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Novel, cell-penetrating molecular transporters with
flexible backbones and permanently charged side-chains

N. Bodor, E. Toth-Sarudy, T. Holm, 1. Pallagi, E. Vass, P. Buchwald
and U. Langel

Abstract

Various cell-penetrating peptides have been discovered recently that can translocate across plasma
membranes and can even carry large cargo molecules into the cells. Because under physiological
conditions most of these peptides carry considerable positive charges due to the presence of basic
amino acids such as arginine, we decided to investigate whether molecular transporters composed
of permanently charged side-chains also possess such cell penetrating ability. Arginine-rich oli-
gomers that have a backbone with increased flexibility due to incorporation of non-a-amino acids
(e-aminocaproic acid) have been found to be effective molecular transporters. Here, we report the
preparation of analogue structures by replacing the arginine residues with the quaternary form of a
novel redox amino acid (Nys®) that contain a trigonelline moiety; it has already been shown possible
to replace the original basic amino acid side-chain of neuropeptides without significant activity-loss
due to the sufficiently close steric and electronic analogy between the new Nys™ and the original
side-chains (in their protonated form, e.g., Arg*, Lys*). A nonamer analogue showed transporter
activity resulting in increased cellular uptake in human carcinoma (HelLa) cells.

Introduction

During the last decade, several cell-penetrating peptides, such as penetratins, Tat-derived
peptides or transportan, have been discovered and extensively studied (Lindgren etal 2000;
El-Andaloussi etal 2005). Because, apparently, they can not only translocate across the
plasma membrane of eukaryotic cells but can also be used for intra- and maybe even trans-
cellular transport of large cargo macromolecules, this might become an important develop-
ment in the targeting of various biologically and pharmaceutically active compounds. The
therapeutic potential of many pharmaceutically active agents is severely limited by their
inability to penetrate through the biological barriers that protects tissues and cells from the
outside environment. The mechanism by which these peptides translocate is still somewhat
obscure, and it might even be different mechanisms depending on peptide or cargo (Zorko &
Langel 2005). Most of these compounds carry a considerable positive charge, and a com-
mon theory is that they interact with the negatively charged phospholipid heads of the cell
membrane (they also seem to interact with heparin sulfate proteoglycans (Tyagi etal 2001)).
Peptides derived from HIV-1 Tat protein (e.g. Tatyg_¢¢), related structures rich in arginine
(R) residues (Vives etal 1997), as well as homopolymers of cationic amino acids in general,
and short oligomers of arginine in particular, can also very efficiently translocate and trans-
port their cargo into cells (Rothbard etal 2000, 2002; Wender etal 2000). Most of these
peptides are relatively short, usually less than 30 amino acid residues, and the transport they
mediate is sometimes independent of receptors and transporters. Such transport could be
exploited to increase the bioavailability of drugs in general and of peptides and oligonucle-
otides in particular, to make possible cellular delivery, and to facilitate transport through
biomembranes such as skin and the blood-brain barrier (BBB) (Schwarze etal 1999;
Rothbard etal 2000; Rousselle etal 2000; Aarts etal 2002; Bodor & Buchwald 2003a;
Deshayes etal 2005).

Rothbard and coworkers have shown the importance of arginine for translocation
(Rothbard et al 2000, 2002; Wender et al 2000), and, by using a hepta-arginine peptide, they
could deliver ciclosporin through the skin for inhibiting inflammation (Rothbard et al 2000).
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The guanidino function in arginine seems to play an import-
ant role in the translocation, and this moiety has been
reported to form an ideal hydrogen-bonded structure with the
phosphate backbone of RNA (Calnan etal 1991). Even a rela-
tively limited number (e.g. 6-7) of guanidine head-groups
seems sufficient for efficient cellular uptake, and conforma-
tional flexibility of the side-chains seems to have an enhanc-
ing effect (Wender etal 2000).

Furthermore, studies with differently spaced arginine side-
chains found differential uptake and suggested that increasing
the spacing along the backbone of the peptide between the
positively charged side-chains could results in greater cellular
uptake (Wender et al 2000; Rothbard etal 2002). Glycine has
a single methylene between the amino and carboxyl groups,
4-aminobutyric acid has three and 6-aminocaproic acid has
five. As the number of methylene units increased from one to
three and then further to five, the uptake relative to hepta-L-
arginine (R7) increased four, five and sixteen times, respec-
tively. The peptide with e-aminocaproic acid spacing entered
cells more effectively than dexa-L-arginine (R10) (Wright
etal 2003). If using (Arg)(n) (n=4-16) peptides, the optimal
number of arginine residues (n) for efficient translocation
seems to be around 8.

Previously, in work related to the brain-targeted delivery
of neuropeptides, we have shown that in various arginine
(Arg, R)-, histidine (His, H)- or lysine (Lys, K)-containing
peptides, the original basic amino acid could be replaced by
novel redox amino acids (Nys <> Nys*), which contain a 1,4-
dihydrotrigonelline <> quaternary trigonelline side-chain,
without activity-loss due to the sufficiently close steric and
electronic analogy between the quaternary form of the redox
(Nys*) and the original side-chains (in their protonated form,
Arg*, Lys™) (Figure 1) (Chen etal 1998; Bodor & Buchwald
2003b). This analogy is further illustrated in Figure 2 by com-
paring kyotorphine (Tyr-Arg, YR), an endogenous neuropeptide
that exhibits analgesic action through the release of endog-
enous enkephalin and has analgesic activity about four times
larger than Met-enkephalin (Takagi etal 1979), and its redox
analogue in its permanently charged form, Tyr-Nys*. Incor-
poration of the Nys moiety into the structure of neuropeptides

L-Arg* L-Lys* Nys* or Lys(Nys*)
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Figure 1

resulted in brain-targeted redox analogue (BTRA) peptides
that made possible the non-invasive brain delivery of these
important biomolecules in pharmacologically significant
amounts (Chen etal 1998; Bodor & Buchwald 2003b), and
the peptide with the Nys* amino acid, metabolically formed
from the originally administered Nys form, produced CNS
activity due to the close analogy of its quaternary nicotina-
mide-containing side-chain with kyotorphine’s Arg side-
chain, which is always ionized under physiological condi-
tions. Therefore, it seemed reasonable to investigate whether
the replacement of the guanidinium headgroups of arginines
by such permanently charged Nys* redox amino acids still
maintains the cell-penetrating activity of the molecular trans-
porter peptides. Other charged analogues have also shown
activity (e.g. Ferndndez-Carneado etal 2005). Certain poly-
arginine compounds have been shown to cause inflammatory
or toxic responses (Santana etal 1993; Jones et al 2005); these
might be avoidable or reducible by different analogues. Here,
the synthesis and cell-penetrating ability of a series of such
derivatives, incorporating permanently charged Nys*(n)
(n=5, 7, 9) side-chains with equal numbers of aminocaproic
acids as spacers, is reported.

Materials and Methods

General methods

All reagents and solvents were purchased from commercial
sources and utilized without further purification. The purity
of the compounds was tested on TLC plates (silica gel,
Merck) with fluorescent indicator (254 nm). Plates were visu-
alized under ultraviolet light and treatment with Cl,/o-tolidine
reagent. Solvent systems employed were chloroform—metha-
nol 9:1 (system A), chloroform—methanol 4:1 (system B),
ethyl acetate—pyridine—acetic acid—water 15:20:6:11 (system
C) or ethyl acetate—pyridine—acetic acid—water 30:20:6:11
(system D). Melting points were determined on a Boetius
microscope and are uncorrected. The '"H and C NMR
spectra were recorded in dimethyl sulfoxide (DMSO)-dg

N generalized Nys* generalized Nys
fo) (0]
OH
(s) OH ()
H,N HoN

/-\‘
= Z+/\\\‘“
=~

NH,

Structure of the Lys(Nys™) (or simply Nys") amino-acid moiety, its analogy to the protonated forms of lysine and arginine and its redox-

type transformation into its neutral, dihydro analogue (Nys), which is shown here for a generalized form with adjustable side-chain length (k).
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Figure 2 The electronic and steric analogy between Arg and the Nys™ moiety used in the present molecular transporters, illustrated here with the
structures of kyotorphine (Tyr-Arg, top structure) and the quaternary for of its brain-targeted redox analogue (BTRA), Tyr-Nys* (bottom structure).
AM1-optimized structures and electron-isodensity surfaces (0.01 electron/A® = 0.0015 electron/bohr®) shown; the colour-code changes gradually
from blue, which corresponds to the more negative regions, to red, which corresponds to the more positive regions along the surface.

solution using a Bruker Avance-500 spectrometer at frequen-
cies of 500 and 126 MHz, respectively. For structure elucida-
tion, one-dimensional lH, 13C, DEPT-135, sel. TOCSY, sel.
NOESY, two-dimensional 'H, 'H-COSY, 'H, 'H-TOCSY,
lH, 13C-HSQC and 1H, I3C_.HMBC measurements were run.
Temperatures of the "H NMR spectra were investigated in the
range of 300-383 K. Chemical shifts are given on the §-scale
and were references to TMS. Mass spectra utilizing electro-
spray ionization (ESI-MS) were recorded at the mass spec-
trometry laboratory at Szeged University utilizing a Finnigan
TSQ 7000 triple Quad mass spectrometer. All compounds
gave satisfactory elemental analysis values.

General procedure A: deprotection of BOC-amides

Trifluoracetic acid (4 mL) was added slowly at 5°C to a solu-
tion of BOC-amide (0.3 mmol) in CH,Cl, (12mL) and the
mixture was stirred for 2h at room temperature. The desired

product was obtained from the reaction mixture by evapora-
tion of the solvent and was used without further purification.

General procedure B: removal of the benzyloxy
carbonyl group

To a solution of the derivative (0.08 mmol) in acetic acid
(20mL) was added Pd/C (10% Pd, 300 mg) followed by intro-
duction of hydrogen gas (1 atm, balloon). The reaction mixture
was stirred at room temperature until TLC showed complete
consumption of the starting material. The reaction mixture was
then filtered and the solvent was removed in-vacuo to give the
desired product, which was used without further purification.

General procedure C: amide coupling

To a stirred solution of the deprotected amide (see procedure A)
(0.33mmol) in DMF (15mL), the 2,4,5-trichlorophenyl ester
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(TCP) (5, 10 or 28) (0.4mmol) in DMF (1mL) and triethyl-
amine (TEA) (1.3 mmol) were added at room temperature. The
reaction mixture was stirred until TLC revealed the complete
consumption of the starting amine. The reaction mixture was
then stirred with water (80 mL) and the precipitate was collected
by filtration, washed twice with ethyl acetate, dried in-vacuo
until constant weight and used without further purification.

General procedure D: formation of poly (Nys*)
side chain by Zincke reaction

The Zincke reaction is an organic reaction in which a pyridine is
transformed into a pyridinium salt by reaction with 1-chloro-2,
4-dinitrobenzene and a primary amine. A mixture of nicotina-
mide and 1-chloro-2,4-dinitrobenzene was heated at 100°C for
1h. After cooling, the product was dissolved in methanol and
poured into ether. The N-(2,4-dinitrophenyl)-nicotinamide chlo-
ride (Zincke reagent) was filtered as pale yellow crystals. A
solution of the salt (0.5 mmol) in methanol (2mL) was slowly
added to a stirred solution of 0.05-0.10 mmol of compounds 18,
19, 20 and 32, respectively in methanol (5mL) at 10°C. The
obtained red solution was stirred under reflux for 5h. The
organic solvent was removed in-vacuo. The crude product was
purified by column chromatography on Sephadex LH-20 in

methanol with UV detection at 255 nm, flow rate 1 mL min ™.

General procedure E: fluorescein labelling of
compounds

To the solution of deprotected (see procedure A) compounds
(0.04 mmol) in 900 pL. of anhydrous DMSO, the solution of
23.3mg (0.06 mmol) of fluorescein isothiocyanate in 200 nL
of anhydrous DMSO was added at pH 8.5 (80 uL. TEA). The
mixture was stirred at room temperature in the dark for 24 h.
After concentration in-vacuo, the residue was purified by col-
umn chromatography on Sephadex LH-20 in methanol with
UV detection, flow rate 1 mL min~!.

BOC-Lys(Z)-aca-OTCP (5)

BOC-Lys(Z)-aca-OH (0.986g, 2mmol) and 2,4,5-trichlo-
rophenol (0.480 g, 2.4 mmol) dissolved in THF (25 mL) were
condensed in the presence of DCC (0.494 g, 2.4 mmol). The
crude product was purified by column chromatography on
Kieselgel-60 eluting with ethyl acetate-n-hexane 2:1. Yield
0.65 g (65%). Mp: 60 °C. Anal. (C5;H,;CI3N;0,) C, H, N. 'H
NMR (500 MHz, DMSO-dg): § 1.36 (9H, s, Bu), 1.1-1.8
(6H+6H, m, HNCH,(CH,); and CH(CH,)3), 2.61 (2H, t,
CH,COOAryl), 2.9-3.2 (4H, m, HNCH,), 3.81 (1H, m,
NHCHCO), 4.9-5.1 (2H, s, br, OCH,Ph), 6.69 (1H, d, Bu’O-
CONHCH), 7.18 (1H, t, OCONHCH,), 7.2-7.4 (§H, Ph H),
7.72 (1H, t, CHCONHCH,), 7.78/8.01 (1H+1H, s, Aryl H).
3C NMR (125MHz, DMSO): 6§ 28.1 (C(CH3);), 54.3
(HNCHCONH), 65.0, (OCH,Ph), 77.9 (C(CH3)5), 1552
(BU'OCONH), 156.0 (HNCOOCH,Ph), 170.4 (CH,COOA),
171.9 (CONHCH,).

BOC-aca-Lys(Z)-aca-OTCP (10)
BOC-aca-Lys(Z)-aca-OH (0.74 g,
trichlorophenol (0.256g, 1.3mmol) dissolved

1.2mmol) and 24,5-
in THF

(20mL) were condensed in the presence of DCC (0.265 g,
1.3mmol) in the usual manner. The crude product was
purified by Kieselgel-60 chromatography using ethyl acetate—
n-hexane 4:1. Yield 0.64g (67%). Mp: 97°C. Anal.
(C37H5,CI13N,Og) C, H, N. "H NMR (500 MHz, DMSO-dy): 6
1.36 (9H, s, Bu’), 1.1-1.8 (12H+6H, m, HNCH,(CH,); and
CH(CH,);), 2.09 (2H, m, CH,CO), 2.63 (2H, m,
CH,COOAryl), 2.8-3.1 (6H, m, HNCH,), 4.15 (1H, m,
NHCHCO), 4.9-5.1 (2H, s, br, OCH,Ph), 7.2-7.4 (5H, m, Ph
H), 7.77/8.01 (IH+1H, s, Aryl H). >*C NMR (125MHz,
DMSO): ¢ 28.2 (C(CH3);), 52.4 (HNCHCONH), 65.0,
(OCH,Ph), 77.2 (C(CH3)3), 155.5 (Bu'OCONH), 156.0
(HNCOOCH,Ph), 170.4 (CH,COOAr), 171.6 (CONHCH,),
172.0 (CH,CONH).

BOC-Lys(Z)-Lys(Z)-aca-OTCP (28)

BOC-Lys(Z)-Lys(Z)-aca-OH (0.9g, 1mmol) and 24,5-
trichlorophenol (0.24 g, 1.2 mmol) dissolved in THF (12 mL)
were condensed in the presence of DCC (0.247 g, 1.2 mmol)
in the usual manner. The crude solid was chromatographed
on Kieselgel-60 (eluent ethyl acetate—n-hexane 4:1). Yield
0.84 g (76%). Mp: 127°C. Anal. (C45H59C13N5O,) C, H, N.
'H NMR (500 MHz, DMSO-dy): 6 1.36 (9H, s, Bu’), 1.1-1.8
(6H+12H, m, HNCH,(CH,); and CH(CH,),), 2.61 (2H, t,
CH,COOAryl), 2.9-3.2 (6H, m, HNCH,), 3.84 (1H, m,
Bu’'OCONHCH), 4.15 (1H, m, NHCHCO), 4.9-5.1 (4H, s, br,
OCH,Ph), 6.88 (1H, d, BWOCONHCH), 7.66 (1H, d,
NHCHCO), 7.2-7.4 (10H, Ph H), 7.77/8.01 (1H+ 1H, s, Aryl
H). 3C NMR (125MHz, DMSO): § 28.1 (C(CH3)5), 52.2
(HNCHCONH), 54.5 (BW'OCONHCH), 65.0 (OCH,Ph), 78.1
(C(CH3)3), 1554 (Bu'OCONH), 156.0 (HNCOOCH,Ph),
170.4 (CH,COOAr), 171.2 (CONHCH,), 171.8 (CHCONH).

BOC-Lys(Z)-aca-Lys(Z)-NH, (7)

General procedure C was followed starting with ester 5 (1.7 g,
2.5 mmol) and amine 6 (0.56 g, 2 mmol). Yield 2.07 g (83%).
Mp: 124°C, R;=0.50 (System A). Anal. (C30HsgN¢Oy) C, H,
N. 'H NMR (500 MHz, DMSO-dy): § 1.36 (9H, s, Bu’), 1.1—
1.7 (6H+ 12H, m, HNCH,(CH,); and CH(CH,)), 2.09 (2H,
t, CH,CO), 2.9-3.1 (6H, m, HNCH,), 3.81 (1H, m, Bu’O-
CONHCH), 4.15 (1H, m, NHCHCO), 4.9-5.1 (4H, s, br,
OCH,Ph), 6.66 (1H, d, BW'OCONHCH), 6.90/7.25 (IH+ 1H,
s, CONH,) 7.2-73 (5H, m, Ph H), 7.73 (1H, d,
HNCHCONH,).

BOC-Lys(Z)-aca-Lys(Z)-aca-Lys(Z)-NH (8)

General procedure C was followed starting with ester 5 (1 g,
1.5 mmol) and the crude amine (0.785 g, 1.2 mmol) obtained
by deprotection of 7 according to procedure A. Yield 1.13 g
87%). Mp: 167°C, R;=0.44 (System A). Anal
(Cs9Hg7NgO43) C, H, N. "H NMR (500 MHz, DMSO-dy): ¢
1.36 (9H, s, Bu), 1.1-1.7 (12H + 18H, m, HNCH,(CH,); and
CH(CH,);), 2.09 (4H, m, CH,CO), 2.9-3.1 (10H, m,
HNCH,), 3.82 (1H, m, Bu'OCONHCH), 4.15 (2H, m,
NHCHCO), 4.9-5.1 (6H, s, br, OCH,Ph), 6.68 (1H, d, Bu'O-
CONHCH), 7.2-7.4 (15H, m, Ph H).

BOC-Lys(Z)-aca-[Lys(Z)-aca],-Lys(Z)-NH, (9)
General procedure C was followed starting with ester 5
(0.80g, 1.2mmol) and the crude amine (lg, 1mmol)



obtained by deprotection of 8 according to procedure A.
Yield 1.13 g (78%). Mp: 190°C, R;=0.60 (System A). Anal.
(CoH,14N1,0,7) C, H, N. '"H NMR (500 MHz, DMSO-dg): §
1.36 (9H, s, Bu'), 1.1-1.7 (18H + 24H, m, HNCH,(CH,); and
CH(CH,);), 2.09 (6H, m, CH,CO), 2.8-3.1 (14H, m,
HNCH,), 3.82 (1H, m, Bu'OCONHCH), 4.15 (3H, m,
NHCHCO), 4.99 (8H, s, br, OCH,Ph), 7.2-7.4 (20H, m, Ph H).

BOC-aca-[Lys(Z)-aca] ;-Lys(Z)-NH, (11)

General procedure C was followed starting with ester 10
(0.58 g, 0.73mmol) and the crude amine (0.92 g, 0.6 mmol)
obtained by deprotection of 9 according to procedure A.
Yield 0.89g (69%). Mp: 198-200°C, R;=0.60 (System B).
Anal. (CpsH;5¢N;¢0,,) C, H, N. '"H NMR (500 MHz,
DMSO-dy): 6 1.35 (9H, s, Bu'), 1.1-1.7 (30H+30H, m,
HNCH,(CH,); and CH(CH,)3), 2.09 (10H, m, CH,CO), 2.85
(2H, q, B'OCONHCH,), 2.9-3.1 (20H, m, HNCH,), 4.15
(5H, m, NHCHCO), 4.99 (10H, s, br, OCH,Ph), 6.69 (1H, t,
br, BOCONHCH,) 7.2-7.4 (25H, m, Ph H). 3C NMR
(125MHz, DMSO): ¢ 28.2 (C(CH3)5), 39.8 (BW'OCONHCH,),
52.1 (CHCONH,), 52.3 (HNCHCO), 65.1, OCH,Ph), 77.3
(C(CH3)5), 155.5 (Bu'OCONH), 156.0 (HNCOOCH,Ph),
171.5 (HNCHCO), 173.9 (CONH,).

BOC-Lys(Z)-aca-[Lys(Z)-aca]3-Lys(Z)-NH, (12)

General procedure C was followed starting with ester 5
(0.27 g, 0.4 mmol) and the crude amine (0.5g, 0.35 mmol)
obtained by deprotection of 9 according to procedure A.
Yield 0.51 g (77%). Mp: 193°C, R;=0.65 (System B). Anal.
(CgoH 45N150,1) C, H, N. "H NMR (500 MHz, DMSO-dg): §
1.36 (9H, s, Bu'), 1.1-1.7 (24H + 30H, m, HNCH,(CH,); and
CH(CH,);), 2.08 (8H, m, CH,CO), 2.9-3.1 (18H, m,
HNCH,), 3.81 (1H, m, BUOCONHCH), 4.15 (4H, m,
NHCHCO), 4.9-5.1 (10H, s, br, OCH,Ph), 6.66 (1H, d,
Bu’'OCONHCH), 6.90/7.25 (IH+1H, s, CONH,) 7.2-7.4
(25H, m, Ph H).

BOC-Lys(Z)-aca-[Lys(Z)-aca] -Lys(Z)-NH, (13)

General procedure C was followed starting with ester 5
(0.35g, 0.5mmol) and the crude amine (0.711g, 0.4 mmol)
obtained by deprotection of 12 according to procedure A.
Yield 0.78 g (87%). Mp: 201°C, R;=0.55 (System B). Anal.
(Cy10H;74N3055). C, H, N. '"H NMR (500 MHz, DMSO-dj):
8 1.36 (9H, s, Bu'), 1.1-1.7 (30H+36H, m, HNCH,(CH,),
and CH(CH,);), 2.08 (10H, m, CH,CO), 2.9-3.1 (22H, m,
HNCH,), 3.81 (1H, m, Bu'OCONHCH), 4.15 (5H, m,
NHCHCO), 4.9-5.1 (12H, s, br, OCH,Ph), 6.66 (1H, d,
Bu’'OCONHCH), 6.90/7.25 (IH+1H, s, CONH,), 7.2-7.4
(30H, m, Ph H).

BOC-aca-[Lys(Z)-aca]sLys(Z)-NH, (14)

General procedure C was followed starting with ester 10
(0.277 g, 0.35 mmol) and the crude amine (0.5 g, 0.23 mmol)
obtained by deprotection of 13 according to procedure A.
Yield 0.42 g (66%). Mp: 189°C, R;=0.35 (System B). Anal.
(Cy45Hy14N5,050) C, H, N. '"H NMR (500 MHz, DMSO-dy): 6
1.35 (9H, s, Bu), 1.1-1.7 (42H+42H, m, HNCH,(CH,), and
CH(CH,);), 2.08 (14H, m, CH,CO), 2.88 (2H, m,
Bu’'OCONHCH,), 2.9-3.1 (28H, m, HNCH,), 4.15 (7H, m,
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NHCHCO), 4.9-5.1 (14H, s, br, OCH,Ph), 6.70 (1H, br,
Bu'OCONHCH,), 7.2-7.4 (35H, m, Ph H).

BOC-Lys(Z)-aca-[Lys(Z)-aca]s-Lys(Z)-NH, (15)

General procedure C was followed starting with ester S
(0.24 g, 0.35 mmol) and the crude amine (0.61 g, 0.28 mmol)
obtained by deprotection of 13 according to procedure A.
Yield 0.68 g (91%). Mp: 208°C, R;=0.7 (System B). Anal.
(C139H03N510,0) C, H, N. 'H NMR (500 MHz, DMSO-dy): 6
1.36 (9H, s, Bu), 1.1-1.7 (36H +42H, m, HNCH,(CH,); and
CH(CH,);), 2.09 (12H, m, CH,CO), 2.8-3.1 (26H, m,
HNCH,), 3.82 (1H, m, Bu'OCONHCH), 4.15 (6H, m,
NHCHCO), 4.9-5.1 (14H, s, br, OCH,Ph), 6.66 (1H, d,
BuW'OCONHCH), 6.90/7.23 (1H+1H, s, CONH,), 7.2-7.4
(35H, m, Ph H). '3C NMR (125MHz, DMSO): & 28.1
(C(CH3)3), 52.1 (CHCONH,), 52.3 (HNCHCO), 54.2 (Bu'O-
CONHCHCO) 65.0 (OCH,Ph), 77.8 (C(CH3);), 156.0
(HNCOOCH,Ph), 171.5 (NHCHCO), 171.8 (Bu’ONH-
CHCO), 171.9 (CH,CONH).

BOC-Lys(Z)-aca-[Lys(Z)-aca]sLys(Z)-NH, (16)

General procedure C was followed starting with ester 5
(0.13 g, 0.19 mmol) and the crude amine (0.41 g, 0.16 mmol)
obtained by deprotection of 15 according to procedure A.
Yield 0.44 g (90%). Mp: 215°C, R;=0.6 (System B). Anal.
(Cy59H53,N,4045.H,0) C, H, N. "H NMR (500 MHz, DMSO-
dg: 6 135 (9H, s, Bu), 1.1-1.7 (42H+48H, m,
HNCH,(CH,); and CH(CH,)3), 2.09 (14H, m, CH,CO), 2.8—
3.1 (30H, m, HNCH,), 3.80 (1H, m, BOCONHCH), 4.15
(6H, m, NHCHCO), 4.9-5.1 (16H, s, br, OCH,Ph), 6.72 (1H,
d, BOCONHCH), 7.2-7.4 (40H, m, Ph H).

BOC-aca-[Lys(Z)-aca]g-Lys(Z)-NH, (17)

General procedure C was followed starting with ester 10
(0.16 g, 0.2mmol) and the crude amine (0.41 g, 0.14 mmol)
obtained by deprotection of 16 according to procedure A.
Yield 0.44 g (89%). Mp: 217°C, R;=0.40 (System B). Anal.
(Cy35H275N»5035.2H,0) C, H, N. 'H NMR (500 MHz,
DMSO-dy): 6 1.35 (9H, s, Bu’), 1.1-1.7 (54H+54H, m,
HNCH,(CH,); and CH(CH,)5), 2.08 (18H, m, CH,CO), 2.86
(2H, q, BUOCONHCH,), 2.9-3.1 (36H, m, HNCH,), 4.15
(9H, m, NHCHCO), 4.9-5.1 (18H, s, br, OCH,Ph), 6.72 (1H,
br, BWOCONHCH,), 7.2-7.4 (45H, m, Ph H).

BOC-aca-[Lys-aca]g-Lys-NH, (20)

General procedure B was followed starting with protected
polyamine 17 (0.26g, 0.075mmol) and reaction time of 6h.
After work up, the desired product 20 was obtained as a white
power (0.21 g, 0.075 mmol, yield quantitative). Mp: 135-138°C,
Ry=0.6 (System C). Anal. (C;3H,;§N,30,,.9CH;COOH) C,
H, N. 'H NMR (500 MHz, DMSO-dj): § 1.38 (9H, s, Bu’),
1.1-1.7 (54H +54H, m, HNCH,(CH,); and CH(CH,)5), 1.87
(35H, s, br, CH;CO), 2.10 (18H, m, CH,CO), 2.58/2.9-3.1
(26H, m, NH,CH,and NHCH,), 2.89 (2H, q, B¥OCONHCH,),
4.18 (9H, m, NHCHCO).

BOC—aca—[Lys(Nys+)-aca]4—Lys(Nys+)-NHZ (21)
General procedure D was followed with N-(2,4-dinitrophe-
nyl)-pyridinium chloride (0.3 g, 0.92mmol) and polyamine
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18 (0.15g, 0.11 mmol). Yield 0.143g (62%). Mp: 134°C.
Anal. (CgsH,4sClsN» 0;;) C, H, N. 'H NMR (500 MHz,
DMSO-dg): 6 1.36 (9H, s, Bu’), 1.1-1.7 (30H+20H, m,
HNCH,(CH,); and CH(CH,),), 1.95 (10H, CH,(CH,),CH),
2.14 (10H, m, CH,CO), 2.86 (2H, q, BOCONHCH,), 2.9
3.1 (10H, m, HNCH,), 4.15 (5H, m, NHCHCO), 4.66 (10H, s,
br, CH,(CH,);CH), 6.74 (1H, t, br, BOCONHCH,), 6.98/
7.28 (1H+1H, s, CHCONH,), 8.27 (5H, dd, pyridine), 8.98
(5H, br, pyridine), 9.24 (5H, br, pyridine), 9.63 (5H, d, pyridine).

BOC-aca-[Lys(Nys*)-aca]4-Lys(Nys*)-NH, (22)

General procedure D was followed with N-(2,4-dinitrophe-
nyl)-pyridinium chloride (0.17 g, 0.52 mmol) and polyamine
19 (0.15g, 0.06 mmol). Yield 0.153g (82%). Mp: 127°C.
Anal.  (Cy3;Hy00Cl;N»0,3.H,0) C, H, N. 'H NMR
(500MHz, DMSO-dg): 6 136 (9H, s, Bu’), 1.1-1.7
(42H+28H, m, HNCH,(CH,); and CH(CH,),), 1.97 (14H,
CH,(CH,),CH), 2.14 (14H, m, CH,CO), 2.85 (2H, q,
Bu'OCONHCH,), 2.9-3.1 (12H, m, HNCH,), 4.20 (7H, m,
NHCHCO), 4.67 (14H, s, br, CH,(CH,);CH), 6.74 (1H, t, br,
Bu'OCONHCH,), 6.98/7.41 (1H+1H, s, CHCONH,), 8.27
(7H, dd, pyridine), 8.98 (7H, m, pyridine), 9.24 (7H, m,
pyridine), 9.65 (7H, m, pyridine).

BOC-aca-[Lys(Nys*)-aca]g-Lys(Nys*)-NH, (23)

General procedure D was followed with N-(2,4-dinitrophe-
nyl)-pyridinium chloride (0.246 g, 0.76 mmol) and polyamine
20 (0.18 g, 0.08 mmol). After work up, the desired product 23
was obtained as a yellow foam. Yield 0.17g (61%). Mp:
145°C. Anal. (C,5Hy5CloN3;0,9) C, H, N. 'H NMR
(500MHz, DMSO-dg): 6 135 (9H, s, Bu), 1.1-1.7
(54H+36H, m, HNCH,(CH,); and CH(CH,),), 1.97 (18H,
CH,(CH,),CH), 2.08 (18H, m, CH,CO), 2.85 (2H, q,
Bu'OCONHCH,), 2.9-3.1 (18H, m, HNCH,), 4.20 (9H, m,
NHCHCO), 4.67 (18H, s, br, CH,(CH,);CH), 6.73 (1H, t, br,
Bu'OCONHCH,), 6.97/7.41 (1H+1H, s, CHCONH,), 8.26
(9H, dd, pyridine), 8.98 (9H, m, pyridine), 9.26 (9H, m,
pyridine), 9.69 (9H, m, pyridine).

HCL.H-aca-[Lys(Nys*)-aca]g-Lys(Nys*)-NH, (26)

General procedure A was followed starting with protected 23
(0.17g, 0.047mmol) using CH,Cl, (12mL) trifluoroacetic
acid (4 mL) and a reaction time of 2 h. After concentration of
the solvent in-vacuo, treatment with 1 M hydrogen chloride in
EtOH, the desired product 26 was obtained as a yellow amor-
phous foam (0.165g, 0.047 mmol, quantitative yield). Mp:
60°C. Anal. (C,4,H,5,ClgN3,0,7,.HCI) C, H, N.

BOC-Lys(Z)-Lys(Z)-aca-Lys(Z)-Lys(Z)-NH, (29)

General procedure C was followed starting with ester 28
(0.49 g, 0.52mmol) and amine 27 (0.368 g, 0.48 mmol) in
THF. After work up, the crude solid was taken up in CHCl;—
MeOH 9:1 and passed through a short column of silica gel.
Removal of the solvent in-vacuo gave the desired product 29
as a white power 0.5 g (68%). Mp: 190°C, R;=0.45 (system
A). Anal. (CgsHoyN,4O;5) C, H, N. 'TH NMR (500 MHz,
DMSO-dg): 6 1.36 (9H, s, Bu’), 1.1-1.7 (6H+24H, m,
HNCH,(CH,); and CH(CH,);), 2.09 (2H, m, CH,CO), 2.9
3.1 (10H, m, HNCH,), 3.84 (1H, m, BYOCONHCH), 4.15
(3H, m, NHCHCO), 4.9-5.1 (8H, s, br, OCH,Ph), 6.88 (1H,

d, BUOCONHCH), 6.96/7.24 (IH+ 1H, s, CONH,), 7.2-7.4
(20H, m, Ph H), 7.81 (1H, t, CHCONHCH,).

BOC-Lys(Z)-Lys(Z)-aca-Lys(Z)-Lys(Z)-aca-
Lys(Z)-Lys(Z)-NH, (30)

General procedure C was followed in THF (13 mL) starting
with ester 28 (0.42 g, 0.45 mmol) and the crude amine (0.5 g,
0.42 mmol) obtained by deprotection of 29 according to pro-
cedure A. After work up, the crude solid was taken up in
CHCI;-MeOH 9:1 and filtered. Removal of the solvent in
vacuo gave the desired product 30. Yield 0.39 g (53%). Mp:
183°C, Ry=0.35 (system A). Anal. (Cy;H;4;N;50,,) C, H,
N. '"H NMR (500 MHz, DMSO-dy): 6 1.36 (9H, s, Bu), 1.1-
1.7 (12H+36H, m, HNCH,(CH,); and CH(CH,)5), 2.09 (4H,
m, CH,CO), 2.8-3.1 (16H, m, HNCH,), 3.85 (1H, m, Bu'O-
CONHCH), 4.15 (5H, m, NHCHCO), 4.9-5.1 (12H, s, br,
OCH,Ph), 6.88 (1H, d, BW'OCONHCH), 6.97/7.24 (IH+ 1H,
s, CONH,), 7.2-7.4 (30H, m, Ph H).

BOC-aca-Lys(Z)-aca-[Lys(Z)-Lys(Z)-aca]»-
Lys(Z)-Lys(Z)-NH, (31)

General procedure C was followed starting with ester 10
(0.171 g, 0.2 mmol) and the crude amine (0.33 g, 0.18 mmol)
obtained by deprotection of 30 according to procedure A.
Yield 0.3 g (72%). Mp: 185°C, R;=0.65 (system D). Anal.
(C57H;51N190,7) C, H, N. 'H NMR (500 MHz, DMSO-dy): 6
1.35 (9H, s, Bu'), 1.1-1.7 (24H +42H, m, HNCH,(CH,); and
CH(CH,);), 1.9-2.2 (8H, m, CH,CO), 2.85 (2H, q,
BuWOCONHCH,), 2.9-3.1 (20H, m, HNCH,), 4.15 (7H, m,
NHCHCO), 4.98 (14H, s, br, OCH,Ph), 6.68 (1H, br,
Bu'OCONHCH,), 7.2-7.4 (35H, m, Ph H).

BOC-aca-Lys(Nys*)-aca-[Lys(Nys*)-Lys(Nys*)-
aca],-Lys(Nys*)-Lys(Nys*)-NH, (33)

General procedure D was followed with N-(2,4-dinitrophe-
nyl)-pyridinium  chloride (0.24g, 0.75mmol) and
polyamine 32 (0.15g, 0.1 mmol). Yield 0.16 g (64%). Mp:
150°C. Anal. (C;;3H,4,C1;N,50,,.H,0) C, H, N. 'H NMR
(500MHz, DMSO-dg): ¢ 1.1-1.7 (24H+28H, m,
HNCH,(CH,); and CH(CH,),), 1.97 (14H, CH,(CH,),CH),
2.09 (8H, m, CH,CO), 2.85 (2H, q, BWOCONHCH,), 2.9~
3.1 (8H, m, HNCH,), 4.21 (7H, m, NHCHCO), 4.67 (14H,
s, br, CH,(CH,);CH), 6.72 (1H, t, br, BOCONHCH,),
7.03/7.44 (1H+ 1H, s, CHCONH,), 8.26 (7H, dd, pyridine),
8.99 (7H, m, pyridine), 9.28 (7H, m, pyridine), 9.68 (7H, m,
pyridine).

Fluorescein-aca-[Lys(Nys*)-aca] Lys( Nys*)-NH »(1)
General procedure E was followed with fluorescein isothio-
cyanate (23mg, 0.06mmol) and amine 24 (0.08g,
0.04 mmol). Yield 0.071g (75%). Mp: 150°C. Anal.
(Cy11H;45C1sN5,0,08) C, H, N. '"H NMR (500 MHz, DMSO-
dg): 6 1.1-1.7 (30H+20H, m, HNCH,(CH,); and CH(CH,),),
1.96 (10H, CH,(CH,),CH), 2.08 (10H, m, CH,CO), 2.9-3.1
(8H, m, HNCH,), 3.45 (2H, m, SCNHCH,), 4.19 (5H, m,
NHCHCO), 4.65 (10H, s, br, CH,(CH,);CH), 6.5-6.6 (4H,
m, aryl H), 6.68 (2H, s, br, aryl H), 7.14 (1H, d, aryl H), 8.26
(5H, dd, pyridine), 8.98 (5H, br, pyridine), 9.23 (5H, br, pyri-
dine), 9.60 (5H, br, pyridine).



Fluorescein-aca-[Lys(Nys*)-aca]s-Lys(Nys*)-NH, (2)
General procedure E was followed with fluorescein isothio-
cyanate (30mg, 0.078 mmol) and amine 25 (0.14g,
0.052 mmol). Yield 0.07g (67%). Mp: 160-163°C. Anal.
(C147H503C1iN3,056S) C, H, N. "H NMR (500 MHz, DMSO-
dg): 6 1.1-1.8 (42H+28H, m, HNCH,(CH,); and CH(CH,),),
1.90 (14H, CH,(CH,),CH), 2.9-3.1 (14H, m, HNCH,), 3.46
(2H, m, SCNHCH,), 4.20 (7TH, m, NHCHCO), 4.66 (14H, s,
br, CH,(CH,);CH), 6.5-6.6 (4H, m, aryl H), 6.68 (2H, s, br,
aryl H), 8.26 (7H, dd, br, pyridine), 8.98 (7H, s, br, pyridine),
9.25 (7H, s, br, pyridine), 9.63 (7H, d, br, pyridine).

Fluorescein-aca-[Lys(Nys*)-aca] o-Lys(. Nys*)-NH. 5(3)

General procedure E was followed with fluorescein isothio-
cyanate (26 mg, 0.067mmol) and amine 26 (0.15g,
0.043mmol). Yield 0.09g (54%). Mp: 160°C. Anal.
(C,83Hy57ClgN3405,8) C, H, N. 'TH NMR (500 MHz, DMSO-
dg): 61.1-1.7 (54H+36H, m, HNCH,(CH,); and CH(CH,),),
1.96 (18H, CH,(CH,),CH), 2.08 (18H, m, CH,CO), 2.9-3.1
(16H, m, HNCH,), 3.46 (2H, m, SCNHCH,), 4.20 (9H, m,
NHCHCO), 4.65 (18H, s, br, CH,(CH,);CH), 6.55 (2H, dd,
aryl H), 6.58 (2H, d, aryl H), 6.68 (2H, s, br, aryl H), 6.97/
7.38 (1H+1H, s, CHCONH,), 7.14 (1H, d, aryl H), 7.80 (1H,
br, aryl H), 8.26 (9H, dd, pyridine), 8.37 (1H, s, br, aryl H),
8.98 (9H, br, pyridine), 9.23 (9H, br, pyridine), 9.60 (9H, br,
pyridine). ES-MS: calculated for (C;g3H,57N3303,S) 3533.3,
found 3532.0.

Fluorescein-aca-Lys(Nys*)-aca-[Lys(Nys*)-
Lys(Nys*)-aca],-Lys(Nys*)-Lys(Nys*)-NH, (4)

General procedure E was followed with fluorescein isothio-
cyanate (35mg, 0.09mmol) and amine 34 (0.14g,
0.06 mmol). Yield 0.098g (60%). Mp: 175°C. Anal.
(C129H;70C1;N,70,3S) C, H, N. 'H NMR (500 MHz, DMSO-
de): 6 1.1-1.7 (24H +28H, m, HNCH,(CH,); and CH(CH,),),
1.97 (14H, CH,(CH,),CH), 2.09 (8H, m, CH,CO), 2.9-3.1
(6H, m, HNCH,), 3.45 (2H, m, SCNHCH,), 4.20 (7H, m,
NHCHCO), 4.67 (14H, s, br, CH,(CH,);CH), 6.5-6.6 (4H,
m, aryl H), 6.67 (2H, s, br, aryl H), 7.03/7.45 (1H+1H, s,
CHCONH,), 7.14 (1H, d, aryl H), 7.84 (1H, d, br, aryl H),
8.26 (7H, dd, pyridine), 8.41 (1H, s, br, aryl H), 8.99 (7H, br,
pyridine), 9.28 (7H, m, pyridine), 9.68 (7H, m, pyridine). ES-
MS: calculated for (Cy,9H;70N»70,3S) 2499.0, found 2498 .4.

CD and FTIR spectroscopy

The 2,2,2-trifluoroethanol (TFE, 99.5%, NMR grade) used as
solvent for the circular dichroism (CD) and Fourier transform
infrared (FTIR) measurements was purchased from Aldrich.
CD measurements were performed on a Jasco J-810
Dichrograph at room temperature in TFE and water using
quartz cell with 0.02-cm path length. The spectra were aver-
ages of 5-8 scans in the region 180 and 260 nm. The concen-
tration of peptides was 0.11-0.34mm. FTIR spectra at a
resolution of 2cm™! in TFE were obtained as average of 256
scans with a Bruker Equinox 55 FTIR spectrometer equipped
with a DTGS detector. CaF, cells with 0.021-cm path length
and sample concentration of 5 mg mL~" were used. The spec-
tra were corrected with the background.
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Molecular modelling

Three-dimensional molecular structures used for illustration
were built and fully geometry-optimized using AM1 semi-
empirical quantum chemical calculations (Dewar etal 1985)
in CAChe 5.0 (Fujitsu, Ltd., Chiba, Japan). The electron-iso-
density surfaces corresponding to 0.01 electron/A®~0.0015
electron/bohr? shown in Figure 2 were also obtained with this
method, and they were colour-coded so as to have blue col-
ours corresponding to the more negative regions and red col-
ours corresponding to the more positive regions along the
surface. For the larger compounds, optimized structures were
transferred to DS ViewerPro 5.0 (Accelrys, Inc., San Diego,
CA) and a transparent soft surface coloured by the electro-
static potential was generated using this software that uses a
reversed colour coding with the blue colours corresponding to
the more positive regions. Molecular volumes used here as
size descriptors were calculated using computer models and
software described in our previous publications (Buchwald &
Bodor 1999; Buchwald 2002).

Cell culture

HeLa (human cervical carcinoma cells) were cultivated in
Dulbecco’s modified Eagle medium (DMEM) with glutamax,
supplemented with 10% fetal bovine serum, 1% penicillin—
streptomycin solution, 1% sodium pyruvate, and 1% non-
essential amino acids at 37 °C and 5% CO, atmosphere.

Cellular uptake studies

Cells were seeded two days before the experiment in 12 well
plates, 100 000 cells/well. Peptides were dissolved in serum-
free medium at a concentration of 5 ;M and incubated with the
cells for 60 min at 37°C. The cells were washed twice with
serum-free medium and detached by trypsin treatment for
Smin. After centrifugation at 1000 g for 5min at 4°C, the
trypsin was removed and the cells were lysed in 300 yL 0.1 M
NaOH for 60 min. The fluorescence of the lysate was meas-
ured at 494/518 nm in a fluorescence spectrophotometer. Cel-
lular uptake was normalized against protein amount.

Statistical analysis

Cellular uptake data (triplicates for each compound) were
compared against dextran as reference using nonparametric
Mann-Whitney U (Wilcoxon rank-sum)-tests for the com-
pound-pairs of interest (Jones 2002). P <0.05 denoted signi-
ficant difference in all cases. All statistical analyses were
performed using NCSS 2007 (Number Cruncher Statistical
Systems, Kaysville, UT).

Results and Discussion

Chemistry

The novel compounds containing five (1), seven (2) or nine
(3) Nys" units, which to denote their synthetic origin will be
denoted as Lys(Nys+) here, together with five, seven, or nine
aminocaproic acid units (aca: -NH(CH,)sCO-) separating
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each consecutive Nys* unit (with aca also present at the
N-terminal) and a heptamer (4) with a modified sequence
(Figure 3) have been prepared via solution-phase synthesis.
The most effective synthetic pathway was a fragment conden-
sation coupling method starting from Lys(Z)-NH, (6) using
2,4,5-trichloro-phenyl esters (5, 10, 28) (Figure 4, 6). The
BOC group was removed under acidic conditions. A 2,2,2-
trichloroethyl (TCE) group was used to protect the C-terminal of
BOC-aca-OH (Frank etal 1977) by using 2,2,2-trichloroethanol,
DCC and DMAP to prepare the TCE esters. The TCE protect-
ing group was removed by reduction with zinc dust in acetic
acid.

Simultaneous cleavage of the benzyloxycarbonyl groups
by catalytic hydrogenolysis led to compounds 18, 19, 20 and
32 (Figure 5, 6). The insolubility of the protected intermedi-
ates 11, 14, 17 and 31 in methanol caused difficulties, but
hydrogenation in acetic acid was successful. The quaternary
pyridinium-3-amide (Nys*) derivatives were formed via the
Zincke reaction (Zincke 1903; Lettré etal 1953; Atkinson
etal 1965; Génisson etal 1992; Chen etal 1998). The
obtained polyamine compounds were converted into poly
Nys* 21, 22, 23 and 33 by treatment with excess N-(2,4-dini-
trophenyl)-pyridinium chloride in good yields (60-85%).

The fluorescein moiety was attached through an amino-
caproic acid (aca) spacer at the amino termini. Fluorescent
labelling of 24, 25, 26 and 34 was achieved by treatment with
1.5 equivalent of fluorescein isothiocyanate in DMSO.

Fl-aca-[Lys(Nys*)-acal,-Lys(Nys+)-NH,

1n=4
2n=6
3n=8

Finally, Sephadex LH 20 purification of the peptide deriva-
tives led to the pure fluorescein-labelled compounds 1, 2, 3
and 4.

Conformational analysis: CD and FTIR
spectroscopy

The CD spectra of 3 and its corresponding Lys analogue (20)
measured in trifluoroethanol (TFE) and water are presented in
Figure 7. The CD spectra in TFE have comparable intensities
and somewhat similar shapes, suggesting that the two pep-
tides adopt a more-or-less identical conformation in this sol-
vent. TFE is known to promote the adoption of helical (a-helix
or 3 helix) or folded conformations fixed by intramolecular
H-bonds (Jackson & Mantsch 1992; Hollési et al 1994). How-
ever, due to the unusual amino-acid sequence resulting from
the presence of aca, the spectra of 3 and 20 in TFE cannot be
associated with a typical helix or -sheet conformation of
polypeptides built up exclusively from a-amino acids. Adop-
tion of such ordered secondary structures is also disfavoured
by the repulsion of the positively charged, bulky Lys* and
Nys* side-chains, respectively. The shape of the CD curves in
this solvent reflects the presence of some ordered conforma-
tion being compatible with an extended strand structure or ~-
turns. Molecular modelling performed in vacuum at the AM1
semi-empirical level for 3 and 20 suggests a mainly extended
conformation for the backbone leading to the minimization of

Fl-aca-Lys(Nys*)-aca-[Lys(Nys*)-Lys(Nys*)-aca],-Lys(Nys*)-Lys(Nys*)-NH-
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Figure 3 Nys*-containing compounds prepared for the study.
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BOC-Lys(Z)-aca-OTCP +  Lys(2)-NH,

5 l 6
BOC-Lys(Z)-aca-Lys(Z)-NH,
7
5

BOC-Lys(Z)-aca-Lys(Z)-aca-Lys(Z)-NH,

)

BOC-Lys(Z)-aca-[Lys(Z)-aca],-Lys(Z)-NH,

9
l BOC-aca-Lys(Z)-aca-OTCP
5 10
BOC-aca-[Lys(Z)-acals-Lys(Z)-NH,
1
BOC-Lys(Z)-aca-[Lys(Z)-aca]s-Lys(Z)-NH,

l 12
5

BOC-Lys(Z)-aca-[Lys(Z)-acals-Lys(Z)-NH,

13
l BOC-aca-Lys(Z)-aca-OTCP
5 10
BOC-aca-[Lys(Z)-acalg-Lys(Z)-NH,
14
BOC-Lys(Z)-aca-[Lys(Z)-acals-Lys(Z)-NH,

15
5

BOC-Lys(Z)-aca-[Lys(Z)-acalg-Lys(Z)-NH,

16
10

BOC-aca-[Lys(Z)-acalg-Lys(Z)-NH,
17

Figure 4 Synthetic pathway (part 1/3).

the side-chain repulsions (Figure 8). Formation of folded struc-
tures, such as inverse ~-turns centered at the Lys or Nys resi-
dues, stabilized by intramolecular C; H-bonds is also possible,
while the backbone preserves the mainly extended or slightly
zigzag ribbon shape. The spectra measured in TFE and in water
differ significantly, as shown by the solid and dashed lines,
respectively, in Figure 7. The CD curves recorded in the latter
solvent reflect the loss of any ordered conformation, suggesting
an unordered structure in aqueous solution.

The infrared spectra of 3 and 20 measured between 1800
and 1500cm™ in TFE are shown in Figure 9. The amide I
band of 20 at 1652 cm™!, with a high-wavenumber shoulder at
~1665cm™, is relatively weak. Its position is compatible
with highly solvated amide carbonyls, unordered, or repeat-
ing folded conformation(s). The weak, higher-wavenumber
band at 1710cm™" is assigned to the CO stretching vibration
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R'-aca-[Lys(R?)-acal,-Lys(R?)-NH,

24 n=4, R'=H, R2=Nys*
25n=6, R'=H, R?=Nys*
26 n=8, R'= H, RZ=Nys*

18 n=4, R'=BOC, R?=H
19 n=6, R'=BOC, R2=H
20 n=8, R'=BOC, RZ=H
21 n=4, R'=BOC, R?=Nys*

22 n=6, R'=BOC, R?=Nys* NY_ C
23 n=8, R'=BOC, R2=Nys* | N
/

Nys* = CONH,

1 n=4, R'=fluorescein, R? = Nys*
2 n=6, R' =fluorescein, R? = Nys*
3 n=8, R' =fluorescein, R?= Nys*

Figure 5 Synthetic pathway (part 2/3).

of the Boc group. The amide II band (1570-1500 em™) s
rather strong, which is probably due to the overlap with the
anti-symmetric stretching vibration band of the acetate coun-
ter-ions associated with the protonated Lys side-chains.

The FTIR spectrum of 3 contains separated component
bands. Unfortunately, in this case, the Nys side-chain contri-
butions to the amide I region strongly interfere with the vibra-
tions of backbone amides, making the interpretation of the
spectrum rather difficult. The sharp and strong band at
1700 cm™! is likely due to the amide I vibration of the primary
amide group of Nys'. The amide I band of the peptide bonds
is similar to that of 20. This finding is compatible with the
preservation of the extended strand or repeating folded con-
formation of 20. The band at ~1619cm™' belongs to the
amide II vibration of the CONH, groups of Nys*, while the
weak bands at ~1600 and 1590 cm™" are related to the hetero-
aromatic ring vibrations of Nys*. The intensity of the amide II
band of 3 is rather weak due to the lack of IR absorption of
the CI” counter-ions of Nys*, as opposite to the acetate counter-
ions of 20, having strong interference with the amide II
region.

Cellular uptake

Quantitative uptake characterization was carried out on
human cervical carcinoma (HeLa) cells. The cell-penetrating
peptide TP10 (AGYLLGKINLKALAALAKKIL) (Soomets
etal 2000; Kilk etal 2005) and dextran-FITC, which is not
taken up into cells, was included as positive and negative
control, respectively. Results (Figure 10) indicated that 1 is
not taken up, 2 and 4 are internalized to some extent and 3 has
the highest uptake, although less than TP10. About 0.1% of
the added 3 was internalized compared with about 4% of the
TP10.

The quanidium moiety of Arg may possess a unique affin-
ity toward binding anions (Rothbard etal 2004; Sakai etal
2005); nevertheless, the three-dimensional molecular struc-
tures of the novel Nys™ compounds are very similar to those
of the corresponding arginine compounds both in their overall
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Lys(Z)-Lys(Z)-NH,

27

BOC-Lys(Z)-Lys(Z)-aca-OTCP

28

BOC-Lys(Z)-Lys(Z)-aca-Lys(Z)-Lys(Z)-NH,

29
28

BOC-Lys(Z)-Lys(Z)-aca-Lys(Z)-Lys(Z)-aca-Lys(Z)-Lys(Z)-NH,

30

R'-aca-Lys(R?)-aca-[Lys(R?)-Lys(R?)-acal,-Lys(R?)-Lys(R?)-NH,

31R'=BOC, R?=

z

32 R'=BOC, R2=H
33 R'=BOC, R?=Nys*

34R'=H, R?

=Nys*

4 R" =fluorescein, R?= Nys*

Figure 6 Synthetic pathway (part 3/3).
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Figure 7 CD spectra of 20 (A) and 3 (B) obtained in TFE and water
(solid and dashed lines, respectively).

size and electronic distribution (Figure 8). The permanently
charged trigonellyl side chains with their quaternary N-heads
results in somewhat more diffuse positive charges and
slightly larger structures than the arginine- or lysine-contain-
ing structures (e.g., calculated molecular volume (Buchwald
& Bodor 1999; Buchwald 2002), V of 2495.8 A for the
Nys*-containing 3 vs 1974.8 A3 for its Arg" analogue and
1850.8 A3 for its Lys" analogue 20; all of them without their
ending fluorescein or Boc moieties), but otherwise a good
analogy is maintained. Because of their sufficiently elongated
side-chains and their aca-spaced backbone structures, they
also maintain the flexibility that seems necessary for adequate
cellular uptake (Figure 8). In fact, such a structure, somewhat
resembling a caterpillar with diffuse, positively charged
‘legs’ corresponding to the quaternary guanidine or trigonel-
lyl moieties, seems well-suited to ‘crawl’” along the cellular
wall following concentration or electrical gradients by
‘stepping’ along negatively charged phosphate groups and
to pair up with these negative charges, a neutralization pro-
cess that may enhance its uptake by endocytosis or some
other mechanism.

Conclusions

New analogues of arginine-rich cell-penetrating molecular
transporters have been prepared by incorporation of a novel
redox amino acid (Nys*). A nonamer analogue (3) with a cat-
erpillar-like structure showed transporter activity, resulting in
increased cellular uptake in human carcinoma (HeLa) cells.
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H-[aca-Nys*]g-NH,

H-[aca-Lys*]o-NH,

Figure 8 AMI-optimized structure of 3 (without its fluorescein moiety, H-[aca-Nys*]o-NH,) and its Lys* (20 without Boc, H-[aca-Lys*]o-NH,)
and Arg" analogues covered with soft, transparent surfaces coloured according to the electrostatic potential. This time, more blue colours correspond
to more positive regions.
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Figure 10 Quantitative uptake of the Nys*-containing compounds 1-4

Figure 9 FTIR spectra of 20 and 3 recorded in TFE (solid and dashed ~ in human cervical carcinoma (HeLa) cells. *P<0.05 compared with
lines, respectively). dextran (Mann—Whitney U- or Wilcoxon rank-sum test).
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The unusual cell-penetrating ability of such compounds
could, at least partially, be due to their peculiar structure with
an elongated backbone and flexible positively charged leg-
like side chains.
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