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Abstract 

G-quadruplex nucleic acids (G4s) are RNA and DNA secondary structures involved in the regulation of 

multiple key biological processes. They can be found in telomeres, oncogene promoters, RNAs, but 

also in viral genomes. Due to their unique structural features, very distinct from the canonical duplexes 

or single-strands, G4s represent promising pharmacological targets for small molecules, namely G4-

ligands. Gold(III) penta-cationic porphyrins, as specific G4 ligands, are able to inhibit HIV-1 infectivity 

and their antiviral activity correlates with their affinity for G4s. Up to now, one of the best antiviral 

compounds is meso-5,10,15,20-tetrakis[4-(N-methyl-pyridinium-2-yl)phenyl]porphyrinato gold(III) (1). 

Starting from this compound, we report a structure/affinity relationship study of gold(III) cationic 

porphyrins to find out the best porphyrin candidate for functionalization, in order to study the antiviral 

mechanism of action of these gold(III) porphyrins.  
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1. Introduction 

G-quadruplex nucleic acids (also referred to as G4s) are unusual secondary DNA and RNA structures 

formed in guanine-rich sequences. G4 forming sequences include several consecutive rows of 

guanines, which are separated by single-stranded sequences composed of 1 to 15 nucleotides. Four 

guanines associate in planar G-quartets. Two, three or more G-quartets can stack on top of each other. 
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The stability of the structure is due to Hoogsteen-type hydrogen bonds between guanines within one 

quartet, coordination of K+ (and/or Na+) monovalent cations and - stacking between successive G-

quartets. G4s may show various strand orientations and stoichiometry, various loop types and size [1, 

2].  

The formation of G4s in vivo is well documented [3, 4]. Besides, G4s, as unique nucleic acid 3D 

structures, were shown to be associated to the regulation of numerous key biological processes such 

as telomere maintenance, replication, transcription, RNA splicing and translation [5-9] including 

involvement in the viruses replication cycles [10-13].  

Progresses in the structural characterization of G4s and in the identification of their involvement in 

some diseases such as cancer [14, 15] or others [5, 16, 17] led to massive efforts toward the synthesis 

of G4-ligands[18-24]. Some G4-ligands indeed showed biological activity, among which antiviral 

properties is an emerging field [10, 25-28]. 

Due to their large aromatic structure and cationic character, cationic porphyrins are powerful G4-

ligands. They bind to G4s by electrostatic and external -stacking interactions [29, 30].  In addition to 

the most studied porphyrin, meso-5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin, TMPyP4 

[31], second-generation of cationic porphyrin derivatives with better affinity and selectivity toward G-

quadruplex DNA were reported [32-37]. Some of them exhibit significant antiviral properties against 

HIV-1 [38], in particular porphyrin 1 (Scheme 1) [38, 39]. The antiviral activity of cationic porphyrins 

correlates with their capacity to bind G-quadruplex DNA [38]. Several G4s were found in the U3 region 

of the long terminal repeat sequence (LTR) of HIV-1, located at both ends of the proviral DNA genome. 

In the 5’-LTR, the U3-G4 sequences overlap with the binding sites of SP1 transcription factor in the 

promoter of the viral genome [40-42]. The presence of G4-forming sequences in the GAG [43] and the 

POL [44, 45] genes of HIV-1 were also reported. Nevertheless, whether these G4s might actually 

correspond to antiviral pharmacological targets of antiviral cationic porphyrins remains to be fully 

demonstrated. 

In the present work, we describe the preparation of gold(III) porphyrin derivatives, based on 

modifications of porphyrin 1, with various numbers of charges and different charge locations. We 

measure their affinity and selectivity for G-quadruplex DNA through fluorescence-based Förster 

resonance energy transfer (FRET)-melting assay. We observe that, in the present new series of bulky 

cationic porphyrins (and as previously observed for other series of cationic porphyrins) [33, 46-50], the 

number of positive charges is crucial for affinity. The decrease of G4-binding affinity with the reduction 

of the number of charges is significant. Moreover, the location of the charges is also important. This 

structure/activity relationship allowed us to select the best porphyrin candidate for functionalization 

in view of further studies on the mechanism of action of the promising anti-HIV porphyrin 1. 
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2. Experimental 

2.1. Chemicals and reagents 

Oligonucleotides were purchased from Eurogentec (Belgium). All commercially available compounds 

were purchased from Aldrich and/or Fluorochem. Sep-Pak C18 5 g columns were purchased from 

Waters.  Dowex 1x8-200 (chloride form) resin was purchased from Aldrich. 1H-NMR spectra were 

recorded on Bruker Avance Neo 600, 400 and/or 300 spectrometer using the residual solvent peak as 

internal calibration. Mass spectra were recorded either on a QTof premier HAB262 (electrospray) or 

Xevo G2 QTOF (high resolution electrospray). UV-vis spectra were recorded on a Hewlett Packard 

8452A spectrophotometer. 

 

2.2. Synthesis of gold(III) porphyrins 

 

2.2.1. Preparation of meso-5-(4-bromophenyl)-10,15,20-tris[4-(N-methyl-pyridinium-2-

yl)phenyl]porphyrinato gold(III) tetrachloride (2) and meso-5,15-bis(4-bromophenyl)-10,20-bis[4-(N-

methyl-pyridinium-2-yl)phenyl]porphyrinato gold(III) trichloride (3) 

 

2.2.1.1. Preparation of 4-(2-pyridinyl)dipyrromethane, adapted from [51] 

Freshly distilled pyrrole (30.4 mL, 440 mmol, 20 equiv.) and 4-(2-pyridinyl)benzaldehyde (4 g, 21.8 

mmol) were mixed and purged with argon in the dark for 15 min. Trifluoroacetic acid (0.2 mL, 2.6 

mmol) was added under argon and the mixture was stirred for 20 h in the dark at RT. At the end of the 

reaction, the excess pyrrole was removed in vacuo. The residue was purified by column 

chromatography on silica with CH2Cl2/ethyl acetate as eluent (ethyl acetate gradient from 0 to 15%). 

After evaporation of the collected fraction, the product was dissolved in CH2Cl2 and precipitated with 

petroleum ether to afford dipyrromethane as off-white solid. Yield 3.5 g, 56%. TLC (SiO2, CH2Cl2/AcOEt, 

4/1), Rf: 0.58. 1H NMR (400 MHz, CDCl3, δ ppm): 8.66 (d, J = 4.8 Hz, 1H, pyridine), 8.07 (bs, 2H, NH), 

7.92 (d, J = 8 Hz, 2H, phenyl), 7.77-7.68 (m, 2H, pyridine), 7.30 (d, J = 8 Hz, 2H, phenyl), 7.24-7.21 (m, 

1H, pyridine), 6.68 (bs, 2H, pyrrole), 6.18 (d, J =  2.9 Hz, 2H, pyrrole), 5.95 (bs, 2H, pyrrole), 5.50 (s, 1H, 

CH). MS-ES+ (m/z): 300.1 [M+H]+.   

 

2.2.1.2. Preparation of free base porphyrins, meso-5-(4-bromophenyl)-10,15,20-tris[4-(pyridin-2-

yl)phenyl]porphyrin (6) and meso-5,15-bis(4-bromophenyl)-10,20-bis[4-(pyridin-2-yl)phenyl]porphyrin 

(7) 

4-(2-pyridinyl)dipyrromethane (1 g, 3.3 mmole, 2 equiv.), 4-bromobenzaldehyde (304.6 mg, 1.64 

mmole, 1 equiv.), and 4-(2-pyridinyl)benzaldehyde (308.5 mg, 1.68 mole, 1 equiv.) were dissolved in 
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propionic acid (50 mL) and the mixture was refluxed for 3 h in the dark. Propionic acid was removed 

by distillation. The dry product was dissolved in CH2Cl2, mixed with a small quantity of silica, dried in 

vacuo, and purified by silica chromatography. The symmetric meso-5,15-bis(4-bromophenyl)-10,20-

bis[4-(pyridin-2-yl)phenyl]porphyrin (7) was first obtained by elution with 100% dichloromethane. 

Elution with additional 0.4% methanol afforded the 5-(4-bromophenyl)-10,15,20-tris[4-(pyridin-2-

yl)phenyl]porphyrin (6). The fractions were evaporated in vacuo. The porphyrins were dissolved in 

CH2Cl2 and precipitated with petroleum ether (40–60 °C). Yield: porphyrin 6, purple solid, 240 mg, 16%; 

porphyrin 7, purple solid 120 mg, 8%. 

Porphyrin (6): TLC (SiO2, CH2Cl2/MeOH, 98/2), Rf: 0.65. 1H NMR (400 MHz, CDCl3, δ ppm): 8.95 (m, 6H, 

pyrrole), 8.87  8.85 (m, 5H, pyridine Hm, pyrrole), 8.40 (d, 6H, J = 8 Hz, phenyl Hg), 8.35  8.33 (m, 

6H, phenyl Hf), 8.10 (d, 2H, J = 8 Hz, Br-phenyl Hb), 8.07  8.05 (m, 3H, pyridine Hj), 7.95  7.90 (m, 5H, 

Br-phenyl Hc, pyridine Hk), 7.39  7.36 (m, 3H, pyridine Hl), -2.74 (s, 2H, NH). 13C NMR (101 MHz, CDCl3, 

323K, δ ppm): 157.6 (i), 150.2 (m), 143.1 (e), 141.3 (a), 139.2 (h), 137.1 (k), 136.0 (b), 135.2 (f), 131.5 

(pyrrole), 130.1 (c), 125.5 (g), 122.5 (l), 121.0 (j), 120.2 (5, 10, 15, 20), 118.5 (d). MS-ES+ (m/z): 924.2 

(45%) [M+H]+, 926.2 (50%) [M+H]+, 462.6 (80%) [M+2H]2+, 463.6 (100%) [M+2H]2+. UV-vis (CHCl3,  nm 

( M-1 cm-1)): 422 (520 103), 517 (18.3 103), 553 (9.9 103), 591 (4.7 103), 648 (4 103). 

Porphyrin (7): TLC (SiO2, CH2Cl2/MeOH, 98/2), Rf: 0.83. 1H NMR (400 MHz, CDCl3, δ ppm): 8.95 (d, J = 

4.5 Hz, 4H, pyrrole), 8.88  8.84 (m, 6H, pyridine and pyrrole), 8.40 (d, J = 8 Hz, 4H, phenyl), 8.33 (d, J 

= 8 Hz, 4H, phenyl), 8.09 (d, J = 8 Hz, 2H, Br-phenyl), 8.07  8.05 (m, 2H, pyridine), 7.95  7.89 (m, 6H, 

Br-phenyl, pyridine), 7.40  7.37 (m, 2H, pyridine), -2.78 (s, 2H, NH). MS-ES+ (m/z): 925.1 (80%) [M+H]+, 

927.1 (100%) [M+H]+. UV-vis (CHCl3,  nm ( M-1 cm-1)): 421 (520 103), 517 (20 103), 552 (10 103), 591 

(6 103), 648 (5 103). 

 

2.2.1.3. Preparation of methylated free base porphyrin, meso-5-(4-bromophenyl)-10,15,20-tris[4-N-

methyl-pyridinium-2-yl)phenyl]porphyrin tristrifluoroacetate (8)   

Porphyrin 6 (70 mg, 0.075 mmol) was dissolved in anhydrous dimethyl formamide (DMF) (4 mL) and a 

large excess of iodomethane (1.5 mL) was added. The mixture was heated at 100 °C for 3 h in the dark.  

Iodomethane and DMF were removed by vacuum distillation. The residue was dissolved in acetonitrile 

and precipitated with diethyl ether. After centrifugation, the product was dried in vacua. The product 

was diluted in H2O/CH3CN (95:5). It was purified on Sep Pak C18 column (5 g), elution H2O with 0.1% 

trifluoroacetic acid (TFA), then H2O/CH3CN (60:40) with 0.1% TFA. The fractions were evaporated in 

vacuo. The dry product was dissolved in methanol and the solvent evaporated in vacuo. This step was 

repeated several times to remove TFA. The last step was a precipitation with diethyl ether. After 

centrifugation and drying, a purple solid is obtained. Yield: 87 mg, 88%. TLC (SiO2, 
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CH3CN/H2O/KNO3sat., 6/1/1), Rf: 0.5. 1H NMR (400 MHz, DMSO-d6, δ ppm): 9.35 – 9.33 (m, 3H, 

pyridine), 9.02 (s, 4H, pyrrole), 9.00  (d, J = 5 Hz, 2H, pyrrole), 8.96  (d, J = 5 Hz, 2H, pyrrole), 8.85  8.81 

(m, 3H, pyridine), 8.54 (d, J = 8 Hz, 2H, phenyl15), 8.53 (d, J = 8 Hz, 4H, phenyl10,20), 8.54  8.47 (m, 

3H, pyridine), 8.34 – 8.30 (m, 3H, pyridine), 8.21 (d, J = 8 Hz, 2H, Br-phenyl), 8.18 (d, J = 8 Hz, 2H, 

phenyl15), 8.18 (d, J = 8 Hz, 4H, phenyl10,20), 8.07 (d, J = 8 Hz, 2H, Br-phenyl), 4.52 (s, 9H, methyl), -

2.87 (s, 2H, NH). MS-ES+ (m/z):  322.77 (80%) [M]3+, 323.44 (100%) [M]3+. UV-vis (H2O,  nm ( M-1 cm-

1)): 415 (370 103), 516 (13.8 103), 554 (6.9 103), 580 (5.4 103), 635 (3.2 103). UV-vis (acidic H2O,  nm): 

437, 649.  

 

2.2.1.4. Preparation of methylated free base porphyrin, meso-5,15-bis(4-bromophenyl)-10,20-bis[4-N-

methylpyridinium-2-yl)phenyl]porphyrin bistrifluoroacetate (9) 

Porphyrin 7 (75 mg, 0.081 mmol) was dissolved in anhydrous DMF (4 mL) and a large excess of 

iodomethane (1.5 mL) was added. The mixture was heated at 100 °C for 3 h in the dark.  Iodomethane 

and DMF were removed by vacuum distillation. The residue was dissolved in methanol and 

precipitated with diethyl ether. After centrifugation, the product was dried in vacuo. The product was 

diluted in H2O/CH3CN (95:5). It was purified on Sep Pak C18 column (5 g), elution H2O with 0.1% TFA, 

then H2O/CH3CN (60:40) with 0.1% TFA. The fractions were evaporated. The dry product was dissolved 

in acetonitrile and precipitated with diethyl ether. After centrifugation and drying, a purple solid is 

obtained. Yield: 45 mg, 47%. TLC (SiO2, CH3CN/H2O/KNO3sat., 6/1/1), Rf: 0.7. 1H NMR (400 MHz, DMSO-

d6, δ ppm): 9.32 (dd, J = 6 Hz and 1.5 Hz, 2H, pyridine), 8.98 (d, J = 4.8 Hz, 4H, pyrrole), 8.94 (d, J = 4.8 

Hz, 4H, pyrrole), 8.82 (ddd, J = 8, 8 and 1.5 Hz, 2H, pyridine), 8.52 (d, J = 8.4 Hz, 4H, phenyl), 8.49 (d, J 

= 8 Hz, 2H, pyridine), 8.31 (ddd, J = 8, 6, and 1.2 Hz, 2H, pyridine), 8.20 (d, J = 8.4 Hz, 4H, Br-phenyl), 

8.16 (d, J = 8.4 Hz, 4H, phenyl), 8.07 (d, J = 8.4 Hz, 4H, Br-phenyl), 4.52 (s, 6H, methyl), -2.91 (s, 2H, NH). 

MS-ES+ (m/z): 477.1 (50%) [M]2+, 478.1 (100%) [M]2+. UV-vis (H2O/CH3CN, 50/50,  nm): 416 (160 103), 

513 (6.8 103), 549 (3 103), 588 (2 103), 645 (1.8 103). UV-vis (acidic H2O/CH3CN,  nm): 444, 658.  

 

2.2.1.5. Preparation of gold(III) porphyrin, meso-5-(4-bromophenyl)-10,15,20-tris[4-(N-methyl-

pyridinium-2-yl)phenyl]porphyrinato gold(III) tetrachloride (2) 

Porphyrin 8 (87 mg, 66.5 µmol) was dissolved in H2O (40 mL) with KAuCl4 (66.3 mg, 175 µmol, 2.5 

equiv.). The reaction medium was refluxed during 20 h. The metallation was followed by the shift of 

the Soret band of the non-metallated porphyrin from 415 to 437 nm in acid medium. After evaporation 

of the solvent, the product was purified by reverse phase chromatography on a Sep Pak C18 cartridge 

(5 g), elution with H2O, 0.1% TFA, then CH3CN/H2O (40:60) 0.1% TFA. The fractions containing the 

gold(III) porphyrin were evaporated, the product was dissolved in acetonitrile and the solvent 



6 
 

evaporated under vacuum several times to eliminate TFA. Finally, the porphyrin was dissolved in 

acetonitrile and precipitated with diethyl ether. After centrifugation, the pellet was dissolved in 20 mL 

of CH3CN/H2O (50:50). Anion exchange was performed on a dowex 1x8-200 resin column (chloride 

form, 1 g) during 24 h. The solution was filtered off and evaporated. The product was dissolved in 

methanol and precipitated with diethyl ether. After centrifugation, the pellet was dried. Yield: red 

solid, 65 mg, 75%. TLC (SiO2, CH3CN/H2O/KNO3sat., 6/1/1), Rf: 0.42. 1H NMR (400 MHz, MeOD, δ ppm): 

9.58 (s, 4H, pyrrole), 9.55 (d, J = 5.3 Hz, 2H, pyrrole), 9.48 (d, J = 5.3 Hz, 2H, pyrrole), 9.25 – 9.23 (m, 

3H, pyridine), 8.85 – 8.81 (m, 3H, pyridine), 8.65 (d, J = 8 Hz, 2H, phenyl 15), 8.63 (d, J = 8 Hz, 4H, phenyl 

10, 20), 8.49 – 8.47 (m, 3H, pyridine), 8.29 – 8.24 (m, 11H, pyridine + phenyl, Br-phenyl), 8.14 (d, J = 

8.4 Hz, 2H, Br-phenyl), 4.64 (s, 3H, methyl 15), 4.63 (s, 6H, methyl 10,20). 13C NMR (101 MHz, MeOD, 

 ppm): 156.4, 147.7, 146.6, 142.6, 138.4, 137.9, 137.7, 137.7, 136.3, 135.5, 133.7, 133.1, 133.1, 131.6, 

131.1, 129.3, 129.3, 128.1, 127.9, 124.749, 123.4, 122.9, 122.9. 19F NMR (376 MHz, DMSO-d6): no 

signal. HRMS-ES+ (m/z): calcd. for C62H45AuBrN7 290.81460 (and 291.31450), found 290.8140 (and 

291.3140) [M]4+. UV-vis (H2O,  nm ( M-1 cm-1)): 406 (340 103), 520 (16 103).  

 

2.2.1.6. Preparation of meso-5,15-bis(4-bromophenyl)-10,20-bis[4-(N-methyl-pyridinium-2-

yl)phenyl]porphyrinato gold(III) trichloride (3)  

Porphyrin 9 (45 mg, 38 µmol) was dissolved in ethanol (5 mL) and H2O (5 mL) and NaOH (76 µmol, 2 

equiv.). KAuCl4 (87 mg, 228 µmol, 6 equiv.) was dissolved in 1 mL H2O and added to the porphyrin 

solution. The reaction medium was refluxed during 24 h. The metallation was followed by the shift of 

the Soret band of the non-metallated porphyrin from 417 to 444 nm in acid medium. The metallation 

was about 90%. After evaporation of the solvent the product was purified by reverse phase 

chromatography on a Sep-Pak C18 cartridge (5 g). Elution with H2O, 0.1% TFA, then CH3CN/H2O (CH3CN 

gradient from 0 to 80%) 0.1% TFA. The fractions containing the gold(III) porphyrin were evaporated, 

the product was dissolved in acetonitrile and evaporated under vacuum several times to eliminate TFA. 

Finally, the porphyrin was dissolved in acetonitrile and precipitated with diethyl ether. After 

centrifugation, the pellet was dissolved in 20 mL of CH3CN/H2O (50:50). Anion exchange was performed 

on a dowex 1x8-200 resin column (chloride form, 1 g) during 24 h. The product solution was evaporated 

to dryness. The product was dissolved in acetonitrile and precipitated with diethyl ether. After 

centrifugation, the pellet was dried. Yield: red solid, 26 mg, 54%. TLC (SiO2, CH3CN/H2O/KNO3sat., 

6/1/1), Rf: 0.65. 1H NMR (400 MHz, DMSO-d6, δ ppm): 9.53 (d, J = 5.3 Hz, 4H, pyrrole), 9.47 (d, J = 5.3 

Hz, 4H, pyrrole), 9.24 (d, J = 6 Hz, 2H, pyridine), 8.83 (t, J = 7.8 Hz, 2H, pyridine), 8.60 (d, J = 8 Hz, 4H, 

phenyl), 8.47 (d, J = 8 Hz, 2H, pyridine), 8.29  8.22 (m, 10H, pyridine + Br-phenyl, phenyl), 8.13 (d, J = 

8 Hz, 4H, Br-phenyl), 4.62 (s, 6H, methyl). 13C NMR (101 MHz, MeOD,  ppm): 156.4, 147.7, 146.6, 
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142.6, 138.4, 137.8, 137.6, 136.3, 135.5, 133.7, 133.1, 132.9, 131.7, 131.1, 129.2, 127.9, 124.7, 123.3, 

122.8. 19F NMR (376 MHz, DMSO-d6): no signal. HRMS-ES+ (m/z): calcd. for C56H38AuBr2N6 383.03970 

(and 383.70590, 100%), found 383.0396 (and 383.7059 100%) [M]3+. UV-vis (H2O,  nm ( M-1 cm-1)): 

406 (260 103), 521 (13 103).  

 

 

2.2.2. Preparation of meso-tetrakis[4-(N-methylpyridinium-4-yl)phenyl]porphyrinato gold(III) 

pentachloride (4) 

 

2.2.2.1. Preparation of meso-5,10,15,20-tetrakis[4-(pyrid-4-yl)phenyl]porphyrin (10) 

Meso-5,10,15,20-tetrakis[4-(pyrid-4-yl)phenyl]porphyrin (10) was prepared according to a previously 

published procedure [33] with some modifications. The 4-(pyrid-2-yl)benzaldehyde (1.50 g, 8.2 mmol) 

was dissolved in propionic acid (40 mL). Freshly distilled pyrrole (0.58 mL, 8.3 mmol) was added and 

the mixture was refluxed during 1h 30 min in the dark. The solvent was evaporated, the residue was 

taken up with DMF and filtered. The precipitate was washed with DMF and diethyl ether and dried 

under vacuum. Yield: purple solid, 263 mg, 14%. Due to the poor solubility of the compound, the 

characterization was not possible.  

 

2.2.2.2. Preparation of meso-5,10,15,20-tetrakis[4-(N-methyl-pyridinium-4-yl)phenyl]porphyrin 

tetraiodide (11) 

Porphyrin 10 (166 mg, 0.18 mmol) was methylated by a large excess of iodomethane (3 mL) in DMF (5 

mL) at 100 °C during 3 h. The reaction was followed by TLC. Iodomethane and DMF were removed by 

vacuum distillation. The reaction was complete and the crude solid was used without further 

purification. TLC (SiO2, CH3CN/H2O/KNO3sat., 8/1/1), Rf: 0.48. 1H NMR (400 MHz, DMSO-d6, δ ppm): 

9.23 (d, 8H, J = 7 Hz, pyridine), 8.97 (s, 8H, pyrrole), 8.88 (d, 8H, J = 7 Hz, pyridine), 8.59 (d, 8H, J = 8.5 

Hz, phenyl), 8.53 (d, 8H, J = 8.5 Hz, phenyl), 4.47 (s, 12H, methyl), -2.84 (s, 2H, NH). MS-ES+ (m/z): 245.6 

(80%) [M]4+, 322.5 (100%) [M-CH3]3+.  

 

2.2.2.3. Preparation of meso-5,10,15,20-tetrakis[4-(N-methyl-pyridinium-4-yl)phenyl]porphyrinato 

gold(III) pentachloride (4). 

Tetrakis[4-(N-methyl-pyridinium-4-yl)phenyl]porphyrin tetraiodide (11) (105 mg, 0.070 mmol) was 

dissolved in water/ethanol (50:50) (5 mL). KAuCl4 (107 mg, 0.283 mmol) was dissolved in 

water/ethanol (50:50) (5 mL) and added to the porphyrin solution. The mixture was refluxed overnight. 

After evaporation of ethanol and centrifugation, the aqueous phase was kept apart. Desalting of the 

porphyrin was performed by reverse phase chromatography on a Sep-Pak C18 cartridge (5 g) by elution 
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with ultrapure water followed by acetonitrile/water (30:70), containing 0.1% TFA. The collected 

fractions were evaporated to dryness and the product was taken in CH3OH/H2O (50:50). Anion 

exchange was performed on a dowex 1x8-200 resin column (chloride form, 1 g). The product was 

precipitated by the addition of diethyl ether, filtered, and washed with ethanol. Yield: red orange solid, 

25 mg, 20%. TLC (SiO2, CH3CN/H2O/KNO3sat., 8/1/1), Rf: 0.17. 1H NMR (400 MHz, MeOD, δ ppm): 9.50 

(s, 8H, pyrrole), 9.11 (d, 8H, J = 7 Hz, pyridine), 8.78 (d, 8H, J = 7 Hz, pyridine), 8.63  8.59 (m, 16H, 

phenyl), 4.55 (s, 12H, methyl). 13C NMR (101 MHz, MeOD,  ppm): 156.3, 146.5, 143.1, 137.6, 136.1, 

135.9, 133.0, 128.0, 125.9, 123.129. 19F NMR (376 MHz, MeOD) no signal. HRMS-ES+ (m/z): calcd. for 

C68H52AuN8 235.4796, found: 235.4793 [M]5+. UV-vis (H2O, nm (m-1 cm-1)): 410 (204 103), 523 (11 

103).  

 

2.2.3. Preparation of meso-5,10,15-tris[4-(N-methylpyridinium-2-yl)phenyl]-20-[4-(N-

methylpyridinium-4-yl)phenyl]porphyrinato gold(III) pentachloride (5) 

 

2.2.3.1. Preparation of free base porphyrin meso-5,10,15-tris[4-(N-methyl-pyridinium-2-yl)phenyl]-20-

[4-(N-methyl-pyridinium-4-yl)phenyl]porphyrin tetrachloride (12) 

Porphyrin 6 (40 mg, 0.043 mmol, 1 mol. equiv.) was placed in a Schlenk tube under argon with 4-

pyridinylboronic acid (40 mg, 0.325 mmol, 5 mol. equiv.), Pd(PPh3)4 (5mg, 0.004 mmol) and Cs2CO3 

(50 mg, 0.15 mmol). Then, 10 mL of anhydrous and degassed dioxane were added. The reaction mix 

was refluxed under argon overnight. The reaction was monitored by TLC and indicated full 

conversion of the starting material. The solvent was evaporated and DMF was added instead (10 mL). 

Iodomethane was added (1.5 mL) and the mixture was heated at 100 °C for 90 min. After vacuum 

distillation of DMF and iodomethane, the crude product was dissolved in CH3CN/H2O/KNO3sat. 

(8/1/1) and purified by column chromatography using CH3CN/H2O/KNO3sat. (8/1/1) as eluent. The 

second fraction was collected, evaporated, and ethanol was added for desalination. The ethanol 

phase was taken-off and evaporated. The crude product was dissolved in water. Precipitation of the 

porphyrin from saturated aqueous ammonium hexafluorophosphate (12 mol. equiv.) and from 

acetone with tetrabutylammonium chloride (12 mol. equiv.) afforded 12 [52]. Yield: red solid, 20 mg, 

40%. TLC (SiO2, CH3CN/H2O/KNO3sat., 6/1/1), Rf: 0.31. 1H NMR (400 MHz, MeOD, δ ppm): 9.2  8.4 

(broad signal, pyrrole), 9.22 (d, J = 6 Hz, 3H, py2), 9.08 (d, J = 7 Hz, 2H, py4), 8.82 (t, J = 7.5 Hz, 3H, 

py2), 8.76 (d, J = 7 Hz, 2H, py4), 8.59  8.56 (m, 8H, phe2, phe4), 8.53 (d, J = 6 Hz, 2H, phe4), 8.48  

8.46 (m, 3H, py2), 8.28  8.24 (m, 3H, py2), 8.16 (d, J = 8 Hz, 2H, phe2), 8.15 (d, J = 8 Hz, 4H, phe2), 

4.62 (s, 3H, CH3-py2), 4.61 (s, 6H, CH3-py2), 4.53 (s, 3H, CH3-py4). 19F NMR (376 MHz, MeOD): no 

signal. HRMS-ES+ (m/z): calcd. for C68H54N8 245.6112, found: 245.6120 [M]4+. UV-vis (H2O,  nm (m-1 
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cm-1)): 416 (390 103), 517 (16 103), 554 (8.7 103), 581 (6.6 103), 635 (4.1 103). UV-vis (acidic H2O,  

nm): 440 (Soret Band), 649.  

 

2.2.3.2. Preparation of meso-5,10,15-tris[4-(N-methylpyridinium-2-yl)phenyl]-20-[4-(N-

methylpyridinium-4-yl)phenyl]porphyrinato gold(III) pentachloride (5) 

Porphyrin 12 (30 mg, 0.026 mmol) was dissolved in H2O/EtOH (50:50) with KAuCl4 (25 mg, 0.066 mmol, 

2.5 mol. equiv.) and NaOH (5 mol. equiv.). The metallation was monitored by UV-vis through the shift 

of the Soret band of the non-metallated porphyrin from 416 to 440 nm in acid medium. The reaction 

was refluxed until the metallation was completed. Desalting was performed using reverse phase Sep 

Pak C18 (5 g). Elution using H2O/CH3CN (70:30) + 0.1% TFA afforded the porphyrin with TFA counter 

anions. Successive ammonium hexafluorophosphate and tetrabutylammonium chloride precipitation 

was performed to exchange TFA counter ions to chlorides. Yield: red orange solid, 6 mg, 17%. TLC (SiO2, 

CH3CN/H2O/KNO3sat., 6/1/1), Rf: 0.14. 1H NMR (400 MHz, MeOD, δ ppm): 9.59 (s, 4H, pyrrole), 9.57 (d, 

J = 5 Hz, 2H, pyrrole), 9.52 (d, J = 5 Hz, 2H, pyrrole), 9.24 (d, J = 6 Hz, 3H, pyr2), 9.12 (d, J = 6.5 Hz, 2H, 

py4), 8.85 – 8.82 (m, 3H, py2), 8.79 (d, J = 6.5 Hz, 2H, py4), 8.66  8.61 (m, 10H, phe2+phe4), 8.49 – 

8.47 (m, 3H, py2), 8.30 – 8.24 (m, 9H, phe2+py2), 4.64 (s, 3H, CH3-py2), 4.63 (s, 6H, CH3-py2), 4.55 (s, 

3H, CH3-py4).13C NMR (101 MHz, MeOD,  ppm): 156.4, 156.3, 147.7, 146.5, 143.1, 142.5, 137.7, 137.8, 

137.7, 137.7, 136.0, 135.9, 135.5, 133.7, 133.2, 133.0, 131.1, 129.3, 128.1, 127.9, 127.3, 125.9, 123.2, 

123.0. 19F NMR (376 MHz, MeOD): no signal. HRMS-ES+ (m/z): calcd. for C68H52AuN8 235.4796, found: 

235,4794 [M]5+. UV-vis (H2O  nm ( M-1 cm-1)): 407 (330 103) (Soret band), 521 (15 103).  

 

2.3. G-quadruplex FRET melting experiments 

Four different labeled oligonucleotides were used in the FRET assay: F21T, F-HIV-21-T, F-HIV-321-T and 

F-HIV-32-T. The labeling consists of dual functionalization of oligonucleotides with the 5’-Fam and the 

3’-Tamra fluorophore.  F21T: 5’-Fam-d(GGGTTAGGGTTAGGGTTAGGG)-Tamra; F-HIV-21-T: 5'-Fam-

d(TGGGCGGGACTGGGGAGTGGC)-Tamra; F-HIV-321-T: 5'-Fam-d(TGGCCTGGGCGGGACTGGG)-Tamra, 

F-HIV-32-T: 5'-Fam-d(AGGGAGGCGTGGCCTGGGCGGG)-Tamra. The sequence of the ds26 double-

stranded competitor DNA is 5’-d(CAATCGGATCGAATTCGATCCGATTG). 

The ligand-induced thermal stabilizations (ΔT1/2) were determined from FRET-melting experiments 

carried out in 96-well plates on a CFX96 real-time PCR equipment (Bio-Rad). After an initial stabilization 

at 20 °C for 10 min, the temperature was increased by a 0.5 °C step every minute until 99 °C. The 

melting experiments were performed at a final 0.2 μM strand concentration of oligonucleotide with 2 

mol. equivalents of ligands relative to labeled oligonucleotide concentration. For FRET competition 

assays the ds26 duplex competitor was added to indicated concentrations (1, 4 and 10 µM) 
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corresponding to 5, 20 and 50 mol. equivalent with respect to the labeled oligonucleotide. The 

measurement buffer was 10 mM lithium cacodylate pH 7.2 buffer, 90 mM LiCl, 10 mM KCl for F21T 

and 10 mM lithium cacodylate pH 7.2 buffer, 100 mM KCl for HIV-oligonucleotides (F-HIV-21-T, F-HIV-

321-T and F-HIV-32-T). Each experimental condition was assayed on three separate plates using 

triplicated wells. The data was analyzed with Prism. 

 

2.4. Molecular modeling 

2.4.1. Docking experiments The NMR structure of the parallel-stranded G-quadruplex of the HIV-1 

genome was taken from the Brookhaven Protein Data Bank (PDB id. 2N4Y). The docked porphyrins of 

this study (1 and 4) were fully optimized before the docking stage with the PM7 Hamiltonian [53] 

implemented in the MOPAC 2016 quantum chemistry package [54]. The docking calculations were 

performed with the docking program Autodock, release 4.2.6 [55].  The Autodock graphical interface 

AutoDockTools [56] was used to keep polar hydrogens and add partial charges to the G4 nucleotide 

using the Kollman United charges. The search space was included in a box of 47 Å of side, centered on 

the guanine tetrad in interaction with the porphyrins (G5, G9, G16, G21) and with a grid spacing of 

0.375 Å. The aromatic rings of porphyrins were allowed to rotate. Docking simulations were carried 

out using the Lamarckian Genetic Algorithm; the docking parameters were kept to their default values. 

For each calculation, ten poses ranked according to the scoring-function of Autodock were set.  

2.4.2. Quantum Chemical Calculations: density functional theory calculations were performed with the 

Gaussian 09 suite [57]. Geometry optimizations were performed with the B3LYP functional [58] and 

the 6-31+G(d) basis set [59]. For gold atom, Ahlrichs' Def2TZVP basis set and polarization functions 

were used [60]. In order to limit the computational time, only the porphyrin and the four guanosines 

in contact with it (G5, G9, G16, G21) were considered. The guanosines were kept rigid while the 

geometry of the porphyrins was optimized. The interaction energies were calculated from the 

difference between the porphyrin-G4 system and the single entities (porphyrin and G4). 
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3. Results and discussion 

 

3.1. Preparation of gold(III) porphyrins  

The porphyrins used in the present work are shown in Scheme 1. The preparation of the gold(III) 

derivative of meso-5,10,15,20-tetrakis[4-(N-methyl-pyridinium-2-yl)phenyl]porphyrin (1) was 

previously published [39, 61].  

 

 

 

 

Scheme 1. Structures of the prepared gold(III) porphyrins 

 

 

Preparation of meso-5-(4-bromophenyl)-10,15,20-tris[4-(N-methyl-pyridinium-2-

yl)phenyl]porphyrinato gold(III) tetrachloride (2) and meso-5,15-bis(4-bromophenyl)-10,20-bis[4-(N-

methyl-pyridinium-2-yl)phenyl]porphyrinato gold(III) trichloride (3) 

 

 

 

Scheme 2. Synthetic pathway of porphyrins 2 and 3. X = trifluoroacetate. 
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We obtained the meso-5-(4-bromophenyl)-10,15,20-tris[4-(pyridin-2-yl)phenyl]porphyrin (6) and 

meso-5,15-bis(4-bromophenyl)-10,20-bis[4-(pyridin-2-yl)phenyl]porphyrin (7) starting from 4-

bromobenzaldehyde, 4-(2-pyridinyl)benzaldehyde and 4-(2-pyridinyl)dipyrromethane (Scheme 2) [51], 

following the method described for the synthesis of other porphyrins in acidic medium [62, 63]. The 

mixture of porphyrins was separated by silica chromatography before the methylation step. 

Methylations with excess iodomethane of porphyrin 6 and porphyrin 7, conducted separately, were 

not complete and were followed by a chromatography on C18 reverse phase column to afford porphyrin 

8 and 9. Metallation by KAuCl4 was also followed by a chromatography step, C18 reverse phase column 

for each porphyrin. Exchange of counter ions was performed on dowex 1x8 and afforded porphyrins 2 

and 3 with chloride counter ions. 

 

 

Preparation of meso-tetrakis[4-(N-methylpyridinium-4-yl)phenyl]porphyrinato gold(III) pentachloride 

(4) 

 

 

Scheme 3. Preparation of porphyrin 4 

 

The preparation of porphyrin 10 was adapted from a previously reported synthesis (Scheme 3) [33]. 

The methylation with iodomethane was complete and porphyrin 11 was obtained without 

intermediate chromatography. Metallation with KAuCl4 was followed by a reverse phase 

chromatography to isolate the gold porphyrin. Exchange of counter ions, performed on dowex 1x8-

200 resin, gave the chloride salt 4. This compound is probably prone to self-stacking interactions in 

water since the measured epsilon value is lower than that generally measured for porphyrins bearing 

4-(N-methyl-pyridinium-2-yl)phenyl substituents. 
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Preparation of meso-5,10,15-tris[4-(N-methylpyridinium-2-yl)phenyl]-20-[4-(N-methylpyridinium-4-

yl)phenyl]porphyrinato gold(III) pentachloride (5) 

 

 

 

Scheme 4. Preparation of porphyrin 5 

 

Porphyrin 5 was prepared from meso-5-(4-bromophenyl)-10,15,20-tris[4-(pyridin-2-

yl)phenyl]porphyrin 6 (Scheme 4). The Suzuki-Miyaura coupling reaction [64, 65] between 6 and 4-

pyridylboronic acid, using tetrakis-(triphenylphosphine)palladium(0) as catalyst and cesium carbonate 

as a base led to intermediate porphyrin meso-5-(4-pyridin-4-yl)phenyl-10,15,20-tris[4-(pyridin-2-

yl)phenyl]porphyrin (not isolated), which was further N-methylated into porphyrin 12. The mixture of 

cationic methylated porphyrins was purified by silica chromatography with CH3CN/H2O/KNO3sat. 

elution. Two successive precipitations of the porphyrin of interest (i) with ammonium 

hexafluorophosphate in water and (ii) tetrabutylammonium chloride in acetone [52] afforded 

porphyrin 12 with chloride counter ions. Metallation of 12 with KAuCl4 followed by reverse phase 

chromatography afforded a porphyrin with trifluoroacetate counter ions that were exchanged to 

chloride counter ions by two successive precipitations to afford 5.  

Porphyrins 1 to 5 were soluble in water. 

 

3.2. G-quadruplex DNA recognition by gold(III) cationic porphyrins 

 

Porphyrin 1 was shown to be an excellent G-quadruplex ligand and showed promising antiviral 

properties [38, 39]. The porphyrin scaffold carries four positive charges, one for each meso substituent 

(Scheme 1). The insertion of an Au3+ ion in the center of the porphyrin ring adds one positive charge 

to the complex and lowers the electron density on the porphyrin core. Thus, 1 is endowed with five 

positive charges, which grants a tight binding to G-quadruplex DNA through both -stacking and 
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electrostatic interactions. As previously demonstrated, the bulky 4-(N-methyl-pryridinium-2-yl)phenyl 

substituents are suitable groups to allow selective recognition of G-quadruplex DNA versus duplex DNA 

[39], especially when compared to the smaller 4-N-methyl-pyridinium substituents of porphyrin 

TMPyP4. Having in mind the functionalization of porphyrin 1 to explore its antiviral mechanism of 

action, we explored some structural variations on the meso substituents and their consequences in 

terms of G-quadruplex recognition capacity. We report in the present work the removal of one and 

two positive charges from the meso substituents with porphyrin 2 and 3, respectively. We also 

investigated the influence of the position of the positive charges with porphyrins 4 and 5.  

To evaluate the binding of gold(III) porphyrins to G-quadruplex DNA structures, we performed FRET 

melting assay [66, 67]. In this assay, the interaction of ligands with G4 structures is monitored by the 

increase of the half-melting temperature (T1/2) of the G4-forming oligonucleotide in the presence of 

the ligand. The stabilization of the G4 structure formed by the oligonucleotide is expressed by the ΔT1/2 

value resulting from the differences of half-melting temperatures measured with and without ligands. 

We first tested the binding of the gold porphyrins to the standard model of G-quadruplex DNA, the 

F21T oligonucleotide, modeling the telomeric sequence. The results are shown in Figure 1. One of the 

benchmark reference compounds in this assay is porphyrin TMPyP4. In K+ conditions the addition of 2 

mol. equivalents of TMPyP4 (0.4 µM) relative to F21T (0.2 µM) induced a T1/2 of 18.5 °C [39]. In the 

same K+ conditions, the addition of 2 mol. equivalents of 1 (0.4 μM) relative to F21T concentration (0.2 

μM) induced a T1/2 of 32.4 °C [39]. In the present work, porphyrin 1 stands for the reference 

compound.  Comparison between 1 and porphyrins with a lower number of positive charges, namely, 

porphyrin 2 with one 4-bromophenyl substituent (T1/2 F21T 2 eq. 2 = 8.7 °C ± 0.9) and porphyrin 3 

with two 4-bromophenyl substituents (T1/2 F21T 2 eq. 3 = 4.2 °C ± 0.9), shows that porphyrin 1 induced 

a significantly stronger thermal stabilization of F21T oligonucleotide, which indicates a much better 

ability to interact with G4-structures. The number of positive charges at the periphery of the porphyrin 

was previously reported to be of crucial importance in the targeting of G-quadruplex DNA [33, 46-49]. 

Therefore, to maintain a high affinity of the ligand for G-quadruplex DNA it does not seem judicious to 

plan modifications of porphyrin 1 without maintaining four positively charged substituents. The 

porphyrins bearing four positive arms, porphyrins 4 and 5, proved able to stabilize F21T G-quadruplex 

in a more encouraging way. The symmetric porphyrin 4 with four 4-(N-methylpyridinium-4-yl)phenyl 

substituents (T1/2 F21T 2 eq. 4 = 15.2 °C ± 0.9) and the porphyrin 5 with one 4-(N-methylpyridinium-

4-yl)phenyl substituent (T1/2 F21T 2 eq. 5 = 23.8 °C ± 0.9) did not reach the level of stabilization of 

porphyrin 1 but were fairly efficient. Thus, porphyrin 5 appeared to be the best porphyrin scaffold for 

functionalization at the unique 4-N-pyridine position. Comparison between the two symmetric 

porphyrins 1 and 4 showed that the location of the positive charge in porphyrin 4 seemed less suitable 
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for G4 DNA targeting. However, one cannot exclude that the apparent lower stabilization ability of 4 

might be due to the higher propensity of this porphyrin to undergo self-stacking in solution. Indeed, 

compared to porphyrins 1 and 5, the lower epsilon value of porphyrin 4 and the red shift of its Soret 

band suggest that the flat porphyrin 4 makes some stronger associations in solution, the nature of 

which remains to be studied. This phenomenon might be at the origin of a decreased concentration of 

monomers in solution.  Modeling studies (see paragraph 3.3) did not provide a straightforward answer 

on the influence of the position of the positive charge (N-2 versus N-4) on the G4-porphyrin complex.  

 

 
 
Fig. 1. Thermal stabilization of G4 structure by porphyrins 1 to 5. Thermal stabilization of the F21T 
oligonucleotide measured by FRET melting assays. Porphyrin derivatives were added at 2 mol. 
equivalents (0.4 μM) with respect to F21T (0.2 μM) in 10 mM lithium cacodylate buffer pH 7.2, 90 mM 
LiCl and 10 mM KCl. The ΔT1/2 value indicates the difference of melting temperature induced by the 
ligand. For comparison, data of porphyrin 1 from [39]. 
 
 

The stabilization effect of a G4-ligand induces an increase in the melting temperature of the 

oligonucleotide (T1/2). When a competitor DNA is added in the sample, the G4-ligand may bind to the 

competitor DNA. The consequent decrease in T1/2 indicates the displacement of the G4-ligand from 

the G-quadruplex oligonucleotide to the competitor DNA. In the case of a selective G4-ligand, the T1/2 

is not affected by the presence of the competitor DNA. Therefore, the FRET melting assay is convenient 

for the evaluation of the binding properties of G4-ligands (stabilization and selectivity). It is particularly 

convenient for comparison purpose. The new gold(III) porphyrin derivatives 4, and 5 stabilized G-

quadruplex F21T DNA at 0.4 µM concentration, in the absence of competitor DNA, with T1/2 of 15.2 

and 23.8 °C, respectively (Figure 1). Figure 2 shows that the T1/2 of F21T-porphyrin complex 

moderately decreased with increasing quantity of competitor DNA (5, 20 and 50 mol. equivalent with 

respect to F21T).  In the case of 4 the T1/2 decreased from 12.4, 8.3 and 4.0 °C in the presence of 5, 
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20 and 50 mol. equiv. of ds26, respectively. In the case of 5 the T1/2 decreased from 20.2, 13.2 and 

7.3 °C in the presence of 5, 20 and 50 mol. equiv. of ds26, respectively. 

 

 

 

Fig. 2. Melting FRET competition assays. Thermal stabilization of G4 structure by porphyrins 1, 4 and 5 
in the presence of 5, 20 and 50 mol. equiv. of ds26 competitor (with respect to F21T). For competition 
assays competitor double-stranded DNA (ds26) (1, 4 and 10 µM) was added to the reaction containing 
porphyrins (0.4 µM) and F21T (0.2 µM). The ΔT1/2 value indicates the increase of melting temperature 
(T1/2) of the F21T-porphyrin complex with respect to the F21T control in the absence of both ligand and 
competitor. For comparison, data of porphyrin 1 from [39]. 
 

The relatively stable T1/2 of F21T-porphyrin complex in the presence of ds26 double-stranded DNA 

competitor is in favor of these three ligands being selective for G-quadruplex DNA.  

 

The G4 stabilization capacity of the porphyrins was also assayed on three G-quadruplex forming 

sequences from the guanine-rich U3 region within the LTR promoter region of HIV-1 genome namely, 

F-HIV-21-T [41], F-HIV-321-T [40], and F-HIV-32-T [68] (Figure 3). Each DNA sequence topology is 

different. The structure of HIV-21 sequence showed a parallel folding while HIV-321 and HIV-32 fold in 

antiparallel and hybrid structure, respectively. The T1/2 values corresponding to Figure 3 are reported 

in Table S1 (Supporting Information). 
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Fig. 3. Thermal stabilization of G4 structures by porphyrins 1 to 5. Thermal stabilization of the F-HIV-
21-T (parallel, left), F-HIV-321-T (anti-parallel, middle) and F-HIV-32-T (hybrid, right) oligonucleotides 
measured by FRET melting assays. Porphyrin derivatives were added at 2 mol. equivalents (0.4 μM) 
with respect to oligonucleotide (0.2 μM) in 10 mM lithium cacodylate buffer pH 7.2, 100 mM KCl. The 
ΔT1/2 value indicates the difference of melting temperature induced by the ligand. 
 

The binding of the gold(III)porphyrins to the viral G-quadruplex models showed the same trend as seen 

with F21T sequence. The best ligand appeared to be porphyrin 5, which showed on the HIV-1 G4s the 

same stabilization capacity as the standard compound porphyrin 1. Porphyrin 4 showed intermediate 

behavior between porphyrin 5 and porphyrin 2. In all cases, porphyrin 3 was the poorest G4 ligand. 

One can also note the higher binding of porphyrins to the parallel-folded G-quadruplex F-HIV-21-T. 

 

3.3. Modeling studies of porphyrin/G-quadruplex complexes 

We performed a molecular docking study to assess the potential role of the N-methyl position on the 

affinity of porphyrins 1 and 4 toward the G4s. Compounds 1 and 4 were docked on the parallel HIV-21 

G-quadruplex (PDB id. 2N4Y) [41], using the Autodock 4 software [55]. The docking of porphyrin 1 (2-

N-methyl pyridinium) only gave one cluster and that of porphyrin 4 (4-N-methyl pyridinium) three 

clusters, but with 7 poses in the first cluster. Figure 4 shows the docking results corresponding to the 

first cluster for 1 and 4. The two poses are very similar and are superimposable. The gold center and 

the average plane of the G4 are separated by a distance of 4.1 Å. The pyridinium groups are positioned 

above the negatively charged phosphate groups for both of them.  

It may be noted that the N-methyl pyridinium groups are slightly closer to the phosphate moieties in 

the case of 1 compared with 4. The distance between the nitrogen and one of the oxygens of the 

phosphate groups ranges from about 2.6 to 3.4 Å for 1 and from about 3.0 to 4.0 Å for 4. The calculated 

binding energies are -11.14 and -9.26 kcal/mol for 1 and 4, respectively. The slightly better affinity of 

1 might be explained by these shorter distances and therefore, a stronger interaction between the N- 
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Fig. 4. The predicted binding modes of porphyrins 1 and 4 on the HIV-21 G-quadruplex (PDB id. 2N4Y). 

The two porphyrins are positioned such that the pyridinium groups are perfectly located above the 

phosphate groups (represented in ball and stick model). (a) and (b) side and front view of porphyrin 1; 

(c) and (d) side and front view of porphyrin 4. The distances between the N-methyl pyridinium and one 

oxygen belonging to the phosphate moieties are marked in red. Guanine cycles are colored green. For 

clarity, hydrogen atoms are omitted. 

 

methyl pyridinium and the phosphate moieties, compared to 4. However, the energy-gap of 1.88 

kcal/mol is not high enough to explain the much better ability of 1 to interact with G4-structures. The 

affinity of the cationic porphyrins for the G4s is mainly under the dependence of electronic 

interactions. In order to take much better account of these electronic effects than a force-field does 

(as in Autodock), we performed quantum mechanical computations at the B3LYP/6-31+g(d) level 

(DEF2TZVP basis sets for gold atom) using the porphyrin conformations from the docking experiments 

as a starting point. The results of these calculations showed that both porphyrins exhibited an 
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equivalent interaction energy: we found a relative interaction energy of 1.40 kcal/mol in favor of 

compound 1. However, this slight difference seems insufficient to explain the particular affinity of 1.  

Therefore, the propensity to aggregation of porphyrin 4 (decreasing the concentration of monomeric 

species) might be at the origin of the lower stabilization capacity of 4 in FRET melting experiments. 

 

 

4. Conclusion 

 

A structure/activity relationship study with porphyrins derived from porphyrin 1 was undertaken to 

better understand the key factors necessary for tight G-quadruplex binding. The synthesis of four new 

cationic gold(III) porphyrins (2-5) was reported. The preparation of mono-bromophenyl porphyrin 6 as 

a precursor of porphyrin 2 also allowed a Suzuki coupling reaction eventually affording porphyrin 5. 

The best ligands must carry four cationic meso-substituents. Among them, porphyrin 5 proved to be 

as efficient as the antiviral porphyrin 1 in terms of affinity and selectivity for G-quadruplex DNA, 

therefore, we anticipate that porphyrin 5 will also have similar antiviral activity as observed for 1. 

Hence, this porphyrin scaffold is a convenient basis for functionalization in view of deciphering the 

antiviral mechanism of action of porphyrin 1. 
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