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Table I. Absorbance Maxima of Pigments and H* Pumping Ability

R

é;\j\/\/g/c”o

pigment® H* pump?

12 -OH 560 40
19 -OCOH 452 c
200 -OCOCH;, 452
21  -OCOCHN, 452 12
22 -OCO-Pr 452 12
23 -OCO(CH,);CH=CH, 452 10
24 adamantanecarbonyl-O- 452 7
25 retinoyl-O- 450
26  —(CH,);sCH; 452

8 -OCO(CH,);OH 452 7
14 -OCO(CH,);080;K 475 12

4Pigment with bleached bR-opsin, 10 mM HEPES buffer pH 7.0,
room temperature, dark. H* pumping ability of pigments, relative to
all-trans-retinal (100%), generated with JW2N cell vesicles, irradiation
>435 nm; >530 nm for pigment 12. “Not tested.

sulfate 15 yielded a pigment only after 6 h; in contrast, retinal
sulfates 16-18 did not reconstitute pigments after 16—24 h, thus
suggesting that the chain length in retinal sulfate 15 is the shortest
necessary for the chromophore to reach the binding site.”” This
result, together with the fact that the direction of proton trans-
location in these vesicles is normal (pH decreases upon irradiation,
Table I, below) shows that the substituents at C-9, including
9-methyl in native bR, face the extracellular side of the mem-
brane. Since the Stokes or hydrodynamic radius of the sulfate
group is around 2.30 A'® and the C-C bond length in an alkyl
chain (zigzag) is 1.25 A,"® the distance between C-9 of all-
trans-retinal and the sulfate oxygen, or the depth of C-9 from
the extracellular side of the membrane surface, can then be
estimated to be ca. 15 A.

The pigment from hydroxyethyl analogue 12 absorbs at 560
nm and is similar to native bR, while other pigments reconstituted
from 7-11/19-26 (Table 1), ail absorb around 450 nm, including
C1s-OH analogue 7, hydroxyethyl formate 19 and —-O-CO-
adamantyl analogue 24. This trend indicates that interaction
between the C-9 hydroxyethyl (12) and surrounding bR a-helices
is similar to that of native bR, while substituents extending beyond
ca. 4 A, independent of the nature of the neutral group beyond
the ester bond, lead to similar perturbations in the interactions
between the chromophore and binding site.? Retinal sulfates
13-15 gave 23-nm red-shifted pigments compared to corresponding
alcohols 7-9, presumably because electrostatic interaction of the
sulfate group with the membrane surface gives rise to chromo-
phoric dislocation.

Proton pumping abilities of pigments reconstituted from retinal
analogues 8, 12, 14, 21, 22, 23, and 24 with white membrane cell
vesicles were measured (Table I). All 9-alkylretinal pigments
tested showed pH decreases resulting from proton extrusion, which
were completely blocked by the uncoupler nigericin (data not
shown); however, the efficiency of proton translocation was lower
than the all-trans-retinal pigment. The fact that functional bR
analogues can be reconstituted efficiently from retinal analogues

(16) When pigments 7-11, 13, and 14 were incubated with all-trans-retinal
in the dark, 25 °C, pH 7.0, the 9-alkyl chromophore was replaced; after >24
h the Ay, was shifted to 562 nm. All pigments were not stable when treated
with 0. M NH,OH and 450-nm irradiation; t,,, 5-10 min.

(17) Reconstitution experiment with JW2N white membrane cell vesicles
showed the same results.

(18) Steiner, M.; Oesterhelt, D.; Ariki, M.; Lanyi, J. K. J. Biol. Chem.
1984, 259, 2179-2184.

(19) Green, N. M.; Konieczny, L.; Toms, E. J.; Valentine, R. C. Biochem.
J. 1971, 125, 781-791.

(20) (a) Nakanishi, K.; Balogh-Nair, V.; Arnaboldi, M.; Tsujimoto, K;
Honig, B. J. Am. Chem. Soc. 1980, 102, 7945-7947. (b) Spudich, J.; McCain,
D. A.; Nakanishi, K.; Okabe, M.; Shimizu, N.; Rodman, H.; Honig, B;
Bogomolni, R. A. Biophys. J. 1986, 46, 479-483.
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with long C-9 alkyl chains indicate that such analogues can be
used for affinity labeling studies of bR and related photoreceptors;
the latter aspect is under investigation.2!22
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The demonstrated chemotherapeutic effects of porphyrins! have
stimulated recent investigations into the nature of porphyrin-cell
interactions. That meso-tetra(4-N-methylpyridyl)porphine
(TMPyP) intercalates the base pairs of DNA selectively at G-C
rich regions has been well-established.?2 'H and *'P NMR ex-
periments with oligonucleotides have indicated that the preferred
sequence for intercalation of TMPyP is CpG.2" The axially ligated
metalloderivatives of TMPyP {Fe(III), Mn(III), and Co(III)} have
also been determined to bind to DNA; however, these metallo-
porphyrins were observed to bind A-T rich regions in the minor
groove.®¢ In the presence of high intensity visible light and
oxygen, various water-soluble porphyrins, including TMPyP, were
found to induce single-strand scissions in DNA.> DNA cleavage
was also observed with the metalloderivatives of TMPyP {Fe(I1I),
Mn(III), and Co(III)}, but these porphyrins generally required
reduced forms of oxygen for activity.*> The broad spectrum
reactivity of related iron hemes has been utilized in the design
of functional bleomycin models® and heme—oligonucleotide adducts
which 7are capable of cleaving complementary single-stranded
DNA.

* Author to whom correspondence should be addressed.
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Table . DNA Cleavage Results”
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no. single
components % ccc® % oc % linear strand breaks (ssb)?
pBR32 alone 80 20 0
Cu(ID) 80 (37)4 [4]¢ 20 (67) [96] 0 (0) [0] 0(0.77) [3.2]
1 62 38 0 0.26
1+ Cu(ID) 29 (0) [0] 71 (57) [55] 0 (43) [45] 1.02 (16.6) [17.3]
1+ Zn(Il) + Cu(Il)* 64 36 0 0.22
1 + neocuproine 76 24 0 0.052
1+ EDTA 79 21 0 0.016
1 + catalase 77 23 0 0.041
1 + boiled (A) catalase 62 38 0 0.26
1 + Cu(Ill) + EDTA 70 30 0 0.14
1 + Cu(Il) + catalase 74 26 0 0.081
1 + Cu(Il) + A catalase 27 73 0 1.09
TMPyP + Cu(1D) 80 (37) 20 (67) 0 (0) 0(0.77)
AMP + Cu(I) 80 20 0 0
1+ Cu(Il) + SOD 27 73 0 1.09
1 + Cu(Il) + NaOQ,CH 29 71 0 1.02
1 + Cu(ll) + EB 65 35 0 0.21

4The reduced stainability of cccDNA was corrected for by using a factor of 1.22."° ®The number of single strand breaks were calculated as
previously described.!%!1#20 ¢ Zn(1]) was added prior to Cu(II). ¢Results appearing in parentheses refer to experiments carried out in | mM DTT
for 3 h. ¢Results appearing in brackets refer to experiments carried out in | mM DTT/l mM hydrogen peroxide for 0.5 h. /Reaction components
were present at the following concentrations: pBR322 (100 uM); 1, TMPyP and 2-(aminomethyl)pyridine (AMP) (7 uM); metals (48 gM); neo-
cuproine (48 uM); EDTA (2 mM); catalase and superoxide dismutase (SOD) (60 ug/mL); sodium formate (20 mM); and ethidium bromide, EB,

(35 uM). Reactions were conducted as described in Figure 2.

We describe here DNA strand scission mediated by a tricationic
porphyrin with a metal binding appendage. The 6’-(amino-
methyl)pyridylporphyrin 1 (structure 1) was synthesized via cross
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7

1

condensation of pyrrole, 4-pyridinecarboxaldehyde, and 6-(hy-
droxymethyl)-2-pyridinecarboxaldehyde followed by subsequent
manipulations of the side chain® Spectrophotometric titrations
of 1 with various nucleic acids indicated that 1 was bound by
intercalation into poly d(G-C)-d(G-C), groove bound to poly
d(A-T)-d(A-T) and bound by a combination of these modes to
calf thymus DNA. This behavior is analogous to that of
TMPyP.%¢i Upon stepwise addition of poly d(G-C)-d(G-C) to
a solution containing 1, the Soret band (420 nm, ¢,y = 2.3 X 10°
M-I cm™) was shifted to 440 nm with a reduced absorbance (e

(7) Le Doan, T. L.; Perrouault, L.; Helene, C.; Chassignol, M.; Thuong,
N. T. Biochemistry 1986, 25, 6736-6739.

(8) (a) Other unsymmetrical porphyrins have been similarly prepared.
Sari, M. A; Battioni, J. P.; Mansuy, D.; Le Pecq, J. B. Biochem. Biophys.
Res. Commun, 1986, 141, 643-649. Also see ref Sb. (b) Spectral data for
1: 'H NMR (300 MHz, DMSO-d,) § (ppm) 9.56 (6 H, d), 9.16 (4 H, s),
9.04 (2H,d), 9.0l (8H,d),8.38 (I H,1),8.32(1 H,d),8.12(1 H, d), 4.74
(9 H,5).4.50 (2 H, s), -3.08 (2 H, s); visible eg0,m = 2.3 X 105 M~ ¢m™1,
517 (1.4 X 10%, 557 (8.9 X 10%), 583 (7.2 X 10%), 641 (2.2 X 10%).

= 1.3 X 10° M™' cm™) indicative of intercalation. On the basis
of the results of this titration, the apparent binding constant of
1 for poly d(G-C)-d(G-C) was calculated to be 7.0 X 10° M™!
(INa*] = 0.2 M, 25 °C), similar to that of TMPyP.2%¢4:

Porphyrin 1 mediated strand scission as determined by the
partial conversion of the covalently closed circular plasmid
(cccpBR322) to open circular DNA (ocDNA), a process which
requires only one nick (Figure 1, Table I). Inhibition (80-90%)
by catalase (60 ug/mL) or EDTA (2 mM) suggests that hydrogen
peroxide and adventitious metal ions participated in the cleavage
reaction. The presence of 48 uM Cu(II) stimulated DNA strand
scission; however, the other metals assayed {Zn(II), Co(II), Ni(II),
Hg(II), Pb(II), Mn(II), Fe(I1I), and Cd(II)} were unable to elicit
the same effect. These results and inhibition of cleavage by
neocuproine (48 uM) imply that copper was the adventitious metal
required for reactivity. The Cu(II)-1 system produced extensive
DNA cleavage (full length linear DNA (LDNA) and smaller
linear fragments were observed) in 1 mM DTT and 1 mM DTT/1
mM hydrogen peroxide.!®!! That hydrogen peroxide was gen-
erated in situ from molecular oxygen was demonstrated by the
observation that a solution containing Cu(II)-1 (1 mM DTT),
which had been deoxygenated by several freeze-pump—thaw cycles,
induced only 10% of the single strand breaks generated by a control
solution which had not been deoxygenated.!?

Evidence from control experiments suggests that the pendant
aminomethylpyridyl moiety of 1 was intimately involved in the
chemistry. The visible spectrum observed after incubation of 1
with poly d(G-C)-d(G-C), poly d(A-T)-d(A-T), and calf thymus
DNA, under reaction conditions analogous to those described in
Figure 1, lane 3, was characteristic of that of the free-base 1 rather
than a copper porphyrin.'*'# Furthermore, when Zn(I1) (48 uM)
had been preequilibrated with DNA-bound 1, added Cu(II) did
not accelerate the cleavage reaction. In addition, solutions con-

(9) McGhee, J. D.; von Hippel, P. H. J. Mol. Biol. 1974, 86, 469-489.

(10) The production of LDNA requires that the supercoiled plasmid be
nicked twice within the space of 16 base pairs on opposite strands. Sutcliffe,
J. G. Cold Spring Harbor Symp. Quant. Biol. 1979, 43, 77-90.

(11) For other cases of iron and copper dependent DNA cleavage, see: (a)
Hertzberg, R. P.; Dervan, P. B. Biochemistry 1984, 23, 3934-3945. (b)
Basile, L. A,; Barton, J. K. J. Am. Chem. Soc. 1987, 109, 7548-7550. (c)
Basile, L. A.; Raphael, A. L; Barton, J. K. J. Am. Chem. Soc. 1987, 109,
7550-7551.

(12) The final concentrations of the reagents were pBR322 (7 uM in base
pairs), Cu(Il) (3.4 uM), 1 (0.44 uM), and DTT (I mM).

(13) Free Porphyrin was released to the medium upon increasing the ionic
strength to 2 M.

(14) Pasternack, R. F; et al. J. Chem. Soc., Chem. Commun. 1987,
1771-1774.
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Figure 1. Cleavage of pBR 322 by 1. All reactions were carried out in
89 mM trizma, 89 mM boric acid buffer (pH = 8.3) in 13 uL total
volume at 37 °C in the dark. The concentration of pBR322 was constant
at 100 gM in base pairs: lane 1, pBR322 alone, 6 h; lane 2, 1 (7 uM),
6 h; lane 3, 1 (7 uM) and Cu(OAc), (48 uM), 6 h; lane 4, 1 (7 uM);
Cu(OAc), (48 uM), and DTT (1 mM), 3 h. After separation of the
DNA by agarose gel electrophoresis, the ethidium bromide stained gel
was photographed with a Polaroid MP-4 Land camera equipped with
Tiffen (23A) filter and Polaroid Type 665 positive /negative film. The
DNA bands were quantitated by densitometric analysis of the negative
using a Biorad 620 video densitiometer.

taining hydrogen peroxide (10 uM) and cupric acetate (48 uM)
or TMPyP (7 uM), cupric acetate (48 uM) and DTT (1 mM)
did not promote DNA cleavage beyond what was observed in the
controls, results which confirm the requirement for the amino-
methylpyridyl group on 1. Substantial inhibition (80%) by
ethidium bromide (35 uM, 5 equiv based on 1), a known inter-
calator, suggests that intercalation of the porphyrin is the binding
mode most favorable for the reaction of Cu(II)-1 with DNA. The
inability of the copper complex of 2-(aminomethyl)pyridine to
cleave DNA demonstrates that the porphyrin must direct the
chemistry of the attached chelator.

With regard to the nature of the cleavage chemistry, the Cu-
(ID)-1 system may be compared to other known Cu(II) dependent
cleaving agents such as bleomycin'® and 1,10-phenanthroline.’é
Complexed with 1,10-phenanthroline, chelated Cu(I) (generated

(15) (a) Murugesan, N.; Ehrenfeld, G. M.; Hecht, S. M. J. Biol. Chem.
1982, 257, 8600-8603. (b) Hecht, S. M.; et al. Biochemistry 1987, 26,
931-942. (c) Krishnamurthy, G. Unpublished results.

(16) (a) Sigman, D. S.; Graham, D. R.; D’'Aurora, V.; Stern, A. M. J. Biol,
Chem. 1979, 254, 12269-12272, (b) Sigman, D. S.; Graham, D. R.; Marshall,
L. E.: Reich, K. A. J. Am. Chem. Soc. 1980, 102, 5419-5421. (c) Que, B.
G.; Downey, K. M.; So, A. G. Biochemistry 1980, 19, 5987-5991. (d) Sig-
man, D. S.; Graham, D. R.; Marshall, L. E.; Reich, K. A. Biochemistry 1981,
20, 24;—250, (e) Sigman, D. S.; Goyne, T. E. J. Am. Chem. Soc. 1987, 108,
2846-2848.
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in situ) is believed to react with hydrogen peroxide (produced via
Cu(I) reduction of dioxygen) to form reactive copper species which
may then cause site-selective DNA cleavage. The involvement
of hydrogen peroxide manifested in the Cu(II)-1 system suggests
a similar redox mechanism.'”!®  Preliminary sequencing studies
have indicated that, like copper-bleomycin,'*®® Cu(I)-1 produced
DNA cleavage at discrete sites.!® Accordingly, the reactive species
responsible for DNA strand scission by 1 is suggested to be a
copper species formed upon reaction of hydrogen peroxide with
Cu(I)-1 rather than hydroxyl radical.

These results demonstrate the first example of a DNA cleaving
agent which utilizes a porphyrin solely as a DNA recognizing
element. With straightforward synthetic modifications, analogues
of 1 have been developed which show intriguing variations in
cleavage chemistry depending on the nature of the pendant
chelator. Clarification of these observations and the possible
application of this class of molecules to cancer chemotherapy are
currently under investigation.
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Surfactant aggregation in water is an intricate process. Above
a critical concentration, cooperative association sets in and the
Gibbs energy of the system is minimized through a compromise
of a variety of often opposing forces.! These forces depend both
on the molecular architecture of the surfactant and on the peculiar
solvent properties of water. The urge for optimum aggregate
stability is reflected in the rich variety of possible aggregate
morphologies, each with its particular mode of alkyl chain packing
and headgroup arrangement.?6
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