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the reaction of the analogous cuprous complex with dioxygen,?
since the latter reactions give hydroxylation of the ligand. We
are still unable at this time to distinguish between a reaction
pathway in which the olefin reacts directly with an iodosylbenzene
complex as opposed to one in which iodobenzene dissociates and
the olefin traps a reactive high-valent oxo intermediate. However,
we are able to conclude that the binuclear nature of complexes
1-3 plays an important role in determining the reactivity of the
active species. Future studies will include attempts to observe
and isolate intermediates in these reactions and to determine the
relationship of our results to oxygenation reactions catalyzed by
copper enzymes with binuclear active sites.
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We report a class of chiral sequence-specific DNA binding
molecules!? based on two netropsin analogues and the enantiomers
of di-tartaric acid: (2R,3R)- and (25,3S)-dihydroxybis(netrop-
sin)succinamide-EDTA [(R,R)- and (S,S)-1, respectively]
(Figures 1 and 2).> The enantiomeric threo-(R,R)-1 and -(S,S)-1
should afford diastereomeric complexes at common binding sites
on double-helical DNA (Figure 1). Attachment of EDTA to one
terminus of the crescent-shaped hexamides allows use of the
affinity cleaving method* to determine the differences between
(R,R)-1-Fe!! and (S,5)-1-Fe!! with regard to relative binding
affinities, sequence specificities, and orientations by analysis of
the DNA-cleavage patterns on a 3P end-labeled DNA restriction
fragment using high-resolution gel electrophoresis.® For com-
parison to the enantiomers of 1, bis(netropsin)succinamide~-EDTA

(1) (a) Fox, K. R.; Olsen, R. K.; Waring, M. J. Br. J. Pharmacol. 1980,
70, 25-40. (b) Arcamone, F. In Anticancer Agents Based on Natural Product
Models; Cassady, J. M., Douros, J., Eds.; Academic Press: New York, 1980;
pp 1-41.

(2) For studies of the binding of chiral metal complexes to right-handed
double-helical DNA, see: (a) Barton, J. K.; Danishefsky, A. T.; Goldberg,
J. M. J. Am. Chem. Soc. 1984, 106, 2172-2176. (b) Barton, J. K.; Basile,
L. A,; Danishefsky, A.; Alexandrescu, A, Proc. Natl. Acad. Sci. U.S.A. 1984,
81, 1961-1965. (c) Barton, J. K.; Lolis, E. J. Am. Chem. Soc. 1988, 107,
708-709. (d) Kumar, C. V,; Barton, J. K.; Turro, N. J. J. Am. Chem. Soc.
1988, 107, 5518-5523. For the cleavage of DNA by chiral cobalt complexes,
see: (e) Barton, J. K.; Raphael, A. L. J. Am. Chem. Soc. 1984, 106,
2466-2468. (f) Barton, J. K.; Raphael, A. L. Proc. Natl. Acad. of Sci. US.A.
1985, 82, 6460—-6464.

(3) (R,R)-1 was synthesized from optically pure (>99%) (2R,3R)-di-
hydroxysuccinic acid (L-tartaric acid) obtained from Aldrich [«]P,; +15.6°
(¢ 20, H,0). (S.S)-1 was synthesized from optically pure (99%) (2S,3S)-
dihydroxysuccinic acid (D-tartaric acid) obtained from Aldrich [a]P,; —15.2°
(c 20, H,0). The NMR, IR, UV, and mass spectral data are consistent with
the structural assignments. Synthetic details will be published elsewhere.

(4) (a) Taylor, J. S.; Schultz, P. G.; Dervan, P. B. Tetrahedron 1984, 40,
457-465. (b) Schultz, P. G.; Dervan, P. B. J. Biomol. Struct. Dyn. 1984 |,
1133-1147.

(5) Youngquist, R. S.; Dervan, P. B. Proc. Natl. Acad. Sci. U.S.A. 1985,
82, 2565-2569.

(6) This supports our observation that C4 linking units which structurally
resemble the N-methylpyrrolecarboxamide moiety allow dimeric binding of
bis(oligo-N-methylpyrrolecarboxamides). Youngquist, R. S.; Dervan, P. B.
J. Am. Chem. Soc. 1988, 107, 5528-5530.

28,38 R 25,38 r’?‘

Figure 1, Model of binding of threo-2,3-dihydroxysuccinamide portion
of 1 binding to A+T-rich double-helical DNA. Circles with two dots
represent lone pairs of electrons of N3 of adenine (A) and O2 of thymine
(T) at the edges of the base pairs on the floor of the minor groove of the
right-handed B DNA helix. (Top) Two diastereomeric binding orien-
tations of (R,R)-1 on A+T-rich double-helical DNA. (Bottom) Two
diastereomeric binding orientations of (5,5)-1 on A+T-rich double-
helical DNA.
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Figure 2. For (§,5)-1: X=0OH,Y =H. For (RR)-1. X=H, Y=
OH. For2: X=H,Y =H.

(2) was synthesized (Figure 2).

A 517-base-pair restriction fragment from plasmid pBR322
DNA, labeled with 2P on the 3’ end,®®,’ was allowed to react with
a 100-fold range of concentrations of (R,R)-1-Fell, (S,S)-1.Fe!l,
and 2-Fe!! under the same conditions (5 mM dithiothreitol, SmM
NaOAc, pH 7.9, 1.5 h, 37 °C). The DNA cleavage sites were
visualized on a DNA sequencing gel (Figure 3). Densitometric
analysis of the bottom half of the autoradiogram reveals cleavage
flanking two sites, seven-base-pairs in size, 5-TTTTTAT-3’ and
5-TAATAAT-3¥, for all three molecules (Figure 4). The binding
locations, site sizes, and orientation preferences for the three
compounds are similar. However, the concentrations of (R,R)-1,
(S,9)-1, and 2 required to achieve comparable cleavage efficiency
at these seven-base-pair A-T-rich sites vary by 2 orders of mag-
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Figure 3. Autoradiogram of **P end-labeled DNA restriction fragment
labeled at the 3" end, 517 bp in length (EcoRI/Rsal) from plasmid
pBR322 (base paris 3848-0002) on a high-resolution denaturing poly-
acrylamide gel. Lane 1, intact DNA; lane 2, Maxam—Gilbert chemical
sequencing G reaction; lanes 3—6, bis(netropsin)succinamide-EDTA-Fe!!
(2-Fe'!) at 0.5-5.0 uM concentrations; fanes 7—10 (R,R)-I-Fe” at 5.0-50
uM concentrations, (S.5)-1-Fe' at 2.5-25 uM concentrations. Bracket
on lower left side of the gel is sequence left to right in Figure 4.

-

nitude. Bis(netropsin)succinamide—~EDTA-Fe!' (2-Fe!') cleaves
DNA (100 uM in base pairs) efficiently at concentrations of 0.5
uM. (S.S)-1-Fe!' must be present at 5.0 uM concentration to
afford the same amount of cleavage while (R,R)-1-Fe!' is less
efficient even at 50 uM concentration.

According to the “n + 1 rule”, hexamides in the minor groove
should bind seven base pairs.” Observation of seven-base-pair
binding in the absence of four-base-pair binding suggests that the
dipeptide moieties for 1 and 2 bind simultaneously.® The fact
that 1 must be present in at least 10-fold greater concentration
than 2 in order to achieve equal cleavage efficiency demonstrates
an overall decrease in binding affinity upon introduction of the
threo-hydroxy groups. Since threo-dihydroxysuccinamide is
bulkier than succinamide, reduced binding affinities of 1 might
be explained on steric grounds in light of an X-ray crystallographic
study which shows that the minor groove of a B-form DNA
dodecamer is forced open by 0.5-2.0 A upon binding of netropsin.?
The observation that (S.5)-1 cleaves DNA sequence specifically
at concentrations one-tenth that required for its mirror image

(7) In a formal sense, the iron-bound EDTA moiety is a stereogenic center,
but for the purposes of this discussion, this aspect is assumed to be unimportant
with regard to the enantiomeric discrimination due to presumed lack of in-
timate association of this moiety with the DNA helix.

(8) Kopka, M. L.; Yoon, C.; Goodsell, D.; Pjura, P.; Dickerson, R. E. Proc.
Natl. Acad. Sci. US.A. 1985, 82, 1376-1380.
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Lane 3, 0.5 uM 2

32P5'—CGCCTA TTTTATAGGTTAATGTCATGATAATAATIGGTT-3'
3-GCGGATAAAAATATCCAATTACAGTACTATTATTAICCAA-5'

e

Lane 10, 50 uM (R,R)-1

32p6 CGCCTATTTTTATAGGTTAATGTCATGATAATAATIGGTT-3
3-GCGGATAAAAAT churncmug‘.\'r'rur CCAA-B'
t

Lane 12, 5.0 uM (8,8)-1

32pB-CGCCTA GTTAATGTCATGATAATAAT|GGTT-3'
3 GCGGAT CAATTACAG'{?(T: ATTI_\'%]‘_ CCAA-5
t I t

Figure 4. Histograms of common cleavage patterns for (R,R)-1, (S,5)-1,
and 2 on 517 bp DNA restriction fragment (base pairs 4334-4296 on
plasmid pBR322) from high-resolution denaturing gel (Figure 3). Ar-
rows represent amount of cleavage resulting in removal of indicated base.

Boxes define binding site location and size based on model described in
ref 4 and 5.

(R,R)-1 at identical locations demonstrates differences in sta-
bilizing and/or destabilizing binding interactions in the minor
groove for the diasteromeric complexes, (R,R)-1/DNA vs. (S,-
S)-1/DNA.

One reason for the enantiomeric selectivity could be differential
destabilization of the (2R,3R)- and (28,35)-dihydroxysuccin-
amides from their lowest energy conformations upon binding to
DNA. Crystal structures of tartaric acid derivatives reveal that
the S,S enantiomer is twisted in a right-handed sense, and the
R.R enantiomer is twisted in a left-handed sense.” If the con-
formations which give rise to this handedness persist in solution,®
then our data suggests that the right-handed twist of (5,5)-1 better
matches the minor groove of right-handed DNA than does the
left-handed twist of the enantiomer, (R,R)-1.

This result bears on the general issue of helical screw sense
recognition patterns for DNA complexation. For protein/DNA
binding, model building based on crystal structures of proteins
that regulate gene expression suggests that sequence specific
recognition is mediated by a right-handed polypeptide a-helix in
the major groove of right-handed B-DNA."" With regard to small
molecules binding in the major groove of DNA, Barton and co-
workers have found that for intercalation by (phen);Ru?* the
right-handed isomer,?*® which has the same helical screw sense
as right-handed B DNA, is preferred, while metalation by
(phen),RuCl, seems to require the left-handed configuration, a
structure complementary to the B DNA helix.*® The work re-
ported here for a chiral minor groove binder appears to be an
example of similar helical screw sense recognition.
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