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Abstract: We have developed a new molecular probe, N,N’-bis(2-hydroxyperoxy-2-
methoxyethyl)-1,4,5,8-naphthalene-tetra-carboxylic-diimide (NP-1II), that specifically generates
hydroxyl radical upon irradiation with longer wavelength ultraviolet light (UVA) . Hydroxyl
radicals are generated only upon irradiation, thus NP-III is a new controllable hydroxy! radical
source. Apolipoprotein (apo-B) of human low density lipoprotein (LDL), and bovine serum
alubumin (BSA), were irradiated with UVA in the presence of NP-III and their oxidation was
evaluated by two independent methods: assay of protein carbonyl groups and gel electrophoresis.
NP-III oxidized apo-B and BSA in a time- and concentration-dependent manner. The results
demonstrate that NP-III is a contollable, precise, and potentially tagetable source of hydroxyl
radicals with which to induce protein oxidation. © 1995 Academic Press, IncC.

Oxidation of LDL has been extensively studied in connection with the biclogical role of
oxidized LDL in aging [ 1], diabetes [2-4] and other pathological conditions. Oxidation of LDL
can be achieved by many active oxygen species including hydroxyl radical [5], superoxide [6-13],
singlet oxygen [14-18], and nitric oxide [19-21]. In order to obtain precise and quantitative
information concerning LDL oxidation, it is highly desirable to devise a system to induce LDL
oxidation with precision. For this purpose, it is necessary to develop a compound that generates a
specific active oxygen species quatitatively, under controllable defined conditions. The use of a
photochemical reaction is suitable for this purpose. Hence, we have developed a compound that
generates hydroxyl radical upon irradiation with longer wavelength ultraviolet (UV) light (> 350
nm); the compound is a hydroperoxide bearing naphthaldiimide chromophore, N,N’-bis(2-
hydroxyperoxy-2-methoxyethyl)-1,4,5,8-napthalene-tetra-carboxylic-diimide, (NP-111) [22-25]
(Fig. 1). This compound, which has an absorption maximum at 377 nm (e 27000), generates
hydroxyl radical upon irradiation with UVA (320-400 nm); in this sense it can be considered a
“photo-Fenton™ reagent. It has been shown to cleave DNA at -GG- sites upon irradiation,
suggesting the possibility for precise targetting [22, 23]. It is of considerable interest to examine
the oxidative damage of LDL and BSA caused by this compound under irradiated conditions.
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Fig. 1. Structure of NP-1II,

Materials and Methods

All reagents used were of reagent grade and used without purification except where indicated.
UV spectra were measured using Shimadzu UV 160 U spectrophotometer and irradiation was
carried out using an Oriel Corporation 68820 instrument with UVB and UVC cutoff filters.  SDS
PAGE (Daiichi Multigel, SG611201, 4-20 %) and protein molecular weight markers (SE130024,
MW 95000, 68000, 39000. 29000, 20400, 14000} were purchased from Integrated Separation
Systems.

Synthesis of NP-III: To a solution of N, N'-(bis-2,2-dimethoxyethyl)-1,4,5,8-naphthalimide
(1.11 g, 2.5 mmol) (prepared from the reaction of naphthalene-1.4,5,8-tetracarboxylic anhydride
and 2,2-dimethoxyethylamine) in dry methylene chloride (50 ml), was added excess hydrogen
peroxide, prepared by extracting 30% aqueous hydrogen peroxide with ether.  Triflic acid (0.24
mi, 2.5 mmol) was added to the resulting sotution at 0°C by a syringe. This solution was stirred
for 1Th at 0°C. After the reaction, the reaction mixture was poured into ice water. The methylene
chioride layer was separated, and washed with water two times. Evaporation of the methylene
chloride layer at 0°C gave yellow solid which was washed with cold ethyl ether to give analytically
pure NP-1I1 as a yellow solid.

Preparation of LDL: The density of whole plasma was adjusted to 1.24 gm / ml by adding
KBr (0 3816 g/ ml plasma). To dissolve KBr, the mixture was stirred gently with a magnetic flea
at4 °C. Eight centrifuge tubes were charged with 27 ml of deaerated (argon or nitrogen) mock
buffer ( density 1.006, 34.32g NaCl, 0.300g EDTA dissolved in 31 distilled water). Twelve mi of
plasma per tube was underlayed using a lonu luer fitting needle.  The tubes were centrifuged in a
Vii 50 vertical rotor at 50000 rpin at 10°C for 2 hours. Crude LDL, which appeared as a yellow
band in the center of the tube, was removed by aspirating through the side of the tube. From 12
mi of plasma, 3 ml of LDL could be obtained. The crude LDL (25 ml) was cetrifuged ar 10°C,
51000 rpm for 24 hours to get pure LDL as a yellow band at the top of the tube. To get rid of the
salt effect, EDTA contaminating the LDL sample solution was removed by dialysis against PBS
buffer (pH 7.4) tor 24 h.

Oxidation of Salicylic Acid by NP-1II: In this and in other irradiations NP-III solutions
were prepared in acetonitrile to a concentration ten-fold the final sample concentration. Then, to a
solution of 250 pl of 2 mM of salicylic acid and 200 p! of 27 mM citrate and 30 mM acetate buffer
was added 50ul NP-1II to final concentrations of 0,5,10, 25, 50, and-100 pM. Samples were then
directly irradiated. A duplicate set of samples covered with foil served as dark controls. rradiation
was provided by an Oriel Corporation 68820 apparatus using UVB and UVC cutoff filters (cutoff
wavelength, 320 nm) at a distance of 10 cm.  Samples were irradiated for 30 min. After the
reaction, the reaction mixture was subjected to HPLC-ECD system to detect the formation of 2,3-
dihydroxy-benzoic acid and 2,5-dihydroxy-benzoic acid.  The yield for the formation of
hydroxylated salicylate were determined by comparing the peak areas to those of standards [26].
BSA Oxidation by NP-III: The concentration of BSA was adjusted to 2 mg/m! in 0.1M
sodium phosphate buffer (pH 7.2).  NP-III solutions were prepared in acetonitrile to ten-fold
their final concentration, as for salicylic acid. Solutions containing 900 pl of BSA and 100 ul of
NP-III to final concentrations of NP-IIT of 0, 1, 5, 10, and 25 yM were directly irradiated as for
salicylic acid. A duplicate set of samples covered with foil served as dark controls. The carbony!
content of the BSA was measured as described [27).  Briefly, the reaction mixture was treated
with 2.4--dinitrophenylhydrazine at room temperature for 2h.  After the reaction the mixed
solution was washed with ethyl alcohol : ethyl acetate (1 : 1, v/ v) three times.  The protein pellet
was dissolved in 6 M guanidine-HCI solution (pH 2.3) and the absorbance at 360 nm was
measured.

LDL Oxidation by NP-III: LDL oxidation by NP-IIT at defined concentrations was carried
out under almost the same reaction conditions s those for BSA reaction. 900 ul of LDL solution
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was added 100 pl of NP-111 to final concentrations of NP-III of 1,2, 5, and 10 pM. The protein
concentration of LDL was 1 mg/ml, confirmed by the Lowry method [28]. The irradiation was
carried in the same manner as with BSA. After the reaction, the sample solution was treated with
the method described in the BSA section and the carbonyl content of protein of LDL was
determined spectroscopically.

The time-dependent LDL oxidation by 10 and 25 yM NP-III was also studied by removing
sample aliquots at various time periods during a 30 minute irradiation.
Gel Electrophoresis of LDL:  Gel electrophoresis was carried out using the [SS 250
{Integrated Separation System) power supply and SDS PAGE (4 - 20 % gradient gel). Twenty pl
aliquots from the same sample solution of the oxidized LDL as were used for protein carbonyl
analysis were treated with an equal volume of comumertially available denaturing and reducing
reagent (ISS SA 10052). Twenty ! of the sample solutions were loaded on the gel.  After
fixation by 12 % trichloroacetic acid, the swaining of the LDL protein was carried out using the 1SS
Pro-Blue kit (Integrated Separation System, SE140002).

Results

When NP-11I was irradiated with UVA light in the presence of salicylic acid, formation of
2,3- and 2,5-dihydroxy-benzoic acid was observed in a concentration-dependent fashion (Fig. 2).
Samples that were not irradiated showed no detectable 2,3- or 2,5-dihydroxy-benzoic acid.
Samples with no NP-II1 that were irradiated for 30 min showed no evidence of hydroxyl radical
formation.

When BSA solution was irradiated in the presence of NP-III, protein oxidation was
observed. Protein carbonyl concentration was 15 nmol/mg at 1 uM NP-1II and increased to 45
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Fig. 2. Oxidation of Salicylic Acid by NP-IIl. Salicylic acid (2 mM) dissolved in 27
mM citrate and 30 mM acetate buffer was incubated with various concentrations of NP-1II. After
the irradiation the sample solutions were subjected to HPLC-ECD and the amounts of the
hydroxylated salicylic acid were determined by comparing the peak area with those of standards of
2,3- and 2,5-dihydroxy-benzoic acid.

Fig. 3. Oxidation of Bovine Serum Alubumin by NP-III. BSA (2mg / ml) was
incubated with various concentrations of NP-II in 0.1 M phosphate buffer solution (pH 7.0).
After the irradiation, the sample solution was reacted with 2 4-dinitrophenylhydrazine and the
precipitate was washed three times using ethyl alcohol - ethyl acetate (v /v, 1: 1). The protein
carbonyl concentration of BSA was determined at 360 nm absorption band in guanidine - HCl
solution (pH 2.3).
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nmol/mg at 10 uM concentration (Fig. 3). Without photoirradiation the protein carbonyl
concentration of BSA remained almost constant, and samples which contained no NP-11I and were
irradiated for 30 min exhibited almost the same leve! of protein carbonyls as those held in the dark
(about 15 nmol/mg).

LDL oxidation was induced by UVA irradiation in the presenceof NP-III.  Upon
irradiation for 30 min., the protein carbonyl concentration of LDL increased to 5.6 nmol/mg
protein, which is about three times the control value (Fig. 4). The increase in carbonyl
concentration was dependent on the concentration of NP-III. - Without irradiation, an increase of
protein carbonyl concentration was also observed, but the value was much lower than those of
photoirradiated at every concentration. Using the same sample solutions as used for protein
carbonyl analysis, we performed gel electrophoresis studies. LDI. photoreacted with NP-111
showed tailing bands, due to the fragmentation of high molecular weight LDL protein, at each

concentration examined (Fig.5). The tailing band was not observed in the dark control samples.
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Fig. 4. Oxidation of LDL by NP-11I. Human LDL (1.5 mg protein / ml ) was incubated
with vartous concentrations of NP-III in saline solution (pH 7.4).  After the photoreaction, the
sample solution was reacted with 2.4-dinitrophenylhydrazine and the precipitate produced was
washed three times using ethyl alcohol - ethyl acetate (v/v, 1:1). The carbony! concentration of
the protein in human LDL was determined by measuring the 360 nm absorption band of the

precipitate in guanidine - HCI solution (pH 2.3).

Fig. 5. SDS Gel Electrophoresis of LDL Proteins irradiated with NP-IIl. The
sample solution of 1 part of various concentrations of NP-1I1, 4 parts of 0.1 M phosphate butfer,
and 5 parts of LDL (1.5 mg protein / ml) in saline buffer was irradiated for 30 min. After
denaturation of the protein, the reaction mixture was subjected to SDS-PAGE.

M: Protein Molecular Marker; lane 1: 25 uM NP-HI with irradiation; lane 2: 25 uM NP-1II
without irradiation; lane 3: 10 uM NP-III with irradiation; lane 4: 10 pM NP-1I1 without
irradiation; lane 5: 5 pM NP-HI with irradiation; lane 6: 5 uM NP-IIT without irradiation; lane 7:
2 uM NP-1II with irradiation; lane 8: 2 uM NP-III without irradiation; fane 9: 1 uM NP-III with
irradiation: lane 10: 1 uM NP-III without irradiation; fane 11 2.5 % MeCN with irradiation .
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We also examined the oxidative damage of LDL protein by varying the irradiation period of
in the presence of a two concentrations of NP-IIL. - Upon irradiation in the presence of NP-1M the
carbonyl concentrations of protein in LDL increased in a time-dependent fashion up to 15 min of
irradiation, in the case of both 10 pM and 25 uM concentration (Fig. 6). The control experiment
using 2.5 % of acetonitrile solution at photoirradiated conditions shows that this protein oxidation
is induced by NP-1II and not by other components of the reaction mixture. The protein carbony!

concentration of LDL reached maximum values of more than 10 nimol / mg, which are several
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Fig. 6. Time course of formation of Protein Carbonyls in Human LDL irradiated
in the presence of NP-HI. Human LDL (1.5 mg protein / ml ) was incubated with 100 uM
of NP-I1I in saline solution (pH 7.4).  The photochemical reaction was carried out for the
indicated times. After the photoreaction, the sample solution was reacted with 2,4-
dinitrophenylhydrazine and the precipitate produced was washed three times using ethyl alcohol -
ethyl acetate (v /v, 1 :1). The carbonyl concentration of the protein in human LDL was
determined by measuring the 366 nm absorption band of the preticipate in guanidine - HC! solution
(pH 2.3).

Fig. 7. SDS Gel Electrophoresis Studies on the Time-Dependent reaction of
hydroxyl radicals produced by NP-11I with LDL. The sample solution of the | part of
250 uM (lanes 1, 2, 3, 9) or 100 uM (lanes 4, 5, 6, 10) NP-111, 4 parts of 0.1 M phosphate
buffer, and 5 parts of LDL (1.5 mg protein / ml) in saline buffer was irradiated for the indicated
times, below.  After the denaturation of the protein, the reaction mixture was subjected 1o SDS-
PAGE.

M: Protein Molecular Marker; Lane 1: 25 pM NP-UI with 30 min. irradiation; Lane 2: 25 uM NP-
I with 15 min, irradiation; Lane 3: 25 yuM NP-1lI with 5 min. irradiation; Lane 4: 10 yuM NP-III
with 30 min. irradiation; Lane 5: 10 uM NP-Il1 with 15 min. irradiation; Lane 6: 10 uM NP-111
with 5 min. irradiation; Lane 7: 2.5 % MeCN with 30 min. irradiation; Lane 8: 2.5 % MeCN with
15 min. irradiation; Lane 9: 25 uM NP-H1 without irradiation; Lane 10: 10 uM NP-1II without

irradiation; Lane 11: 2.5% MeCN without irradiation,
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times higher than that of the contro! value. The lower initial values and higher final values of
protein carbonyls in this sample compared to those for the sample exposed to various

concentrations of NP-11I inay be due to the fact that these were different LDL samples.

To determine whether oxidative damage continued in the dark after illumination ceased,
LDL samples, prepared as above with 10 uM NP-III, were illuminated with UVA light for 5
minutes, then part of the sample was covered with aluminum foil while the remainder continued to
be itluminated to thrity minutes. The concentration of protein carbonyls in the sample was 5.94
nmol/mg at five minutes. and 7.35 nmol/mg in the sample held an additional 25 min. in the dark
compared to 23.5 nmol/mg in the sample which remained illuminated. Hence, oxidative damage to
the protein virtually ceased when irradiation ceased.

SDS-PAGE also reflected the varying degrees of oxidation in the time-course samples (Fig.
7). The tailing of high molecular weight protein is obvious in cases of 5. 15, and 30 min,
irradiation at 25 pM concentration of NP-III.  In the cases of 10 uM concentration of NP-111,
the obvious tailing band was observed n the cases of 15, and 30 min. trradiation. In other cases,
no clear tailing bands can be observed at all.  This corresponds well with the various protein

carbony) concentrations shown in Fig. 6.

Discussion

NP-II is a new and novel compound that may be useful in study oxidation reactions
initiated by hydroxyl radicals. It’s main attraction is the precision with which it can be used. It
generates almost exclusively hydroxyl radicals and hydroxyl radical generation can be precisely
controlled through controtling irradiation with UVA. We have used this compound previously in
studies of microsomes [29]) and DNA [22-24]. In these studies we extend its use to LDL, a
compound whose oxidative modification is thought to be a key step in formation of atherosclerotic
plaque [25].

The generation of hydroxyl! radical from NP-1I1 was confirmed by detection of the
formation of 2,3-dihydroxy-benzoic acid and 2.5-dihydroxy-benzoic acid from the photoreaction
of NP-III with salicylic acid by HPLC-ECD method [26]. Based on these results and our previous
ESR result [29], the generation of hydroxyl radical from NP-III was confirmed, which prompted
us to examine the oxidation of protein and LDL.

Protein oxidation was induced by irradiation of NP-HL. The concentration of protein
carbonyls (45 nmol/mg) in the BSA sample irradiated in the presence of 10 uM of NP-III
compares with that obtained from vanadium-H207 oxidation {30]. However, protein oxidation
induced by hydroxy] radical generated from the vanadium-catalyzed decomposition of hydrogen
peroxide required a high concentration of vanadium sulfate (1000 uM) and was not subject to the
sort of control that NP-11I reaction was; the amount of damage can be limited by limiting the period
of irradiation as well as by manipulating the concentration of NP-IIL

NP-III also induced oxidation of LDL, as evidenced both by protein carbonyl formation
and by SDS-PAGE analysis. In all cases, the degree of tailing on the SDS-PAGE corresponded to
protein carbonyl formation. and both degree of protein carbonyl formation and changes on SDS-
PAGE could be modulated by either changing the concentration of NP-I1I (Figs. 4 and 5) or by
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changing the time of itradiation (Figs. 6 and 7). In these experiments, protein carbonyl formation
virtually stopped when UV A irradiation ceased, compared to samples that remained irradiated.
This opens the possibility of manipulating samples between rounds of oxidation, which may be
useful, for example, to examine the protecive effects of antioxidants at various stages of protein
oxidation. In addition, the structure of NP-III is such that it can potentially form covalent bonds
with nucleophilic groups (Fig. 1), hence hydroxy! radical tormed on irradiation could be targetted
to nearby groups.

In summary, these experiments show that NP-III produces hydroxy! radicals upon
irradiation with UV A light, and that it causes oxidative damage, measurable as protein carbonyl
formation and changes in electrophoretic mobility, in human LDL. Because its production of
hydroxyl radical can be precisely controlled, it is a useful compound for the study of oxidation of
LDL and other proteins.
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