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Photo-Oxidation of Unilamellar Vesicles by a Lipophilic Pterin:
Deciphering Biomembrane Photodamage
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ABSTRACT: Pterins are natural products that can photosensitize the oxidation of DNA, proteins, and phospholipids. Recently,
a new series of decyl-chain (i.e., lipophilic) pterins were synthesized and their photophysical properties were investigated. These
decyl-pterins led to efficient intercalation in large unilamellar vesicles and produced, under UVA irradiation, singlet molecular
oxygen, a highly oxidative species that react with polyunsaturated fatty acids (PUFAs) to form hydroperoxides. Here, we
demonstrate that the association of 4-(decyloxy)pteridin-2-amine (O-decyl-Ptr) to lipid membranes is key to its ability to trigger
phospholipid oxidation in unilamellar vesicles of phosphatidylcholine rich in PUFAs used as model biomembranes. Our results
show that O-decyl-Ptr is at least 1 order of magnitude more efficient photosensitizer of lipids than pterin (Ptr), the
unsubstituted derivative of the pterin family, which is more hydrophilic and freely passes across lipid membranes. Lipid
peroxidation photosensitized by O-decyl-Ptr was detected by the formation of conjugated dienes and oxidized lipids, such as
hydroxy and hydroperoxide derivatives. These primary products undergo a rapid conversion into short-chain secondary
products by cleavage of the fatty-acid chains, some of which are due to subsequent photosensitized reactions. As a consequence,
a fast increase in membrane permeability is observed. Therefore, lipid oxidation induced by O-decyl-Ptr could promote cell
photodamage due to the biomembrane integrity loss, which in turn may trigger cell death.

B INTRODUCTION

Oxidative stress can generate lipid peroxidation during many
physiological and pathological processes.' Light accelerates
lipid peroxidation quite substantially, being critical to explain

oxygen ('0,) is produced by energy transfer from the triplet
state of the photosensitizer (type II mechanism).”® The role
and the importance played by each of these mechanisms is
critical to allow improvement in the methodologies to avoid or

damage in the photosynthetic apparatus, food oxidation, skin
photodamage, as well as the success of a clinical modality of
treating cancerous and infectious diseases called photodynamic
therapy (PDT)."~® Endogenous or exogenous photosensitizers
act through two different mechanisms: reactions where the
generation of radicals takes place via a direct contact reaction
with the target molecule through electron transfer or hydrogen
abstraction (type I mechanism), and reactions where singlet
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catalyze light-induced peroxidation reactions.

Lipophilic photosensitizers are reported to interact or
intercalate with biomembranes, which usually increases its
efficiency in photodamage.”™"” For instance, photosensitizing
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properties of porphyrins and chlorins with different sub-
stituents showed their deIpendence with the position and depth
in the lipid membrane.””'* In addition, a lipophilic photo-
sensitizer such as chlorophyll a photoinduces membrane
damage in giant unilamellar vesicles (GUVs), while no damage
was observed when a hydrophilic photosensitizer, riboflavin,
was used.'> Moreover, photoinduced bactericidal activity is
enhanced when polycationic porphyrins have a hydrophobic
alkyl chain incorporated.' The main reasons for the
impressive increase in photosensitizer efficiency upon mem-
brane binding were recently described by Bacellar et al.'” by
comparing two PDT phenothiazium cation photosensitizers.
These authors showed that the key step that permits
membrane leakage is caused by direct contact reactions
between the photosensitizer and either the lipid double bond
or the lipid hydroperoxide, which is previously formed by the
ene-reaction with singlet oxygen. However, there is no report
in the literature performing such analysis for natural photo-
sensitizers. This knowledge is fundamental to understand a
whole range of effects related with light-induced lipid photo-
oxidation triggered by compounds normally found in photo-
synthetic organisms as well as in the skin or in food.

Pterins, heterocyclic compounds derived from 2-amino-
pteridin—4—(3H)—one,18 are present in biological systems in
multiple forms, and play different roles ranging from pigments
to enzymatic cofactors for numerous redox and one-carbon
transfer reactions.'”*° In particular, 5,6,7,8-tetrahydrobiopterin
is an essential cofactor for aromatic amino acid hydroxylases”’
and participates in the regulation of melanin biosynthesis.”
Unconjugated oxidized pterins are photochemically reactive™
and accumulate in human skin under pathological con-
ditions.”* These compounds absorb UVA radiation (320—
400 nm), fluoresce, undergo photo-oxidation, and generate
reactive oxygen species.B Moreover, they can act as photo-
sensitizers through both type I and type II mechanisms,
inducing damage to groteins25 and DNA,**™*® and also
inactivation of enzymes’ and bacteria.*’

It was recently demonstrated that pterin (Ptr, parent and
unsubstituted compound of oxidized pterins) (Figure 1) can
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Figure 1. Chemical structure of Ptr, O-decyl-Ptr, methylene blue and
DO1s.

photoinduce oxidation of lipids in membranes of large
unilamellar vesicles (LUVs).>" Conjugation of a decyl-chain
to the pterin moiety dramatically increases its solubility in
common organic solvents and also enables its facile
intercalation in LUVs.*”** In addition, decyl-pterins present
a more efficient intersystem crossing to the triplet excited state
as compared to Ptr, showing higher 'O, quantum yields (®,),
which implies a greater photo-oxidative activity. Previous work

suggested a potential use of alkyl-pterins as photosensitizers in
biomembranes.

In this work, we use decyl-pterins to understand the
mechanisms by which lipophilic derivatives of natural photo-
sensitizers cause definitive damage in lipid membranes. Among
the four alkyl-pterin derivatives described in ref 32, we chose 4-
(decyloxy)pteridin-2-amine (O-decyl-Ptr) (Figure 1), because
it was the compound with the highest @, value. Here, we
describe the association of O-decyl-Ptr to lipid membranes and
its ability to trigger phospholipid oxidation. LUVs and GUVs
rich in polyunsaturated fatty acids (PUFAs) were investigated
and the results were compared to those obtained with Ptr,
which is a more hydrophilic photosensitizer. We will show that
the damaging processes that lead to membrane pores for the
O-decyl-Ptr photosensitizer turn out to be similar to the
processes recently described by a lipophilic methylene blue
derivative (DO1S) (Figure 1) ,'” but there are some interesting
differences. Even though lipid hydroperoxides are initially
formed during photosensitized oxidation by O-decyl-Ptr, they
do not accumulate in the membranes as in the case of DO1S.
The formation of shortened lipid tails arises as a consequence
of secondary processes leading to increased membrane
permeability, as key compounds in the membrane photo-
response to oxidative stress.

B EXPERIMENTAL SECTION

Chemicals. Ptr (purity > 99%) was purchased from Schircks
Laboratories (Switzerland). O-Decyl-Ptr was synthesized as previously
reported.’> 1,2-Dilinoleoyl-sn-glycero-3-phosphocholine (DLPC,
>99%, powder) and 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC, >99%, powder) were obtained from Avanti Polar Lipids
Inc. L-a-Soybean phosphatidylcholine (SoyPC, >99% (TLC),
lyophilized powder), 3,5-di-tert-4-butylhydroxytoluene (BHT), 5(6)-
carboxyfluorescein (CF), xylenol orange (XO), Triton X-100 and
Sephadex G-50 were bought from Sigma-Aldrich. Tris-
(hydroxymethyl)aminomethane (Tris) was acquired by Genbiotech.
Sodium chloride was from Cicarelli ammonium iron(II) sulfate
hexahydrate from Carlo Erba and sulfuric acid (95—-98% RA) from
Anedra. HPLC grade chloroform and methanol were purchased from
UV.E. and J. T. Baker, respectively. Purified water from a Milli-Q
reagent water system apparatus was used.

Absorption Measurements. Absorption spectra were obtained
from a Shimadzu UV-1800 spectrophotometer. 0.4 or 1 cm optical
path length quartz cells were used.

Fluorescence Measurements. Steady-state fluorescence meas-
urements were obtained with a single-photon-counting equipment
FL3TCSPC-SP (HORIBA Jobin Yvon), described elsewhere.’

Steady-State Irradiation. LUVs’ irradiation was carried out in
quartz cells. The radiation source employed were Rayonet RPR 3500
lamps (Southern N.E. Ultraviolet Co.) with emission centered at A =
350 nm [band width (fwhm) 20 nm]. Aqueous dispersions were
irradiated using one lamp in all experiments, except in the mass
spectrometry (MS) analysis in which two lamps were employed. The
incident photon flux density (qg}}’,) for each lamp was measured using
Aberchrome 540 (Aberchromics Ltd.) as an actinometer.>> The
obtained value was 9.9 (+0.2) X 1076 einstein L' s7'.

Preparation of LUVs. LUVs were prepared using chloroform
solutions of lipids (DOPC, DLPC, and SoyPC), dried under nitrogen
stream and hydrated in Tris buffer (20 mM, pH 7.4). Samples were
vortexed for several minutes, followed by extrusion through a 100 nm
porous membrane (Avanti Polar). LUVs were kept at 4 °C prior to
use. Dynamic light scattering measurements were performed with a
Malvern Zetasizer Nano-ZS to estimate the size of the LUVs formed.
Results showed a diameter of 138 + 10 nm [mean + standard
deviation (SD), triplicates]. The polidispersity index was 0.12.

LUVs Binding Experiments. Experiments were performed as
previously described.*” Briefly, kinetic experiments were performed to
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ensure equilibrium conditions, which were reached in 10 min, because
no further increase in fluorescence was observed after that time. A
titration method was then used to determine the binding constant
(K,).> Increasing quantities of lipid LUVs were added to a Tris
solution of O-decyl-Ptr (2 uM). The samples were excited at 340 nm
and corrected fluorescence spectra were recorded between 4 = 390
and 600 nm. Total fluorescence intensities (F) were calculated by the
integration of the fluorescence band between A = 410 and 600 nm. F
was plotted on a graph against the lipid concentration and the
following equation was used to fit the data

F =F + (E, — E) x [LI/(1/K, + [L]) (1)

where the three values F,, F;, and F,, are the fluorescence intensities
of the compound without lipid, with lipid at concentration L, and that
which would be obtained asymptotically at complete binding,
respectively; and [L] is the lipid concentration.

FOX 2 Assay. Experiments were performed according to the
procedure described by Wolff with some modifications.”” The method
is based on the oxidation of ferrous to ferric ions by hydroperoxides
(eq 2), which react with XO to form a colored complex (eq 3).

ROOH + Fe’* — Fe** + RO® + OH~ (2)

Fe** + XO — blue-purple complex (3)

The reagent was prepared as follows: 250 uM (NH,),Fe(SO,),:
6H,0 (9.8 mg) and 25 mM H,SO, (139 uL) were dissolved in S mL
of water, mixed with 4 mM BHT (88.2 mg), 100 uM XO (7.2 mg),
and 45 mL of methanol. Afterward, another 45 mL of methanol and 5
mL of water were added. For the experiment, aliquots of 50 uL of
samples were added to 950 uL of FOX 2 reagent in microtubes,
homogenized in a vortex mixer and left to react for 30 min in the dark
at room temperature. After incubation, the absorbance of samples was
read between 200 and 700 nm. As the extinction coeflicient of the Fe/
XO complex may differ depending on the acid used, pH, solvents and
with the nature of hydroperoxides, concentrations of lipid hydro-
peroxides were calculated as mM H,0, equivalents based on a
standard curve spanning a 0—0.4 mM H,0, range (r* 0.9704), which
were prepared and subjected to the same treatment of the studied
samples.

Photoinduced CF Release from LUVs. LUVs were prepared as
described above, but for hydration, 500 xL of 50 mM CF in 10 mM
Tris buffer was used, generating a LUV suspension with CF
encapsulated in the inner compartment. Using a Sephadex G-50
exclusion chromatography column (1 X 15 cm) with 0.3 M NaCl in
10 mM Tris buffer as eluent, free CF was removed and the fraction
containing LUVs was collected.*® The high CF amounts inside LUVs
results in fluorescence self-quenching, therefore an increase in CF
fluorescence points out membrane damage and leakage of CF to the
outer solution.”” Membrane damage quantification was performed
using a fluorescence quartz cell of 0.4 X 1 cm. The final volume was
800 yL in 0.3 M NaCl—10 mM Tris buffer, adding 20 uL of lipid
suspension. The concentration of the photosensitizer was S uM,
except for the control which had no compound. The irradiation was
performed as described above. Fluorescence spectra were recorded
between 4 = 500 and 680 nm and were monitored as function of
irradiation, with excitation at A = 480 nm. Triton X-100 was added at
the end of the experiment, and the fluorescence was recorded. To
calculate the percent of released CF, the following equation was used

% CFreleased = 100%(F - E))/(FT - PE)) (4)

where F; is the initial fluorescence intensity, F is the fluorescence
intensity at each irradiation time and Fyp is the total fluorescence
intensity after membrane disruption with Triton X-100.
Preparation of GUVs. GUVs of DLPC were prepared by the
electroformation method.*® Briefly, lipids dissolved in chloroform (10
uL, 1 mg/ mL) were dispersed over glass surfaces coated with fluor tin
oxide, and were then placed with their conductive sides facing one
another using a 2 mm thick Teflon spacer. This chamber was filled
with solutions of 0.2 M sucrose and then connected to an alternating

power generator (Minipa MFG-4201A; Korea) at 10 Hz frequency
and 1.5 V for 1.5—2 h at room temperature. Afterward, vesicles were
transferred to an Eppendorf vial and kept at 4 °C. For the experiment,
100 pL of the GUVs was diluted with 600 uL of a 0.2 M glucose
solution and added to an observation chamber. This produced a sugar
asymmetry between the outer and the inner vesicle environment.
Sugar solutions’ osmolarities were measured with a cryoscopic
osmometer Osmomat 030 (Gonotec, Germany) and prudently
matched to avoid osmotic pressure effects. The small density
difference between the inner and outer solutions drives the vesicles
to the bottom slide where they can be observed. Moreover, the
refractive index difference between both sugar solutions offers a better
optical contrast when observing the vesicles with phase contrast
microscopy.

To study GUVs photodamage, the photosensitizers were dissolved
in the glucose solution and the procedure described previously was
followed. The concentration of the photosensitizers was calculated for
the final solution in the observation chamber amounting to 5 yM.

Optical Microscopy. An inverted microscope was used in this
study (Axiovert 200, Carl Zeiss; Germany) with a Ph2 63 objective.
Images were obtained with an AxioCam HSm, Carl Zeiss. To observe
the vesicles, the transmission mode (bright field) was used. Under
these conditions, vesicles in the presence of the photosensitizer
suffered no changes for at least 1 h of observation. The samples were
irradiated with the 103 W Hg lamp (HXP 120, Kubler, Carl Zeiss,
Germany) of the microscope employing a proper filter for
photoactivation of pterin derivatives (A, = 325—375 nm; beam
split 400 nm; 4, = LP 420 nm). Optical phase contrast fading with
time irradiation was analyzed by taking into account the decrease of
brightness level intensity using the Image J software.

Lipid Extraction. Lipids were extracted from the reaction mixture
using a modified procedure of the Bligh—Dyer method*' (with
previously addition of 0.01% BHT, w/v), which is described in ref 31.

MS Experiments. The liquid chromatography equipment coupled
to the MS (LC—MS) system was equipped with an UPLC
chromatograph (ACQUITY UPLC, Waters), and a UV—vis detector
(Acquity TUV), coupled to a quadrupole time-of-flight mass
spectrometer (Xevo G2-QTof-MS, Waters) (UPLC-QTof-MS),
equipped with an electrospray ionization source. UPLC analyses
were performed using an Acquity UPLC BEH C8 (1.7 mm; 2.1 X 50
mm) column (Waters), with a mobile phase of ammonium acetate 8
mM (solvent A) and methanol (solvent B), programmed as follows:
86% solvent B for 3 min, followed by a linear increase to 95% solvent
B at 10 min held for 6 min. After 16 min, the mobile phase was
returned to initial conditions (3 min). The flow rate was 0.45 mL
min~!. The QTof-MS was operated in the positive-ion mode with a
capillary voltage of 2.5 kV, the cone voltage of 50 V, the cone gas flow
of 20 L/h, the source temperature set to 130 °C and the desolvation
temperature set to 450 °C. For the tandem MS experiments the
collision energies varied between 15 and 35 eV. The scan range was
from 50 to 1000 atomic mass units (amu). For high mass accuracy,
the Q-Tof was calibrated using 0.5 mM sodium formate in 50:50
H,O/acetonitrile (vol/vol). The instrument drift was compensated by
applying a lockmass correction.

B RESULTS AND DISCUSSION

Interaction Studies with Model Membranes. Decyl-
pterins were previously found to interact with lipid membranes
with binding constants (K,) of about 10* M, as previously
described.”® This is an impressive increase in the level of
membrane interaction compared with the pure Ptr moiety.*'
As the binding of a compound to the membrane depends on
the lipid composition of the LUVs,** here we expand on the
work and determined the Ky values of O-decyl-Ptr for LUVs
formed from SoyPC, DOPC, and DLPC. The fluorescence
spectra of samples with the same concentration of O-decyl-Ptr
and increasing concentration of a given lipid were recorded
and the fluorescence intensity as a function of the
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concentration of lipid was fitted with eq 1. K, values for the
binding of O-decyl-Ptr to LUVs were determined to be 3 (+1)
x 10* M7}, 4 (+1) x 10* M~ and 7 (+2) x 10* M, for
DOPC, DLPC, and SoyPC, respectively. These values were
similar to that obtained earlier for EggPC [4 (£1) x 10* M™'].

Note that all the lipids studied present the same
phosphocholine polar head, but differ in the alkyl chain
composition, regarding the number of chain unsaturation. The
fact that all the obtained Kj, values were similar, points out that
the hydrophobicity of the photosensitizer plays indeed an
important role in the photosensitizer—membrane interaction.
It is also important to mention that the small but
representative increase in Kj, from DOPC to SoyPC points
to the increased photosensitizer membrane affinity with the
increment in lipid unsaturation, indicating that van der Walls
interactions between the photosensitizer and the lipid double
bond are involved in the interaction and suggesting that the
chromophore unit of the photosensitizer has some level of
direct contact with the lipid double bonds.

Photosensitized Lipid Peroxidation of LUVs. Pir
crosses the lipid membrane and does not intercalate, though
it still produces lipid peroxidation by photosensitization.”'
Knowing that O-decyl-Ptr interacts with membranes with
significant Kj, values, photosensitized lipid peroxidation is
hypothesized to be more effective. Therefore, SoyPC LUVs
containing 2% mol of the photosensitizer were exposed to
UVA radiation for different periods of time and the treated
samples were analyzed with different techniques to evaluate
lipid peroxidation.

A useful tool for an initial assessment of lipid peroxidation is
to investigate the formation of conjugated dienes and
trienes.”> ™" Therefore, samples were first analyzed by UV—
vis spectrophotometry and the absorbance at 234 nm, where
conjugated dienes absorb, was monitored. As shown in Figure
2a, the formation of conjugated dienes in SoyPC LUVs was
much faster using O-decyl-Ptr than using Ptr. Actually, under
the experimental conditions used and in the period of time
analyzed, the formation of conjugated dienes by Ptr was almost
negligible. The same behavior was observed when the time
evolution of the absorbance at 270 nm, where conjugated
trienes absorb, was analyzed as a function of irradiation time
(Figure 2b). Undoubtedly, only when O-decyl-Ptr is employed
as a photosensitizer, conjugated trienes are formed in this
period of time. In addition, as expected, in controls of
nonirradiated SoyPC LUVs with and without photosensitizers,
no significant conjugated dienes and trienes were observed.

Another generic marker of lipid peroxidation, FOX 2 assay
(ferrous iron/XO 1I),*® provided a similar response. Figure 3
shows that the amount of lipid hydroperoxides produced in the
presence of O-decyl-Ptr was much higher than in the presence
of Ptr, the latter being very similar to the lipid hydroperoxides
obtained when no photosensitizer was present. Control
experiments without irradiation showed no increase in lipid
hydroperoxides over time.

The results shown here clearly demonstrated that O-decyl-
Ptr is able to photoinduce lipid peroxidation and that this
process is much faster than that observed for free Ptr, thus
indicating that the intercalation of the alkyl-pterins to the
membrane enhances the photosensitized reactions. This is in
agreement with several other reports in the literature pointing
to the fact that membrane insertion is key to cause definitive
membrane damage.'”'” Taking into account only the photo-
sensitizing properties of pterins,”’ both type I and type II
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Figure 2. Formation of conjugated dienes (a) and trienes (b) in
SoyPC LUV, upon UVA irradiation, with O-decyl-Ptr (orange down-
pointing triangle), Ptr (yellow square) and without the photo-
sensitizer (brown circle). Error bars correspond to SD from 3
different experiments.
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Figure 3. FOX 2 assay in SoyPC LUVs irradiated in the presence of
with O-decyl-Ptr (orange down-pointing triangle), Ptr (yellow square)
and without photosensitizer (brown circle). Error bars correspond to
SD from 2 to 3 different experiments.

mechanisms may be involved in the initiation of the lipid
peroxidation photoinduced by O-decyl-Ptr. However, consid-
ering also that singlet oxygen can diffuse and has an action
pathway of around 100 nm in water,'” would be hard to
explain why a photosensitizer binding to a 5 nm structure
would be so important to cause damage. Indeed, these data
points to the importance of the reaction that depends on the
contact between the photosensitizer and the lipid double bond.

Analysis of Photoproducts by MS. To gain an insight
into the structural characteristics of the products formed by
photosensitization with O-decyl-Ptr, lipid extracts were
analyzed by the UPLC equipment coupled to a mass
spectrometer. In this case, and to simplify the analysis of the

DOI: 10.1021/acs.langmuir.8b03302
Langmuir 2018, 34, 15578—15586


http://dx.doi.org/10.1021/acs.langmuir.8b03302

Langmuir

Table 1. Molecular Formula, Observed and Calculated Mass and Mass Error of DLPC Long-Chain Oxidized Products

Detected in LC—MS Spectra

molecular formula

observed mass

calculated mass error (mDa)

error (ppm)

DLPC (18:2/18:2) C,4Hg NOGP* 782.5716 782.5694 2.1 1.6
+0 C.yHg NOGP* 798.5634 798.5643 -19 —15§
+20 C,HyNO,P* 814.5589 814.5593 -11 -0.9
+30 C,HyNO,,P* 830.5527 830.5542 24 2.0
+40 C,4Hg NO,,P* 846.5475 846.5491 -25 -21
—2H C4H,)NOGP* 780.5539 780.5538 0.7 0.5
+0 — 2H CyHooNOGP* 796.5444 796.5487 —6.1 —48
+20 - 2H C44H,NO, P* 812.5425 812.5436 2.0 -16
+30 — 2H C,H,NO,,P* 828.5359 828.5385 -38 -32
+40 - 2H C44H,NO,,P* 844.5339 844.5334 0.1 0.1
products, LUVs of DLPC (PC 18:2/18:2) were used. 1009 | ondl
Irradiated DLPC LUVs with and without photosensitizer ] LOH-2 &'
were analyzed after lipid extraction. 1 IR
Before irradiation of DLPC LUVs, the LC—MS chromato- < L2
grams showed a main peak and the corresponding mass : I = oo
spectrum recorded for this peak showed a [M + H]" ion at m/z i M % s o e
782.5716 (M = DLPC). After irradiation, several new peaks miz798.85 | ]| iradiation time/min
were observed in the chromatograms with retention times (tg) Oo_dd 500 400 6.00 min
lower than that of unmodified DLPC. LC—MS spectra 100+ | L(OH),2 o] b)
recorded at different t; showed several products with higher 1 | 530 J LOH)2,
m/z values, corresponding to DLPC-oxidized phospholipids ' £, ° |
that have incorporated oxygen atoms (n = 1—4) to the ol \;'\‘LOOH_1 ém .
hydrocarbon chains of the unsaturated fatty acids. The S || lloom2 i./ Y oo
incorporation of one oxygen atom indicates that a hydroxy 17 D VR,
derivative was formed, as well as incorporation of two oxygen ] |1 1| mizgtass  irmadiation time/min
atoms could correspond to one hydroperoxide or two hydroxy O e T
.48 0.00 2.00 4.00 6.00 min
groups, as reported earlier.”” On the other hand, the 100 HOLOOH 15 c)
incorporation of oxygen atoms with the loss of two H, 1 “‘ _
corresponds to the formation of keto derivatives. The I o
elemental compositions of products [M + nO] or [M + nO R ( s —o— L(OH),
— 2H], where M is the elemental composition of DLPC, are =] L(OH)4! £s . wffoi
listed in Table 1. M N
The extracted ion LC—MS chromatograms (XIC) of specific 1 " mzesoss 0 20 40 60
irradiation time/min
ions in irradiated solutions were registered. In the case of m/z O B o L e A BRAR
0.00 2.00 4.00 6.00 min

798, corresponding to products [M + O], two peaks
corresponding to positional isomers, were registered whose
area increased as a function of irradiation time (Figure 4a),
thus suggesting the fast production of hydroxy derivatives. As
previously described, these hydroxy derivatives are one of the
end points of the peroxidation reactions and are formed by
decomposition of hydroperoxides to peroxides and then to
hydroxy derivatives (Scheme 1).’

The XIC of the ion at m/z 814 corresponding to [M + 20]
shows two chromatographic peaks before irradiation and four
in the irradiated LUVs samples. LC—MS/MS analysis of the
four products allowed the distinction of hydroperoxides
derivatives from dihydroxy derivatives by the loss of H,0,
(—34 amu) from the precursor ion (m/z 814). Consequently,
the presence of the two compounds detected in the sample
before irradiation indicates the presence of some hydro-
peroxides produced by autooxidation reaction, whereas the
products present only on the treated samples were dihydroxy
derivatives. Peak intensities revealed that the two hydro-
peroxides increased their concentrations in the first minutes of
irradiation and then showed a relatively slow consumption. On
the other hand, the two dihydroxy derivatives rapidly increased
their intensity and then reached a plateau (Figure 4b).
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Figure 4. Extracted ion LC—MS chromatograms from oxidized
products (a) m/z 798.55, (b) m/z 814.55, and (c) m/z 830.55. Insets:
Time evolution of the intensity of the oxidized products extracted
from the mass chromatograms registered for the corresponding
specific masses.

The XIC for the ion at m/z 830 corresponding to [M + 30]
revealed the formation of several products (Figure 4c). The
main peak was assigned to a hydroxy hydroperoxide derivative,
according to the LC—MS/MS analysis (data not shown). Its
intensity increased in the first minutes of irradiation and then
slowly decreased. Another product was assigned to a trihydroxy
derivative, whose peak intensity slightly increased with the
irradiation time.

Similar experiments were performed using Ptr as a
photosensitizer. The MS analysis of the products showed
that the rate of the overall oxidation of DLPC was much slower
than that observed when O-decyl-Ptr is used as a photo-
sensitizer, which is in agreement with the results shown in the
previous section. Controls without the photosensitizer showed
that the rate of oxidation was even slower than that registered
when Ptr is used as the photosensitizer.
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Scheme 1. Proposed Mechanism of Lipid Peroxidation by
Photosensitization with O-Decyl-Ptr”
LH ﬁ—»LOOH

O-decyl-Ptr v '0,
hv

'O-decyl-Ptr*

0,
<30-decyI—Ptr* LH
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\ \
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o

LOH, LO

O-decyl-Ptr O*

chain
Russell break

short chain products
aldehydes, carboxylic, alkanes

“LOOH, hydroperoxides; LH, phospholipids; L°, alkyl lipid radical;
LOO?®, peroxyl lipid radical; LO®, alkoxyl lipid radical; LOH, hydroxy
derivatives; LO, carbonyl derivative.

Furthermore, LC—MS analysis also revealed the formation
of products with molecular weights lower than that of the
reactant. Several compounds with one of the fatty acids shorter
than in DLPC were identified (Table 2). In particular, intense
signals were detected for m/z values of 690.43 and 674.44 that
correspond to 2-(9-carboxy-nonanoyl)—LPC and 2-(9-oxo-
nonanoyl)—LPC, respectively. Analysis of the intensities of
these chromatographic peaks of these compounds showed that
their concentrations increased as a function of irradiation time
(Figure S). Taking into account previous studies on lipid
peroxidation,*”*® these phospholipid oxidation products are
formed after rearrangement and cleavages of hydroxyl
derivatives or LO® radicals, produced by reduction of
hydroperoxides (Scheme 1).

In overview, the results presented in this section show that
photosensitization of DLPC LUVs with O-decyl-Ptr led to the
oxidation of unsaturated fatty acids yielding hydroperoxide and
hydroxy derivatives which in turn undergo cleavage to form
short-chain secondary products. A kinetic qualitative assess-
ment of the formation of the different products, suggested that
no accumulation of hydroperoxides took place before the
production of hydroxy derivatives and short chain secondary
products, which might indicate a fast photosensitized
conversion of the former into the latter.

Photoinduced Membrane Damage. To study and
compare membrane damage generated by the photosensitizers
O-decyl-Ptr and Ptr, SoyPC LUVs containing the self-
quenched fluorescent probe CF were irradiated during S0
min in the presence of both photosensitizers. As shown in
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Figure S. Extracted ion LC—MS chromatograms from short-chain
products and their structure (a) m/z 674.44 and (b) m/z 690.43. (c)
Time evolution of the intensity of the two short-chain products
extracted from the mass chromatograms registered for the
corresponding specific masses.

Figure 6, Ptr produced almost no variation in CF fluorescence
during irradiation, very similar to the control without the
photosensitizer. On the contrary, the emission of CF at 517
nm rapidly increased when O-decyl-Ptr was present in LUV,
indicating that CF leakage through the membrane bilayer
occurred. After 20 min of irradiation, O-decyl-Ptr reached the
fluorescence detected after the complete disruption of SoyPC
LUVs by the addition of Triton X-100, showing that nearly
100% of the CF leaked in the presence of O-decyl-Ptr (see eq
4). For the same irradiation time (20 min), with Ptr or in the
absence of the photosensitizer, SoyPC LUVs showed CF
released around only 5%. Dark control experiments showed no
release of CF.

DLPC GUVs were irradiated in the presence of a given
photosensitizer (S M) and simultaneously observed under an
optical microscope in phase contrast mode (Figure 7). When
O-decyl-Ptr was used, the optical contrast fades in less than 5
min of continuous irradiation. Such contrast loss is related to
sucrose/glucose exchange due to pore formation, thus
reflecting an increase in membrane permeability as a
membrane response to lipid photo-oxidation. Noteworthy,

Table 2. Molecular Formula, Observed and Calculated Mass and Mass Error of DLPC Short-Chain Secondary Products

Detected in LC—MS Spectra“

molecular formula

2-(8-oxo-octanoyl)—LPC C,,Hg;NOGP*
2-(9-oxo-nonanoyl)—LPC C3sHgsNOGP*
2-(9-carboxy-nonanoyl)—LPC C,sHgNO, ,P*
2-(11-0x0-9-undecenoyl)—LPC C,,HgNOP*
2-(12-0x0-9-undecenoyl)—LPC C33HgoNO,P*
2-(9-hydroxy-12-carboxy-10-dodecenoyl)—LPC C35HgNO,, P*
2-(13-0x0-9,11-tridecedienoyl)—~LPC CiHgNO,P*

“LPC: linoleoyl-phosphocholine.

observed mass

error (mDa)

calculated mass error (ppm)

660.4242 660.4240 0.2 0.1
674.4406 674.4397 14 0.9
690.4337 690.4346 -13 -0.9
700.4551 700.4553 -0.3 —0.2
714.4713 714.4710 0.4 0.3
746.4603 746.4608 —0.7 -0.5
726.4716 726.4704 0.8 0.6
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Figure 6. % CF,eueq as a function of irradiation time using SoyPC
LUVs with O-decyl-Ptr (orange down-pointing triangle), Ptr (yellow
square) and without any photosensitizer (brown circle). Error bars
correspond to SD from 3 different experiments.

neither microscaled pores nor membrane disruption were
observed up to 1 h of continuous irradiation without the
photosensitizer. On the other hand, the contrast fading was
significantly slower for photo-irradiated GUVs dispersed in Ptr
solutions. Figure 8 presents the profiles of brightness intensity
decrease along the irradiation time for GUVs in the presence
and absence of both photosensitizers. As shown in Figure 8,
the loss of contrast using O-decyl-Ptr is quite faster compared
with Ptr which took at least 20 min of irradiation before
starting to lose contrast. Such effect is in line with the CF-
release from LUVs described above.

Therefore, our results performed with both LUVs and GUVs
clearly demonstrate that irradiation of phospholipid vesicles
with O-decyl-Ptr leads to a fast increase in the permeability of
the membrane, revealing a high efficiency of the alkyl-pterin to
photoinduce lipid membrane damage. It is also worth
mentioning that the interaction of O-decyl-Ptr with the
biomembranes because of the presence of the alkyl side
chain dramatically favors the photoinduced increase of
permeability when compared with experiments performed
with Ptr. This is in agreement with the fact that the formation
of oxidized products was much faster using O-decyl-Ptr than
Ptr in solution, as described in previous sections.

It is well known that oxidation of the double bond(s) on the
acyl tails(s) of the unsaturated 1phospholipids promotes lipid
hydroperoxidation (Scheme 1).°" When hydroperoxide species
accumulate in the membrane, large membrane fluctuations
ending in surface area increase were reported with no increase
in membrane permeability. ' >>* In contrast, pore formation is
observed when oxidized lipids with shortened chains are
present in the biomembrane.>** In particular, it has been
recently predicted by molecular dynamic simulations that the
presence of a significant amount of oxidized lipids hanging

Intensity/a.u.

0 T T T T

10 20 30

irradiation time/min

40

Figure 8. Profiles of contrast decay of DLPC GUVs with O-decyl-Ptr
(orange up-pointing triangle), Ptr (green square) and without
photosensitizer (brown circle). Each point corresponds to the average
of atleast five vesicles and the SD is represented by the error bar.

aldehydes and carboxylic groups in the end of the truncated
chains promote membrane pore formation.>”

In the current work, the significant increase in membrane
permeability in LUVs and GUVs experiments is consistent
with the detection of shortened oxidized lipids evidenced by
MS (Table 2, Figure S). However, neither membrane
fluctuations nor area increase preceded membrane contrast
fading (Figure 8), suggesting there is no hydroperoxide
accumulation in agreement with our MS data (Table 1).
Therefore, our combined results give support to the conclusion
that lipid hydroperoxides formed by pterin-derivatives photo-
sensitized oxidation do not accumulate in membrane, but the
oxidation pathway is such that oxidized lipids with shortened
chains are preferred to accumulate in the membrane than
hydroperoxides as schematically represented in Scheme 1.
Although similar profile of lipid peroxidation products was
observed for DO15,"” a major difference is that this PDT
photosensitizer leads to the increased accumulation of lipid
hydroperoxides, while in the case of O-decyl-Ptr lipid
hydroperoxides do not accumulate. This is likely to represent
differences in terms of membrane insertion and in the
competition between type I and type II mechanisms for
phenothiazinium cations compared with pterin derivatives.
Indeed, the electronic structure of pterins favors contact-
dependent non-covalent interactions with biological targets
and consequently the role of the type I process in
photosensitized oxidations usually overrules that of type II

B CONCLUSIONS

In this work, we show that the lipophilic pterin derivative,
namely, 4-(decyloxy)pteridin-2-amine (O-decyl-Ptr), is capable
of photosensitizing the oxidation of lipid membranes upon
UVA irradiation. Unilamellar vesicles of phosphatidylcholine

Figure 7. Phase contrast optical microscopy of time running sequences (in seconds) of the damage on DLPC GUVs by photosensitization with O-

decyl-Ptr (5 uM).
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rich in PUFAs were used as model biomembranes. We also
show that O-decyl-Ptr is more efficient at the photosensitized
oxidation of lipids compared to Ptr, the unsubstituted
derivative of the pterin family. In particular, pterin freely
passes across lipid membranes, whereas O-decyl-Ptr, because of
its alkyl chain, intercalates in the lipid bilayer.

Lipid peroxidation photosensitized by O-decyl-Ptr led to the
formation of conjugated dienes and oxidized lipids, such as
hydroxyl derivatives, hydroperoxides, and hydroxyhydroper-
oxides. These photoproducts undergo a fast conversion into
short-chain secondary products by cleavage of the fatty acid
chains most likely due to further photosensitized processes that
convert the peroxyl lipid radicals into the corresponding
alkoxyl lipid radicals. The formation of short-chain oxidized
lipids thus imparts on the phospholipid bilayer structure
promoting membrane leakage. In this way, our results furnish a
valuable information regarding the photodynamic mechanism
of action of O-decyl-Ptr in biomembranes which, in turn, may
perturb cell homeostasis and trigger cell death.
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