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I11).'® The synthetic zincophorin methyl ester was identical with
a sample prepared by esterification of natural zincophorin by
spectroscopic (490-MHz 'H NMR, IR), optical rotation,'® and
chromatographic criteria.
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Although there has been some encouraging success with regard
to building synthetic molecules that bind large sequences of pure
A, T-rich double-helical DNA, there has not been corresponding
success in the development of well-understood G,C recognition.!
Progress in this area is an important component in an overall
strategy of coupling G,C words and A,T words into sentences that
uniquely recognize long sequences of right-handed DNA.!-3

The natural products netropsin and distamycin are DNA
groove-binding molecules that bind sites of four or five successive
A,T base pairs and in general avoid regions with G,C pairs'34
(Figure 1). The recent x-ray structure of a netropsin—-DNA
cocrystal suggests how base sequence information retrieval is
accomplished.” The crescent-shaped netropsin sits in the middle
of the minor groove of a pure A,T sequence with the aromatic
hydrogens of the N-methylpyrrole rings set too deep in the groove
to allow room for the guanine NH, of a G,C pair.> We have been
making systematic substitutions on the tris(/N-methylpyrrole-
carboxamide) framework (D) of distamycin to search for altered
base pair specificity.

We report that replacement of a terminal N-methylpyrrole-
carboxamide unit of distamycin with pyridine-2-carboxamide
affords a new DNA groove-binding molecule, pyridine-2-
carboxamide-netropsin (2-PyN), that now accepts mixed (G,C)-
(A,T) base pairs in preference to pure A, T stretches of DNA. The
design is based on placement of the lone pair of electrons of the
pyridine nitrogen proximal to the NH, of guanine to afford a
hydrogen bond for G,C base pair recognition. Based on this model,
our expectations were that 2-PyN should bind the mixed four base
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C.; Goodsell, D.; Pjura, P.; Dickerson, R. E. J. Mol. Biol. 1985, 183, 553-563.
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Figure 1. R = H for D and 2-, 3-, and 4-PyN. R = (CH,),NHCOC-
H,N(CH,CO,H)CH,CH,N(CH,CO,H), for ED and 2-, 3-, and 4-
PyNE.

= =
& Vg b
EL;J Ll
222222
- rdddada
= i o0
no waod T M
| 2 6 789I0Il
L
-

.

X TRE
O 2

L e
w w 2

T ——— e ' 2-PyN

i

CoveroarebERE W A e

§

I

Figure 2. Autoradiogram of a high-resolution denaturing polyacrylamide
gel, 3P 5 end-labeled DNA. Lane I, intact DNA; lane 2, Maxam—
Gilbert chemical sequencing G reactions; lanes 3-5, 8, and 9, footprinting
lanes with MPE-Fe(II) at 5 uM; lane 3, MPE-Fe(I1) control; lane 4, D
at 1 uM concentration; lane 5, 2-PyN at 10 uM; lane 6, ED-Fe(II) at
2.5 uM; lane 7, 2-PyNE-Fe(II) at 50 uM; lane 8, 3-PyN at 4 uM; lane
9, 4-PyN at 4 uM,; lane 10, 3-PyNE-Fe(II) at 10 uM; lane 11, 4-
PyNE-Fe(ll) at 7 uM.
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pair sequence 5-(G,C)(A,T);-3" with an orientation of the py-
ridinecarboxamide to the G,C side.

© 1987 American Chemical Society



Communications to the Editor

D at 1 uM/MPE Fe(ll)

lJ h+ (2% vy
32P5I-TACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTT
3 - ATGCGGATAAAAATATCCAATTACAGTACTATTATTACCAA
1l|p 1 t
2-PyNE-Fe(Il) at 50 uM
W ll¢ ¢M¢
32P5:-TACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTT
3 - ATGCGGATAAAAATATCCAATTACAGTIACTATTATTACCAA
*TT‘ TI? *IT?

Figure 3. Base pairs 4337 to 4295 of plasmid pBR322. Top strand
(5’-3’) data from Figure 2. Bottom strand (3-5) data not shown. (Top
half) MPE-Fe(II) footprints of D and 2-PyN. Bar heights of histogram
represent protection from cleavage by MPE-Fe(II}. (Bottom half) Af-
finity cleavage patterns of ED-Fe(II) and 2-PyNE. Length of arrows
represents intensity of cleavage. Boxes are binding sites assigned on the
basis of models presented in ref 1.

Comparison of equilibrium binding sites of the natural product
analogue D and the synthetic 2-PyN was determined to nucleotide
resolution by MPE-Fe(II) footprinting!® and by the affinity
cleaving method!” using EDTA-distamycin (ED) and pyridine-
2-carboxamide—netropsin—-EDTA (2-PyNE). Sequencing analysis
was carried out on a 517 EcoRI/Rsal fragment of plasmid
pBR3227¢ (Figures 2 and 3). MPE-Fe(II) footprinting reveals
that the tripeptide D binds three sites (5'-3")TTTTT, TTAAT,
and AATAA. 2-PyN binds only the TTTTT site and a new site
5-TGTCA-3’ (Figure 3). Affinity cleaving reveals that ED-Fe(II)
binds one strong site TTTTT. 2-PyNE-Fe(II) binds the same
TTTTT site weakly and one new strong site 5'-TGTCA-3’ (Figure
3). Further up on the 517 bp restriction fragment, densitometric
analysis reveals another strong site, -TGTCT-3’, and two weak
sites, 5-TGTAT-3’ for 2-PyNE. These weak sites show no strong
orientation preference. With regard to relative binding affinities,
DE-Fe(II) and 2-PyNE-Fe(II) cleave their respective strong sites
with comparable efficiency at 2.5 and 50 uM, respectively. D
and 2-PyN afford comparable footprints at 0.4 and 10 uM, re-
spectively.
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1985, 13, 4825.
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1133. (c) Youngquist, R. S.; Dervan, P. B. Proc. Natl. Acad. Sci. U.S.A.
1985, 82, 2565.
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Figure 4. Hypothetical model for 2-PyN binding to 5'-GTC-3’. Circles
with two dots represent lone pairs of electrons on N3 of adenine and
guanine and on O2 of cytidine and thymine. Circles containing an H
represent the N2 hydrogen of guanine. Dashed lines are proposed hy-
drogen bonds.

As controls, two isomers of 2-PyN were synthesized. From
footprinting (Figure 2, lanes 8, 9) and affinity cleaving (Figure
2, lanes 10, 11) we find that pyridine-3-carboxamide—netropsin
(3-PyN and 3-PyNE) and pyridine-4-carboxamide-netropsin
(4-PyN and 4-PyNE) showed binding specificity similar to the
distamycin analogue D and not 2-PyN. This suggests that the
position of the nitrogen in pyridine-2-carboxamide is a key feature
for the recognition of G,C base pairs.

Although the apparent strong site 5-TGTCA-3’ for 2-PyN from
footprinting and affinity cleaving data might be explained by two
four base pair sites overlapping with opposite orientation pref-
erence, 5-TGTC-3’ and 5'-TGAC-3’, some observations remain
unexplained. The initial working hypothesis predicts -TGTAT-3’
should be a strong binding site with the picolinamide oriented to
the G,Cside. Yet we observe that S“TGTAT-3’ is a weak binding
site with no orientation preference. Moreover, the strong binding
sites for 2-PyN contain a central 5'-GTC-3 sequence. This
specificity of 2-PyN for G,C base pairs in the first and third base
pair positions demands a revision of the original model. It is known
that picolinamide chelates divalent metals with both the nitrogen
and carbonyl functional groups.® Therefore, one possible expla-
nation for G,C recognition in the first base pair position is the
formation of a three-center hydrogen bond between the NH, of
guanine and the lone pairs of electrons on the nitrogen of pyridine
and the carbonyl of the picolinamide. Rotation of the pyridine
carbonyl toward the floor of the helix would shift the position of
the bis(/V-methylpyrroles) of 2-PyN in the minor groove of DNA
such that one could imagine that the carbonyl on the terminal
pyrrolecarboxamide of 2-PyN also rotates inward to hydrogen
bond to the NH, of a guanine located in the third base pair
position (Figure 4). If this is true, this suggests that the carbonyl
of pyrrolecarboxamides as well as pyridine-2-carboxamide could
be used as a G,C recognition feature if properly aligned in the
minor groove of DNA.?
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