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Abstract—Hairpin polyamides are high-affinity, sequence selective DNA binders. The use of a safety-catch linker for the solid phase
synthesis of hairpin polyamides allows for easy preparation of derivatives ready for chemoselective ligation with unprotected pep-
tides. Examples of ligations reported include thioether bond formation and thioester-mediated amide bond formation (‘Native
Chemical Ligation’). © 2002 Elsevier Science Ltd. All rights reserved.

Non viral gene delivery systems represent a promising
approach for gene therapy and for vaccination, but the
efficiency of DNA transfection needs to be improved.
Therefore increasing attention is given to methodologies
which allow the functionalization of plasmid DNA with
full control of stoichiometry and point of attachment.!
We are focusing our efforts on the production of syn-
thetic molecules consisting of two moieties: a DNA-
binding moiety, connected, through a flexible arm, to
another moiety providing a desired property. Examples
of the latter are ligands for receptor targeting, nuclear
localization signal peptides, and so on (see also Table 1).
For the DNA-binding moiety, our choice fell on the
minor groove-binding hairpin polyamides developed by
Dervan and co-workers,? because of their high affinity for
a given DNA sequence, high on-rate of complex forma-
tion, and good solubility and cell permeability properties.
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For our experiments, we selected polyamide 1, which is
reported to have an extremely high affinity (K3=0.05
nM) and selectivity for the DNA sequence TGCTGCA .3

The final goal, that is to endow plasmid DNA with the
functional moieties which best improve transfection
efficiency, calls for a flexible strategy to prepare several
peptide conjugates with the same DNA-binding moiety.
Direct assembly of the peptide—polyamide conjugate on
solid phase is possible,* but a separate synthesis is
required for each derivative. A better alternative is
therefore the chemoselective condensation of the two
(unprotected) moieties. An example of this approach,
using thioester-mediated ligation (‘Native Chemical
Ligation’)® has been described recently.® The reactions
to attach the thioester group to the polyamide are per-
formed in solution, with intermediate purification steps.

Thiol-Containing Polyamides with Connecting Arms of
Variable Length and Structure

To readily produce a range of polyamides, incorporat-
ing a chemoselective function at the end of variable-
length connecting arms, we decided to take advantage
of the properties of Kenner’s safety-catch linker’ (as
modified by Backes and Ellman).® Since cleavage by
nucleophilic displacement is effective with near-stoi-
chiometric amounts of reagent, we could economically
use functionalized amines of increasing complexity. In
particular, amines containing a trityl protected thiol
moiety were suitable for the well-known thioether
ligation.”
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Polyamide synthesis was carried out on commercially
available 4-sulfonamidobutyryl polystyrene resin
(NovaBiochem). This resin allows the use of both Boc
and Fmoc chemistry.!® Commercially not available
monomers for Boc chemistry were prepared as reported
in the literature!! with the exception of pyrroles, which
were used as the more reactive HOA' esters 3'? instead
of the published HOBt derivatives.!! The HOAt esters 3
gave better coupling yields with shorter reaction times
(Scheme 1).
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Scheme 1. Reagents and conditions: (a) HOAt, DMAP, EDCA,
CH,Cl,, 12 h.

Fmoc-pyrrole was prepared according to Vazquez et
al.'® In our hands, Boc- and Fmoc-based chemistry
performed equally well in terms of yield and product
quality (Scheme 2).
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Scheme 2. Reagents and conditions: (a) XPAla (where X=Boc or
Fmoc), DIPC, DMAP, CH,Cly; (b) Fmoc chemistry: 20% piperidine in
DMF; Boc chemistry: TFA, thiophenol, CH,Cl,, (c) activated Pyr:
DIPEA, DMF; other acids: EDCA, HOAt, DMAP, DMF; (d) iodo-
acetonitrile, DIPEA, DMF, 4 h; (e¢) RNH, (2 equiv), DIPEA, DMF,
12 h, then isocyanate resin.

Linker activation with trimethylsilyl-diazomethane®
proceeded smoothly, but the subsequent cleavage was
slow, worsening with increasing size of the cleaving
amine. Activation by iodoacetonitrile® gave better
results, and by maintaining reaction times less than 4 h
we could avoid polyamide alkylation.'

Thiol amine 9 was chosen as the shortest amine joining
the 3-methylaminopropyl motif and a thiol group for
peptide ligation.!> Trityl mercaptoacetic acid was acti-
vated as N-hydroxysuccinimide ester and reacted with
3,3’-diamino- N-methyldipropylamine (Scheme 3).
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Scheme 3. Reagents and conditions: (a) N-hydroxysuccinimide, DCC,
THF; (b) 3,3'-diamino-N-methyldipropylamine (20 equiv), CH,Cl,.

For ligations involving larger peptide moicties, we also
wanted a longer connecting arm, and we prepared the
thiol amine 13 (Scheme 4).!® We used a solid-phase
approach based on the safety-catch linker, which is suit-
able for the rapid preparation of a connecting arm of
any length, by alternating diglycolic acid and 3,3'-dia-
mino-N-methyldipropylamine units.!”-!8
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Scheme 4. Reagents and conditions: (a) diglycolic acid anhydride,
DMAP, DIPEA, DMF; (b) CDI, HOBt, 3,3'-diamino-N-methyl-
dipropylamine, DMF; (c) DIC, HOBt, 7, DMF; (d) TMSCHN,, THF;
(e) 3,3’-diamino-N-methyldipropylamine, DMF.

Displacement of the polyamide from the activated
resin'® proceeded smoothly at room temperature. Fol-
lowing displacement, the small excess of unreacted
amine was trapped with a 4-fold excess of thiocyanate
resin, and the crude product was directly treated with
TFA/TIPS in CH,Cl, (Scheme 5).

Chromatographic purification yielded the polyamide
thiols 6a and 6b, ready for ligation with bromoacetyl-
derivatized peptides.?’
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Scheme 5. Reagents and conditions: (a) amines 9, 13 or 17, DIPEA,
DMF; (b) TFA, TIPS, CH,Cl,.

In 1998, Dervan et al.* proposed, as an alternative to
3,3-dimethylaminopropylamine as C-terminal poly-
amide tail, the tripeptide ArgProArg, which added an
interaction with the phosphate groups of DNA, while
maintaining selectivity and affinity. We prepared the
protected thiol derivative (15) of this peptide according
to Scheme 6.

By contrast with the ready displacement observed with
amines 9 and 13, amine 15 did not react with the acti-
vated linker. Heating the reaction solution to 80°C (as
suggested in ref 23) resulted in part in the formation of
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Scheme 6. Reagents and conditions: (a) 1,3-diaminopropane, 20
equiv; (b) (i) Fmoc aminoacid, EDCA, CH,Cl,; (ii) 4-aminomethyl-
piperidine, CH,Cl,, flash chromatography on silica gel; (c) TFA,
CH,Cl,, anisole; (d) BF3-2Et,0, triphenylmethanol, HOAc, CH,Cl,.

the unwanted polyamide thioester, derived from thiol
deprotection and subsequent nucleophilic attack on the
alkylated acylsulfonamide linker moiety.?> Having
attributed the lack of reactivity to the steric bulk of the
arginine protecting groups, from 15 we proceeded to
thiol amine 17,%! containing the unprotected tripeptide.
Indeed, 17 was able to cleave polyamide 5 from the resin
at room temperature, yielding 6¢.2°

The above findings highlight two features of general
relevance: (i) direct displacement from the resin can be
efficiently performed with unprotected peptides, pro-
vided no free amines/free thiols are present in the
sequence (these would compete with the N-terminal
amino group); (i) thiol displacement from the safety-
catch linker readily forms the thioester of the hairpin
polyamide, which can be used for conjugation to
N-terminal cysteine peptides via Native Chemical Lig-
ation. This method is simpler than the solution-phase
derivatization of Mapp and Dervan,® and we decided to
explore it further.

C-Terminal Thioester Hairpin Polyamides and Native
Chemical Ligation

Starting from resin bound polyamide 18 (precursor of
1), we prepared thioester 19, essentially as previously
described for standard peptides.?? The safety-catch lin-
ker was activated through alkylation with iodoacetoni-
trile, and the resin treated with a 2:1 solution of DMF
and ethyl 3-mercaptopropionate together with a cataly-
tic amount of sodium thiophenoxide for 12 h.>* The
resulting polyamide thioester 19 was obtained as a crude
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material in 41% yield, and used as such for ligation with
the peptide CMVEYPYRYV (20, C-terminal carboxy-
amide). The reaction however proceeded slowly. HPLC
analysis showed that the ethyl 3-mercaptopropionate
thioester was not appreciably converting into the thio-
phenol thioester (21). We attributed this unexpected
failure of thiol exchange to the lack of an electron-
withdrawing amido group in alpha position of the
amino acid, and prepared directly the more activated
species 21.%° Indeed, equivalent amounts of peptide 20
and thioester 21 underwent complete ligation in 12 h.?¢

Chemoselective Thioether Ligation

The majority of conjugates for our investigation were
prepared by thioether ligation. The bromoacetyl-pep-
tide precursors were synthesized by standard solid-
phase Fmoc chemistry, and the sequences are shown in
Table 1.

Table 1. Bromoacetyl-peptide derivatives

Bromoacetyl-peptides®

GPGSDDEAAADAQHAAPPKKKRKVGY (23%)
GPGNEWTLELLEELKNEAVRHF (24%)
GGGGGYGRKKRRQRRR (25%)
GPGRQIKIWFQNRRMKWKK (26°°)

2All peptides are N-terminal bromoacetyl (BrCH,CO-), C-terminal
carboxyamides.

Peptides 23 and 24 belong to the family of nuclear
localization signals,?’—2° while 25 and 26 are known to
mediate cell penetration.’°

Because of the low solubility of polyamides 6a—c in
aqueous media, the ligations were performed in DMF in
the presence of 1% DIPEA, using a 2-fold excess of the
bromoacetylated peptides.>! The reactions were mon-
itored by HPLC. When the polyamide was completely
consumed, the solvent was distilled off in vacuo and the
crude material was purified by preparative HPLC and
characterized by mass spectrometry.3?> Overall yields
varied between 17 and 45% (Table 2).

In conclusion, we have shown here that the use of an
acylsulfonamide safety-catch linker allows for the easy
preparation of hairpin polyamide—peptide conjugates,
with intervening arms of various lengths, by readily
yielding the necessary precursors for chemoselective
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Table 2. Ligation reactions of peptides 23-27 with polyamide thiols
6a—c

polyamide/\SH + B> peptide —— polyamide/\s/\peptide

Peptide Polyamide Product Yield*
23 6b 27 26
23 6¢ 28 45
24 6a 29 17
25 6a 30 23
26 6a 31 32

2Calculated with respect to the starting polyamides.

ligation. Evaluation of the ability of these compounds
to increase gene expression is in progress, and will be
reported separately.
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