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Abstract: The synthesis of a novel sapphyrinligonucleotide conjugate is described along with its DNA
photocleavage and nucleic acid binding properties. The sapphyligonucleotide conjugate produces photodamage

on a complementary oligonucleotide target when irradiated at wavelengths above 620 nm. Upon piperidine treatment,
guanine residues on the target strand in the vicinity of the sapphyrin macrocycle are found to be cleaved more
effectively than guanines remote from the sapphyrin subunit. No sequence-specific photomodification was observed
when noncomplementary oligonucleotides were used as a target. The duplexes formed between the sapphyrin conjugate
and complementary nucleic acids were found to have higher melting temperatures than analogous control systems
consisting of unmodified oligonucleotides of the same sequence. Melting temperature studies using variable salt
concentrations and oligonucleotide targets indicate that the binding enhancement is due to hydrophobic interactions.
The sapphyrin unit attached to an oligonucleotide can thus serve a dual role; it can act as a sequence-specific
photomodification agent at irradiation wavelength820 nm, and it can increase the affinity of a sapphyrin-bearing
oligonucleotide to a complementary sequence.

Introduction while being easily “switched on” upon irradiation with light of

an appropriate wavelength. To date, photoactivatable oligo-
nucleotide conjugates containing porphyrin moiefieszido
derivatives: ellipticines? psoralens,proflavins® and fullerenes

have been described. All of these derivatives modify DNA
when irradiated at wavelengths below 700 nm. Forinsévo,
however, photoactivation using red-shifted wavelengths is
preferable since bodily tissues are most transparent in these

The study of chemically modified oligonucleotides is cur-
rently a topic of widespread interest in part because these
compounds have therapeutic potential for regulating gene
expressiort. One approach being pursued involves the use of
modified antisense agents containing photoactive gréups.
Such groups provide the advantage of being inert in the dark
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OH irradiation with wavelengths above 620 nm but also exhibits
increased binding affinities to complementary nucleic acids over
the control oligonucleotide (dT) (10).
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Experimental Section

General Methods. Proton and carbon-13 NMR spectra were
recorded on either a General Electric QE-300 (300 MHz) or a GE
GN500 instrument. Phosphorus-31 NMR spectra were recorded on a
Varian Unity Plus (300 MHz) instrument with phosphoric acid used
as an external reference. WWis spectra were recorded on a Beckman
DU 640 instrument using cuvettes of 1 cm path length. Doubly distilled
water (ddHO) was used in the preparation of all aqueous solutions.
MALDI-MS studies were done on a LaserTec laser desorption mass
spectrometer, linear mode (PerSeptive Biosystems).

Syntheses. The syntheses of texaphyrin derivativesand 2 and

¢ sapphyrin derivatives, 4, 7, and8 were described previouskj:20
8-[[(4,4'-Dimethoxytrityl)oxy]propyl]-17-(hydroxypropyl)-

®© N O O b

lators1® hydrophobic groupé! cationic groups?2 aliphatic and

aromatic bridge$? and circular oligonucleotidé$. Recently,

we reported that sapphyri8 interacts with nucleic acids by

several modes of interaction, including phosphate chelation o

the phosphodiester backbone and hydrophobic interactions WithS,12,13,22-tetraethy|-2,7,18,23-tetramethylsapphyrin (5)8,17-Bis-

the nucleoba§é§. The_ sapphyrins (e_.gS—_8) therefqre rep- (hydroxypropyl)-3,12,13,22etraethyl-2,7,18,23-tetramethylsapphyrin

resent potential candidates for use in oligonucleotide affinity pistosylate salé (492 mg, 0.49 mmol), pyridine (948 mg, 12 mmol),

enhancement studies. and one drop of 4-(dimethylamino)pyridine as a catalyst were dissolved
In this paper, we describe the synthesis of the novel in 100 mL of dichloromethane under nitrogen. To this green solution

sapphyrin-oligonucleotide conjugat®. This compound not was added 4,4dimethoxytrityl chloride (203 mg, 0.6 mmol) dissolved

Only ShOWS sequence_specrﬂc photomodlflcatlon of DNA upon in 50 mL of dichloromethane ovd h atroom temperature with Stirl’ing.
The resulting green solution was stirred for an additieghh and was

then washed two times with brine. The combined organic fractions
were dried over sodium sulfate, and dichloromethane was removed
using a rotary evaporator. The product was isolated by column
chromatography on silica gel using dichloromethane/methard (%

v/v gradient) containing 0.1% triethylamine as the eluent to give a 59%
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yield (279 mg) of the produd&. 'H NMR (300 MHz, CDC}): 6 2.14—
2.23 (M, 12H, CHCH3), 2.94-2.99 (m, 4H, CHCH,CH;0), 3.79 (s,
6H, OCH3), 3.85 (t, 2H, CHCH,CH,0), 4.16 (s, 6H, Eis), 4.17 (s,

(16) Sessler, J. L.; Mody, T. D.; Hemmi, G. W.; Lynch, iorg. Chem.
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3H, CH3), 4.18 (t, 2H, CHCH,CH,0), 4.21 (s, 3H, El3), 4.60 (q, 4H,
CH.CHs), 4.73 (q, 4H, ®1,CHs), 4.89 (t, 4H, ¢1,CH,CH,0), 6.92 (d,
4H, m-anisoleH), 7.30 (t, 1H,p-phenylH), 7.41 (t, 2H,m-phenylH),
7.51 (d, 4Ho-anisoleH), 7.60 (d, 2Hp-phenylH), 11.54 (s, 2H, meso-
H), 11.55 (s, 2H, mesét). 3C NMR (500 MHz, CDC}): ¢ 11.85,
14.85, 16.88, 17.32, 17.55, 17.63, 19.68, 19.83, 19.92, 22.57, 23.99,
33.30, 34.36, 34.40, 54.25, 57.27, 60.69, 62.68, 75.26, 75.29, 75.36,
75.41, 85.42, 90.99, 97.16, 112.22, 119.92, 124.37, 125.88, 126.13,
126.94,127.41, 128.22, 128.37, 129.02, 129.28, 131.62, 131.64, 134.03
134.51, 134.81, 135.65, 136.31, 138.08, 138.57, 140.65, 140.80, 141.65
141.95, 144.48, 157.58. HRMS FAB, ™ m/z962.5599 (calcd for
C63H72N504, m/z 9625584)
8-[[(4,4'-Dimethoxytrityl)oxy]propyl]-17-(hydrogen phosphonate
propyl)-3,12,13,22-tetraethyl-2,7,18,23-tetramethylsapphyrin (6).
Triethylamine (871 mg, 8.6 mmol) arfl(46 mg, 0.048 mmol) were
dissolved in 50 mL of dichloromethane at room temperature under
nitrogen. While this solution was stirred at room temperature, tris-
(1,1,1,3,3,3-hexafluoro-2-propyl) phospkité200 mg, 0.38 mmol) was
added in two equal portions with a 15 min interval between additions.

Sessler et al.

dichloroacetic acid in dichloromethane (4 min); (8) washasetonitrile

(2 min), acetonitrile/pyridine (1/1) (2 min); (9) oxidatior®.1 M I, in
pyridineN-methylimidazole/water/tetrahydrofuran (4/1/5/90) (1 mL
over 1 min), 0.1 M } in triethylamine/water/tetrahydrofuran (5/5/90)
(1 mL over 1 min); (10) washesacetonitrile/pyridine (1/1) (2 min),
acetonitrile (2 min), methanol (2 min), acetonitrile (2 min).

The dark green CPG was added to 2.5 mL of concentrated
ammonium hydroxide, and the heterogeneous mixture was stirred at
room temperature for 1 h. The light green solution was then removed
from the white CPG and was concentrated to form a light green solid.
The coupling yield was 56% based on dimethoxytrityl cation concentra-
tions measured by visible spectroscopy during deprotection. The green
solid was dissolved in water and was purified by a Pharmacia FPLC
system using a PepRPC column (porous silic#CG, Pharmacia) and
0—50% gradient 100 mM triethylammonium acetate buffer (pH 7.0)/
acetonitrile as the eluent. UWis (10 mM bis-tris, 10 mM NacCl
buffer, pH 7.0) £ (nm) ()): 266 (96 000), 428 (52 000), 452 (550 000),
621 (14 000), 677 (10 400). Reversed phase HPLC (Waters) analysis
with a Gg column, using 70% 100 mM triethylammonium acetate (pH

The resulting green solution was stirred for an additional 30 min at 7.0)/acetonitrile as the eluent, gave a retention time of 6.7 mir®for

room temperature and then was washed two times with an aqueous

1.0 M solution of triethylammonium bicarbonate (pH 8.5). The
combined organic fractions were dried over sodium sulfate, and the
dichloromethane was removed using a rotary evaporator. The product
6 was isolated in 70% yield (38 mg) using column chromatography on
silica gel using dichloromethane/methanol—(@5% v/v gradient)
containing 0.1% triethylamine as the elueAdd NMR (300 MHz, 2%
CDs;OD/CDCE): 6 2.14-2.24 (m, 12H, CHCH3), 2.99 (m, 4H,
CH,CH,CH;0), 3.74 (s, 6H, OEl3), 3.77 (t, 2H, CHCH,CH,0), 3.99
(s, 3H, tH3), 4.16 (t, 2H, CHCH,CH;0), 4.20 (s, 3H, €l3), 4.23 (s,
6H, CH3), 4.62-4.75 (m, 8H, ®.CHs), 4.89 (t, 4H, G4,CH,CH,0),
6.86 (d, 4H, manisoleH), 7.28 (t, 1H, p-phenylH), 7.36 (t, 2H,
m-phenylH), 7.54 (d, 4Hp-anisoleH), 7.69 (d, 2Ho-phenylH), 10.92
(s, 1H, M), 11.56 (s, 4H, mesét). °C NMR (500 MHz, 2%
CDs;OD/CDCE): ¢ 12.30, 12.79, 16.26, 16.31, 17.64, 17.89, 18.00,
18.57, 20.15, 20.77, 20.88, 22.29, 24.99, 29.03, 31.49, 31.55, 32.69,
32.74, 34.08, 55.17, 59.55, 59.63, 63.73, 86.32, 89.72, 90.29, 90.30,
97.48, 98.91, 113.10, 126.81, 127.85, 128.33, 129.60, 130.17, 131.5,
132.45, 132.75, 132.95, 133.65, 134.29, 135.36, 136.62, 138.50, 138.79
139.07, 141.37, 142.22, 143.39, 144.89, 145.39, 1583¥2NMR (500
MHz, 2% CD;OD/CDChk): 6 0.047 Jp-n = 623 Hz). HRMS FAB,
M*: m/z1026.5310 (calcd for EH73Ns06P, m/z1026.5298).
17-[Dodeca(deoxythymidine)]-8-(hydroxypropyl)-3,12,13,22-tet-
raethyl-2,7,18,23-tetramethylsapphyrin (9). Syntheses were per-

and 1.3 min for (dTy, (10) (Midland Certified Reagent Co.). Poly-
acrylamide gel electrophoresis with a 19%M urea denaturing gel
run at 250 V for 4 h with TBE (89 mM tris-borate, 2 mM EDTA)
running buffer gave a run distance of 3.9 cm from the origin of the gel
for conjugated and 6.0 cm forl0. Matrix-assisted laser desorption-
ionization mass spectrometry (MALDI-MS)/z4312.1 (calcd fo®--

2H" (Ci62H211086N20P12), M/z4312.3), parent molecular ion, amal/z
8629.9 (calcd for $‘2H+]2 (C324H4220172N53P24), m/z 86246), dimer
molecular ion.

Site-Directed Photocleavage StudiesSynthetic DNA sequences
11, 12, and13 (Keystone Laboratories) were selected as substrates and
were 3-end-labeled with T4 polynucleotide kinase and3fP]ATP
(NEN Research Products, Dupont). Dupl&® was labeled on the
oligonucleotide strand containing the homothymidylate sequence.
Samples, consisting of substrate and conju§ade (dT. (10), were
made up to a total volume of 1@0in clear, 0.65 mL Eppendorf tubes.
These samples also contained 10 mM bis-tris (1,3-bis[[tris(hydroxy-
methyl)methyllamino]propane) and 100 mM or 250 mM NaCl and were
buffered to pH 7.0. Samples were cooled for 30 min in ar-ivater
bath and were irradiated at’& with the light of a high-pressure xenon
lamp (Oriel) passed through either>e800 or >620 nm filter. The
sample, surrounded by an ice bath, received approximately 400 mW/
cn? (A > 300 nm) or 320 mW/cr(A > 620 nm). After irradiation,

formed on a Cruachem PS 150 DNA synthesizer. Trimethylacetyl the sample solution was frozen and lyophilized. Alkali-labile sites were
chloride (pivaloyl chloride) was distilled at atmospheric pressure and characterized by piperidine treatméhfThe samples were then redis-
stored under nitrogen. Pyridine was predistilled from calcium hydride solved in loading buffer (98% formamide, 10 mM EDTA containing
before being redistilled over ninhydrin just prior to use. Acetonitrile Xxylene cyanole FF and bromophenol blue), and approximatejyl10
and dichloromethane were distilled from calcium hydride. Tetrahy- (1 x 10° cpm) of each sample was run on a 19% denaturing
drofuran was distilled over benzophenone and sodium. The synthesispolyacrylamide gel containgn7 M urea. The gels were run at 1600

column was packed with (d7) synthesized on a 0,2M scale, still
being attached to the control pore glass (CPG) beads (Ransom Hill
Bioscience). During coupling, the system was maintained under an
argon atmosphere of 6 psi. The coupling was effected using the
following modified hydrogen phosphonate oligonucleotide protétol:
(1) wash—acetonitrile (2 min); (2) deprotectierB% dichloroacetic acid

in dichloromethane (4 min); (3) wastacetonitrile (2 min); (4)
wash—acetonitrile/pyridine (1/1) (2 min); (5) couplirglO mM 6 in
dichloromethane, 50 mM pivaloyl chloride in acetonitrile/pyridine (1/
1) (30uL alternating), wait 2 min, reinject collected sapphyrin solution
with 50 mM pivaloyl chloride in acetonitrile/pyridine (1/1) (6L of
sapphyrin solution and 3@L of pivaloyl chloride solution alternating),
reinject collected sapphyrin solution three times; (6) waslaestonitrile

(2 min), acetonitrile/pyridine (1/1) (2 min), acetonitrile (1 min),
dichloromethane (2 min), acetonitrile (1 min); (7) deprotecti@®

(21) (a) Sakatsume, O.; Yamane, H.; Takaku, H.; Yamamoto, N.
Tetrahedron Lett1989 30, 6375-6378. (b) Denney, D. B.; Denney, D.
Z.; Hammond, P. J.; Liu, L.-T.; Wang, Y.-B. Org. Chem1983 48, 2159
2164.

(22) (a) Froehler, B. C.; Ng, P. G.; Matteucci, M. Rucleic Acids Res.
1986 14, 5399-5407. (b) Gaffney, B. L.; Jones, R. Aetrahedron Lett
1988 29, 2619-2622.

V for 4 h using TBE running buffer. Autoradiograms were obtained
by exposing the gels to Amersham autoradiography film &€ dor
24 h. Gel exposures were analyzed by quantitative densitorifetry.

pBR322 Photocleavage StudiesDNA cleavage was quantified by
monitoring the conversion of supercoiled (form 1) plasmid DNA to
nicked circular (form 1) DNA. Plasmid pBR322 DNA was bought
from Gibco BRL. In accord with the general procedure of ref 25, 20
ng/uL DNA was irradiated in quartz cuvettes in the presence o4
sapphyrin3 and 10 mM bis-tris, 10 mM NacCl buffer (pH 7.0) under
specified conditions. Irradiation was effected at room temperature using
light from a high-pressure xenon lamp (Oriel) passed through either a
>300 or a>620 nm filter. The sample received approximately 400
mW/cn? (A > 300 nm) or 320 mW/cA A > 620 nm). A 12ul portion
of each sample was added tqub of loading buffer (30% glycerol/
ddH;O containing bromophenol blue) and was run on a 0.8% agarose
gel prepared with a 2M solution of ethidium bromide in TEA buffer
(40 mM tris-acetate, 1 mM EDTA). After electrophoresis using TEA

(23) Sambrook, J.; Frisch, E. F.; Maniatis, Molecular Cloning, A
Laboratory Manual 2nd ed.; Cold Spring Harbor Laboratory Press: New
York, 1989.

(24) Poulsen, L. L.; Ziegler, D. M. U.S. Patent No. 5,194,949, 1993.



Sapphyrin-Oligonucleotide Conjugates J. Am. Chem. Soc., Vol. 118, No. 49, 182825

Scheme 1.Synthesis of SapphyrinOligonucleotide Conjugat@
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as the running buffer, the DNA was visualized using a 312 nm UV phosphodiester linkages on the (gfportion of the molecule
light box. Gel pictures were analyzed by quantitative densitoniétfy.  \ere deprotected, and the compound was cleaved from the CPG

Melting Temperature Studies. Optical melting curves were with concentrated aqueous ammonium hydroxide.
obtained using a Hewlett-Packard 8452A diode array spectrophotometer . - .
equipped with a stirred cell holder connected to a 386 personal | Ne€ conjugatd was purified by preparative reversed phase

computer. The jacketed cell holder was linked to a Fisher Scientific Chromatography and characterized by reversed phase HPLC,
isotemp refrigerated circulator. Solutions (1.5 mL) were placed in a polyacrylamide gel electrophoresis, bVis spectroscopy, and
quartz cuvette with a path length of 1 cm. Absorbance values were MALDI-MS. The sapphyrin moiety effects a retardation in the
measured every 30 s and were collected by the personal computer. Thenobility of conjugated over (dT)» (10) in reversed phase HPLC
temperature increased approximatelyQ/min, and the values were  gnq during polyacrylamide gel electrophoresis. Such a retarda-
manually collected in conjunction with the absorbances using a digital tion was expected in view of the size and hydrophobicity of

thermometer with a GaCuNi thermocouple (Omega) placed directly ; . . o
in the cuvette. Melting temperature curves (the change of relative _the sapphyrin subunit. The UWis spectrum of purified

absorbance at 260 nm over a temperature range), their first-derivativeincludes characteristic sapphyrin and DNA absorbances (Figure
curves, and the inflection point of the first-derivative curve (the melting 1). On the basis of earlier studies, the absorbance band with a
temperature) were determined using KaleidaGraph 3.0. Melting Amax Of 452 nm is assigned to the sapphyrin moietydadh its
temperatures were an average of two to three separate studies. Polymonomeric form, whereas the shoulder at 428 nm is assigned
(A) and d(T). (10) oligonucleotides used in this study were bought +tg the sapphyrin subunit in a noncovalent dimeric fdpars

from Midland Certified Reagent Co., and oligodeoxyribonucleotide Conjugate 9 is thus the first water-soluble derivative of

substrated 1-20 were purchased from Keystone. sapphyrin in which the macrocycle is nearly completely

Results and Discussion monomeric. Importantly, the ratio of the extinction coefficients
) ) ) ) o for the absorbances at 452 and 260 rpAe260) is 5.8 for9.

Sapphyrin—Oligonucleotide Conjugate Characteristics. This value agrees well with 5.5, the ratiesfdess) of the

The sapphyrir-oligonucleotide conjugat® was synthesized

from the sapphyrin derivativé (Scheme 1). Monoprotected 15 - . . . . ;

sapphyrin hydrogen phosphondeavas obtained in two steps

via monoprotection and subsequent phosphorylatioh 6fhe 125 | -

stability of sapphyrin to strongly acidic and basic conditions i

allowed for its use as a “nucleotide building block” in the 1 4

standard hydrogen phosphonate oligonucleotide synthesis pro-g — i

tocol2? Specifically, sapphyri6 was activated using pivaloyl E )

chloride and was coupled to thé énd of a (dTj, oligonucle- 5 os f 4

otide (synthesized by the phosphoramidite method) that was still §

attached to control pore glass (CPG) beads. The resulting 025 | -
intermediate was deprotected at tHeeBd by treatment with o

dichloroacetic acid, and the hydrogen phosphonate linkage was

oxidized with basic aqueous iodine solutions. Finally, the 0.5 T S ! 1 )
(25) (a) Praseuth, D.; Gaudemer, A.; Verlhac, J. -B.; Kraljic, |.; Si$soe 240 320 400 480 560 640 720 800

I.; Guillé, E. Photochem. Photobioll986 44, 717—724. (b) Croke, D. T; wavelength (nm)

Perrouault, L.; Sari, M. A.; Battioni, J. -P.; Mansuy, D./ |Bee, C.; Le . . . .

Doan, T.J. Photochem. Photobiol., B993 18, 41—50. Figure 1. UV—vis spectrum of sapphyrinoligonucleotided recorded
(26) Krd, V.; Andrievsky, A.; Sessler, J. LJ. Am. Chem. S0d.995 as aca.2.2uM aqueous solution (10 mM bis-tris, 10 mM NaCl buffer,

117, 2953-2954. pH 7.0).
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near the 5end of the substratg. In particular, the cleavage at
the 3-guanine residues of the substrate was-80% of the

total cleavage observed (e.g., see lanes 10, 11, 14, and 15 in
Figure 3). This is particularly important as thé rg@gion of
substrate is the expected vicinity of the sapphyrin subunitin an
antiparallel duplex.

Controls demonstrated that light, the sapphyrin moiety, and
hybridization were all required to effect observed site-directed
cleavage. There was no cross-linking or cleavage observed in
the absence of illumination. This was true whether or not the
reactions were subject to piperidine treatment (lanes 4 afl 6).
Likewise, neither cleavage nor cross-linking was observed when
sapphyrin-free (dT) (10) was irradiated (lanes 5 and 7) for 40

Figure 2. Schematic representation of the site-directed photocleavage min (>300 nm) in the presence of substratewith or without

of substratell effected by conjugat®.

extinction coefficients for monomeric [2H]2"-20Ts in CHy-
Cl, (at 452 nm) and (dT} (10) in water (at 260 nmj?

Wavelength Dependent pBR322 Photocleavage Studies.

piperidine treatment. Furthermore, when conjugltevas
irradiated in the presence of the noncomplementary substrate
12 (the sequence of which is shown on the right side of Figure
3), no cleavage was observed, even under maximum irradiation
conditions (20 ming > 300 nm, or 40 mind > 620 nm) and

Sapphyrin produced substantial photocleavage of supercoiledwhen subject to followup piperidine treatment (lanes 19 and

plasmid pBR322 upon irradiation using waveleng#&20 nm.
For example, in experiments involving sapphygiand pBR322
DNA, a 3 hillumination at> 620 nm (320 mW/cr#) produced
conversion of 47% supercoiled pBR322 to the open-circular
form (Supporting Information). Some cleavage could be
effected upon irradiation with wavelength§00 nm8 but with
less efficiency than that observed usir20 nm irradiation.
Site-Directed Photocleavage Studies.Sequence-specific
photocleavage upon irradiation at620 and>300 nm was
investigated using conjugatand the complementary oligo-
nucleotidell (Figure 2). SequencEl was chosen on the basis
of earlier work involving similar porphyrift, as opposed to
sapphyrin-, oligonucleotide conjugatéd. The autoradiogram

20)32 Finally, no other residues (C, A, T) were found to be
significantly cleaved whe® and 11 were irradiated together
either with or without piperidine treatment. This latter result
is considered particularly important, since it means that self-
destruction of a sapphyrin conjugate not containing guanine
residues is likely improbable.

Photocleavage was investigated using different salt concentra-
tions. By increasing the salt concentration from 100 to 250
mM, greater cleavage efficiencies of the three guanines at the
5 and 3 ends of the substrate were observed. This result can
be rationalized in terms of the known finding that DNA duplexes
become more stable as the overall ionic strength of the solution
is raised?® Triple helix formation is also common at high ionic

(Figure 3) shows the photoproduct bands generated uponconcentrationd? and such complexation cannot be ruled out.

irradiation at 5°C of the complex formed between the
sapphyrir-oligonucleotide conjugat® and its target substrate
11, the sequence of which is shown on the left side of the
figure30 Irradiation at wavelengths of both300 and>620

nm led to the formation of two new species (labeled as | and
I, with a possible third species which migrates as a faint band
slower than | and Il). These new bands migrate slower than
the starting material (lanes 8 and 12 8800 nm and lane 13
for >620 nm) and are thus, in analogy to what was previously
observed with porphyrin& azido derivativeg,and proflaving
ascribed to cross-linked products formed betw&eand 11.
When the irradiated samples were treatechwitM piperidine

at 90°C for 20 min (lanes 10 and 14 for300 nm and lanes
11 and 15 for>620 nm), shorter fragments were formed that
comigrated with a MaxamGilbert (G) sequencing lane (lane
2) and the putative cross-linking bands diminished in intensity.

5'-AAC-CGT-GAG-TAA-AAA-AAA-AAA-ATG-AGT-GAG-T-3' 1"
5'-AAC-CGT-GAG-TTT-TTT-TTT-TTT-TTG-AGT-GAG-T-3' 12
5'-AAC -CGT-GAG-TTT-TTT-TTT-TTT-TTG-AGT-GAG-T-3' 13

3-TTG-GCA-CTC-AAA-AAA-AAA-AAA-AAC-TCA-CTC-A-5'

There was greater cleavage at the three guanine residues ne
the 3 end of the substrate compared to the three guanine residuesg,

(27) The solvent CkLCl, is necessary to keep the macrocycle monomeric.

(28) Iverson, B. L.; Dervan, P. BNucleic Acids Resl987, 15, 7823—
7830.

(29) Maxam, A. M.; Gilbert, WMethods EnzymolL98Q 65, 499-560.

(30) The low reaction temperature {6) was chosen to maximize duplex
formation.

It is, however, not favored as playing a role in these photo-
cleavage studies. In binding studies using conjudghtend
substratell, triple helix formation was not observed (melting
temperature studiesjde infra). Furthermore, photocleavage
was observed at both thé &d 3 ends of the substrate during
studies conducted at room temperature, a temperature at which
triple helix formation is not favoreé® Finally, photocleavage
experiments based on triple helix formation were attempted
using the duplex substraté3;, however, no cleavage was
observed.

Mode of Photomodification. Two limiting mechanistic
possibilities can be considered for the sapphyrin-mediated
photomodification reaction. The first possibility involves direct
electron transfer (ET) between certain DNA bases (e.g., G
residues) and the sapphyrin subunit in either a triplet or singlet
excited state. The second scenario involves a photoexcited
sapphyrin in its triplet state reacting with molecular oxygen to
form singlet oxygen, a species that reacts readily with guafine.

The cross-linked adducts formed upon photoexcitation (Figure
3, bands | and Il) are most likely due to the electron transfer

(31) Cleavage at six guanine residues, namely, G5, G7, G9, G24, G26,
and G28, was analyzed by gel densitometry. Densitometry measurements
involving G30 could not be made accurately.

(32) Background cleavage was minor, being observed to be less than
0 of the intact substrate strand.

(33) The increased stability is thought to be a consequence of the decline
the repulsive interactions between the negatively charged phosphodiester
backbones: Saenger, Wrinciples of Nucleic Acids Structur&pringer-
Verlag: New York, 1984; p 145.

(34) Moser, H. E.; Dervan, P. BSciencel987, 238 645-650.

(35) Shea, R. G.; Ng., P.; Bischofberger, Nucleic Acids Resl990
18, 4859-4866.

(36) (a) Foote, C. SSciencel968 162 963-970. (b) Rosenthal, I.; Pitts,

J. N., Jr.Biophys. J.1971, 11, 963-996.
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Figure 3. Photocleavage of synthetic DNA 31-mdrsand12 effected using the sapphyrioligonucleotide conjugat@ The following conditions
pertained: lanes 1 and 16, Iversedervan (A) sequencing reactidhlanes 2 and 17, MaxanGilbert (G) sequencing reactidhjanes 115, 32
nM substratell; lanes 16-20, 32 nM substraté?2; lanes 4, 6, 815, 19, and 20, 500 nM conjuga® lanes 5 and 7, 500 nM (d1;)(10); lanes
3, 4, 6, and 18, dark controls; lanes 5 and 7, 40 rriBPO nm; lanes 8 and 10, 10 mir300 nm; lanes 9 and 11, 20 mir,620 nm; lanes 12,
14, and 19, 20 min;>300 nm; lanes 13, 15, and 20, 40 m»620 nm; lanes 6, 7, 10, 11, 14, 15, 19, and 20, piperidine treatment.

pathway. This is in analogy to the proposed electron transfer photomodification must reflect alkali-labile products that migrate
mediated cross-linking observed with porphyr#Asizido de- as intact substrate on the ¢él. These alkali-labile sites
rivatives? and proflaving. Sapphyrin could react directly with  presumably involve the guanine bases and could be peroxyl
guanine bases to form radical species which may cross-link in derivatives of guanine radical cations formeth electron

a localized fashion. The formation of duplex structures could transfer reactions. They could also be the result of singlet
orient the sapphyrin macrocycles such that the requisite electronoxygen reactions. Sapphyrin is known to be a moderately
transfer processes are efficient and site-directed. These crosseffective singlet oxygen sensitizer in organic solvefits.

linked adducts are cleaved after piperidine treatment to expose A number of supercoiled pBR322 DNA cleavage studies were
the photomodification to be at adjacent guanine residues. carried out to investigate the possible role of oxygen in the

The total observed photomodification, however, cannot be Sapphyrin photomodification reaction. Running the photocleav-

ascribed exclusively to cross-linking. Densitometry showed that — - —— — - )

. (37) This is observed in photomodification reactions involving porphyrin
the cross-linked products accounted for#%6 of the total macrocycles in which substrates with photooxidized guanines exhibit such
substrate radioactivity for photolysis reactions carried out in 100 be?gg)i?r%; Mava B. G.: O Mo Har A Sessler. 1.1.Ph

i i i idi a alya, b. G.; Cyr, ., Harriman, A.; sessler, J. 4. yS.
mM sodium chloride. Yet, up;on piperidine treatment, cIe_avage Chem 1990 94 3597-3601. (b) Judy. M. M.: Matthews, J. L. Newman,
products accounted for +23% of the total substrate radioac- ;T siles, H. L.; Boriack, R. L.; Sessler, J. L.; Cyr, M.; Maiya, B. G.;

tivity in these very same reactions. Thus, the observed Nichol, S. T.Photochem. Photobioll991, 53, 101—107.
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Table 1. Melting Temperatures’C) of the Complex of Conjugate
9 or (dThz (10) with Target11?

0mM NaF, 5mMNaF, 0mM NaF,
0mM 0mM 250 mM
Na(HPO)  Na(HPQy)  Na(HPOy)
conjugated/substratedl  26.0+ 0.1  28.7£0.3 39.9+0.1
(dT)2 (10)/substratdl ~ 23.3+0.3 24.1+0.1 355+0.2

a All studies were done in 10 mM bis-tris, 100 mM NaCl buffer,
pH 7.0. The concentration of each oligonucleotide component was 4
uM.

age experiments under air, argon, and oxygen atmospheres

produced cleavage yields of 79%, 39%, and 80%, respectively.
Since singlet oxygen travels farther in@than BHO 3 studies
were also carried out in a buffer containing aerate® DUnder

these conditions, a cleavage yield of 64% was observed vs the

70% recorded in BD. Finally, experiments were carried out
in the presence of sodium azide (150 mM), a known singlet
oxygen quenchet? Under these conditions, lower cleavage
yields were obtained than when sodium chloride (also 150 mM)
was used (23% vs 50%, respectively). Although neither increas-
ing the dissolved @concentration nor using [ affected the
cleavage yields, the fact that adding sodium azide and purging
with argon diminished the effective per-photon cleavage yields
is consistent with oxygen (especially singlet oxygen) playing
some role in the photomodification process.

Further consistent with the above conclusions is the finding

Sessler et al.
(a)
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Figure 4. (a) Overlay spectra of conjugagand targetll (4 uM
each) in 10 mM bis-tris, 100 mM NaCl aqueous buffer, pH 7.0, recorded
over the temperature range cd. 10—55 °C. (b) Overlay spectra of
conjugate9 and poly(A) (55.0uM phosphates each) in 10 mM bis-

that the photocleavage is not completely site-selective. Sometris, 500 mM NaCl aqueous buffer, pH 7.0, recorded over the

modification of the 5end of the substrate (i.e., remote from
the site of the sapphyrin) is observed in experiments involving
9 and1l Certainly, during these site-directed studies, singlet
oxygen is expected to be concentrated at theer8l of the
substrate (i.e., in the vicinity of the bound sapphyrin). It is
likely, however, that some fraction of the singlet oxygen
migrates to the 5end of the duplex where it could effect
oxidative modification of guanine residues in the usual way.

temperature range afa. 10—55 °C. (Arrows show the direction of
change in absorbance.)

the triplet state sapphyrin is much longer lived. As a result,
under the conditions of most of the experiments the actyal O
concentration is rarely yield-limiting in terms of DNA photo-
cleavage yield.

While the above aspects are readily understood, it is important

Indeed, in photocleavage studies carried out in the presence ofto appreciate that the mechanism of photomodification mediated
sodium azide, a known singlet oxygen quencher, no cleavageby sapphyrin is complex. It probably involves electron transfer

was observed at the Bnd of the substratg. Interestingly, the
cleavage observed at theeéhd of the substrate was analogous

as well as singlet oxygen activation. In any event, the net result
of photoirradiation at wavelengths620 nm is a combination

to that observed in the absence of sodium azide, although 0n|y0f cross-linking and alkali-labile sites that together result in a

half as effective.

Singlet oxygen is presumably derived from the triplet excited
state of sapphyrin, so it was of interest to determine the lifetime
of this state. Sapphyrid was found to have a relatively long
triplet lifetime of 1514 8 us in N,-saturated methané?. Since
lutetium(lll) texaphyrinl had shown distinct dependence on
O, concentration with respect to DNA photocleavédiee triplet
lifetimes of lutetium(lll) texaphyrin and sapphyrin were com-
pared in the same solvent system. Ip-$dturated methanol,
lutetium(l11) texaphyrin2 showed a considerably shorter lifetime
of 19.44 1 us*? It became clear that, in the case of lutetium-
(1) texaphyrin with its short triplet state lifetime, the available
concentration of @ played a critical role in mediating the
bimolecular photosensitized formation of singlet oxygen. The
concentration of available oxygen thus acted to directly affect
the observable DNA photocleavage yield. On the other hand,

(39) Merkel, P. B.; Nilsson, R.; Kearns, D. R.Am. Chem. Sod.972
94, 1030-1031.

(40) Hasty, N.; Merkel, P. B.; Radlick, P.; Kearns, D. Retrahedron
Lett. 1972 1, 49-52.

(41) Cleavage at the' ®nd of the substrate may also be attributed to
triple helix formation, although this mechanism is not favored; see the text.

(42) The triplet state lifetime of sapphyréis 60+ 5 us in Nx-saturated
acetonitrile382 The triplet lifetime of lutetium(lll) texaphyrin2 in No-
saturated water is 178 1 us: Sessler, J. L.; Dow, W. C.; O’Connor, D;
Harriman, A.; Hemmi, G.; Mody, T. D.; Miller, R. A.; Qing, F.; Springs,
S.; Woodburn, K.; Young, S. Wi. Alloys Compd.in press.

significant per-photon DNA target modification.

Melting Temperature Studies of Conjugate 9 with Target
11. Melting temperature studies were carried out to determine
whether the presence of a sapphyrin moiety on an oligonucle-
otide would augment binding to the appropriate complementary
strand. In fact, the melting temperature of the complex formed
between conjugat@ and targetl1 was 26.0°C, whereas that
of the relevant control system ((dik)(10) and targetl1) was
23.3°C (Table 1). Thus, sapphyrin does increase the binding
affinity of a sapphyrin-bearing oligonucleotide to a comple-
mentary oligonucleotide.

In carrying out these studies, it was found, interestingly, that
not only the absorbance band at 260 nm (corresponding to the
oligonucleotide) but also the Soret-like bands of the sapphyrin
moiety atca.423 and 452 nm could be monitored as a function
of temperature (Figure 4a). These sapphyrin-based spectral
changes are of interest since they yield insight into how the
local environment of the sapphyrin macrocycle chari§es.

As discussed previously, the absorbance bandgabf ca.

452 nm and 423 nm may be assigned to the sapphyrin moiety
of 9 in its monomeric and noncovalent dimeric forms,
respectivelyt52.26 Further proof of this model came from studies
involving conjugated. Conjugated alone exhibits absorption
bands at 428 and 452 nm, with the band at 452 nm being the
dominant spectral feature (Figure 1). Under various salt
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concentration conditions (e.g., 500 mM NaCl or 5 mM NaF), Table 2. Melting Temperatures’C) of the Complex of Conjugate
however, the conjugate exhibits an absorbance band at 428 nnP O (dTh2 (10) with Poly(A)*

that is increased over that at 452 nm. On the other hand, when 27.5uM 55.0uM 27.5uM 55.0uM
these same samples are diluted, the proportion of the absorbance Eg%s&hﬁtaéa Eg‘r’ﬁ&hﬁf& 5%%0;%1?5?% 5%%";%%‘;%
at 428 nm decreases while that of the 452 nm band increases—

until this latter band becomes the dominant spectral feature onceconlggl?}\‘)*’/ 21.7+£14 231+04 421+09  43.9+07
again. Such behavior is consistent with the sapphyrin in 1), 10/ 193+05 206+05 387+0.2  40.6+05
question at higher concentrations undergoing dimerization; this  poly(A)

is a process known to be favored at high salt concentratfons.  — A siudies were done in 10 mM bis-tris buffer, pH 7:0Concen-
To the extent these spectroscopic assignments are correct, theyation of each component.

serve to confirm further the idea that it is the dimeric and

monomeric (in sapphyrin) forms & that are the two species  concentrations. This result is consistent with phosphate che-
of interest in these melting temperature studies. lation playing only a minor role (if any) in enhancing the binding

The dimeric and monomeric sapphyrins may bind nucleic jnteractions between sapphyrin-containing conjugates and their
acids by phosphate chelation and/aa hydrophobic interac-  complementary oligonucleotide targets.

tions. In previous studies, three modes of interaction between
sapphyrin3 and DNA were describef2 The first mode,
phosphate chelation, involves specific chelation of a phospho-
rylated nucleic acid oxyanion by the protonated core of the
sapphyrinvia Coulombic interactions. This mode is thought

to involve both electrostatic and/or hydrogen bonding interac- they would be expected to “lock up” the phosphate chelation

tions. A second_ mo_de involves hydrophobic associations binding site under the conditions of the experiments and thus
between sapphyrin units and the nucleobases present in single-

. . ) S . effectively “cancel out” any increases in the melting temperature

strgnded polymerlg nucleotides. 1;h|s hydrophoblc !ntg’ractlon, that might be due to phosphate chelation.
which can be considered a type of “pseudointercalation”, allows g ) )
a sapphyrin moiety to bind among or between exposed nucleo- In spite of the above expectations, the recorded r_n_eltlng
bases and thus be excluded from the aqueous media. Pseudd€mperatures were not found to decrease upon addition of
intercalation has been proposed with other DNA-binding phosphate or fluoride anions. In_ the presence and abs_e_nce of
molecules such as proflavitfeand porphyrir!s The final mode 250 MM sodium phosphate, conjug&tevas found to exhibit
of sapphyrin-DNA binding is observed only at high sapphyrin- similar increases in meltmg.temperature relative to controls
to-DNA phosphate ratios and involves the highly aggregated (Table 1). Furthermore, conjugae(bound to target1) was
forms of sapphyrin3 bound to the surface of double strand founq to exhibit agrgater increase in melting temperature
DNA. In the present instance, involving work with conjugate relative to the control in the presence of 5 mM NaF (Table 1).
9 and its complementary nucleic acids, it appears that only the A similar trend was 9bserved even when the target nucleic acid
more site-isolated sapphyrin species, i.e., dimeric and mono-Was poly(A). Specifically, for the complex formed between
meric forms, are of relevance; on the basis of the above conjugated and poly(A), the melting temperature was found to
spectroscopic findings, these are expected to be bound primarilyP€ 47.4°C (10 mM bis-tris, 5 mM NaF, 500 mM NaCl buffer,
via phosphate chelation and/or pseudointercalation. pH 7.0). Thisis a 7.TC increase over that observed for the

Melting Temperature Studies in the Presence of Different ~ control ((dT)2 (10) and poly(A)) under the same conditions.
Salt Concentrations. Studies involving various salt concentra- These quantitative results thus lend further credence to the
tions were carried out to address the question of whether or notconclusion that it is not interstrand sapphysphosphate
phosphate chelation p|ays a Significant role in enhancing the chelation that is l‘esponsible for the increased Stab”lty observed
observed conjugate-to-target interactions. Phosphate chelationfor complexes formed between conjugétand its oligonucle-
as it relates to sapphyrfDNA binding, is largely an electro- ~ otide targets.
static event. Accordingly, changes in buffer ionic strength  The above results, especially the ones obtained from studies
should affect the extent to which this kind of interaction involving NaF, do, however, support the conclusion that the
influences observed hybridization processes. Such variationsincreased stabilization observed in the case of sapphyrin
have been previously observed in the case of oligonucleotidesconjugated is due to enhanced interstrand hydrophobic binding.
bearing cationic functionalitie®a ¢ In the case of sapphyrins, When bound to fluoride anion (in particular), the charge of the
this would lead to the prediction that increasing the ionic strength monoprotonated sapphyrin becomes neutralized. This results
should decrease the melting temperature. in a flat, hydrophobic complex that should be well poised for

The first experiments involved different concentrations of interaction with its target stranda pseudointercalation.
so_dium chloride. Melting temperature studies were performed  \elting Temperature Studies Using Various Oligonucle-
using the complexes formed between conjugsémd poly(A)  otide Targets. To study the influence of different target
as well as (dTj. (10) and poly(A), and it was found that in  sequences, oligodeoxyribonucleotides-20 were investigated
general the melting temperatures of the former complex were (Taple 3). Preferential binding was observed for conjugate
the highest (Figure 4b and Table“é).Furt_hermore, conjugate  (gver (dT), (10)) with targets15 and 16 which have a single-
9 was found to exhibit the largest increases in melting stranded “overhanging” oligonucleotide available for binding

Other experiments, involving sodium phosphate and sodium
fluoride, were carried out to address further the possible role
phosphate chelation plays in moderating the observed conjugate-
to-target interactions. These anions were chosen because they
display particularly high affinities for sapphyrin%.As a result,

temperature (again relative to controls) at thighestNacCl at the 3 end of the targets (studies-8). Enhanced binding
(43) Valdes-Aguilera, O.; Neckers, D. Bcc. Chem. Re4989 22, 171— for ConjUgat.eg (again, over (dTJk (10))- hOW?Ver: was not
177. observed with target$7 and 18 in which no single-stranded
(44) Dourlent, M; Hogrel, J. FBiopolymers1976 15, 29-41. i i i i H
(45) Pasternack, R. F.; Brigandi, R. A.; Abrams, M. J.; Williams, A. P.; O“goonUdei?tlde IS a\llallable at thé énd (?fhthﬁ target (Stl(;dl;eil
Gibbs, E. JInorg. Chem.199Q 29, 4483-4486. 7—10). These results are consistent with the proposed hydro-

(46) Poly(A) was used in these studies to illustrate how sapphyrin
conjugates might be useful in binding RNA substrates, common single-  (47) Shionoya, M.; Furuta, H.; Lynch, V.; Harriman, A.; Sessler, J. L.
stranded oligonucleotide therapeutic targets. J. Am. Chem. S0d.992 114, 5714-5722.
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Table 3. Melting Temperatures°C) of the Complex of Conjugate targetl9. While the rationale for this effect is not known, it is

9 or (dT) (10) with Various Targets clear that the binding is sequence dependent.
melting melting ]
temp temp Conclusion

study complex (°C) study complex (°C) . .
- The present results have served to show that it is possible to
1 conjugatey14 27.9+0.1 2 (dT)(10/14 27.1+0.2

3 conjugat®/15 31.4+03 4 (dT)»(10/15 23.64 0.1 generate oligonucleotide conjugates, such, algat producg site-
5 conjugated/16 33.6+05 6 (dT)»(10/16 23.9+ 0.1 directed photodamage on complementary oligonucleotide targets
7 conjugatéd/17 255+05 8 (dT),(10/17 25.3+0.3 (e.g.,11) upon irradiation at wavelengths above 620 nm. This
9 conjugated/18 25.14+0.2 10 (dT)2(10)/18 22.94+ 0.6 photomodification displays characteristics of both electron
11 conjugatéy/19 26.0+0.4 12 (dT)>(10)/19 24.0+0.1 transfer and singlet oxygen modification pathways. Melting
13 conjugatéy20 26.4+03 14 (dT)»(10)/20 25.5+0.2 temperature studies revealed that an attached sapphyrin moiety
a All studies were done in 10 mM bis-tris, 100 mM NaCl buffer pH  provides binding enhancement for oligonucleotide targéts
7.0. The concentration of each oligonucleotide component vad.4 hydrophobic interactions. Of equal importance is the fact that
the synthetic procedures detailed in this paper should be
o . ) amenable to the synthesis of other sapphyrin conjugates. In
phOb'C blndlpg mode, as such an c_)verhanglng S'ngIe'StrfanC,iEdparticular, the free hydroxy group of the conjugated sapphyrin
oligonucleotide on the target constitutes the necessary bindinge g e used to effect functionalization with either nucleotides
site. or additional sapphyrin subunits. Thus, prototgpepresents
just one of many conceivable sapphyrioligonucleotide con-
jugates that could possibly be prepared either by starting with

5'-AA-AAA-AAA-AAA-A-3' 14

5-AA-AAA-AAA-AAA-ACC-CCC-C-3 15 a range of different oligonucleotides, using a different number
of sapphyrins, or by varying the topology of attachment with
5-AA-AAA-AAA-AAA-AGG-GGG-G-3' 16 regard to the oligonucleotide backbone. We are currently

working to explore some of these synthetic possibilities.
5'-CC-CCC-CAA-AAA-AAA-AAA-A-3 17
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oligonucleotides contain sequence pieces which are analogous
to the original targetll. Preferential binding was observed
when the overhanging single-stranded oligonucleotide was at
the 3 end of the target (studies +14). These results were,
again, consistent with the proposed hydrophobic binding mode
of the sapphyrin conjugat®. Interestingly, the binding
enhancement for the homopolymer containing tard&sind
16 was much greater than that of the mixed sequence containingJA961672L

5'-AA-AAA-AAA-AAA-ATG-AGT-GAG-T-3' 19
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gels, a NaCl dependent site-directed cleavage gel, a representa-
tive melting temperature analysis, and visible spectra of
conjugated recorded under differing salt conditions (8 pages).
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