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Abstract: Three-ring polyamides containing pyrrole (Py) and imidazole (Im) amino acids covalently coupled
by y-aminobutyric acid ) form six-ring hairpins that recognize five-base-pair sequences in the minor groove
of DNA. Selective chiral substitution of they“turn” enhances the properties of polyamide hairpins with
regard to DNA affinity and sequence specificity. Polyamides of core sequence composition [HPyiPyPy

which differ by selective stereochemical substitution of the prochirpbsition in they-turn were prepared.

The DNA binding properties of two enantiomeric polyamides were analyzed by footprinting and affinity cleavage
on a DNA fragment containing two match sites-{85TTA-3' and 3-ACATT-3') and one 5TGTCA-3
mismatch site. Quantitative footprint titrations demonstrate that replacemeraminobutyric acid by R)-
2,4-diaminobutyric acid enhances DNA binding affinity for tHeT&TTA-3' match site 13-foldi, = 3.8 x

1® M~Y. The enhanced affinity is achieved without a compromise in sequence selectivity, which in fact
increases and is found to be 100-fold higher relative to binding at a single base pair mismatch sequence,
5-TGTCA-3. An (S§-2,4-diaminobutyric acid linked hairpin binds with 170-fold reduced affinity relative to

the R-enantiomer and only 5-fold sequence specificity versusAZATT-3' reversed orientation site. These
effects are modulated by acetylation of the chiral amine substituents. This study identifies structural elements
which should facilitate the design of new hairpin polyamides with improved DNA binding affinity, sequence
specificity, and orientational selectivity.

slipped binding motifsas well as increase DNA binding affinity
and sequence specificity by covalently linking polyamide
subunits$=® A hairpin polyamide motif withy-aminobutyric
acid (y) serving as a turn-specific internal guide residue provides
qa synthetically accessible method for-0 linkage of polyamide
subunits (Figure 1J. Head-to-tail linked polyamides bind

Introduction

Small molecules that target specific predetermined DNA
sequences have the potential to control gene expression.
Polyamides containiny-methylpyrrole andN-methylimidazole
amino acids are synthetic ligands that have an affinity an
specificity for DNA comparable to naturally occurring DNA
binding proteind. DNA recognition depends on side-by-side
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base pait® An Im/Im pairing' is disfavored, breaking a
potential degeneracy for recognition.
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Figure 1. (top) Hydrogen bonding model of the 1:1 polyamide:DNA
complex formed between the hairpin polyamide ImPyR){\y-
PyPyPys-Dp (1-R) with a B-TGTTA-3' site. Circles with dots represent
lone pairs of N3 of purines and O2 of pyrimidines. Circles containing
an H represent the N2 hydrogen of guanine. Putative hydrogen bonds
are illustrated by dotted lines. For schematic binding model, imidazole
and pyrrole rings are represented as shaded and unshaded spher
respectively, and thg-alanine residue is represented as an unshaded
diamond. (bottom) Binding model for ImPyP$)(\y-PyPyPyS-Dp

(1-9 with a 3-TGTTA-3' site.

specifically to designated target sites with 100-fold enhanced
affinity relative to unlinked subunits. Eight-ring hairpin
polyamides bearing a single positively charged tertiary amine

J. Am. Chem. Soc., Vol. 120, No. 7, 199883

Figure 2. Computer-generated models of (left) ImPym)teNy-
PyPyPyg-Dp (gray) and (right) ImPyPyg)"\y-PyPyPygS-Dp (gray)
bound in the minor groove of a double-stranded DNA van der Waals
surface (yellow). RespectiveNHs" groups are shown in cyan. Models
are derived from the NMR structure coordinates of ImPyPyyPyPy-
Dp-5'-TGTTA-3 ® using Insightll software.

ment, frequency, and nature of charged moieties within the
hairpin structure has yet to be determined. This provided
impetus to elucidate the effects on hairpin polyamide DNA
binding by selectively placed substituents within théurn.
Analysis of the NMR structuf& of a hairpin polyamide of
sequence composition ImPyRyPyPyPy complexed with d-5
TGTTA-3 target site suggested that substitutions aithEosi-
tion of they-aminobutyric acid residue could be accommodated
within the hairpin-DNA complex. Modeling indicated that
replacing thea-H of y with an amino group that confers an
R-configuration at thex-carbon could be accommodated within
the floor and walls of the minor groove (Figures 1 and 2a).
Formally this is accomplished by substitution of theesidue
with (R)-2,4-diaminobutyric acid §"2Ny). On the other hand,
the (S)-2,4,-diaminobutyric acid $HNy) linked hairpin is
predicted to clash with the walls of the minor groove of the
DNA helix (Figures 1 and 2b). We describe here the synthesis
of a new class of chiral hairpin polyamides and their charac-
terization with regard to DNA binding affinity and sequence
specificity.
Substitution of the prochirap-turn with either enantiomer
of 2,4-diaminobutyric acid provides the dicationic six-ring
enantiomeric polyamidesH)-ImPyPy-R)HNy-PyPyPyS-Dp (1-
R) and ()-ImPyPy-8)"Ny-PyPyPyB-Dp (1-S), which were
synthesized by solid-phase methods. As a control, the mono-
cationic polyamide £)-ImPyPy-R)H:Ny-PyPyPys-EtOH (2-
R), which lacks a charge at the C-terminus, was prepared. To

curther study steric effects, the-acetamido polyamidesH)-

ImPyPy-R)*°y-PyPyPyg-Dp (3-R) and (-)-ImPyPy-§*°y-
PyPyPys-Dp (3-S) were also studied (Figure 3). The EDTA
analogues ImPyPyR)"Ny-PyPyPyS-Dp-EDTA-Fe(ll) (4-R--
Fe(ll)), ImPyPy-§H:Ny-PyPyPyS-Dp-EDTA-Fe(ll) (4-SFe-
(1)), ImPyPy-R)EDTA-Fe(ll)y-PyPyPys-Dp (5-R-Fe(ll)), and
ImPyPy-§EDTA-Fe(ll)y-PyPyPyg-Dp (5-SFe(ll)) were con-
structed to confirm the binding orientation of the modified

group at the C-terminus have been shown to be cell permeablehairpins at each DNA binding site (Figure 3).

and to inhibit the transcription of specific genes in cell cultifre.
The relationship between biological regulation and the place-

(10) Gottesfeld, J. M.; Nealy, L.; Trauger, J. W.; Baird, E. E.; Dervan,
P. B. Nature 1997, 387, 202.

We report here the DNA binding affinity, orientation, and
sequence selectivity of five six-ring hairpin polyamide®,
1-S 2-R, 3-R, and3-S for five-base-pair (5-bp) '5STGTTA-3,

(11) Baird, E. E.; Dervan, P. Bl. Am. Chem. S0d.996 118 6141.
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Figure 3. Structures of the six-ring hairpin polyamides ImPyPy-

(R)"y-PyPyPyg-Dp (1-R), ImPyPy-R)"2\y-PyPyPyS-EtOH (2-R),
ImPyPy-R)"y-PyPyPyg-Dp (3-R), ImPyPy-R)"Ny-PyPyPyS-Dp-
EDTA-Fe(ll) (4-R-Fe(ll)), and ImPyPyR)EPTAFelhy,-PyPyPyS-Dp (5-
R-Fe(ll)). Structures of the corresponding'{2Ny linked hairpins are
not shown.
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stoichiometry of the 1:1 hairpin:DNA complex. Quantitative
DNase | footprint titrations allow determination of equilibrium
association constantky) of the polyamides for respective match
and mismatch binding sites.

Results

Synthesis. Two polyamide-resins, ImPyPyR[F™°%-PyPyPy-
B-Pam-resin and ImPyPy-(8)°%-PyPyPyS-Pam-resin, were
synthesized in 14 steps from Bgealanine-Pam-resin (1 g of
resin, 0.2 mmol/g of substitution) using previously described
Boc-chemistry machine-assisted protocols (Figuré 4R)- and
(9-2,4-diaminobutyric acid residues were introduced as or-
thogonal protectedN-o-FmocN-y-Boc derivatives (HBTU,
DIEA). Fmoc-protected polyamide-resins ImPyPy -
PyPyPyS-Pam-resin and ImPyPy-(S8)Y%-PyPyPyg-Pam-resin
were treated with 1:4 DMF:piperidine (2, 30 min) to provide
ImPyPy-R)HNy-PyPyPyS-Pam-resin and ImPyPy&ftNy-Py-
PyPy#-Pam-resin, respectively. A single-step aminolysis of
the resin ester linkage was used to cleave the polyamide from
the solid support. A sample of resin (240 mg) was treated with
either (dimethylamino)propylamine (58, 18 h) to provide
1-R, 1-S 3-R, and3-Sor ethanolamine (55C, 18 h) to provide
2-R. Resin cleavage products were purified by reverse phase
HPLC to provide ImPyPyR)"Ny-PyPyPys-Dp (1-R), Im-
PyPy-§"Ny-PyPyPyg-Dp (1-S), and ImPyPy-R"Ny-Py-
PyPy#-EtOH (2-R). The stereochemical purity df-R was
determined to be>98% by Mosher amide analysi%. 1-RR
and1-R,SMosher amides were prepared by reactiod-& with
HOBL activated esters generated in situ froR)-§-methoxy-
o-(trifluoromethyl)phenylacetic acid andSfa-methoxye-
(trifluoromethyl)phenylacetic acid. For synthesis of analogues
modified with EDTA at the carboxy terminus, the amine-resin
was treated with Boc-anhydride (DMF, DIEA, 5&, 30 min)
to provide ImPyPy{R)B¢-PyPyPys-Pam-resin and ImPyPy-
(S)Boy-PyPyPyS-Pam-resin (Figure 4). A sample of Boc-resin
was then cleaved with 3;8iaminoN-methyldipropylamine (55
°C, 18 h) and purified by reversed phase HPLC to provide either
IMmPyPy-R)B%-PyPyPyB-Dp-NH, (1-R-Boc-NH;,) or ImPyPy-
(9B°%y-PyPyPyS-Dp-NH; (1-S-Boc-NH,), which afford free
primary amine groups at the C-terminus suitable for postsyn-
thetic modification. The polyamide-amin&ésR-Boc-NH, and
1-S-Boc-NH, were treated with an excess of EDTA-dianhydride
(DMSO/NMP, DIEA, 55 °C, 15 min), and the remaining
anhydride was hydrolyzed (0.1 M NaOH, 56, 10 min). The
Boc-protected EDTA-modified polyamides ImPyFg)gocy-
PyPyPys-Dp-EDTA (4-R-Boc) and ImPyPy-$)Bo%y-PyPyPy-
B-Dp-EDTA (4-S-Boc) were isolated by HPLC. Individual Boc-
EDTA-polyamides were deprotected with neat TFA (22 1
h) to provide the respective C-terminal EDTA derivatives,
ImPyPy-R)H:Ny-PyPyPyS-Dp-EDTA (4-R) and ImPyPy-

5-ACATT-3', and 3-TGTCA-3 sequences. Three separate (9"\y-PyPyPyB-Dp-EDTA (4-S). For the synthesis of ac-
techniques are used to characterize the DNA binding propertiesetamide-turn or EDTA-turn derivatives, a sample of¢hamino

of the designed polyamides: MHEe(Il) footprinting?? affinity
cleaving?® and DNase | footprinting* Information about
binding site size is gained from MPIEe(ll) footprinting, while

polyamide ImPyPyR)"Ny-PyPyPyS-Dp (1-R) or ImPyPy-
(9"Ny-PyPyPys-Dp (1-S) was treated with an excess of either
acetic anhydride or EDTA-dianhydride (DMSO/NMP, DIEA

affinity cleavage studies determine the binding orientation and 55 °C, 30 min) and the remaining anhydride was hydrolyzed

(12) (a) Van Dyke, M. W.; Hertzberg, R. P.; Dervan, P.MBoc. Natl.

Acad. Sci. U.S.A1982 79, 5470. (b) Van Dyke, M. W.; Dervan, P. B.

Sciencel984 225 1122.
(13) (a) Taylor, J. S.; Schultz, P. G.; Dervan, P.Ttrahedron1984
40, 457. (b) Dervan, P. BSciencel986 232 464.

(14) (a) Brenowitz, M.; Senear, D. F.; Shea, M. A.; Ackers, G. K.
Methods Enzymoll986 130, 132. (b) Brenowitz, M.; Senear, D. F.; Shea,

M. A.; Ackers, G. K.Proc. Natl. Acad. Sci. U.S.A986 83, 8462. (c)
Senear, D. F.; Brenowitz, M.; Shea, M. A.; Ackers, G. Biochemistry
1986 25, 7344.

(0.1 M NaOH, 55°C, 10 min). The polyamides ImPyPR)cy-
PyPyPyg-Dp (3-R), ImPyPy-§*°y-PyPyPyB-Dp (3-S), Im-
PyPy-R)EPTy—PyPyPyS-Dp (5-R) and ImPyPy-§ECTAy —
PyPyPyg-Dp (5-S) were then isolated by reverse phase HPLC.
The six-ring hairpin polyamides described here are soluble in
aqueous solution at concentrationstf0 mM.

(15) (a) Dale, J. A.; Mosher, H. S. Am. Chem. Sod973 95, 512. (b)

Yamaguchi, S. IlAsymmetric Synthesif\nalytical MethodsMorrison, J.
D., Ed.; Academic Press: New York, 1983; Vol. 1, pp $2%2.
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DIEA (55 °C, 30 min); (xxii) 0.1 M NaOH, (55°C, 10 min) (xxiii) TFA: (inset) Pyrrole, imidazole, and diaminobutyric acid monomers for
solid-phase synthesisR(-Fmoca-Boc-y-diaminobutyric acid§-R), Boc-pyrrole-OBt estét (Boc-Py-OBt) {), and imididazole-2-carboxylic adt
(Im-OH) (8).
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Figure 5. (top) lllustration of the 135-bp restriction fragment with
the position of the sequence indicated. Bar heights are proportional to
the relative protection from cleavage at each band. Binding sites
determined by MPHE-¢e(ll) footprinting and quantitated by DNase |
footprint titrations are boxed. (bottom) MFEe(Il) protection patterns

of 1.25uM ImPyPy-R)"Ny-PyPyPyS-Dp (1-R), 1.25uM ImPyPy-
(R*y-PyPyPyS-Dp (3-R), 1.25uM ImPyPy-§"2"y-PyPyPyS-Dp (1-
9), and 2.5uM ImPyPy-(S)A%-PyPyPys-Dp (3-S).

Binding Site Size and Location by MPEFe(ll) Footprint-

ing. MPE-Fe(ll) footprinting? on 3- and 3-3?P end-labeled
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Figure 6. (top) lllustration of the 135-bp restriction fragment with
the position of the sequence indicated. Line heights are proportional
to the relative cleavage at each band. Binding sites determined by-MPE
Fe(ll) footprinting and quantitated by DNase | footprint titrations are
boxed. (bottom) Affinity cleavage patterns for ImPymR)tNy-PyPyPy-

135-bp restriction fragments reveals that the polyamides, eachS-PP-EDTAFe(ll) (4-R-Fe(ll)) and ImPyPy-(RPTFethy-PyPyPyp-

at 1M concentration, bind to the 8§ GTTA-3' match site (25

mM Tris-acetate, 10 mM NaCl, 1QéM/base pair of calf thymus

DNA, pH 7.0 and 22C) (Figure 5). CompoundkR and3-R,
each at 1.25:M, protect both the cognate-3GTTA-3' site
and the single base pair mismatch sequene&GI CA-3.

Dp (5-R-Fe(ll)) at 1uM concentration and ImPyP\&[\y-PyPyPy-
B-Dp-EDTA-Fe(ll) (4-SFe(ll)) and ImPyPy-§EPTAFel)y,pypPyPy4-
Dp (5-SFe(ll)) at 10uM concentration.

mM Tris-acetate, 10 mM NaCl, 1QaM/base pair of calf thymus
DNA, pH 7.0 and 22C). The observed cleavage patterns for

Remarkably, binding sequence preferences vary for the poly- ImPyPy-RHNy-PyPyPyS-Dp-EDTA-Fe(ll) (4-R-Fe(ll)), Im-
amides depending on the stereochemistry of the amine sub-PyPy-REPTAFelDy,-PyPyPys-Dp (5-R-Fe(ll)), ImPyPy-§)H2Ny-

stituent. At 1.25:«M and 2.5uM concentration, respectively,
polyamidesl-Sand3-Sbhind a 3-ACATT-3' reverse orientation

match site in addition to the target match siteT&TTA-3'
(Figure 5). The sizes of the asymmetricallysBifted footprint

PyPyPyB-Dp-EDTA-Fe(ll) (4-SFe(ll)), ImPyPy-§EPTAFell),,-
PyPyPyg-Dp (5-SFe(ll)) (Figures 6 and 7) are in all casés 3
shifted, consistent with minor groove occupancy. In the
presence of 3.2M of 4-R-Fe(ll) and 10uM 4-SFe(ll), which

cleavage protection patterns for the polyamides are consistenthave an EDTAFe(ll) moiety at the C-terminus, a single

with 5-bp binding sites (Figure 5).
Binding Orientation by Affinity Cleaving. Affinity cleav-

age experimentd using hairpin polyamides modified with

EDTA-Fe(ll) at either the C-terminus or on theturn were

cleavage locus proximal to thé-&ide of the 5TGTTA-3' match
sequence is revealed (Figure 6). In the presence oi«B13
5-R-Fe(ll) and 10uM 5-SFe(ll), which have an EDTA~e(ll)
moiety appended to the-turn, a single cleavage locus is

used to determine polyamide binding orientation and stoichi- revealed proximal to the'&ide of the 5TGTTA-3 match
ometry. Affinity cleavage experiments were performed on the sequence (Figure 6). Cleavage loci are more concise for the
same 3 and 3-32P end-labeled 135-bp restriction fragment (25 y-turn EDTA-Fe(ll) placement relative to carboxy-terminal
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a) 4-ReFe(I1)-5'-TGTTA-3' (1 uM) (1-R (Ka = 3.8 x 10° M1) ~ ImPyPy-R)":Ny-PyPyPyp-
EtOH (2-R) (Ka = 3.3 x 10° MY > ImPyPy-R)"°y-PyPyPy-
B-Dp (3-R) (Ka= 3.0 x 10° M~1) ~ ImPyPy+-PyPyPyB-Dp
(Ka= 2.9 x 18 M~1) > ImPyPy-§"Ny-PyPyPyS-Dp (1-9
(Ka = 2.2 x 10’ M%) > ImPyPy-§~°y-PyPyPyS-Dp (3-9
(Ka < 5.0 x 10° M~1). Equilibrium association constants for
recognition of the 5TGACA-3' single base pair mismatch site
" are as follows: ImPyPyR)HNy-PyPyPyS-Dp (1-R) (Ka= 3.5
TCTGGTG C-5" x 10" M~1) ~ ImPyPy-RQ"Ny-PyPyPyB-EtOH (2-R) (Ka =
3.1 x 10’ M~1) > ImPyPy-R)*°y-PyPyPyS-Dp (3-R) (Ka <
5 x 10° M71) ~ ImPyPy+-PyPyPyS-Dp (Ko = 4.8 x 10°
M~1). The polyamides ImPyPyg["Ny-PyPyPys-Dp (1-S) and
ImPyPy-&A%-PyPyPyS-Dp (3-S) recognize the SACATT-
3’ reverse orientation sequence wikh = 4.6 x 10° M~! and
Ka < 5 x 10° M1, respectively. It should be noted that a
b) 5-R+Fe(I)-5'-TGTTA-3' (1 uM) detailed comparison of the relative mismatch binding energetics
cannot be made since thé-BGACA-3' and 3-ACATT-3'
binding sites overlap. The relative affinity of-5GTTA-3'
match site binding varies from 100-fold to 5-fold depending
| on the stereochemistry of theturn substitutions (Table 1).

5'-TCCACATTGTTAGACCACG-3"'

Discussion
£ NH - o ' . oo
3  AGGTGTAAGCAATCTGGTG C-5' Binding Site Size and Orientation. MPE:Fe(ll) footprinting

reveals that the polyamides bind with highest affinity to the
5-TGTTA-3 match site, the STGACA-3' single base pair
mismatch site for polyamidelsR and3-R, and the 5ACATT-
3' reverse orientation match site for polyamide$ and 3-S
(Figure 5). Affinity cleaving experiments using polyamides with
EDTA-Fe(ll) placed at either the carboxy terminus or fheirn
C) 4-S+Fe(I)-5'-ACATT-3' (10 pM) confirm that polyamides derived from botR)¢ and §-2,4-
diaminobutyric acid bind to the’ ST GTTA-3' target site with a
single orientation (Figure 6). The observation of a single
' cleavage locus is consistent only with an oriented 1:1 polyamide:
TCGTCCAC-3 DNA complex in the minor groove and rules out any dimeric
+ overlapped or extended binding motifs. The hairpin binding
, , model is further supported by the location of the cleavage locus
3-eCTG T. T C| Te AGCAGCTGS at either the 5 or 3-side of the 5TGTTA-3 target site
corresponding to EDTAe(ll) placement at the polyamide
Figure 7. Affinity cleavage patterns and ball-and-stick models of the carboxy-terminus or the-turn, respectively (Figures 6 and 7).
six-ri_ng EDTA-Fe(_II) an:_;tl_ogues. Bar heights are proportional to the Polyamide subunits linked byRf+zNy bind the symmetric single
relative cleavage intensities at each base pair. Shaded and nonshad ase pair mismatch sequenceT&ACA-3' in two distinct

circles denote imidazole and pyrrole carboxamides, respectively. _ . . : . . N..
Nonshaded diamonds represghalanine. The boxed Fe denotes the orientations. Polyamides linked witt§)"y bind to a &-

|1
CAT
920,20
OO
T A

EDTA-Fe(ll) cleavage moiety: (a) ImPYPRMHNy-PyPYPYA-Dp- ACATT-3' reverse orientation match sequence as revealed by
EDTA~FeEII; (4R-Fe%||)-5'-TG¥T,A(-3)') at lyyl\F/IEX;or?cer)]/tre)\/tigf; (bF; 1 aunique cleavage locus at theside of the site.

uM ImPyPy-(RFPTAFel)y,-PyPyPyB-Dp (5-R-Fe(ll)-5-TGTTA-3); (c) Binding Affinity. All six polyamides bind to the'STGTTA-

10 uM ImPyPy-@Q"Ny-PyPyPys-Dp-EDTA-Fe(ll) (4-SFe(ll)-5- 3 target site with binding isotherms (eq 2,= 1) consistent
ACATT-3). with binding as an intramolecular hairpin (Figure 9). However,

the relative match site binding affinity varies by nearly 1000-
placement, consistent with the shorter tether (Figure 7). Cleav-fold depending on the stereochemistry of théurn and the
age loci are observed at both the &nd 3-sides of the 5 nature of the substituents. Among the six polyamides, ImPyPy-
TGTCA-3 single base pair mismatch site in the presence of 10 (R)HNy-PyPyPyB-Dp (1-R) binds to the targeted & GTTA-
uM of 4-R-Fe(ll) (Figure 6). The cleavage pattern observed at 3' site with the highest affinity. ImPyPyRj"Ny-PyPyPyA-
the 3-side of the site is approximately 3-fold more intense than Dp binds with an equilibrium association constakit & 3 x
cleavage at the'side. For polyamidel-S-Fe(ll) at 10uM 1® MY, a factor of 10 greater than that of the parent
concentration, a single cleavage locus is revealed proximal to polyamide, ImPyPy-PyPyPy3-Dp, (Ko = 3 x 108 M)
the 3-side of the 5ACATT-3' reverse orientation match site  (Table 1). Replacement of the C-terminal (dimethylamino)-
(Figure 7). propylamide group ofl-R with an ethoxyamide group as in

Energetics by Quantitative DNase | Footprinting. Quan- ImPyPy+-PyPyPyB-EtOH (2-R) results in no decrease in
titative DNase | footprint titratiori4 (10 mM TrisHCI, 10 mM binding affinity (Ka= 3 x 10° M~1). Acetylation of they-turn
KCI, 10 mM MgCl, and 5 mM CaGl, pH 7.0 and 22C) were ~ amino group as in ImPyPyRjA°y-PyPyPyS-Dp (3-R) reduces
performed to determine the equilibrium association conskgt (  binding affinity 10-fold Ka= 3 x 10® M~1) relative to that of
of each six-ring hairpin polyamide for the three resolved sites 1-R.

(Figures 8 and 9). The'3GTTA-3' site is bound by polya- The observation that polyamides which differ only by
mides in the following order: ImPyPyRjHNy-PyPyPyS-Dp replacement of the (dimethylamino)propylamide grauR with
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Figure 8. Quantitative DNase | footprint titration experiment with (left) ImPymR)tNy-PyPyPyS-Dp (1-R) and (right) ImPyPy-§)"Ny-PyPyPy-

B-Dp (1-9 on the 3-end labeled 135-bp restriction fragment: lane 1, A reaction; lane 2, DNase | standard;ef®<03L nM, 0.2 nM, 0.5 nM,

1 nM, 2 nM, 5 nM, 10 nM, 20 nM, 50 nM, 100 nM, 200 nM, 500 nM, ut polyamide. The 5TGTTA-3 and B-TGACA-3' sites forl-R and

the B-TGTTA-3 and 3-ACATT-3' sites for1-Sthat were analyzed are shown on the right side of the autoradiogram. All reactions contain 20
kcpm restriction fragment, 10 mM TridCl (pH 7.0), 10 mM KCI, 10 mM Mgd, and 5 mM CaGl

binding. Furthermore, these results indicate that the observed
binding enhancement @R, in relation to ImPyPyy-PyPyPy-
B-Dp, is not simply the difference between a monocationic and
dicationic ligand binding to the polycationic DNA hefi&. The
modest increased binding affinity of polyamitidk may result
from electrostatic interactions between the precisely placed
amine group and the floor of the minor groove. Alternately,
the increased affinity could indicate a reduction in the degrees
of freedom accessible to the free hairpin in solution resulting
from a steric effect or an electrostatic interaction between the
positively charged amine group and the negative potential of
the a-carbonyl group.

Polyamides linked with §"Ny, ImPyPy-§HNy-PyPyPy-
B-Dp (1-9), and ImPyPy-§*¢y-PyPyPyS-Dp (3-9) bind to the
; ; , , , 5-TGTTA-3' match site with 100-foldK, = 2 x 10" M%)
102 1ot 1010 10 108 107 10 and 1000-fold K5 < 5 x 10° M~1) reduced affinity relative to

ImPyPy-(R)""y-PyPyPy-B-Dp / M the RNy linked polyamidel-R (Table 1). These results

Figure 9. Data from quantitative DNase | footprint titration experi- delmons_ctjrate tha’;)the DdNA E:ndlng ?ﬁ":jlty of thlral_halr[;mh
ments for ImPyPyR)*'y-PyPyPys-Dp (1-R) binding to the 5 0 {:g‘(‘;'h:rf“gf‘r; oF Preficiaby fogulated as & function of e
TGTTA-3' and 3-TGTCA-3 sites. qom points were obtained using A . T . .
storage phosphor autoradiography and processed as described in the Sequence Specificity.Polyamides with a variety of substitu-
Experimental Section. The data for the binding.d® to the 3-TGTTA- tions at they-turn bind preferentially to the'sTGTTA-3" match
3 match site is indicated by open circles and binding to tHEGACA- site, while overall specificity versus binding at reverse orienta-
3 mismatch site by closed squares. The solid curves are the best-fittion and mismatch sites is modified. Replacing th@roton
Langmuir binding titration isotherms obtained from a nonlinear least- in the y residue of ImPyPy~-PyPyPyS-Dp with an amino
squares algorithm using eq & € 1). group that confers a chirab-hydrogen R) configuration

! - ) N.,. .
an ethoxyamide grou@-R bind with similar affinity indicates provides the most specific polyamide ImPyR)"y-PyPyPy

that interactions between the cationic (dimethylamino)propyl  (16) (a) Zimmer, C.; Wahnert, LProg. Biophys. Mol. Biol1986 47,
tail group with anionic phosphate residues or the negative 31 (0) Pullman, BAdv. Drug. Res 1990 18, 1. () Breslauer, K. J.;

. - . % Ferrante, R.; Marky, L. A.; Dervan, P. B.; Youngquist, R. SSinucture
electrostatic potential in the floor of the minor groé¥enay and Expression DNA and Its Drug ComplexeSarma, R. H., Sarma, M.

not contribute substantially to the energetics of haiiMNA H. Eds; Academic Press: New York, 1988; pp 2289.

—0—5"-TGTTA-3'
—a—5'-TGACA-3'

0.8+

0.6
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Table 1. Equilibrium Association Constants (N)a°

match site reverse site mismatch site
polyamide 5-TGTTA-3 5-ACATT-3 5-TGACA-3 specificity®

ImPyPy+-PyPyPyS-Dp®® 29x 10° nd 4.8x 1(° 60
ImPyPy-R)"Ny-PyPyPyS-Dp 3.8x 10°(0.2) nd 3.5x 107 (1.0) 100
ImPyPy-§)"Ny-PyPyPys-Dp 2.2x 107 (0.8) 4.6x 1° (2.0¥ nd 5
ImPyPy-R)"Ny-PyPyPyS-EtOH 3.3x 10°(0.9) nd 3.1x 107 (0.4) 100
ImPyPy-R)A°y-PyPyPyS-Dp 3.0x 1% (1.3) nd <5.0x 1¢° >60
ImPyPy-8)A%-PyPyPys-Dp <5.0x 1¢° <5.0x 10° nd nd

@ The reported association constants are the average values obtained from three DNase | footprint titration experiments. The standard deviation
for each data set is indicated in parentheses. The assays were carried ofi€at3# 7.0 in the presence of 10 mM THECI, 10 mM KCI, 10
mM MgCl,, and 5 mM CaGl P The five base-pair binding sites are in capital lett€Specificity is calculated bi,(match site)X,(mismatch site).
d Mismatch site is 5(ACATT)-3' for ImPyPy-§"Ny-PyPyPyB-Dp (1-S and ImPyPy-§*°y-PyPyPys-Dp (3-S) as determined by MPEe(ll)

footprinting and affinity cleaving.

B-Dp (1-R). The ImPyPy-R)"Ny-PyPyPyg-Dp-5'-TGTTA-

3 complex forms with 100-fold preference relative to the
ImPyPy-R)"Ny-PyPyPyg-Dp-5'-TGTCA-3 mismatch com-
plex. Substitution of the charged (dimethylamino)propy! tail
group with an ethoxyamide group as #R does not alter
binding specificity. The modest increase in specificity against
single base mismatch sequences for polyamid&sand 2-R
(100-fold) relative to that for the parent unsubstituted hairpin
polyamide (60-fold) implicates chiral hairpin polyamides as an
optimized class of small molecules for recognition of the DNA
minor groove.

Binding Orientation. In principle, a polyamide:DNA com-
plex can form at two different DNA sequences depending on
the alignment of the polyamide (NC) with the walls of the
minor groove (53).2 A six-ring hairpin polyamide of core
sequence composition ImPyRyPyPyPy which places the
N-terminus of each three-ring polyamide subunit at theide
of individual recognized DNA strands would bind to “forward
match” 3-WGWWW-3 sequences (W A or T). Placement
of the polyamide N-terminus at thé-8ide of each recognized
strand would result in targeting “reverse match'VBCWWW-

3 sequences. For hairpin polyamides, there is an energetic

preference for “forward” alignment of each polyamide subunit
(N—C) with respect to the backbone {') of the DNA double
helix 2

In addition to decreasing the affinity for thé-5GTTA-3'
match site, replacing ther-proton of y-turn in ImPyPyy-
PyPyPyg-Dp with (9HNy changes the mismatch sequence
preference from the'STGACA-3' site bound by theR)HaNy-
linked polyamides to a 'BACATT-3' reverse match site.
Binding to the reverse site may result from the presence of the
steric bulk of the amino or acetamido groups in the floor of the
minor groove, preventing the deep polyamide binding required
for specific DNA recognition. However, an analysis of hairpin
folding requirements for “forward” and “reverse” binding reveals
an additional model.

In principle, there exist two non-superimposable hairpin folds
which are related by mirror plane symmetry (Figure 10). One
hairpin fold is responsible for the preferredt® 3 N to C
orientation, while the other fold corresponds to the®35 N
to C reverse orientation binding. For an achiral hairpin

polyamide in the absence of DNA, each non-superimposable

fold should be energetically equivalent. However, an asym-
metrically folded hairpin polyamide with a chiral substituent
could potentially display differential energetics for oriented
binding (Figure 10). In the forward folded hairpin’ @ 3 N

to C), RNy directs the amine functionality away from the
DNA helix, while the S-enantiomer is predicted to direct the
amine into the floor of the minor groove. For the “reverse”
fold hairpin, ©"Ny directs the amine functionality away from
the floor of the DNA helix, while the amine of tHe-enantiomer

NH,

,.\\\\\I

(R)-enantiomer

/r

C

N
?7

HN .
2

Figure 10. Model for chiral hairpin folding. Filled and unfilled circles
represent Py and Im residues, respectivelyamino, ando.—H are
highlighted and shown in theR{"Ny. Folding pathways leading to
hairpin structures suitable for (left) polyamide-{I€) recognition of
DNA “forward orientation” (3—3) and (right) polyamide (€N)
recognition of DNA “reverse orientation” (53'). The corresponding
stereochemistry of the-position of they-turn is highlighted for each
fold. “Forward” hairpin structure model for ImPyPy-PyPyPy was
generated from NMR structure coordin&tesing Chem3D software.
“Reverse” hairpin structure (bottom) was generated by performing a
mirror transformation of the “forward” hairpin.

is predicted to clash with the floor of the helix. The modest
enhanced specificity of chiral polyamid&ésk and2-R relative
to the unsubstituted parent hairpin may result from stabilization
of the forward binding mode and/or destabilization of the reverse
binding hairpin fold.

Implications for the Design of Minor Groove Binding
Molecules. The results presented here reveal properties of chiral
structure elements that will guide future polyamide design: (i)
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Amine substituents on theR("Ny-turn amino acid enhance
DNA binding affinity and specificity relative to the unsubstituted
parent hairpin, providing for an optimized class of hairpin
polyamides. (ii) Acetamido substituents at tfNy-turn do

not compromise affinity or specificity relative to the parent
hairpin, providing for a convenient synthetic attachment point
at the “capped” end of the molecule. (iip'Ny linked hairpins
bind with enhanced affinity to reverse orientation sights relative
to the parent hairpin, whileR)H2Ny linked hairpin binds with

Herman et al.

3.76 (s, 3 H), 3.33 (q, 2 H) = 6.3 Hz), 3.25 (q, 2 HJ = 5.7 Hz),

3.05(q, 2 HJ = 5.9 Hz), 2.96 (q, 2 HJ = 5.3 Hz), 2.71 (d, 6 H)

= 4.9 Hz), 2.32 (t, 2 HJ = 7.1 Hz), 1.95 (q, 2 HJ = 5.9 Hz), 1.70

(quintet, 2 H,J = 7.3 Hz); MALDI-TOF-MS (monoisotopic) [M+

H] 992.5 (992.5 calcd for £Hs2N170sg).
ImPyPy-(R)(R)MPAy—PyPyPy#-Dp (1-R,R). (R)-o-methoxye.-

(trifluoromethyl)phenylacetic acid (117 mg, 0.5 mmol) and HOBt (70

mg, 0.5 mmol) were dissolved in DMF (1 mL), DCC (100 mg, 0.5

mmol) was added, and the solution was agitated for 30 min &€22

A sample of the activated ester solution (209 0.05 mmol) was added

enhanced specificity relative to the parent hairpin. These to ImPyPy-R)"Ny-PyPyPys-Dp (1-R) (10 mg, 0.01 mmol), DIEA

observations indicate that-turn substituents may regulate

(50 uL) added, and the solution agitated h (22°C). DMF (1 mL)

hairpin polyamide binding orientational preference. The results followed by 0.1% (wt/v) TFA (6 mL) was then added to the reaction
presented here set the stage for preparation of a variety of newmixture and the resulting solution purified by reversed phase HPLC
chiral hairpin polyamide structures for specific recognition in (1% acetonitrile/min) under conditions which were determined to

the DNA minor groove separate the diastereomers. ImPyRyR)M™Ay—PyPyPys-Dp is
’ recovered as a white powder upon lyophilization of the appropriate

fractions (6 mg, 53% recovery)*H NMR (DMSO-ds) 6 10.50 (s, 1

Experimental Section

Materials. DNA restriction fragment labeling protocols, MHEe-
(1) footprinting, affinity cleaving, DNase | footprinting, determination

of equilibrium association constants, and quantitation by storage

phosphor autoradiography were as previously desciibedR)-a-
Methoxy-a-(trifluoromethyl)phenylacetic acid MPTA) and §-o-
methoxye-(trifluoromethyl)phenylacetic acid §MPTA) were from

H), 10.14 (s, 1 H), 9.92 (s, 2 H), 9.88 (s, 1 H), 9.2 (br s, 1 H), 8.43 (d,
1H,J=7.0Hz),8.02 (m, 3H), 7.92 (m, 1 H), 7.47 (m, 2 H), 7.41
(m, 2 H), 7.36 (s, 1 H), 7.24 (m, 1 H), 7.19 (m, 1 H), 7.15 (M, 1 H),
7.12 (m, 3 H), 7.01 (m, 2 H), 6.90 (m, 3 H), 6.83 (m, 1 H), 4.46 (g, 1
H, J = 5.5 Hz), 3.94 (s, 3 H), 3.79 (m, 9 H), 3.75 (m, 6 H), 3.32 (m,
4 H), 3.05 (m, 2 H), 2.94 (m, 2 H), 2.68 (d, 6H,= 4.0 Hz), 2.28 {(t,
2H,J=6.3Hz), 1.93 (q, 2 HJ) = 6.1 Hz), 1.66 (quintet, 2 H] =

Aldrich. Screw-cap glass peptide synthesis reaction vessels (5 and 208-0 H2), 1.18 (s, 3 H); MALDI-TOF-MS (monoisotopic) 1208.5 [

mL) with a no. 2 sintered glass frit were made as described by Kent.

IH NMR spectra were recorded on a General Electric-QE NMR
spectrometer at 300 MHz with chemical shifts reported in parts per
million relative to residual solvent. UV spectra were measured in water

on a Hewlett-Packard Model 8452A diode array spectrophotometer.

Optical rotations were recorded on a JASCO Dip 1000 digital
polarimeter. Matrix-assisted, laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF) was performed at the Protein and
Peptide Microanalytical Facility at the California Institute of Technol-

H] (12085 calcd for @7H69F3N17010).
ImPyPy-(R)(S)VT4y-PyPyPyf-Dp 1-R,S. ImPyPy-R)(SM4y-
PyPyPyg-Dp was prepared fromS-a-methoxye-(trifluoromethyl)-
phenylacetic acid as described fbiR,R (5 mg, 45% recovery):*H
NMR (DMSO-dg) 6 10.47 (s, 1 H), 10.08 (s, 1 H), 9.92 (s, 2 H), 9.88
(s,1H),9.2 (brs, 1H),8.43(d, 1 H,= 6.9 Hz), 8.02 (m, 3 H), 7.46
(m, 2 H), 7.40 (m, 2 H), 7.36 (s, 1 H), 7.23 (m, 1 H), 7.19 (m, 1 H),
7.14 (m, 1 H), 7.12 (m, 3 H), 7.01 (m, 2 H), 6.87 (m, 3 H), 6.83 (m,
1 H), 4.44 (q, 1 HJ = 6.5 Hz), 3.94 (s, 3 H), 3.79 (m, 9 H), 3.75 (m,

ogy. Preparatory reverse phase HPLC was performed on a Beckmar® H). 3.28 (m, 4 H), 3.06 (m, 4 H), 2.94 (m, 2 H), 2.69 (d, GH= 4.5

HPLC with a Waters DeltaPak 2% 100 mm, 100#km C18 column

equipped with a guard, 0.1% (wt/v) TFA, 0.25% acetonitrile/min. All

DNA manipulations were performed according to standard protd€ols.
ImPyPy-(R)HNy-PyPyPy#-Dp (1-R). ImPyPy-(Ry™%-PyPyPy-

Hz), 2.28 (t, 2 HJ = 6.5 Hz), 1.93 (q, 2 H) = 6.1 Hz), 1.66 (quintet,

2H,J=6.0Hz), 1.18 (s, 3 H); MALDI-TOF-MS (monoisotopic) [M

+ H] 1209.0 (1208.5 calcd for $HggFsN17010).
ImPyPy-(S)F2Ny-PyPyPy$-Dp (1-S). ImPyPy-§"Ny-PyPyPyp-

fB-Pam-resin was synthesized in a stepwise fashion by machine-assiste®P Was prepared as described 1oR (23 mg, 49% recovery): of]*%

solid-phase method3. (R)-2-Fmoc-4-Boc-diaminobutyric acid (0.7
mmol) was incorporated as previously described for Baoninobutyric
acid. ImPyPy-R)F™e%-PyPyPyS-Pam-resin was placed in a glass 20-
mL peptide synthesis vessel and treated with DMF (2 mL), followed
by piperidine (8 mL) and agitated (2Z, 30 min). ImPyPy{R)HNy-
PyPyPyg-Pam-resin was isolated by filtration and washed sequentially
with an excess of DMF, DCM, MeOH, and ethyl ether and the amine-
resin dried in vacuo. A sample of ImPyPR)(Ny-PyPyPys-Pam-
resin (240 mg, 0.18 mmol*§) was treated with neat (dimethylamino)-
propylamine (2 mL) and heated (8&) with periodic agitation for 16

h. The reaction mixture was then filtered to remove resin, 0.1% (wt/
v) TFA added (6 mL), and the resulting solution purified by reversed
phase HPLC. ImPyPyR)"Ny-PyPyPyg-Dp is recovered upon lyo-
philization of the appropriate fractions as a white powder (32 mg, 66%
recovery): %% +14.6 € 0.05, HO); UV (H20) Amax 246, 310
(50 000);*H NMR (DMSO-dg) 6 10.56 (s, 1 H), 10.47 (s, 1 H), 9.97
(s,1H),9.94 (s, 1H),9.88 (s, 1H),9.4 (brs, 1H), 8.28 (s, 3H), 8.22
(m, 1 H), 8.03 (m, 2 H), 7.38 (s, 1 H), 7.25 (d, 1 Bi= 1.6 Hz), 7.22
(d,1H,J=15Hz),7.19(d, 1 H)=15Hz),7.16 (d,1HJ=1.6
Hz), 7.14 (d, 1 HJ = 1.8 Hz), 7.12 (d, 1 HJ = 1.7 Hz), 7.03 (m, 2

H), 6.95(d, 1 HJ=1.6 Hz), 6.91 (d, 1 H) = 1.6 Hz), 6.85 (d, 1 H,
J=1.6 Hz), 3.96 (s, 3 H), 3.83 (s, 3 H), 3.81 (m, 6 H), 3.79 (s, 3 H),

(17) Kent, S. B. HAnnu. Re. Biochem 1988 57, 957.

(18) Sambrook, J.; Fritsch, E. F.; Maniatis,Molecular Cloning Cold
Spring Harbor Laboratory: Cold Spring Harbor, NY, 1989.

(19) Resin substitution can be calculated_as, (mmol/g) = Lod/(1 +
Lold(Whew — Woid) x 1078), wherelL is the loading (mmol of amine per g
of resin) andw is the weight (gmol?) of the growing polyamide attached
to the resin. See: Barlos, K.; Chatzi, O.; Gatos, D.; StravropoulomtG.
J. Peptide Protein Re4991, 37, 513.

—14.2 € 0.04, HO); *H NMR (DMSO-d;) identical to that forl-R;
MALDI-TOF-MS (monoisotopic) [M+ H] 992.5 (992.5 calcd for
C47H 62N 1708) .

ImPyPy-(R)HNy-PyPyPy$-EtOH (2-R). A sample of ImPyPy-
(RHNy-PyPyPyg-Pam-resin (240 mg, 0.18 mmolfywas treated with
neat ethanolamine (2 mL) and heated (&3 with periodic agitation
for 16 h. The reaction mixture was then filtered to remove resin, 0.1%
(wt/v) TFA added (6 mL), and the resulting solution purified by reversed
phase HPLC to provide ImPyPR)HNy-PyPyPys-EtOH as a white
powder upon lyophilization of the appropriate fractions (21 mg, 46%
recovery): B]?% +18.6 € 0.04, HO); UV (H20) Amax 246, 310
(50 000);*H NMR (DMSO-ds) 6 10.55 (s, 1 H), 10.48 (s, 1 H), 9.97
(s, 1 H), 9.94 (s, 1 H), 9.89 (s, 1 H), 8.24 (m, 4 H), 8.00 (t, 134
4.1 Hz), 7.89 (t, 1 H) = 5.8 Hz), 7.38 (s, 1 H), 7.25 (d, 1 H,= 1.6
Hz), 7.22 (d, 1 HJ = 1.6 Hz), 7.21 (d, 1 HJ = 1.5 Hz), 7.16 (m, 2
H), 7.14 (d, 1 HJ = 1.6 Hz), 7.03 (d, 1L H) = 1.7 Hz), 6.99 (d, 1 H,
J=1.4Hz),6.95(d, 1 H)=1.6 Hz), 6.91 (d, 1 H) = 1.5 Hz), 6.78
(d,1H,J=1.5Hz), 5.33 (m, 1 H), 3.95 (s, 3 H), 3.83 (s, 3H), 3.81
(m, 6 H), 3.79 (s, 3 H), 3.76 (s, 3 H), 3.37 (q, 2 H= 6.2 Hz), 3.07
(0, 2 H,J=5.9 Hz), 2.29 (t, 2 HJ = 7.1 Hz), 1.93 (9, 2 H) = 5.8
Hz), 1.20 (m, 4 H); MALDI-TOF-MS (monoisotopic) [M- H] 951.4
(9514 calcd for G:4H55N1609).

ImPyPy-(R)A°y-PyPyPy#-Dp (3-R). A sample of ImPyPyR)"Ny-
PyPyPyg-Dp (4 mg) in DMSO (1 mL) was treated with a solution of
acetic anhydride (1 mL) and DIEA (1 mL) in DMF (1 mL) and heated
(55 °C) with periodic agitation for 30 min. Residual acetic anhydride
was hydrolyzed (0.1 M NaOH, 1 mL, 58, 10 min), 0.1% (wt/v)
TFA was added (6 mL), and the resulting solution was purified by
reversed phase HPLC to provide ImPym)ACy-PyPyPyS-Dp as a
white powder upon lyophilization of the appropriate fractions (2 mg,



Stereochemical Control in the DNA Minor Gro®

50% recovery): §]2° +20.5 € 0.06, HO); UV (H20) Amax 242, 304
(50 000);'H NMR (DMSO-ds) 6 10.49 (s, 1 H), 10.06 (s, 1 H), 9.94
(m, 2 H), 9.00 (s, 1 H), 9.4 (brs, 1 H), 8.21 (d, 1 H+= 7.8 Hz), 8.06
(m, 2 H),8.00(t,1HJ=6.2Hz),7.39(s,1H),7.27(d,1®,=1.7
Hz), 7.21 (d, 1 HJ = 1.6 Hz), 7.18 (m, 2 H), 7.14 (m, 2 H), 7.03 (m,
2H),6.90(d,1HJ=16Hz),6.86(m,2H),443(q, 1H,=75
Hz), 3.96 (s, 3 H), 3.82 (m, 9 H), 3.73 (m, 6 H), 3.37 (9, 2H+ 5.8
Hz), 3.11 (g, 2 HJ = 6.9 Hz), 2.98 (g, 2 HJ) = 5.4 Hz), 2.79 (q, 2
H,J= 5.3 Hz), 2.71 (d, 6 H) = 4.7 Hz), 2.33 (t, 2 HJ = 6.2 Hz),
1.97 (s, 3 H), 1.70 (quintet, 2 H,= 6.0 Hz) MALDI-TOF-MS (av)
1035.1 (1035.2 calcd for M- H).

ImPyPy-(S)*y-PyPyPy#-Dp (3-S). ImPyPy-§)*°y-PyPyPys-Dp
was prepared as described 8R (2 mg, 50% recovery): o]° —16.4
(c0.07, HO); 'H NMR (DMSO-dg) is identical to that foB-R; MALDI-
TOF-MS (monoisotopic) [Mt+ H] 1034.6 (1034.5 calcd for &gHsaN170x).

ImPyPy-(R)B°%-PyPyPy##-Dp-NH; (4-R-Boc-NH,). A sample of
ImPyPy-R)"Ny-PyPyPyS-Pam-resin (300 mg, 0.18 mmol?y was
treated a solution of Boc-anhydride (500 mg) and DIEA (1 mL) in
DMF (4 mL) and heated (58C) with periodic agitation for 30 min.
ImPyPy-R)Bcy-PyPyPyS-Pam-resin was isolated by filtration and
washed sequentially with an excess of DMF, DCM, MeOH, and ethyl
ether, and the dried in vacuo. A sample of ImPyRy{¢y-PyPyPy-
B-Pam-resin (240 mg, 0.18 mmol®y was treated with neat 3;3
diaminoN-methyldipropylamine (2 mL) and heated (5%) with
periodic agitation for 16 h. The reaction mixture was then filtered to
remove resin, 0.1% (wt/v) TFA added (6 mL), and the resulting solution
purified by reversed phase HPLC to provide ImPyRy{¢-PyPyPy-
B-Dp-NH; as a white powder upon lyophilization of the appropriate
fractions (18 mg, 36% recovery)oJ?% —30 (c 0.05, HO); UV (H0)
Amax 240, 306 (50 000)*H NMR (DMSO-ds) 6 10.59 (s, 1 H), 10.16
(s, 1 H), 10.04 (m, 2 H), 10.00 (s, 1 H), 9.4 (br s, 1 H), 8.31 (d, 1 H,
J=7.8Hz), 816 (m, 2 H), 8.10 (t, 1 Hl = 6.2 Hz), 7.89 (t, 1 HJ
=5.8Hz), 7.49 (s, 1 H), 7.37 (d, 1 H,= 1.7 Hz), 7.22 (d, 1 HJ =
1.6 Hz), 7.21 (d, 1 H) = 1.5 Hz), 7.16 (m, 2 H), 7.14 (d, 1 H,=
1.6 Hz), 7.03 (d, 1 HJ = 1.7 Hz), 6.99 (d, 1 HJ = 1.4 Hz), 6.95 (d,
1H,J= 1.6 Hz), 6.91 (d, 1 H) = 1.5 Hz), 6.78 (d, 1 H) = 1.5 Hz),
5.33 (m, 1 H), 3.95 (s, 3 H), 3.83 (s, 3H), 3.81 (m, 6 H), 3.79 (s, 3 H),
3.76 (s, 3 H), 3.37 (q, 2 H) = 6.2 Hz), 3.07 (g, 2 HJ = 5.9 Hz),
2.29 (t, 2 H,J = 7.1 Hz), 1.93 (g, 2 HJ = 5.8 HZz), 1.20 (M, 4 H);
MALDI-TOF-MS (monoisotopic) [M+ H] 1135.3 (1135.6 calcd for
C54H 75N 18010) .

ImPyPy-(S)Boty-PyPyPy$-Dp-NH, (4-S-Boc-NH,). ImPyPy-
(S)Becy-PyPyPyS-Dp-NH, was prepared as described $8R. (16 mg,
32% recovery): ¢]*» —30 (€ 0.05, HO); *H NMR (DMSO-ds) is
identical to4-R-Boc-NH,; MALDI-TOF-MS (monoisotopic) [M+ H]
1135.4 (1135.6 calcd for €gH75N1g010).

ImPyPy-(R)E°%-PyPyPy#-Dp-EDTA (4-R-Boc). Excess EDTA-
dianhydride (50 mg) was dissolved in DMSO/NMP (1 mL) and DIEA
(1 mL) by heating at 58C for 5 min. The dianhydride solution was
added to ImPyPyR)B°¢y-PyPyPys-Dp-NH, (10.4 mg, 10umol)
dissolved in DMSO (75QiL). The mixture was heated (58, 25
min) and the remaining EDTA-anhydride hydrolyzed (0.1 M NaOH, 3
mL, 55°C, 10 min). Aqueous TFA (0.1wt %/v) was added to adjust
the total volume to 8 mL and the solution purified directly by reversed
phase HPLC to provide ImPyPR)E-PyPyPys-Dp-EDTA (4-R-
Boc) as a white powder upon lyophilization of the appropriate fractions
(4 mg, 40% recovery): MALDI-TOF-MS (monoisotopic) [M- H]
1409.6 (1409.7 calcd for ggHggN20017).
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ImPyPy-(S)B°%-PyPyPy8-Dp-EDTA (4-S-Boc). ImPyPy-&)Bocy-
PyPyPyg-Dp-NH; (12.0 mg, 12umol) was converted td-S-Boc as
described for4-R-Boc (4 mg, 33% recovery): MALDI-TOF-MS
(monoisotopic) [M+ H] 1409.7 (1409.7 calcd for §&HggN20O17).

ImPyPy-(R)HNy-PyPyPy-Dp-EDTA (4-R). A sample of Im-
PyPy-R)Boy-PyPyPys-Dp-EDTA (2.1 mg) in DMSO (75QiL) was
placed in a 50-mL flask and treated with TFA (15 mL, 22, 2 h).
Excess TFA was removed in vacuo, water added (6 mL), and the
resulting solution purified by reversed phase HPLC to provide ImPyPy-
(RM"Ny-PyPyPys-Dp-EDTA as a white powder upon lyophilization
of the appropriate fractions (1.3 mg, 50% recovery): MALDI-TOF-
MS (monoisotopic) [M+ H] 1309.5 (1309.6 calcd for 4gHgiN2¢O1s).

ImPyPy-(S)HNy-PyPyPy#-Dp-EDTA (4-S). ImPyPy-©)Bocy-Py-
PyPy#-Dp-EDTA (3.0 mg) was converted #Sas described fo4-R
(1 mg, 33% recovery): MALDI-TOF-MS (monoisotopic) [M- H]
1309.5 (1309.6 calcd for ggHgiN2¢O1s).

ImPyPy-(R)EPTA»-PyPyPy$-Dp (5-R). Excess EDTA-dianhydride
(50 mg) was dissolved in DMSO/NMP (1 mL) and DIEA (1 mL) by
heating at 55°C for 5 min. The dianhydride solution was added to
ImPyPy-R)"Ny-PyPyPys-Dp (1.0 mg, lumol) dissolved in DMSO
(750uL). The mixture was heated (5%, 25 min), and the remaining
EDTA-anhydride was hydrolyzed (0.1 M NaOH, 3 mL, 85, 10 min).
Aqueous TFA (0.1 wt/v) was added to adjust the total volume to 8 mL
and the solution purified directly by reversed phase HPLC to provide
5-R as a white powder upon lyophilization of the appropriate fractions
(0.6 mg, 60% recovery). MALDI-TOF-MS (monoisotopic) [M H]
1266.4 (1266.6 calcd for gH76N19015).

IMmPyPy-(S)EPTAp-PyPyPy#-Dp (5-S). ImPyPy-QEPTAy—PyPyPy-
p-Dp was prepared fronl-S as described fo5-R (6.8 mg, 16%
recovery): MALDI-TOF-MS (monoisotopic) [M+ H] 1266.5 (1266.6
calcd for C57H76N19015).

Preparation of 3- and 5-End-Labeled Restriction Fragments.
The plasmid pMM5 was linearized with EcoRI and BsrBl and then
either 3- or 5-32P end-labeled 135-bp fragment isolated as described.
Chemical sequencing reactions were performed according to published
methods?
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