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ABSTRACT 22 

Here, we provide mechanistic insight to the photocleavage of a compound in the folate 23 

family, namely pteroic acid. A bis-decyl chain derivative of pteroic acid was synthesized, 24 

structurally characterized, and photochemically investigated. We showed that, like folic 25 

acid, pteroic acid and the decylated derivative undergo a photocleavage reaction in the 26 

presence of H2O, while no reaction was observed in methanol solution. Furthermore, 27 

density functional theory calculations were carried out to predict relative stabilities of 28 

hypothetical mono-, bis-, and tris-decylated pteroic acid derivatives to help rationalize the 29 

regioselectivity of the bis-decyl pteroic acid product. Additionally, the lipophilicity of the 30 

bis-decyl pteroic acid appears to confer a hydrophobic property enabling an interaction 31 

with biomembranes. 32 

  33 



INTRODUCTION 34 

Pterins are commonly divided in two groups: (i) unconjugated pterins, bearing a methyl 35 

substituent or short hydrocarbon chain, and (ii) conjugated pterins, bearing more sizable 36 

substituents such as the p-aminobenzoic acid (PABA) group (1). The latter group is 37 

referred to as folates, a large family of structurally related compounds that are widespread 38 

in nature. Folates are comprised of a pteridine ring linked through a methylene bridge to 39 

a PABA unit, which, in turn, is linked to one or more L-glutamic acid residues. Folates, 40 

such as folic acid [pteroyl‑L‑glutamic acid (PteGlu, Figure 1)], undergo photooxidative 41 

cleavage when exposed to UVA light and oxygen, generating unconjugated pterins which 42 

themselves bear enhanced photosensitizing properties (2, 3). One important target for 43 

molecules with photosensitizing properties is the phospholipid membrane. Taking into 44 

account that pteridines possess some water-solubility, but almost no solubility in 45 

hydrophobic solvents, an advancement to the field has been the appending of decyl chains 46 

to pterin and lumazine compounds to increase lipophilicity for biomembrane localization 47 

in the hopes of selectively targeting photodynamic stress (4–7). Nonetheless, to date, the 48 

synthesis and testing of a bis-substituted lipophilic pteroic acid (Pte) derivative with the 49 

capacity to photooxidatively cleave is yet to be achieved, which is the aim of this work. 50 

<Figure 1> 51 

Lipid peroxidation may be produced in various physiological and pathological 52 

processes, involving cholesterol, glycolipids and phospholipids of biomembranes (8, 9). 53 

Several mechanisms can be implicated, being the light-mediated process one of the most 54 

important ones. Photosensitized oxidation reactions can take place through two different 55 

mechanism: i) a direct reaction between the triplet excited state of the photosensitizer and 56 

the target molecule, by electron transfer or hydrogen abstraction with the generation of 57 

radicals (type I mechanism), ii) via singlet oxygen (1O2) production by energy transfer 58 



from the triplet excited state of the photosensitizer to dissolved oxygen and the 59 

consequently reaction between 1O2 and the target molecule (type II mechanism) (10, 11). 60 

The first mechanism corresponds to contact-dependent pathways where lipophilic 61 

photosensitizers interacting with lipid membranes are involved. On the other hand, type 62 

II mechanism engaging 1O2 correlates with contact-independent pathways, employing 63 

lipophilic or hydrophilic photosensitizers (6, 12, 13). 64 

Folates can differ structurally based not only on the oxidation state of the pterin 65 

ring, but also in the substituent type at the N5 and N10 positions and the number of glutamic 66 

acid residues that are linked one to another via γ-glutamyl linkages (14). PteGlu is a stable 67 

vitamin of the folate family which bears good stability, but can be converted into 68 

enzymatically active forms, by reduction of the pteridine unit to dihydro- and tetrahydro- 69 

folate by the action of a dihydrofolate reductase. Tetrahydrofolate and its derivatives act 70 

as coenzymes in one-carbon transfer reactions required in the biosynthesis of pyrimidines 71 

and purines nucleotides for DNA formation and repair, and also in the amino acid 72 

metabolism (15). It has been observed that folate deficiency is related to several diseases 73 

such as neural tube defects (16, 17), megaloblastic anemia (18), cardiovascular diseases 74 

(19) and some types of cancer (20, 21). Since 1940s, the photochemistry of PteGlu has 75 

been extensively investigated as a model of folates, either in aqueous solutions or other 76 

media (2, 22–26). Under UVB/A irradiation, PteGlu photooxidatively cleavage yielding 77 

6-formylpterin (Fop) and PABA-Glu. Later on and upon further irradiation, Fop is 78 

transformed into 6-carboxypterin (Cap). 79 

Unconjugated aromatic pterins, like pterin (Ptr), Fop, Cap and biopterin, are 80 

modestly soluble in H2O and capable of photosensitizing nucleotides, amino acids and 81 

proteins (27–31), and causing cell death (32). It has been shown that Ptr can photooxidize 82 

lipids that are enriched in polyunsaturated fatty acids (PUFAs), while also being capable 83 



of crossing the phospholipid membranes (33). To increase the interaction of these 84 

compounds with the lipid membrane, in the last few years we have described the 85 

conjugation of a decyl carbon chain to different pteridine derivatives, using a nucleophilic 86 

substitution (SN2) reaction. Depending on the structure of the reactant, the decyl chain 87 

was attached in different positions of the double ring: to the O4 or N3 for Ptr (4) or to 88 

N3/N1 for lumazine (Lum) (5). In contrast for Cap, due to the presence of the carboxylic 89 

group, the carbon chain was added in that position, yielding an ester group (34). These 90 

lipophilic alkyl derivatives have been shown to localize in biomembranes leading to 91 

membrane damage upon UVA irradiation, which is of fundamental interest. 92 

Previously, we reported on a self-sensitized photocleavage of a 3-component 93 

conjugate [chlorin sensitizer, S,S-chiral cyclohexane and ethene building blocks] that 94 

upon exposure of the ethene site to 1O2 released the sensitizer portion (35). We had also 95 

focused on topics of compound conjugation and solubility tuning through PEGylation 96 

(mono, bis, and tris) (36) and long chain alkylation (37), with further interests in natural 97 

compounds bearing double-segments of long alkyl chains, such as the cytotoxin asimicin.  98 

Taking into account the chemical structure of Pte and PteGlu (Figure 1), we 99 

assumed the photocleavage process of the former would be similar to what is observed 100 

for PteGlu, yielding Fop and PABA as photoproducts. Therefore, we hypothesized that 101 

alkylation of Pte would lead to a lipophilic compound able to interact with lipid 102 

membranes, and to undergo photodegradation generating unconjugated pterin 103 

photosensitizers, such as Fop and Cap. Moreover, we sought insight to whether Pte would 104 

be mono- or bis-decylated and whether the alkylation occurs at O- vs N-positions of Pte.  105 

In this work, a lipophilic pterin derivative, namely decyl 4-(((2-amino-4-106 

decyloxypteridin-6-yl)methyl)amino)benzoic acid (abbreviated hereafter as bis-decyl-107 



Pte) has been synthesized, and bears two alkyl chains, one of them linked to the O4 108 

position of the pterin moiety and the other one, linked to PABA carboxylic acid group. 109 

We also computed regiochemical patterns arising from the nucleophilic substitution (SN2) 110 

reactions with the compound. DFT results have provided insight into the alkylation 111 

patterns and observed regioselectivity in the synthesis of bis-decyl-Pte. We also report on 112 

spectroscopic properties and photocleavage of bis-decyl-Pte and compare them to Pte 113 

behavior which, to the best of our knowledge, has not been reported before. Finally, we 114 

analyze the interaction of bis-decyl-Pte with lipid membranes and discussed its potential 115 

use as biomembrane photosensitizer, in which ramifications are found of potential interest 116 

for membrane science and biomedical applications. 117 

 118 

EXPERIMENTAL PART 119 

Chemicals. Pteroic Acid (Pte, purity > 99%) was acquired from Schircks Laboratories 120 

(Switzerland). 1-Iododecane was obtained from Sigma and potassium carbonate (K2CO3) 121 

was obtained from Biopack. Tris-(hydroxymethyl)aminomethane (Tris) was acquired 122 

from Genbiotech. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, powder, ≥ 99%,) 123 

was purchased from Avanti Polar Lipids Inc. Dichloromethane (DCM), N,N-124 

dimethylacetamide (DMA) and chloroform-d were from Cicarelli. HPLC grade 125 

acetonitrile (ACN) and methanol (MeOH) were from PanReac AppliChem. H2O was 126 

purified using a deionization system. 127 

Synthesis. Pte (5 mg, 0.016 mmol) was dissolved in DMA (6 mL) and potassium 128 

carbonate was added (2.2 mg, 0.016 mmol). After sonication the mixture was sparged 129 

with nitrogen for 20 min and 1-iododecane (6.9 μL, 0.032 mmol) was added. The reaction 130 

mixture was positioned into an oil bath at 70 °C for 5 h. After evaporation of the solvent 131 



under vacuum, a solid residue was obtained and treated first with NaCl (s.s.) (10 mL) and 132 

then was extracted with DCM (3 × 50 mL). Afterwards, the organic phase was dried over 133 

Na2SO4, filtered, and evaporated, obtaining a light-yellow solid residue. This sample was 134 

worked up by silica gel column chromatography (eluent: DCM 100% followed by 135 

DCM−MeOH mixtures) and the final product was obtained unpurified. To finish the 136 

purification, a preparative HPLC was used. 137 

Bis-decyl-Pte. Yield: 1.08 mg (22 %), purity 98 %. Rf (MeOH/DCM 5:95 v/v): 0.37. 1H 138 

NMR (500 MHz, CDCl3): δ 8.83 (s, 1H, H-4), 7.89 (d, J = 8.8 Hz, 2H, H-10), 6.68 (d, J 139 

= 8.8 Hz, 2H, H-9), 5.33 (sa, 2H, NH2), 5.21 (t, J = 5.4 Hz, 1H, NH), 4.66 (d, J = 5.3 Hz, 140 

2H, H-7), 4.59 (t, J = 7.0 Hz, 2H, Hα'), 4.25 (t, J = 6.7 Hz, 2H, H-α), 1.95 (q, J = 7.7 Hz, 141 

2H, Hβ’), 1.73 (q, J = 6.7 Hz, 2H, H-β), 0.88 (t, J = 7.06 Hz, 6H, Hω and Hω’). 13CNMR 142 

(126 MHz, CDCl3): δ 167.67 (C-4), 166.91 (C-7’), 156.75 (C-6’), 151.02 (C-4’), 150.23 143 

(C-5’), 148.54 (C-6), 131.73 (C-2’), 123.08 (C-4a), 120.02 (C-1’), 112.16 (C-3’), 68.76 144 

(C-α’), 64.68 (C-α), 46.86 (C-9), 29.00 (C-β’), 28.62 (C-β), 22.84 (Cω-1 and Cω-1’), 14.27 145 

(Cω and Cω’). HRMS (ESI): m/z calcd for C34H53N6O3 [M+H+] = 593.4173, found 146 

593.4188. 147 

Absorption measurements. Absorption spectra were recorded on a Shimadzu UV-1800 148 

spectrophotometer, using quartz cells of 0.4 or 1 cm optical path length. 149 

Nuclear magnetic resonance spectroscopy. Spectra were recorded on a Bruker Avance 150 

Neo 500 (500 MHz for 1H and 125.1 MHz for 13C). Chemical shifts (δ) are given in ppm 151 

downfield from TMS as the internal standard. Coupling constant (J) values are in Hz. 152 

High-performance liquid chromatography (HPLC). A Prominence Shimadzu 153 

equipment was used (communications bus module CBM-20, on-line degasser DGU-154 

20A5, solvent delivery module LC-20AT, auto sampler SIL-20A HT, column oven CTO-155 



10AS VP and photodiode array (PDA) detector SPD-M20A), with a Synergi Polar-RP 156 

analytical column (ether-linked phenyl phase with polar endcapping, 150 x 4.6 mm, 4 157 

µm, Phenomenex) for separation. Different conditions were set depending on the 158 

experiment: a) flow rate of 0.3 mL min−1 and 100% MeOH as mobile phase, b) flow rate 159 

of 0.6 mL min−1 and 80 % ACN and 20 % Ammonium Acetate (AcNH4, 10 mM), c) flow 160 

rate of 0.6 mL min−1 and the mobile phase consisted of ACN (solvent A) and formic acid 161 

(FA, 10 mM, pH 4) (solvent B). The gradient elution started with 96 % solvent B for 10 162 

min, from 10 to 14 min solvent B decreased from 96 to 82 %, stayed at 82 % up to 24 163 

min, then increased from 24 to 28 min to 96 % and maintain for 7 min. The total run time 164 

was 35 min.  165 

Preparative high-performance liquid chromatography (P-HPLC). A preparative 166 

Shimadzu Prominence equipment was employed (communications bus module CBM-20, 167 

solvent delivery module LC-20AT, UV/vis detector SPD-20A, fraction collector FRC-168 

10A and manual injector). A Synergi Polar-RP 80 Å semi-prep column (4μm, 250 x 10 169 

mm, Phenomenex) was used for separation with 100% MeOH as mobile phase and a flow 170 

rate of 1.5 mL min−1. 171 

Molecular exclusion chromatography. Sephadex G-50 was equilibrated in pure H2O 172 

and poured into a 0.8 × 22 cm column. Then, the column was equilibrated with Tris 20 173 

mM buffer pH 8. Samples were eluted with the same buffer and collected in 1 ml fractions 174 

High Resolution Mass spectrometry analysis. Molecular weight values were 175 

determined using direct injection ESI-MS and UPL-MS techniques. i) Direct injection 176 

high resolution electrospray ionization mass spectrometry analysis (DI-MS) was 177 

performed in positive ion mode using the mass spectrometer BRUKER microTOF-Q II 178 

equipped with CID (cell induce decomposition). Acquisition parameters: capillary 179 



temperature, 180 °C; nebulizer pressure, 0.4 Bar; capillary voltage, 4000 V; dry heater 180 

temperature, 200 °C; end plate offset voltage, −500 V; set dry gas at 4.0 l min−1; in 181 

MS/MS experiments CID RF, 150.0 Vpp. Samples were dissolved in MeOH or 182 

ACN/AcNH4 (80/20). ii) Xevo QTof-MS (Waters) spectrometer coupled with a UPLC 183 

(Waters) (UPLC-MS) was used, with a Zorbax Eclipse Plus C18 column (4.6 x 100 mm, 184 

3.5 µm, Agilent). The mobile phase was 5% of formic acid solution 0.1% and 95% of 185 

0.1% formic acid in acetonitrile, at a flow rate of 0.3 mL min-1. The injection volume was 186 

of 10 µL. The ESI source was operated in positive ionization mode with the capillary 187 

voltage at 3.5 kV; temperature of the source and desolvation was 120 and 400 °C, 188 

respectively; cone and desolvation gas flows were 10 and 800 L h−1, respectively. 189 

Leucine-enkephalin was used as the lock mass generating an [M + H]+ ion (m/z 190 

556.2771) at a concentration of 250 pg/mL and flow rate of 50 μL min-1 to ensure 191 

accuracy during the MS analysis.  192 

Steady-state irradiation. The continuous photolysis of compounds in air-equilibrated 193 

solutions was carried out irradiating in quartz cells (0.5 cm optical path length). One UVA 194 

lamp with emission centered at 365 nm [band width (fwhm) 20 nm] was employed as 195 

radiation source. To measure the incident photon flux density (q0,V
n,p), Aberchrome 540 196 

(Aberchromics Ltd.) was used as an actinometer (38). The acquired value was 5.6 (± 0.2) 197 

× 10−5 EL−1s−1. Values of the photon flux absorbed (qa,V
n,p),were calculated from (q0,V

n,p), 198 

according to the Lambert–Beer law:  199 

qa,V
n,p = q0,V

n,p (1 - 10-A)  200 

where A is the absorbance of the reactant at the excitation wavelength. 201 

Quantum yield determinations. The quantum yields of reactant disappearance (ΦR) 202 

were determined and values were obtained using the following equations: 203 



ΦR = -(d[R]/dt)0/ qa,V
n,p 204 

where (d[R]/dt)0 is the initial rate of reactant consumption and qa,V
n,p is the photon flux 205 

absorbed by the reactant. The initial rates were obtained from the slope of the 206 

corresponding plots of concentration vs. irradiation time within such time windows. The 207 

evolution of the concentrations during irradiation was followed by HPLC (vide supra). 208 

Hydrogen peroxide (H2O2) measurements. The quantification of H2O2 was carried out 209 

with a Cholesterol Kit (Wiener Laboratorios S.A.I.C.), in which H2O2 reacted with 4-210 

aminophenazone and phenol (39, 40). Briefly, post-irradiated samples of bis-decyl-Pte 211 

were combined with the Cholesterol Kit reagents. The absorbance at 505 nm of the 212 

resulting mixture was measured after 30 min of incubation at room temperature, using the 213 

reagent as a blank. Aqueous H2O2 solutions prepared from commercial standards were 214 

employed for calibration. 215 

Computational methods. The theoretical calculations were conducted with the 216 

Gaussian16 program (revision C.01) (41). B3LYP was used along with the Dunning basis 217 

set, D95(d,p), which performed well based on previous reports of alkyl-chain conjugated 218 

pterins and lumazines (5, 42). Enthalpy values were thermal corrected at 298.15 K and 1 219 

atm.  220 

 221 

RESULTS 222 

The results are presented in the following subsections: (1) synthesis and characterization 223 

of the decylated pteroic acid; (2) DFT calculated results of the bis-decyl-Pte, as well as 224 

hypothetical mono-, bis- and tris-decylated Pte derivatives; (3) spectral features of bis-225 

decyl-Pte; (4) photocleaving behavior and membrane interaction of Pte and bis-decyl-Pte. 226 



Synthesis of alkylated pteroic acid derivative 227 

A bimolecular nucleophilic substitution (SN2) reaction was carried out for the alkylation 228 

reaction of Pte according to the methodology previously reported for alkylation of Ptr, 229 

Cap and Lum (4, 5, 34). Thus, the alkylation reaction was performed dissolving Pte in 230 

DMA in the presence of solid K2CO3 and 1-iododecane and the reaction was heated at 70 231 

ºC for 5 hr. A main product (bis-decyl-Pte; see Scheme 1) was obtained in 22 % yield 232 

after chromatographic purification showing purity higher than 98 % according to HPLC 233 

control. Furthermore, bis-decyl-Pte showed a noticeable high solubility in organic 234 

solvents when was compared to native Pte, as it was observed for cases of alkylated pterin 235 

and lumazine derivatives (4, 5). 236 

<Scheme 1> 237 

The elucidation of the chemical structure and fully characterization of compound 238 

bis-decyl-Pte was carried out by using 1D and 2D NMR spectroscopy (see NMR spectra 239 

in SI). Furthermore, to verify the position of the two decyl chains, HMBC experiment 240 

was performed and the partial contour plot is depicted in Figure 2. The cross-peaks shown 241 

in the figure clearly demonstrate the satisfactorily correlations between both the α and α’ 242 

methylene groups C7’ and C4, respectively. Indeed, the signal belonging to methylene α’ 243 

protons located at 4.59 ppm correlates with the signal of C4 at 165.7 ppm leading to 244 

conclude that the decyl chain reacted with the phenol group of pterin (see orange arrow 245 

in Figure 2). Likewise, the proton signal of methylene α located at 4.25 ppm correlates 246 

with the carbonyl group (C7’) whose chemical shift is centered at 166.7 ppm (see blue 247 

arrow in Figure 2) demonstrating that the decyl chain is bonded to the carboxylic group 248 

of the PABA residue. 249 

<Figure 2> 250 



To confirm the chemical structure of bis-decyl-Pte, high resolution mass 251 

spectrometry analysis (DI-MS) was carried out. The spectra showed a main signal at m/z 252 

593.4188, which corresponds to the protonated molecular ion [M+H+] of a compound M 253 

having the Pte moiety with two additional decyl chains attached (M = C34H52N6O3) 254 

(Figure S6, SI). Also, tandem mass spectrometry (MS/MS experiments, CID mode) 255 

selecting [M+H]+ as precursor ion showed several diagnostic fragments; firstly, even 256 

though small, those corresponding to the loss of a decyl-chain C10H20 [(M+H)+-C10H20] 257 

with a peak at m/z 453.2589 and the loss of a decyl-chain and H2O [(M+H)+-C10H20-H2O] 258 

with a peak at m/z 435.2502. The former can be formed by McLafferty-like 259 

rearrangements involving the ester moiety (–COO-C10H21) and/or the pterin moiety (–260 

N=C–O-C10H21) and the latter is the characteristic loss of H2O by the –COOH group, 261 

yielded after the McLafferty reaction on the ester moiety (–COO-C10H21  –COOH + 262 

C10H20). This suggests that one of the decyl chains is attached to the carboxylic group of 263 

the PABA part of the moiety as an ester group. The two most important fragments 264 

observed correspond to the loss of two decyl-chains ([M+H]+-C20H40) and two decyl-265 

chains + H2O ([M+H]+-C20H40-H2O) with peaks at m/z 313.1045 and 295.0933, 266 

respectively. The former indicates that both McLafferty rearrangements took place 267 

successively from the precursor ion [M+H]+ and the latter agrees with the loss of H2O 268 

afterwards. The peak at m/z 176.0567 corresponding to the pterin moiety itself was also 269 

observed (Figure S7, SI). 270 

Therefore, the above experimental data from NMR and DI-MS studies conclude 271 

that one of the decyl-chain is attached to the carboxylic acid group of de PABA moiety 272 

of the molecule, as it was observed with CapC (34), and the other decyl-chain is attached 273 

to the O4 of the pterin moiety. To help deduce the formation of the experimentally 274 



detected bis-decyl-Pte, DFT computations were carried out to predict relative energies of 275 

various regio-connections of the decyl group to Pte. 276 

DFT Calculations 277 

Gas-phase DFT computations were used to predict relative energies and analyze 278 

hypothetical mono-, bis-, and tris-decylated analogs to help rationalize the experimental 279 

formation of bis-decyl-Pte (also called bis-2A in Figure 4). Figures 3-5 show the relative 280 

free energies (∆G). The mono-decylated combinations in Figure 3 show that the O4 mono-281 

1A is 5.4 kcal/mol and O7’ mono-1B 3.0 kcal/mol less stable than the N2 mono-1D. Thus, 282 

whether experimentally observed bis-2A precedes initially by mono-1A or mono-1B 283 

point to kinetic rather than thermodynamic control in the decylation process. The bis-284 

decylated combinations in Figure 4 show that the O4,O7’ bis-2A is 6.5 kcal/mol less stable 285 

and N2,O4 bis-2B 3.5 kcal/mol or N2,N2 bis-2B 2.1 kcal/mol less stable than N2,N3 bis-2F. 286 

Interestingly, the experimentally observed bis-2A is clearly the least energetically stable 287 

bis-decylated compound of the series, offering kinetic control as an explanation of the 288 

origin of the regioselectivity. The tris-decylated combinations in Figure 5 show that steric 289 

incumbrance leads to the high energy of the N2, N2, N3 tris-3A of 9.3 kcal/mol and 290 

N2,N2,O4 tris-3B 5.4 kcal/mol which are less stable relative to N2,N3,O7’ tris-3E. If a tris-291 

Pte were to experimentally form, or at least form in minor amounts, the DFT results lead 292 

us to suggest that N2,O4,O7’ tris-3C would be the most likely structure. Interestingly, in 293 

our previous work, in N,N-dimethylformamide (DMF) solvent DMF condensation at the 294 

N2 site was readily observed (4, 34), although in the current work we used DMA solvent, 295 

where no condensation at N2 site arose. 296 

<Figure 3> 297 

<Figure 4> 298 



<Figure 5> 299 

Spectroscopic properties 300 

Pte presents several acid-basic equilibria with three detected pKa values: 2.29 ± 0.03, 4.72 301 

± 0.01 and 7.98 ± 0.03, for N1, carboxylic group and N3H–C4O lactam group, respectively 302 

(43). The pKa of the lactam group is the most important one since it is close to the 303 

physiological pH. Therefore, the absorption molar coefficient for both acid 304 

(monoanionic) and basic (dianionic) forms of Pte in aqueous solution was obtained 305 

(Figure 6.a). The features of the absorption spectrum of Pte and its dependence on the pH 306 

can be interpreted taking into account previous studies (44). The pterin chromophore 307 

typically exhibits two main absorption bands. The high-energy band of the acid form is 308 

less intense and red-shifted in comparison with the corresponding band of the basic form; 309 

on the other hand, the low-energy band of the acid forms is less intense, but blue-shifted 310 

in comparison with the corresponding band of the basic form. Conjugated pterins show, 311 

in addition to the two absorption bands of the pterin chromophores, a band corresponding 312 

to the PABA unit, which does not undergo ionization and therefore its spectrum does not 313 

significantly change with the pH. While the basic form of Pte shows the three absorption 314 

bands described, for its acid form the high-energy band of pterin and the PABA band are 315 

superimposed, which results in a spectrum of two bands. This behavior can also be 316 

observed for folic acid (44). Figure 6.b shows the absorption spectrum of bis-decyl-Pte in 317 

MeOH, with three absorption bands. The highest energy band is centered at 229 nm, 318 

similar to the one observed for O-decyl-Ptr; a second band at 298 nm which corresponds 319 

to the PABA unit; and the UVA band centered at 367 nm, similar to the one detected for 320 

the basic form of Pte, which is in agreement with the fact that the decyl chain is attached 321 

to the O4 of the pterin moiety. 322 



Emission of bis-decyl-Pte was studied in H2O and MeOH, and in both media the 323 

fluorescence intensity was negligible. This is in accordance with the behavior observed 324 

for PteGlu and Pte, where the large substituent at position 6 on the pterin moiety acts as 325 

an “internal quencher” enhancing the radiationless deactivation of the singlet excited state 326 

and, consequently, drastically reducing the fluorescence quantum yield (44, 45). The 327 

mechanism of the internal deactivation has been proposed to be an electron transfer from 328 

the PABA ring to the pterin moiety, which is consistent with the result that no emission 329 

was observed in either solvent. 330 

<Figure 6> 331 

Photodegradation and membrane interaction 332 

In spite of the biological importance of Pte and its similarity to PteGlu, Pte’s 333 

photochemical stability has not been previously reported. PteGlu is known to be unstable 334 

to UVA radiation and fragment to Fop and PABA-Glu (2). Thus, we investigated the 335 

photodegradation of Pte in aqueous solution at pH 6.7 with irradiation at different time 336 

intervals and the absorption spectra recorded. Concentration of Pte was kept below 30 337 

µM, since the solubility in H2O at this pH is ~ 0.019 mg/mL (60 µM). Although changes 338 

in absorption were small (Figure S9), HPLC analyses revealed the consumption of Pte 339 

and formation of PABA, Fop, Cap and Ptr (Figure 7). As previously observed for PteGlu, 340 

Pte undergoes an excision of the methylene bridge with the incorporation of a H2O 341 

molecule, thereby generating PABA and Fop. Since Fop is photolabile, the formation of 342 

Cap is also observed (24), which later generates Ptr by decarboxylation (46). The 343 

proposed photocleavage mechanism is shown in Scheme 2. Moreover, and as observed 344 

for PteGlu (25), H2O2 was detected during this photochemical reaction, which points to 345 

an electron transfer process (47). 346 



<Figure 7> 347 

<Scheme 2> 348 

Due to the low solubility of bis-decyl-Pte in H2O (~ 0.0059 mg/mL) compared to 349 

Pte (~ 0.019 mg/mL), we elected to study the photodegradation of bis-decyl-Pte in 350 

MeOH, as well as in MeOH/H2O (50/50). After 60 min of UVA irradiation, no significant 351 

changes in the in the concentration of bis-decyl-Pte in MeOH were observed (Figure 8). 352 

However, when H2O was present in the MeOH, a noticeable consumption of bis-decyl-353 

Pte was detected. This result is similar to that observed for Pte, in which H2O facilitates 354 

in the photodegradation process, likely being due to mechanistic similarities to the Pte 355 

photodegradation itself. Both quantum yields of consumption were calculated, obtaining 356 

a value of (7 ± 2) x 10-4 for Pte in aqueous solution and (8 ± 1) x 10-4 for bis-decyl-Pte in 357 

MeOH/H2O (50/50). 358 

<Figure 8> 359 

Next, we analyzed the photoproducts arising from bis-decyl-Pte using HPLC. Five 360 

well-defined peaks arose and their areas increased upon the irradiation of bis-decyl-Pte 361 

(Figure 9). Analysis of the absorption spectra of products P1, P2, P4 and P5 suggests that 362 

are pteridine derivatives, while P3 which has no absorption in the UVA region is not. P1, 363 

P2 and P3 were characterized by mass spectrometry (UPLC-MS). P1 showed an m/z value 364 

of 348.2010 corresponding to the [M+H+] of a compound M = decyl-Cap (M = 365 

C17H25N5O3) and a calculated [M+H+] value of 348.2036 (Figure S10). Regarding P2, an 366 

m/z value of 332.2060 was observed, which corresponds to the [M+H+] of a compound 367 

M = decyl-Fop (M = C17H25N5O2) and a calculated [M+H+] value of 332.2087 (Figure 368 

S11). Moreover, and as expected considering the absorption spectra, P3 showed an m/z 369 

value of 278.2140 corresponding to the [M+H+] of a compound M = decyl-PABA (M = 370 

C17H27NO2) and a calculated [M+H+] value of 278.2120 (Figure S12). This shows that 371 



bis-decyl-Pte undergoes a photocleavage at the methylene bridge similar to that seen in 372 

the native Pte, and that a hydrolytic step with H2O is needed in the reaction since bis-373 

decyl-Pte is photostable in MeOH solution (Figure 8). Nevertheless, there must be another 374 

degradation mechanism since two other compounds (P4 and P5) are formed during the 375 

irradiation. As no m/z value was obtained in these conditions for P4 and P5, we proposed 376 

a partial degradation mechanism showing only the photocleavage of bis-decyl-Pte 377 

(Scheme 2). 378 

<Figure 9> 379 

Taking into account that bis-decyl-Pte has no detectable fluorescence emission, 380 

we were unable to quantify the interaction of the photosensitizer with the lipid membrane 381 

through a binding constant determination, as completed before for other alkylated pterin 382 

derivatives (4, 5, 34). Nevertheless, qualitative evidence was collected for the interaction 383 

of bis-decyl-Pte with lipid membrane using size exclusion chromatography. DOPC LUVs 384 

containing ~ 2 % of the compound were passed through the column and fractions were 385 

collected and analyzed by spectrophotometry, to detect the light scattering of LUVs. In 386 

addition, fractions were diluted in MeOH to disaggregate the vesicles and injected in the 387 

HPLC equipment to detect the compound. As shown in Figure 10, the elution of LUVs 388 

and bis-decyl-Pte are detected in the same fractions (mainly 3 and 4) indicating that the 389 

compound interacts with the lipid membrane. The same experiments were performed with 390 

native Pte and the compound was detected mainly between the fractions 10 to 15, 391 

indicating that it does not interact with lipid membranes (Figure S11).  392 

These findings make bis-decyl-Pte an interesting compound to use as a lipophilic 393 

photosensitizer, since is not only able to interact with biomembranes but could also 394 

generate additional compounds which may act as photosensitizers their self.  395 



<Figure 10> 396 

DISCUSSION  397 

As mentioned in the Introduction, our previous studies demonstrated that 398 

decylation gives the pterin moiety the capacity to intercalate in lipid membrane, while 399 

retaining its photosensitizing properties (4, 5). Therefore, conjugation of an alkyl chain 400 

could serve as a simple and effective tool to convert an otherwise hydrophilic 401 

photosensitizer into a lipophilic photosensitizer, to potentially induce photodamage in 402 

lipid bilayers. Taking into account the importance of folate-related compounds to living 403 

organisms, their photochemical properties and our previous work on decylation of pterins 404 

(4, 5, 34), arises the idea of exploring lipophilic derivatives of folate-related compounds. 405 

Therefore, we have synthesized a new bis-decyl-Pte from pteroic acid (Pte), 406 

through a nucleophilic substitution reaction (SN2). O-Alkylation of Pte is observed both 407 

at the keto position O4, which is similar to the main products generated in our previous 408 

report on alkyl pterin derivatives (4); and at the carboxylic acid position of the 409 

PABAgroup, similar to what we observed in our previous report on a carboxypterin 410 

derivative (34). DFT results point to the formation of bis-decyl-Pte as kinetic rather than 411 

thermodynamic control in the decylation process, as it was detected in the case of pterin 412 

(42). When compared to native Pte, the bis-decyl-Pte has similar absorption spectra to the 413 

basic form of Pte, in agreement with the alkylation in the keto position O4. Our results 414 

show that solubility in H2O is about 3-fold lower for bis-decyl-Pte (~ 0.0059 mg/mL) 415 

compared to Pte (~ 0.019 mg/mL). Interestingly, no detectable photooxidation of bis-416 

decyl-Pte is observed during UVA irradiation in MeOH solvent, but in the presence of 417 

water in H2O/MeOH degradation is readily observed. Thus, in the latter solvent, bis-418 

decyl-Pte suffers from a photooxidation cleavage in the same methylene bridge as native 419 

Pte and also PteGlu (24). This is in accordant with hydrolysis as a key component in the 420 



cleavage reaction, consistent with the evidence of alkyl-Fop, alkyl-Cap and alkyl-PABA 421 

detected by mass spectrometry as photoproducts. In addition, as bis-decyl-Pte is able to 422 

interact with lipid membranes, further efforts are focused on detecting if this 423 

photocleavage is also observed when bis-decyl-Pte is interacting with the biomembranes 424 

and if these photoproducts remained inside the lipid membrane or are released to the bulk 425 

water. 426 

On the other hand, folate cellular uptake is mediated by the folate-binding 427 

proteins, referred to as folate receptors (FR), in which folate binding can triggers 428 

endocytosis (48, 49). Intriguingly, while its expression is negligible in healthy cells, a 429 

number of human cancer cell lines bear over-expressed levels of FR (50, 51). Therefore, 430 

and to avoid damage to healthy cells and tissues, there is an increasing use of the folate 431 

groups to selectively deliver therapeutic and diagnostic agents (52–54). Since FR binds 432 

directly to the pteroyl moiety while glutamate stays out of the receptors binding pocket 433 

(55), great efforts are focused on the development of pteroic acid derivatives. 434 

In our case, bis-decyl-Pte may have a possibly dual target approach: the affinity 435 

to lipid membranes and the binding to FR. Moreover, bis-decyl-Pte would potentially 436 

release upon irradiation different lipophilic unconjugated pterin with photosensitizing 437 

properties. Therefore, bis-decyl-Pte may have a strong photosensitizer activity producing 438 

not only lipid peroxidation in membranes but also entering to the cell to generate 439 

important cell damage and death. Triggered by the findings presented in this work, several 440 

studies arise as needed to expand the information aimed to the development of a new 441 

generation of photosensitizers with selectivity towards tumor cells due to the capability 442 

to bind specific receptors over expressed in the target cells. In this regard, the following 443 

properties of bis-decyl-Pte will be addressed in the near future: i) cellular uptake 444 

mechanism, ii) the efficiency to photoinduce cell death, iii) the efficiency to photoinduce 445 



lipid peroxidation and membrane structural damage and iv) the photochemistry when 446 

associated to membranes. Finally, the synthesis and analysis of new lipohilic 447 

photosensitizers derived from Pte will also be addressed.  448 

CONCLUSIONS 449 

A new lipophilic folate derivative was synthesized [4-(((2-amino-4-decyloxypteridin-6-450 

yl)methyl)amino)benzoic acid (bis-decyl-Pte)]. Bis-decyl-Pte was not only structurally 451 

characterized, but also photophysically characterized. Decylation of Pte was found to 452 

arise at keto O4 and at the PABA carboxylic acid group, pointing to a kinetically-453 

controlled process based on results from DFT calculations. The photochemistry of Pte 454 

and bis-decyl-Pte was investigated in various solvents, in which the photocleavage is 455 

attributed to involve hydrolysis of the methylene bridge. Moreover, bis-decyl-Pte is able 456 

to interact with lipid membranes. Future efforts will be focused on investigating the 457 

photosensitizing properties of this compound over lipid membranes, and also the cellular 458 

uptake and photodamage. 459 
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Additional supporting information may be found online in the Supporting Information 490 

section at the end of the article:  491 

Figure S1. 500 MHz 1H-NMR spectrum of bis-decyl-Pte in CDCl3. 492 

Figure S2. 127.5 MHz 13C-NMR spectrum of bis-decyl-Pte in CDCl3. 493 

Figure S3. 500 MHz DFQ-COSY spectrum of bis-decyl-Pte in CDCl3. 494 

Figure S4. 500 MHz HSQC-DEPT spectrum of bis-decyl-Pte in CDCl3. 495 

Figure S5. 500 MHz HMBC spectrum of bis-decyl-Pte in CDCl3. 496 

Figure S6. DI-MS spectrum of bis-decyl-Pte. 497 

Figure S7. DI-MS/MS spectrum of bis-decyl-Pte. 498 

Figure S8. B3LYP/D95(d,p) calculated structures and energies of mono-decylated pteroic 499 

acids (mono-1A, mono-1B, mono-1C, and mono-1D), bis-decylated pteroic acids (bis-500 

2A, bis-2B, bis-2C, bis-2D, bis-2E, and bis-2F), and tris-decylated pteroic acids (tris-3A, 501 

tris-3B, tris-3C, tris-3D, and tris-3E) are reported. 502 

Figure S9. Time evolution of the absorption spectra of Pte in air-equilibrated aqueous 503 

solutions under UVA irradiation.  504 

Figure S10. UPLC-MS spectrum of P1. 505 

Figure S11. UPLC-MS spectrum of P2. 506 

Figure S12. UPLC-MS spectrum of P3. 507 

Figure S13. Elution profiles of size exclusion chromatography performed on DOPC 508 

LUVs with Pte.  509 
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FIGURE CAPTIONS 709 

Figure 1. Chemical structure of pteroic acid (Pte) and folic acid or pteroyl glutamic acid 710 

(PteGlu). 711 

Scheme 1. Synthesis of bis-decyl-Pte. 712 

Figure 2. Partial 2D NMR spectra of bis-decyl-Pte recorded in CDCl3, using HMBC 713 

method. 714 

Figure 3. B3LYP/D95(d,p) computed minimum free energy structures (∆G) of mono-715 

decylated pteroic acid derivatives. Free energies are shown in kcal/mol. 716 

Figure 4. B3LYP/D95(d,p) computed minimum free energy structures (∆G) of bis-717 

decylated pteroic acid derivatives. Free energies are shown in kcal/mol. 718 

Figure 5. B3LYP/D95(d,p) computed minimum free energy structures (∆G) of tris-719 

decylated pteroic acid derivatives. Free energies are shown in kcal/mol. 720 

Figure 6. Absorption spectra of a) Pte in aqueous solution at different pH and b) bis-721 

decyl-Pte in MeOH. 722 

Figure 7. Time evolution of concentrations of Pte and products (PABA, Fop, Cap and 723 

Ptr) in air-equilibrated aqueous solutions under UVA irradiation. [Pte]0 = 25 μM, pH = 724 

6.7. Inset: Time evolution of H2O2 generated during the mentioned experiment. 725 

Scheme 2. Proposed mechanism for the photooxidative cleavage of Pte and bis-decyl-Pte 726 

in air-equilibrated aqueous (pH = 6.7) and MeOH/H2O solutions, respectively, under 727 

UVA irradiation, followed by decomposition of the photoproducts. Ptr was observed only 728 

in the photocleavage of Pte. 729 

Figure 8. Time evolution of % consumption of Pte in H2O and bis-decyl-Pte in MeOH 730 

and MeOH/H2O solutions under UVA irradiation. [Pte]0 = 25 μM and [bis-decyl-Pte]0 = 731 

27 μM. 732 



Figure 9. Chromatogram of bis-decyl-Pte in MeOH/H2O solution after 30 min of 733 

irradiation using the PDA detector at 310 nm. Upper/bottom part: Absorption spectra of 734 

the different chromatographic peaks, bis-decyl-Pte and products 1 to 5.  735 

Figure 10. Elution profiles of size exclusion chromatography performed on DOPC LUVs 736 

with bis-decyl-Pte. For each fraction absorbance at 600 nm (●) and the area at 340 nm for 737 

the compound obtained from the chromatogram (●) were registered to detect the LUVs 738 

and bis-decyl-Pte, respectively. 739 







 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

 


