect small amounts of 

approximately eight others. While the pyridinium groups were expected, there are a 

surprising number of methyl and hydroxy groups present.

These results led to the construction of L3 and L3A (bearing only hydroxy, methyl, and 

methylpyridinium) to further delineate the members of the library with the desired 

properties. Several MPLC columns accomplish chromatographic separation of all 21 

members of this library. Each compound is then fully characterized by ESI-MS, 1H NMR, 

and UV—vis. The DNA binding constant and the octanol—water partition coefficient are 

then measured for each compound (Table 1). The best of these are used in DNA 

photocleavage experiments.

As an indicator of bioactivity,10–16,19–25 the eight novel porphyrins thus found were 

incubated with a supercoiled plasmid DNA (ϕ-X174) for 2–12 h in the dark at room 

temperature and then irradiated for up to 90 min at 35 °C with continuous 50 foot-candles 

white light with a 450 nm cutoff filter that eliminates blue light. To test for sequence 

specificity of the resultant single strand nicks (and amplify the signal), some samples were 

treated with S1 nuclease. Gel electrophoresis shows that the plasmid DNA treated with the 

selected porphyrins derivatives has been degraded, Figure 3. Further studies are underway to 

examine the mode of binding of these selected porphyrins to small DNA fragments.

This report demonstrates that (i) a large porphyrin library, containing 1540 different 

members, may be formed and subsequently modified to yield libraries with a wide range of 

solubilities and functionalities; (ii) the libraries may be differentiated into hydrophilic, 

amphipathic, and hydrophobic fractions; and (iii) the resultant fractions can be screened for 

Drain et al. Page 4

J Comb Chem. Author manuscript; available in PMC 2018 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DNA binding. Since the mode of DNA binding (electrostatic, hydrogen bond, intercalation, 

etc.) of even the simplest porphyrins is controversial and these multifunctional porphyrins 

can potentially bind in a variety of ways, we cannot as yet speculate on how the tight-

binding porphyrins bind to DNA. Since the mode of action and the localization of PDT 

agents is also under intense investigation,1–25 these libraries may serve as a means to probe 

these questions. However, the optical spectra of the selected porphyrin(s) exhibit a 3–10 nm 

red shift23,33 and a substantial broadening with a concomitant decrease in of the porphyrin 

Soret bands upon addition of CT-DNA. The fluorescence emission and excitation spectra are 

dramatically altered and there is a substantial fluorescence anisotropy observed upon DNA 

addition (all at ~1 µM). Upon excitation in the nucleotide region at 270 nm where the 

absorbance of DNA is at least 10 times that of the porphyrin, the porphyrin strongly 

fluoresces. These observed spectral changes are consistent with those observed for most 

other porphyrin—DNA complexes.10–25Together with the photocleavage experiments, the 

evidence that this small cadre of porphyrins (~0.5% of the parent library) bind to DNA is 

unequivocal.31 Since the mechanism, the mode of binding, and the localization of PDT 

agents is under intense investigation, libraries such as these may aid in the determination of 

what factors direct porphyrins to certain cellular structures and tissues. Once compounds 

have been identified or selected, they may be readily reduced to the corresponding chlorin to 

enhance their absorption in the >700 nm region where biofluids are more transparent.27 We 

find that a specific set of motifs or substituents bind quite strongly to CT-DNA and cause 

strand scission upon illumination with white light. Notably, these substituents are a 

combination of polar (alcohol), nonpolar (methyl), and cationic (pyridininium) moieties, 

indicating that a combination of hydrophilic, hydrophobic, and electrostatic effects are key 

considerations in the binding of porphyrins to biomolecules such as lipids34,35 and nucleic 

acids. The powerful analytical techniques based on mass spectrometry allow for the 

characterization of exquisitely small amounts of material obtained from these selection 

methods.

Last, we and others8 have developed a simple computer program that makes a table of all the 

possible derivatives and their associated molecular weights for use as a simulation of the 

mass spectra. This invaluable aid complements the deconvolution in identifying which 

compounds (from libraries with 7260 members for a core with 4 positions and as many as 15 

functionalities) in a library are selected by an assay. This program will be placed on our 

home page for public use.36

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Porphyrin libraries bearing small functional groups, with the number of compounds in the 

library indicated under the library name. Polar functional groups are protected as the methyl 

derivative for efficient combinatorial synthesis and characterization of the initial 

hydrophobic libraries (L). These are then deprotected and the amines quaternized to make 

the amphiphilic libraries (LA). All libraries, L, LA, L1, L1A, L2, L2A, L3, and L3A, are 

fully characterized by ESI-MS, 1H NMR, and UV—vis. The asterisk (⁎) denotes groups 

attached directly to the meso positions of the porphyrin.
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Figure 2. 
ESI-MS of 1540-member library L and its simulation. The sample (~10−6 M) was dissolved 

in acetonitrile/water (75/25) containing 1% trifluoroacetic acid. The spectrum was taken in 

positive ion mode and the fragmenter voltage ramped from 25 to 150 V.32
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Figure 3. 
Lane 1: α1Kb molecular marker; lane 2: ϕ-X174 plasmid DNA; lane 3: plasmid with ~4 µM 

porphyrin 3; lanes 4, 5, 6, 7: irradiation with 50 Lux light (450–800 nm) for 15, 30, 60, 90 

min, respectively; lane 8: with ~0.8 µM of porphyrin 4 irradiated for 15 min.
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Scheme 1. 
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