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Abstract: Conjugates of oligonucleotides with chlorin-type photosensitizers were prepared. Two chlorin moieties,
CPP and CHEVP, characterized by a modified pyrrole unit bearing an aldehyde chain, were photochemically prepared
from protoporphyrin and heptaethylvinylporphyrin, respectively. These chlorin moieties were coupled through the
carboxylic acid side-chain (CPP) or aldehyde side-chain (CHEVP) to Haet®ated phosphate of oligodeoxy-
nucleotides. Diamine or dihydrazide were used as linkers. The resulting conjugates were purified by HPLC and
characterized by electrophoresis, bVisible spectroscopy, and mass spectrometry. The photosensitizing properties

of the conjugate of CHEVP with the 14-mer oligodeoxynucleotide TTCTTCTCCTTTCT were investigated using
three different targets. A single-stranded 25-mer containing the complementary sequence of the 14-mer formed a
double helix with the chlorin-14-mer conjugate. A 24 base-pair duplex and a 41-mer hairpin with 18 base pairs and
a five nucleotide loop formed triple helices with the conjugate. In all cases, upon irradiation with visible light (428

or 668 nm), piperidine-labile sites at guanine positions were produced. The reaction required oxygen and was inhibited
to some extent by sodium azide. The cleavage sites were correlated with the chlorin position in both the duplex and
triplex structures. In the 41-mer hairpin, the most reactive guanines were those located in the loop region. The
quantum yield for cleavage of the hairpin structure was determined to be abdutridependent of the excitation
wavelength. This modest value is largely compensated by the high absorption of the chlorin in the red, making the
conjugate highly efficient even under low light fluence. No effect was found with a noncomplementary chlorin-
oligonucleotide conjugate. These results show that site-directed damages to nucleic acid structures can be achieved
using oligonucleotide-chlorin conjugates and red light irradiation.

Introduction Composite molecules associating oligonucleotides with reactive
substituents have been designed in order to produce irreversible

The artificial control of gene expression by synthetic oligo- damages in the targéb. Chemically active substituents have
nucleotides has been the subject of considerable interest in theoeen found to be efficient in vitrd. Their use for in Vivo

recent years. Oligonucleotides can b'.nd.tc.) a Compl.ememaryapplications is limited, however, because they may react with
séquence on a messenger RNA aqd |nh|b|j[ translatlorl of thevarious biological components, which could result both in an
mRNA information Into a pqupept'de _cham (the antisense ,yesirable toxicity, and in a drastic reduction of the amount
approach). Alternatively, oligonucleotides can form triple of the derivative reaching its target. Also, the mechanism of
helical pomplexes Wit.h double stranded DNA and inhibit gene action of chemically active substituents ’may require a co-
transcription (the antigene strategy). These approaches haWf"eagent, a condition hardly compatible with in vivo applications.

: 3 o900
?heaetr]tr::\/rlaer\:\ézdorfsggéme Itr;rzzctjéu% r:’c;}i;\f:qsuggggggssggmg be Advantage might be found in substituents which are not toxic
considerably extended. Indeed, the SELEX (or aptamer) in the dark but can be activated by light. Their action could be

technology makes it possible to identify oligonucleotide se- controlled within space and time by proper irradiation protocols.

L _ : . This approach is reminiscent of photochemotherapy which is
quences V\.”th high aﬁmny for a.n unegpecte.d variety o.f prpté!ns_ currently under evaluation in the treatment of tunias well
The activity of oligonucleotides first relies on their binding

; - L 2 as in emerging applications such as virus photoinactivation in
to their target (whatever it may be), a process which is reversible. b o4 products. Oligonucleotides linked to various photoactive

* EAX: 33 1 40 79 37 05. molecules have been shown to induce sequence specific
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concern for the development of this class of compounds is the
penetration of light within tissues or blood which act as screens
below 600 nm* In the present paper, we describe methods
for coupling oligonucleotides to red-absorbing photosensitizers
belonging to the family of chlorin® Upon irradiation with

red-light in the presence of oxygen, these conjugates are shown

to efficiently induce sequence-specific damages to single-
stranded or double-stranded nucleic acids.

Materials and Methods

Reagents. Organic solvents and inorganic salts were pur-
chased from Aldrich, Merck or Sigma. Hexadecyltrimethyl-
ammonium bromide (CTAB) was from Sigma. Adipic acid
dihydrazide, 2,2dipyridyldisulfide, triphenylphosphine, and
4-dimethylaminopyridine were from Aldrich. Hexamethylene-
diamine was from Merck. Deuterium oxide (99.8%) was from
Euriso-top, France, and high purity argorn(© 0.5 ppm) from
Air Liquide, France. Oligodeoxyribonucleotides were synthe-
sized by Eurogentec. Phosphorylation of oligonucleotides was
carried out with T4 polynucleotide kinase (Ozyme) according
to a protocol modified as described previou¥lyElectrospray

mass spectra were recorded on a VG platform (Fisons) at the
Service central d’analyse CNRS, Solaize, France. The sample

was dissolved in water/2-propanol.

Synthesis of the Chlorin-Type Photosensitizers. Two
chlorin-type photosensitizers were prepared photochemically
from vinyl porphyrins as described elsewhéteBriefly, in
oxygenated solutions, the porphyrin induces its own transforma-
tion upon light irradiation by sensitizing the formation of singlet
oxygen. This species attacks the vinyl chain of the porphyrin

o
leading to an endocyclic intermediate which rearranges to yield -

a modified pyrrole unit bearing formylmethylidene and hydroxyl
chainst’

The two vinyl porphyrins used as starting materials were
protoporphyrin (PP) and heptaethylvinylporphyrin (HEVP). The
corresponding chlorin compounds will be referred to as CPP
and CHEVP, respectively. Protoporphyrin was purchased from
Aldrich. As PP possesses two vinyl groups, the photochemical
reaction yields two isomers depending on the vinyl chain being
modified. Their separation was not attempted. The structure
of the two isomers of CPP (also known as photoprotoporphyrin)
is shown in Figure 1. HEVP was prepared from octaethylpor-
phyrin (Aldrich) according to Bonnett et &. As this sym-
metrical porphyrin possesses only one vinyl chain, a single

Boutorine et al.
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Figure 1. Scheme for coupling CPP with amino-derivatized oligo-
nucleotides via an amide bond.
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chlorin product was formed. Its structure is shown in Figure jgyre 2. Scheme for derivatization of phosphorylated oligonuleotides
2. The chlorin compounds were separated from the unreactedyith a dihydrazide linker and subsequent coupling with CHEVP.

porphyrins and side products by low pressure chromatography

on silica. Their purity was typically better than 95% as shown
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by HPLC. Full details on the preparation and the characteriza-
tion of these compounds will be given elsewhere.

Synthesis of CPP-Oligonucleotide Conjugates Involving
Carboxylic Chains. Derivatization of Oligonucleotides with
an Amino Group. The activation of the terminal phosphate
of the oligonucleotide and the subsequent coupling with a
diamine linker was carried out as described eatfiexcept that
N-methylimidazole was replaced by 4-dimethylaminopyridine.
In short, the oligonucleotide, as its CTAB salt, was first allowed
to react with 2,2dipyridyldisulfide, triphenylphosphine, and
4-dimethylaminopyridine in dry dimethylsulfoxide for 15 min.
A 100-fold molar excess of hexamethylene diamine was then
added to the activated phosphate, and the reaction pursued for
20 min at room temperature. The final product was precipitated
by ethanol and washed thoroughly. It was analyzed by
electrophoresis on a 20% denaturing polyacrylamide gel. Bands
were visualized by UV-shadowing. The reaction yield was more
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than 90%, and no additional purification was performed. All 0.06 y
the oligonucleotides used in the present study were derivatized b 8.48 a
at the 3 position of the terminal nucleotide.

Coupling of CPP. The carboxylic chains of CPP were £ 18.68
activated as described by Gottikh et d@lhut carbonyl diimi- §
dazole was used as activating agent instead of 1-ethyl-3-(3 8 ‘
dimethylaminopropyl)carbodiimide. CPP+3 mg) dissolved g
in 45 uL of dry dimethylformamide was allowed to react with 0.04 2
5-fold molar excess of carbonyl diimidazole. After 10 min, o < \‘
the carbonyl diimidazole in excess was decomposed by addition 2 L \
of 5uL of 1 M triethylammonium borate buffer, pH 10.8. Then, g Ratantion m&iﬁ?
100-300ug of the amino-derivatized oligonucleotide in b )
of the same buffer was added, and the solution was incubated g

for 8 h atroom temperature. The solution was then diluted

with water, and the unreacted chlorin was extracted by butanol 0.02 [~

until the extracts were colorless. The oligonucleotide conjugate

was precipitated by ethanol and purified by HPLC on Lichrosorb

C18 using a linear gradient of acetonitrile-80%. The

conjugate was eluted with 40% acetonitrile. The conversion

of the oligonucleotide to its conjugate was about-20% as

deduced from the HPLC profile at 260 nm. A scheme of the

conjugate synthesis is shown in Figure 1. 0
Synthesis of Chlorin-Oligonucleotide Conjugates Involving

Aldehyde Chain. The Dihydrazide Method. Adipic acid Wavelength(nm)

dihydrazide (6 mg) dissolved in 1Qd of dimethylsulfoxide Figure 3. (a) HPLC profile of the product of the reaction between the

at 50 °C was added to a dimethylsulfoxide solution of TTCTTCTCCTTTCT oligonucleotide and CHEVP according to the

oligonucleotide activated at the terminal phosphate as describedScheéme shown in Figure 2. (b) Absorption spectrum of the purified
above. The mixture was incubated for 20 min, and the TTCTTCTCCTTTCT-CHEVP conjugate in 0.01 M tris-HCI, pH 7.6.

hydrazide derivative of oligonucleotide was precipitated using
acetone containing 3% LiClDO The pellet was washed with

™
i \

|
220 460 700

drous tetrahydrofuran. CHEVP (10 mg) was dissolved in a

acetone redissolved in water and precipitated again with ethanol. Minimal amount of tetrahydrofuran (about 1 mL), and the
The dry pellet was dissolved in 26L of water, and the solution was added with dry mole_cula_lr sieves (Merck). Then,
oligonucleotide derivative was precipitated using a 8% CTAB 204L of melted hexamethylene diamine, followed by 1 mg of
aqueous solution. The pellet was thoroughly dried and dissolvedSedium borohydride, was added under agitation. The reaction
in water-free dimethylsulfoxide, and 2 mg of CHEVP in 200 mixture was incubated ovgrmght at room temperature under
uL of dimethylsulfoxide was added to the solution. The mixture Slight agitation. After addition of 5 mL of chloroform, the
was incubated overnight at room temperature in the presencediamine in excess was extracted by water. After complete
of dry molecular sieves. The chlorin-oligonucleotide conjugate €limination of the diamine, as controlled by the ninhydrin
was precipitated from the mixture using 3% LiGID acetone, reaction on the Water phase, the organic phase was dr_|ed under
washed by acetone, redissolved in water, and precipitated again’acuum. The reaction product was analyzed by thin layer
with ethanol. The product was analyzed by HPLC on Li- chromatography on silica gel 60 using a mixture of chloroform
chrosorb C18 column using a—B0% linear gradient of ~ (80%) and ethanol (20%) as eluant. Unreacted CHEVP
acetonitrile. A typical elution profile is shown in Figure 3a. Migrated with the front of the solvent, whereas the amino-

The conjugate (retention time 18.7 min) was identified from derivatized compound remained at the origin.
its absorption at 400 or 670 nm and was well separated from Conjugation of the CHEVP Amino Derivative with the
the starting oligonucleotide (retention time 8.5 min). It was Oligonucleotide. The oligonucleotide terminal phosphate was
eluted as a single peak which was collected. Its purity was activated as described above. The amino derivative of CHEVP
further checked by electrophoresis on a 20% denaturing poly- Was attached to the activated phosphate in the presence of
acrylamide gel. The conjugate was found to move as a single triethylamine as described previoudfyThe resulting conjugate
spot which showed the characteristic red fluorescence of theWas precipitated by 3% lithium perchlorate in acetone, washed
chlorin moiety under excitation at 365 nm. No other band or Dy acetone, dissolved in water, and purified on a Lichrosorb
smear around the conjugate spot was visualized by uUv C18 HPLC column using a-580% linear gradient of acetoni-
shadowing using 254 nm light. Negative electrospray ionization tfile. The CHEVP-oligonucleotide conjugate was eluted with
mass spectrometry of the conjugate revealed a pattern of peak$0% acetonitrile. The yield of the reaction was-80%. The
consistent with multiply charged species associated to variousconjugate was characterized by absorption spectroscopy, and
numbers of sodium and/or potassium ions. The mass thusits purity was characterized by denaturing electrophoresis on a
deduced (4904.8) was in good agreement with the calculated20% polyacrylamide gel as described above. The scheme of
mass of the conjugate (4904.6). A scheme of the conjugatethe conjugate synthesis is shown in Figure 4.
synthesis is shown in Figure 2. The absorption spectrum of Complex Formation between the Conjugate and Its
the conjugate is shown in Figure 3b. Target. The targeted sequences and stuctures formed are shown
The Diamine Method. Derivatization of CHEVP with an in Figure 5. As compared to a previous study using a fullerene-
Amino Group. The reaction between the aldehyde group of oligonucleotide conjugaté,the single strand and duplex targets

CHEVP and hexamethylene diamine was carried out in anhy- (1 and 2 in Figure 5) did not contain G tracks in order to avoid
undesired quadruplex formatih. Moreover, this sequence

(19) Gottikh, M. B.; Ivanovskaya, M. G.; Skripkin, E. A.; Shabarova,
Z. A. Bioorg. Khimia199Q 16, 514-523. (20) Sen, D.; Gilbert, WNature 1988 334, 364—366.
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\~ (CHele-NHe wavelength-pass glass filter (Schott GG375) was put at the
_ _ monochromator exit to eliminate UV light arising from second
1 HeN-CHe)NH, order diffraction. A 100 mm focal lens was used to form the
I image of the monochromator exit slit on a thermostated cell
holder. The image was a square of aboutd@0 mm. For
guantum vyield determination, the irradiated solution was
contained in a quartz micro cell (Hellma) with an optical path
2 length of 1.5 mm. The cell entrance window (255 mm)
_(CHy)eNH—P—-0LIGO . . . .
G 2 on N o was placed in the center of the illuminated area where the light
HSC'““@N'Z_"’”G" - intensity was uniform. The light intensity was measured in the
— working area using a power meter (surface-absorbing disc
calorimeter from Scientech). The volume of the sample was
10 uL. Thus, all the sample was contained in the irradiated
) i ) ) ) volume of the cell. The light intensity received by the solution
Figure 4. Scheme of synthesis of oligonucleotide-CHEVP conjugate (4fter correction for the transmission of the front face of the
by the diamine method. cell) was 12.6 and 16.4 mW/di.e., 2.71x 10% and 5.51x
10% photons s! cm=2 at 428 and 668 nm, respectively. A
neutral filter (Schott NG4) reducing the intensity by a factor of
9.61 was used for experiments aimed at investigating low
photocleavage ratios in detail. A new 40 sample was used
for each irradiation time. An alternative procedure was used

on 9 oH H

2)  NaBH,

57 TTCTTC'[‘CCTTTCT‘*:} 3 1
3 AAGAAGAGGAAA%AGCGCECCTATA 5'

‘ l l Il in preliminary experiments. A single sample of 150
5' AAGAAGAGGAAAGAGCGCTGTATA 3° contained in a standard 1 mm path Iength cell was irradiated,
5t TTCTTCTCCTTTCT—{C:G) 31 2 and 10u«L aliquots were taken out after various times. All the
37 PTCTTCTCCTTTCTCGCGACATAT 5 ' solution was irradiated by adjusting the size of the illuminated
T area. However, the uniformity of light distribution was less
than in the former procedure. Nevertheless, both protocols gave

qualitatively the same results. The optical cells were treated
with silicone to avoid adsorption of the conjugate on quartz.

vy l / Some other experiments were carried out on samples contained
5' AAGAAGAGGABRAGAGGCGCy in capillary quartz tubes using a bench equipped with a 150 W
5' TTCTTCTCCTTTCT T 3 Xenon lamp. In this case, the infrared light was eliminated using
3" TICTTCTCCTTTCTCGCGT a dichroic filter and the UV light below 310 nm by a long
‘e wavelength pass filter. All the experiments were performed at
Figure 5. Complexes of the oligonucleotide-chlorin conjugate with 10 °C.
different targets: 1 - duplex with complementary oligonucleotide, 2 - For experiments involving anaerobic conditions, the solution

triple helix, 3 - triple helix with hairpin structure. The arrows indicate  ~qntained in the optical cuvette was bubbled, for more than 1
sites which are specifically cleaved upon light irradiation and subsequent p p o4 e jrradiation, with argon using a capillary tube. The gas
piperidine treatment. These sites are identified by the initial dependence ) .

of the cleavage efficiency on the irradiation time. The arrow lengths was saturated with the §0Ivent WhICh was Kept at the same
correspond to the intensity of photoinduced cleavage. temperature as the solution to aVO'_d evaporation. .

In order to reveal some of the hidden base damages in the
changes made it possible to check the cleavage efficiency ontarget, half of each sample was treatedwiitM piperidine for
both chains of the duplex target with minimal bias due to 30 min at 90°C. The samples (treated or not with piperidine)
sequence differences. A 41-mer hairpin structure with a five were analyzed by electrophoresis in denaturing gel (20%
base loop was also investigated (see structure 3 in Figure 5).acrylamide 7 M urea). Autoradiographs and quantitative data

The target oligonucleotides werée-labeled with y-32P- were obtained from a Phosphor Imager (Molecular Dynamics).
phosphate. Complexes between the conjugate and its targets The oligonucleotide TTCTTCTCCTTTCTp without a chlorin
were formed in 10 mM sodium cacodylate buffer, pH 6.0, group and the noncomplementary oligonucleotide CGGCAGC-
containing 50 mM NaCl. In the case of triple helix formation, CACACp with a chlorin group attached at thet8rminus were
0.25 mM spermine was added, and the conjugate was incubated;sed as controls.
with its target overnight at 4C. The concentrations of the Determination of the Photochemical Quantum Yield of
target and the conjugate were in the range 0f300 nM and  Cleavage. The photochemical quantum yield of cleavagdg,
3—5 uM, respectively. In some cases, the solution containing is defined as the ratio of the number of cleaved sitg3 yersus
the preformed complex was concentrated to dryness and thenthe number of absorbed photorig)( In our experiments, the
redissolved in RO. In other experiments, sodium azide was concentrationC) of the absorbing species, i.e., the oligonucle-
added to the solution. otide-chlorin conjugate, was @V and the optical path length

Irradiation of Complexes. Irradiations were carried out  of the cuvettel), 1.5 mm. The absorbance of the solutions at
using a 1000 W xenon arc mounted in a lamp housing equipped668 or 428 nm did not exceed 0.05. Therefore, a simplified
with a rear reflector asha 3 in. diameter fused silica condenser form of Beer's law hold&!
of f/0.7 aperture (Oriel). After elimination of infrared light by
a water filter, the beam was focused at the entrance of a I,= 2.3¢Cl 1)
monochromator (Bentham M300). The entrance and exit slits
were set at 4 mm to produce a narrow irradiation band of 11 Wherelois the total number of incident photons anthe molar
nm width. Two wavelengths, 668 and 428 nm were selected extinction coefficient of the conjugate at the irradiation wave-
to match the main absorption bands of the oligonucleotide- ™ 21) parker, C. APhotoluminescence of SolutioiEsevier: Amsterdam,
conjugate in the red and the Soret regions, respectively. A long1968.
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length. Furthermore, as all the sample was contained within former protocol) did not give satisfactory results, even if sodium
the volume irradiated in the optical cuvette, the concentration borohydride was used to reduce the Schiff base. Instead, we
C can be expressed as investigated a coupling procedure involving the more reactive
hydrazide function. Oligonucleotides were first derivatized by
C = n,d(NS) linking adipic acid dihydrazide to the' 3erminal phosphate
(Figure 2). The yield of the oligonucleotide hydrazide derivative
was 76-80%. Then, this derivative was converted to its CTAB
salt which was soluble in organic solvents. The coupling with
the chlorin was carried out in dry dimethylsulfoxide. A green-
©) colored water-soluble conjugate was obtained and purified by
HPLC. The yield of the conjugate based on the dihydrazide

wherelgs is the number of incident photons per surface unit. Oligonucleotide derivative was around 25%.

From the above equations, the photochemical yield can be The conjugate was stable, no alteration being observed during

expressed as storage for one year. No stabilization through reduction of the
imine bond by sodium borohydride was required. The conjugate

4) was further characterized by electrophoresis in 20% denaturing

polyacrylamide gel. It moved as a single band, a little slower

where los is expressed as a number of photons pef ¢ than the initial oligonucleotide. Under UV-irradiation at 365

conversion factor of 1000 is introduced to take into account nm, this band revealed the characteristic red fluorescence of

the fact thate units are M1 cm™?, i.e., moit cm=1 dn®). the chlorin moiety.

As shown in the result section, cleavage occurs only in the 14 absorption spectrum of the conjugate of CHEVP with
1/1 complex between the oligonucleotide and its target. Thus, o oligonucleotide TTCTTCTCCTTTCT is reported in Figure
NedNapsCan be expressed as the ratio of the radioactivity counted 3, - Ag expected, it shows both the characteristics of the chlorin
in the bands corresponding to cleaved oligonucleotides VersUSmoiety with a red band at 668 nm and a Soret band around 428
the total radioactivity, i.e., nm, and those of the oligonucleotide part with a peak around
265 nm. The ratios between the intensity of the 265 nm band
and that of the Soret band on one hand, or the red band on the
other hand (1.4 and 3.0, respectively) confirm the 1:1 chlorin-
oligonucleotide composition of the conjugate.

The CHEVP-conjugate appears to be more hydrophobic than
the CPP-conjugate as judged by the percentage of acetonitrile
required to elute them in HPLC (60 and 40%, respectively). In
fact, the hydrophobicity of the CHEVP-conjugate can be
compared to the conjugates of oligonucleotides with choles-
terol 16

In order to improve the yield of the conjugate, a second
coupling procedure involved the derivatization of CHEVP as
well as the activation of the oligonucleotide. The reaction
scheme is depicted in Figure 4. First, we synthesized an amino

@)

where naps is the number of absorbing molecule, is the
Avogadro number, an8is the surface occupied by the solution
at the front face of the cell. Then,

l,= 2.3 ,en,, N

® = N(ndN,9/(2300¢)

® = NP/(2.3 x 107 y¢) (5)

where the photocleavage rati, is expressed in percentage.

Results

Synthesis of Chlorin-Oligonucleotide Conjugates.Several
methods were developed to attach oligonucleotides to the chlorin
molecules by making use of different functional groups carried
by the chlorin macrocycle. The preparation of oligonucleotides
linked to porphyrins has been well exemplified in various
protocols?12:16.22.23 Thys, the simplest approach was to use
groups already present in the vinylic porphyrin used to prepare
the chlorin molecule, such as the propionic acid chains in CPP
(see Figure 1). As CPP bears two carboxylic groups, it was

necessary to work with an excess of the activated chlorin in
order to get the 1/1 conjugate. The second carboxylic group
of CPP was recovered by hydrolysis after the coupling step.
This group as well as the polar chains of the modified pyrrole
unit provide some hydrophilic character to the chlorin moiety
of the conjugate as compared to the conjugate with CHEVP
which is described below.

Two isomers of the conjugate with CPP were obtained,
depending on the chain involved in the linkage. In addition,
CPP itself was composed of two isomers according to the
position of the modified pyrrole (see Figure 1). The HPLC
peak of the conjugate was quite broad, and it was not possible
to separate the various isomers.

Alternative approaches were therefore sought. It is worth
noting that the route used to prepare the chlorin molecules under
study'>17leads to a modified pyrrole bearing an aldehyde chain
amenable to coupling procedure via Schiff base formation with
primary amines.

In order to avoid problems related to the presence of various

derivative of CHEVP by incubating this chlorin, in absolutely
dry conditions, with an excess of hexamethylene diamine in
the presence of sodium borohydride. Thin layer chromatogra-
phy analysis (not shown) demonstrated almost complete conver-
sion of CHEVP into its diamine derivative (the fluorescence
spot of the initial CHEVP was hardly visible under UV
excitation). This derivative was purified from diamine excess
and then dried as fully described in the Materials and Methods
section. Then, it was coupled to the oligonucleotide which was
previously activated at its’ 3erminal phosphate by dimethyl-
aminopyridine. As estimated from electrophoresis and HPLC,
the conjugate is formed with a yield of 80% relative to the initial
oligonucleotide. This oligonucleotide-chlorin conjugate showed
HPLC, electrophoretic, and spectroscopic characteristics very
similar to those displayed by the oligonucleotide-chlorin
conjugate obtained by the hydrazide method (results not shown).
Site-Directed Photochemical Cleavage of DNA. The
experiments were carried out with the 14-mer oligonucleotide
TTCTTCTCCTTTCT coupled to CHEVP using the hydrazide

isomers, we used the chlorin CHEVP (Figure 2) derived from method. We investigated the photochemical effect of this
heptaethylvinylporphyrin. The direct reaction of CHEVP with conjugate on target oligodeoxynucleotides in three different
oligonucleotides derivatized with an amino function (as in the Structures. As illustrated in Figure 5, the target was either a

(22) Le Doan, T.; Perrouault, L.; Hime, C.; Chassignol, M.; Thuong,
N. T. Biochemistry1986 25, 6736-6739.

(23) Casas, C.; Lacey, C. J.; Meunier, Boconjugate Cheni993 4,
366-371.

single-stranded 25 mer containing the complementary sequence
of the conjugate, a duplex with 24 base pairs and a 41-mer
hairpin structure with 18 base pairs and a five nucleotide single-
stranded loop. In the two last cases, triplex structures are formed
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— Figure 7. Electrophoretic analysis of the photocleavagé’Bflabeled
double-stranded oligonucleotide with hairpin structure (Figure 6,

- - - = i structure 3). The photoactive agent was the TTCTTCTCCTTTCT-

-_ - .- 3 CHEVP conjugate (prepared according to the scheme shown in Figure

2) which forms a triple helice with its target. 1, 12: G-ladder (treatment
of the labeled double-stranded 41-mer with dimethylsulfate followed
by 30 min heating wh 1 M piperidine at 100°C.); 2—11, complex
irradiated for 0, 1, 2.5, 5, 7.5, 10, 15, 25, 40, 60 min and subsequently
Figure 6. Electrophoretic analysis of the photocleavage of double- treated with piperidine. The concentrations of the conjugate and the
stranded oligonucleotide (Figure 5, structure 2). The photoactive agenttarget were %M and 270 nM, respectively. The pH 6 buffered solution
was the TTCTTCTCCTTTCT-CHEVP conjugate (prepared according contained 10 mM sodium cacodylate, 50 mM NaCl and 0.25 mM
to the scheme shown in Figure 2) which forms a triple helix with its spermine. Irradiation was performed with 668 nm light (16.4 mWjcm
target. The two strands weféP-labeled and analyzed in independent  Electrophoresis was carried out in 20% denaturing polyacrylamide gel.
experiments. The samples were irradiated for 10 min using the visible The positions of guanine residues are indicated in th& Sdirection.
spectrum of a 150 W xenon lamp=5, pyrimidine-containing strand;

6 —10, purine-containing strand; 5, 10, G-ladder (treatment with Figyre 6. Photoadducts were also formed as revealed by slow
dimethylsulfate followed by 30 min heating WitlL M piperidine at migrating bands in the untreated samples (see Figure 6). They

100°C). The duplex target was irradiated in presence (1, 2, 6, 7) or g . .
absence (3, 4, 8, 9) of the chlorin-oligonucleotide conjugate. The were assigned to monoadducts using size markers. These bands

irradiated samples were treated (1, 3, 6, 8) or not (2, 4, 7, 9) with Were extracted from preparative gels and sgbjected to piperidi_ne
piperidine. The positions of guanine residues are indicated in‘the 5 freatment. The cleavage pattern thus obtained was very similar
3 direction. to that observed with the initial samples. This suggests that a
part of the cleavage observed at well defined guanine sites arises
between the oligonucleotide-chlorin conjugate and its teget. from piperidine-labile photoadducts.
Site-directed damages were observed in the three different The kinetics of cleavage was investigated in more detail on
targets as summarized in Figure 5. Results will be presentedthe hairpin target. Again, piperidine-treatment significantly
in more detail for the triple helix structures. increased the cleavage. A typical autoradiogram obtained after
Damages on the target®P-labeled at the 'tend were piperidine treatment is shown in Figure 7. Three important
analyzed by electrophoresis on denaturating gels. In Figure 6features can be qualitatively observed: (i) the cleavage ef-
are shown results obtained with the 24-mer double strandedficiency depends on the irradiation time, (ii) major damages
target. Each strand was labeled in independent experimentsare site-directed and arise close to the expected location of the
The duplex was irradiated either in the absence (control) or in chlorin molecule, and (iii) cleavage occurs predominantly at
the presence of the oligonucleotide-chlorin conjugate. In each guanines although thymines 19 and 21 in the single stranded-
case, the sample was treated or not with piperidine before theloop present some reactivity. The same cleavage pattern was
electrophoresis. For both strands, some site directed cleavagegbserved whether the irradiation was performed using 668 or
were observed at guanine positions on untreated samples428 nm light or the full light spectrum above 310 nm. In Figure
Piperidine-treatment significantly increased the amount of 8 is depicted, for two wavelengths, the time dependence of site-
cleavage which was observed at well defined sites as shown indjrected cleavage (positions 13 to 26) of the 41-mer hairpin
(24) Mergny, J. L.; Duval-Valentin, G.; Nguen, C. H.; Perrouault, L.; .before and after plperldlne trea}tment' Resun.s from three
Faucon, B.; Rouge M.; Montenay-Garestier, T.. Bisagni, E.: léiee, C. independent experiments normalized as a function of photons
Sciencel992 256, 1681-1684. received by the solutions are depicted in Figure 9. It is worth
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= Photocleavage Quantum Yield. As shown in Figure 9, the
g o5l o i targeted cleavage leveled off around 50% for the highest light
w P ——— fluence. In keeping with previous observatidrtkjs behavior
s 200 /;// o 1 might be due to photodegradation of the conjugate. Alteration
E‘,J 15 /‘ , of nucleic bases reducing the affinity of the conjugate for its
= target as well as photobleaching of the chlorin are likely to arise.
‘cj(:q 10 | Therefore, the most significant value of the photocleavage
e - ”'JX . guantum yield was that obtained for initial irradiation. Experi-
o e ‘ ments were carried out using a 10.4% neutral filter in order to
0 200 400 600 800 1000 reduce the light intensity. The results are shown in Figure 8.

IRRADIATION TIME (s)

Figure 8. Kinetics of site-directed cleavage (positions-125) of the
41-mer hairpin by the TTCTTCTCCTTTCT-CHEVP conjugate before
(lower curves) and after (upper curves) piperidine treatment. Irradation
was performed at 668 nrill( @) or at 428 nm &, ¢). The light intensity
was 5.73x 10% at 668 nm and 2.8% 10 photons s cm2 at 428

nm. The results after piperidine treatment have been fitted with curves
corresponding ty = ax/(bx + 1) + c (see text).

In order to facilitate extrapolation, the data were tentitavely fitted
by the relation

y=ax(bx+ 1)+ ¢ (6)

The parametec accounts for some initial degradation of the
target which may arise from unavoidable exposure of the sample
to room light during handling, although maximum care was
taken. The parametea corresponds to the initial linear
wl | dependence of cleavage on the irradiation time, i.e., the value

:.//. of interest, an@/b corresponds to the plateau value. Equation
30 6 has no theoretical basis and was used as a model to derive
more reliable value of the parameter

50 T T

TARGET CLEAVAGE (%)

20 Equation 5 which was derived in the material and method
f e — — section can be rewritten as

10 y— . b

0 : ‘ P = 2.3x 10°®el , t/N 7
[} 510" 1102 1.5 102 r Oslt/ ( )

NUMBER OF INCIDENT PHOTONS

Figure 9. Dependence on light intensity of the site-directed cleavage Wherelostis the fluence rate expressed as a number of photons
(positions 13-26) of the 41-mer hairpin after piperidine treatment using per cn? and per second andis the irradiation time. In the
the complementary TTCTTCTCCTTTCT-CHEVP conjugate (a) and experiment shown in Figure 8, the fluence rhtgwas 2.82x
the noncomplementary CGGCAGCCACAC-CHEVP conjugate (b). The 10'5 and 5.73x 10 photons s! cm™2 at 428 and 668 nm,
results from three independent experiments have been cumulated inrespectively. In order to derive the quantum yield, ¢helue
@). at the irradiation wavelength must be known. As the absorption

. . . . spectrum of the chlorin was little affected by coupling with the
noting that the most reactive guanines were those located ing|igonuclectide (Figure 3), it was assumed that typical values
the single-stranded loop region of the hairpin target. A higher 4t 35 000 and 70 000 M cm~! can be retained for the red
sensitivity to photocleavage by hematoporphyrin of single- 5nq soret bands, respectivéy.Then, the quantum yield can
stranded DNA, as cognpared to double-stranded DNA, was pe derived from the value of the parameger The quantum
previously pointed ou#? _ yields thus obtained for irradiation at 428 and 668 nm were

In order to further substantiate that the photodamages Wereyery close, 0.95< 1073 and 1.02x 1073, respectively.
sit.e-directed through goupling of the phlorin to the oligonuqle- Investigation of the Photocleavage MechanismThe effect
otide, a control experiment was designed. The most obvious of oxygen on the photocleavage of the 41-mer hairpin structure
control, the effect of the free chlorin, was not feasible because 55 first examined. Two parallel experiments were conducted
this molecule was not soluble in water. Instead, we used a gjther on aerated or deoxygenated samples. The damages on
chIpnn conjugate with the ollgqnuc!eotlde CGGCAGCCACAC  the target were analyzed by electrophoresis on denaturating gels
which cannot form a triple helix with our target. The results, pefore or after piperidine treatment as described above and the
which are shown in Figure 9, clearly confirm the above view. ¢jeayage quantified for each site. When oxygen was excluded,
O'Fher control experiments using the complementa_ry ollggnucle- the cleavage did not exceed the background level, and no
otide not coupled to the chlorin (not shown) also failed to induce sequence specificity was seen. The results are shown in Figure

any photocleavage. 10a,b for piperidine treated samples. Clearly, oxgen is involved
The results obtained with the single-stranded target were jn the site-directed photocleavage of the target.
qualitatively similar to those described above. The reaction mechanism was further investigated using usual
The site-directed DNA cleavage patterns obtained with the tgsts for singlet oxygen. As depicted in Figure 10c, sodium
chlorin conjugate were very similar to those obtained with azide was found to inhibit the photocleavage reaction. The
oligonucleotide-fullerene conjugaté’s.The cleavage sites were  extent of inhibition attained about 50% at the most reactive site,
located in the region of the target expected from the known j e the guanine 20. On the other hand, no increase of the yield
orientation of the oligonucleotide conjugate: an antiparallel qf photocleavage was found inD.
orientation with respect to the complementary strand in the  piscussion. It is worth noting that the photocleavage
duplex, an orientation parallel to the oligopurine target sequence quantum yield was independent on the excitation wavelength.
in the triplex structures. The mobility of the bands in the gel Thjs excluded possible electron transfer from upper excited
also indicated that the cleavage occured with generatior-of 3 ginglet states of the chlorin. The chlorin triplet state is most
phosphorylated products. likely involved. In this excited state, the chlorin may either
sensitize singlet oxygen formation or react with bases by electron
transfer. Singlet oxygen was found to induce piperidine-labile

(25) Kawanishi, S.; Inoue, S.; Sano, S.; Aiba, H.Biol. Chem.1986
261, 6090-6095.
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2 However, the experiments performed in deoxygenated solu-
< tions or with sodium azide are not sufficient to exclude
[ mechanisms involving electron transfer and radical reactions.
Indeed, oxygen might be involved in the formation of peroxyl
radicals following electron transfer. Likewise, sodium azide
might also quench the triplet state of the photosensitizer.
Conjugates of oligonucleotides with various light-activable
molecules have been descrilf&d:2° However, most of them
must be excited by wavelengths strongly absorbed by blood
0 50 100 and tissues. Compared to molecules such as aromatic azides,
AR ARGON SODIUM AZIDE (mM} porphyrins, ellipticines, and fullerene, chlorins present the
Figure 10. Photocleavage of double-stranded oligonucleotide with advantage of a strong absorption in the far-red making them
hairpin structure (Figure 6, structure 3) by the TTCTTCTCCTTTCT- better candidates for therapeutic applications. In this regard, it
CHEVP conjugate which forms a triple helice with its target. The s interesting to compare the efficiency of oligonucleotides
cleavage at each guanine site (indicated in the figure) was CompUtedconjugated with chlorin and with fullerefié. The targets used
as the ratio of the radioactivity counted in the corresponding band versus¢y; ‘the two conjugates were essentially the same. Both
the total radioactivity. Samples were treated with piperidine. The 100165 are efficient singlet oxygen photosensiti?e?s
samples were irradiated using 668 nm light (11 mWcfor 6 min in Alth h the cf btained with both L
experiments a, b and 8 min for experiment c. Other conditions were as t 0“.9 _t € cleavage pat.terns. O. ‘a'f‘e with bot cpnjuggtes
in Figure 7: (a,b) effect of oxygen and (c) effect of Ngaé a quencher. ~ Were similar, much longer irradiation times were required with
) . . . 5 the fullerene conjugate to produce the same effect. The
sites as well as strand breaks in DNA in a ratio of abouf/1.  igterence is likely to reside in the important difference in
In keeping with a higher reactivity ofggglet oxygen with  5psormtion in the visible region between the two molecules.
guanine as compared to the other b Cleavage was A chlorin molecule related to those used in the present work

preferentially found at guanine residues. Also, single-stranded has been shown to efficiently photoinactivate free human
DNA was much more sensitive than double-stranded DNA. The . y p

present results obtained with the oligonucleotide-chlorin con- immunadeficiency viruses in blogd. Coupling such photo-

! . - . sensitizers with oligonucleotides might make it possible to
jugate could be thus explained by reaction of singlet oxygen. : )

- . -~ approach the problem of infected cells according to well-known
In support to this conclusion, the role of oxygen and quenching

by sodium azide are clearly demonstrated in Figure 10. It might strategies desigr!eq to inhibit geane exprg§sion at .the translational
be argued that during its lifetime in water (abouts) singlet or at the tr_anscrlptlonal Ieve_zls. In addition, owing to t_he|r
oxygen may diffuse far from the chlorin moiety leading to _hydrophob|c cr_\aracter, chlorins, such as CHEVP, might improve
damages that are not sequence-specific. This argument is "kelylnlteractlons with mgrrr]wbran.es.and |nr(1:re.ase ceILuIiar ug[a}ke as
invalid. Indeed, it must be emphasized that the quantum yield already obsgrved Wlt_ no_nlonlc porp yrlns. or cholesterol. .

of photocleavage we have determined10-3) is fairly low. _ In conclusion, chlorln-ollgongcleogde conjugates are promis-
Such a value can be expected for the reaction of singlet oxygeni"d Compounds able to selectively induce damages to specific
in the solvent cage formed around the photosensitizer andUCI€IC sequences. To our knowledge, the photochemical
neighboring nucleic bases. A related situation is found in the duantum yield of the damages, a critical value to elucidate
autoperoxidation of rubrene, a photosensitizer which reacts back™echanisms, has been determined for the first time for this class
with singlet oxygen leading to an endoperoxide. At low rubrene Of compounds. The modest value of this quantum yield is
concentration, the endoperoxide is produced by a re-encountel@'9€ly compensated by the strong absorption of the chlorin
process involving the same rubrene molecule that has partici-M0i€ty in the far red making these conjugates potential
pated in the production of the singlet oxygen moledldn candidates for phototherapeutic applications.

this system, the quantum yield of photooxidation was also found )
to be around 1. Assuming that singlet oxygen is reacting _ Acknowledgment. This work was supported by the Agence
in the solvent cage formed around the photosensitizer, it is not Nationale de Recherche sur le SIDA (ANRS).

surprising that the BD effect, which is based on an increase of jag960062I

the singlet oxygen lifetime in the bulk solution, was not

TARGET CLEAVAGE (%)
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